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    neutrons have the right wavelengths and energies 
              they correspond ideally to the characteristic distances and 
              energies in soft and condensed  matter

why neutrons ?

    neutrons see the nuclei 
 they enable isotopic labeling

    neutrons have a magnetic moment 
 they give invaluable information on the magnetic  
 properties of condensed matter

    neutrons are a soft probe 
 they have no charge and penetrate deep even in heavy
 metals

   neutrons are rare !!!!!!!
             a most powerful but intensity limited probe



  wavelengths and energies ideally suited for 
structural and dynamical studies of condensed matter

neutron wavelengths neutron energies

neutron ID card
mass: 1.675 10-27 kg
charge:  0 
spin :  ½ 
magnetic dipole moment: 
µn = -1.913µN



  wavelengths and energies ideally suited for 
structural and dynamical studies of condensed matter

the neutron sources deliver beams with a 
Maxwell distribution of velocities  

Eav	
  =	
  ½	
  m	
  vav2	
  =	
  3/2	
  kB	
  T	
  ≈	
  kB	
  T

for a moderator temperature of 300 K
mean neutron velocity ≈ 2200	
  m	
  s-­‐1

φ(v) ∝   v3	
  exp(-­‐	
  ½	
  m	
  v	
  2	
  /	
  kB	
  T	
  )

neutron wavelengths neutron energies



De	
  Broglie	
  relation:	
  	
  λ	
  =	
  h/mv

mean	
  neutron	
  wavelength	
  ≈	
  1.8	
  Å,	
  	
  mean	
  energy	
  ≈	
  26	
  meV

neutron	
  energy	
  En	
  =	
  kinetic	
  energy	
  =	
  ½	
  mnvn2

in “laboratory” units: En	
  =	
  81.805/	
  λ2	
  	
  	
  (En	
  in	
  meV,	
  λ	
  in	
  Å)

at λ = 9 Å 
1	
  meV	
  	
  ≡	
  	
  0.24	
  THz	
  	
  ≡	
  	
  	
  8	
  cm-­‐1	
  	
  ≡	
  11.6	
  K

photons	
  with	
  λ	
  =	
  1.8	
  Å	
  	
  have	
  an	
  energy	
  of	
  =	
  6.9	
  KeV	
  

for a moderator temperature of 300 K

T	
  ~	
  8	
  105	
  K	
  



moderator	
  
temperature

wavelength	
  -­‐	
  energy	
  
range	
  

„hot neutrons“
in thermal equilibrium with the temperature 
of a hot graphite block („hot source“, ca. 2000 K)

0.4	
  Å	
  <	
  λ	
  <	
  1	
  Å	
  

„cold neutrons“
in thermal equilibrium with the temperature 
of e.g. liquid H2 („cold source“, ca. 25 K) 2.5	
  Å	
  <	
  λ	
  <	
  20	
  Å	
  

„thermal neutrons“
in thermal equilibrium with the temperature of 
the cooling water around a reactor core  (at. 60°C) 1	
  Å	
  <	
  λ	
  <	
  3	
  Å	
  



after „Neutron Diffraction“ 
G. E. Bacon

 

 

 

neutron scattering lengths

positive amplitude                180o phase shift between 
the incoming and scattered waves 

negative amplitudes

for 1H, 7Li,  Ti,  V (almost zero), Mn

resonant scattering 



X-ray cross section

Neutron cross section

H D C O Al Si Fe



exemple - hydrogen
big difference in the coherent scattering lengths between H and D 

different signs

contrast variation by adequate mixing of H and D 



Ce3InN0.92±0.01 according to Rietveld 
refinement,

Ce3InN0.91±0.02O0.05±0.01 according to elemental 
analysis

Neutron powder diffraction
λ = 179.775(9) pm

2θ (°)

In
te

ns
ity

X-ray powder diffraction
CuKα1-radiation

2θ (°)

Pm3m, a = 504.98(2) pm 

neutrons see the nitrogens!
bCe = 0.48    z=58
bIn   = 0.41    z=49
bN    = 0.94    z=7

Martin Kirchner, Walter Schnelle, Frank R. Wagner and Rainer Niewa in  Solid State Sciences, 2003

Fully ordered perovskite arrangement



bulk properties

imaging of heavy and bulky 
samples

motors - rotors - batteries 

typical  penetration depths of thermal neutrons 
range from mm to cm 

complex sample 
environments 

engine at function (N. Kardjilov et al) 
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spallation 

neutron production 

fission - reactors 

unstable 
intermediate nucleus

continuous sources
except Dubna

pulsed sources
except PSI

slow neutron capture 
of 235U

nuclei bombarded with 
high energy particles



spallation



European Spallation Source

1.3 GeV protons

5 MW average beam power 

Long Pulse: 16.6 Hz, 2 ms

heavy metal target

spallation





fission 

capture of a slow neutron by 235U

(source: atomicarchive.com)

	
  delivers	
  2-­‐3	
  neutrons	
  
with	
  energies	
  of	
  about	
  

1	
  MeV	
  



after A. M. Weinberg and E. P. Wigner, 
 The Physical Theory of Neutron Chain Reactors, 

The University of Chicago Press (1958)

energy distribution of fission 
neutrons

cross section (barns) of  235U as a 
function of neutron energy



chain reaction

chain reaction

(source: atomicarchive.com)

fission neutrons must be 
slowed down 
(moderated)

  by the surrounding medium 
(moderator)

before they are captured by 
other 235U leading to a

self-sustained “chain reaction”

The quantity of uranium 
necessary for a chain reaction is 

known as the critical mass, or the 
"critical size" of a particular pile.



critical mass

large volume intercepts more neutrons causing fissions, 
with smaller leakage from the surface, than  a smaller 

volume 



the first man made and controlled self sustained 
chain reaction

Chicago	
  Pile	
  1	
  (CP1)	
  diverged	
  on	
  2.12.1942	
  
part of the Manhattan project  (E. Fermi and collaborators)

"If people could see what we're doing with a million-and-a-
half of their dollars, they'd think we are crazy. If they knew 

why we are doing it, they'd know we are."



natural reactors

   active 2 billion years ago for 150 million 
years at a average power of 100 KW

   worked on a 30-minute reaction cycle, 
accompanied by a 2.5-hour dormant 
period, or cool-down

A. P. Meshik, et al, PRL 2004



evolution of the neutron flux 

source: 
ESS





moderator - reflector 



from the source to the detector 

source moderator PSΕ ΙΝ PSE OUT detector
sample and 

sample environment 

Neutron flux

φ = Φ η dE dΩ / 4π 

source flux 
distribution

intensity
losses

field of neutron 
instrumentation

definition of the beam : Q, E and polarisation







    why neutrons

    neutron production

              research reactors

    neutron moderation

    neutron optics



elastic collision of equal masses 



H2O
D2O

L H2

L D2
graphite reactors
hot sources



 

Neutron Production 8/16/04 10:42 PM page9 

 

  ! J. M. Carpenter 2004 All rights reserved. 

 

 

 

 

Figure 6. Paths of neutrons in a research reactor.  Several fast neutrons (red) emerge from each 

fission (heavy dots) and proceed to collide, losing energy in each collision (progressively less 

red) until they cause another fission, disappear by non-fission absorption (a), or travel into the 

reflector.  In the reflector-moderator, neutrons collide repeatedly, losing energy (less red, more 

green) until they come into thermodynamic equilibrium with the moderator medium (thermal 

neutrons, green) and live for a long time.  Some return to the core to cause another fission.  

Others find their way into the neutron beams. 

 

Cold Sources 

 

For the purposes of an increasingly large number of scientific applications, it is useful to have a 

plentiful source of neutrons with lower energies than room temperature implies.  Therefore all 

modern neutron research facilities include at least one cold-neutron source, a special moderator 

maintained at cryogenic temperature, where neutrons can equilibrate to lower average energies.  

Typically this is a volume of liquid hydrogen, H2 or D2, at a temperature of 20-30 K, imbedded 

in the main room temperature moderator and providing a number of cold-neutron beams.  Fast 

neutrons and room-temperature thermal neutrons enter the cold moderator where they slow down 

and thermalize at the lower temperature.  Liquid D2 sources contain around ten liters of the 

liquid.  Liquid H2 sources are typically hollow cavities with a centimeter-or-so-thick shell filled 

with the liquid.  The difference comes about because H2 is a more effective moderator than D2 

but must be rather thin because H2 captures cold neutrons at a considerably higher rate than D2.  

Figure 7 illustrates the action of a cavity-type cold-neutron source in a reactor. 

 

Early cold-neutron sources were simple cylinders filled with L-H2 or L-D2 (the first was a 

volume of liquid H2 that P. A. Egelstaff installed in the BEPO reactor at Harwell, UK, in the 

1960s). 

a

Reactor core
Reflector-

moderator

Some neutrons may return to the core and cause another fission. Others find 
their way into the neutron beams.
after J. M. Carpenter, Argonne National Laboratory

moderation process

The fast neutrons produced by 
fission (heavy dots) lose energy by 
random collisions with the nuclei of 
the moderator and reflector. 

Random walk-like trajectories 
outside the core are due to a series 
of collisions, which bring the 
neut rons i n thermodynamic 
equilibrium with the reflector-
moderator. 



Cold source

Thermal source 
(Be reflector)

Thermal beam 
tubes 

reactor
core

Conical tube

BER II core and cold source



cold neutron extraction system



Cold Neutron Source

Scheme of the Cold Source

14.09.2005, IGGOR10 Müller

FRM2
scheme of the FRM2 cold source



Cold Neutron Source

The Cold Neutron Source

Liquid Deuterium Moderator

volume moderator vessel  25 liters

volume of liquid D2 ~ 13 liters

temperature 25 K      

3 Beam Tubes
for cold neutron experiments

1 vertical Beam Tube
is not in use

14.09.2005, IGGOR10 Müller
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FRM2 cold source



neutron spectra at FRM2



thermal neutrons

        cold neutrons        

neutron scattering instruments at the reactor FRM2 

FRM2 layout

hot neutrons



neutron scattering instruments at the reactor FRM2 

FRM2 layout



old and new designs for cold sources



view of cold source

schematic 
representation of 
the moderation 

process





Neutron flux gains (@NIST)
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beam extraction and delivery
neutron guides or how to 

maximize dΩ 

for Ni   θc ≈ 0.1o λ 

m	
  =	
  1

total reflection angle of neutrons

θc  ∝  λ 



Thin film (eg Ni58) 

Bi-layers (eg Ni/Ti) 

The multi-bilayer system introduces an 
additional Bragg peak at θ =λ/2d

after Bob Cywinski

Glancing angle  

Re
fle

ct
iv

ity
  

θc



Supermirror systems
(eg Ni/Ti, Fe/Si etc) 

Glancing angle  

R
efl

ec
tiv

ity
  

A gradient in the lattice spacing of the bilayers results in a range of effective 
Bragg angles, and therefore a reflectivity which extends from m=3 to m=4 

times the  θ/λ values expected for normal mirror reflections

See Mezei, Commun Phys 1 81 1976

θc

after Bob Cywinski



NiTi
supermirror

m=2

TEM picture
P. Schubert-Bischof 

BENSC



supermirrors like eg Fe/Si See Mezei, Commun Phys 1 81 1976

angle  

R
efl

ec
tiv

ity
  

after Bob Cywinski

polarizing supermirrors 

spin 
UP

spin 
DOWN

R
efl

ec
tiv

ity
  

angle  



reflection transmission

Fe-Si  SM for   m=2.6  on a Si wafer 

angle [deg] angle [deg]

Th. Krist 

up

updown

down

polarizing supermirrors 



neu guide system at NIST

neutron guides : ballistic 
elliptical 
beam splitters
polarising guides



Elliptic guides of the High Resolution Powder Diffractometer at ISIS. 

guides at ANSTO



guide installation 
at the SNS



swissneutronics



focus
height

optical
Axis

double bender
 
with SM-coating

focus distance

beam
divergence

Silicon waferneutrons
SM-coating

- 2x95x150µm bended Silicon Wafer
- m=2 supermirror coating
- exp. focus distance: 171mm

new focussing elements

Th. Krist 



reactors
no limits to 
the distance 
from the 
source

spallation sources:
the time structure of the 
source defines the position of 
instruments

ISIS

NIST


