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PART 1 
•  Background for neutron course 
•  Neutrons properties and their interactions 
•  Applications using Neutrons 

PART 2 
•  How to generate intense neutron beams 
•  High power proton linear accelerator 

PART 3 
•  Examples of world-wide neutron sources  

Outline
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•  Ketevi Assamagan: Nuclear Physics (July 16 and 18) 


•  Lenny Rivkin: Particle beam dynamics, beam optics, 
instrumentations and light sources


•  Lyn Evans: Accelerator sciences and the LHC


•  Herman Winick: Light Sources


Context – Reference to ASP2012 Classes:
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Electro-magnetic Spectrum


6 
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Neutron Microscope – Length scales
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Neutron Microscope – Time and energy scales


AS - 
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Ionizing Radiation


Note: Neutrons, having zero electrical 
charge, do not interact electromagnetically 
with electrons, and so they cannot directly 
cause ionization by this mechanism.


Ionizing radiation is radiation composed of particles that individually 
carry enough energy to liberate an electron from an atom or molecule 
without raising the bulk material to ionization temperature. 


When ionizing radiation is emitted by or 
absorbed by an atom, it can liberate a 
particle.

Such an event can alter chemical bonds and 
produce ions, usually in ion-pairs, that are 
especially chemically reactive.


 High precision non-destructive probe … why ?
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Discovery of the Neutron
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-------- Original Message --------

Subject: 
The neutron’s 80th birthday 


Date: 
Fri, 01 Jun 2012 12:29:01 +0200 


From: 
Francoise Vauquois <vauquois@ill.fr> 


To: 
gen_l@ill.fr 




Dear all,



It is 80 years today since the publication by the Royal Society of  Cambridge Physicist James Chadwick’s famous paper proving 
the existence of the neutron - on 1 June 1932. Chadwick was awarded the Nobel Prize  for his paper two years later.



Chadwick's discovery launched the development of neutron research, which  has since made incontestably decisive break-
throughs for modern science.  And the ILL has been world-leading in this domain! 2012 is also the fortieth anniversary of the 
start of experiments with neutrons at ILL, in 1972.



You will find more on the history of Chadwick's discovery on the ILL  website:

http://www.ill.eu/fr/news-events/presse/communiques-de-presse/lill-fete-les-80-ans-du-neutron-1062012/



You can also hear the ILL director, Andrew Harrison, interviewed for the  occasion by the BBC, by visiting the BBC's site, on

http://www.bbc.co.uk/programmes/b01j6t0n



The French newspaper Le Figaro has also marked the occasion:

http://www.lefigaro.fr/sciences/2012/05/24/01008-20120524ARTFIG00844-le-neutron-fete-ses-80-ans-cette-annee.php 





and so did Spain's Muy interesante:

http://www.muyinteresante.es/el-neutron-cumple-80-anos?
utm_source=twitter&utm_medium=socialoomph&utm_campaign=muy-interesante-twitter689




80th Birthday – June 1st, 2012
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“Whatever the radiation from Be may 
be, it has most remarkable properties”


James Chadwick 1932 (α,n) reaction


! 

2
4He+4

9Be" 6
12C+0

1n

Neutron chamber
 Ionization chamber


To amplifier 
and 
oscilloscope
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Neutrons Properties


Neutrons


Synchrotron X-rays


1.675×10-27 kg


Note: X-rays are emitted by electrons outside the nucleus, while gamma 
rays are emitted by the nucleus.
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Neutron Energy


! 

E = kBT = 1
2mv

2 =
h

2m"2

! 

E = kBT

! 

" =
h
mv

De Broglie


! 

E [meV ] = 0.0862 T [K] = 5.22 v 2 [km /s] = 81.81 1
"2
[A]

Boltzmann distribution


Source
 Energy
 Temperature
 Wavelength

cold
 0.1-10
 1-120
 30-3

thermal
 5-100
 60-1000
 4-1

hot
 100-500
 1000-6000
 1-0.4
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Why neutrons?


Wavelengths comparable to interatomic spacings (1-5 Å)


Energies comparable to structural and magnetic excitations 
(1-100 meV)


Neutrons interact only weakly with matter 


Neutrons are deeply penetrating (bulk samples can be studied)


Neutrons are scattered with a strength that varies randomly 
from element to element (and isotope to isotope) – tuning ?


Neutrons have a magnetic moment : μn= -1.913 μN


è Neutron scattering is therefore an ideal probe of magnetic 
and atomic structures and excitations
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Why neutrons?


16 

 Neutron properties are used to understand the nature of the solid and 
liquid states of matter, as an analytical tool to aid the development of 
materials and as a tool to examine curiosity-driven research that spans from 
cosmology, superconductivity to the dynamics of the molecules of life.


        Wave           Particle               Magnetic moment           Neutral
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Why neutrons? See http://www.ill.eu


17 

Electrically Neutral – neutrons are non-destructive and can penetrate deep into matter. This makes them an 
ideal probe for biological materials and samples under extreme conditions of pressure, temperature, magnetic 
field or within chemical reaction vessels.



Microscopically Magnetic – they possess a magnetic dipole moment which makes them sensitive to magnetic 
fields generated by unpaired electrons in materials.  Precise information on the magnetic behavior of materials at 
atomic level can be collected.  In addition, the scattering power of a neutron off an atomic nucleus depends on 
the orientation of the neutron and the spin of the atomic nuclei in a sample. This makes the neutron a powerful 
instrument for detecting the nuclear spin order.



Ångstrom wavelengths – neutron wavelengths range from 0.1 Å to 1000 Å, making them an ideal probe of atomic 
and molecular structures, be they single atomic species or complex biopolymers.



Energies of millielectronvolts – their energies are of the same magnitude as the diffusive motion in solids and 
liquids, the coherent waves in single crystals (phonons and magnons), and the vibrational modes in molecules.  It 
is easy to detect any exchange of energy between a sample of between 1microeV (even 1 neV with spin-echo) 
and 1eV and an incoming neutron.



Randomly sensitive – with neutrons the variation in scattering power from one nucleus to another within a 
sample varies in a quasi-random manner.  This means that lighter atoms are visible despite the presence of 
heavier atoms, and neighboring atoms may be distinguished from each other.  In addition, contrast can be varied 
in certain samples using isotopic substitution (for example D for H, or one nickel isotope for another); specific 
structural features can thus be highlighted.  The neutron is particularly sensitive to hydrogen atoms; it is 
therefore a powerful probe of hydrogen storage materials, organic molecular materials, and biomolecular 
samples or polymers.
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Historic  - Why neutrons?


In half a century we have developed neutron scattering science enormously 
with an effective gain in source performance of only a factor of 4 !


MnO 

Using nowadays technique..


CoFe 

AS - 


Cliff Shull – Neutron diffraction - showing where atoms are:


Bert Brockhouse – Spectroscopy  - showing what atoms do:




CD – Neutrons Sources    ASP2012 – July 31th, 2012    

Diffractometers - Measure structures


– Where atoms and molecules are
 1 - 10 Ångström


“Neutrons are beautiful !”  By Sir Colin Windsor FRS


 


1 - 80 meV

Spectrometers -  Measure dynamics



– What atoms and molecules do

	



        Wave           Particle               Magnetic moment           Neutral


à To analyze the structure of a material from the scattering 
pattern produced when a beam of radiation or particles 
(such as X-rays or neutrons) interacts with it


à To measure properties of light over a specific 
portion of the electromagnetic spectrum
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X-Ray and Neutron beam
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Consider ESS/MaxIV equal in terms of functionality


Complementarity between X-rays and Neutrons
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Neutrons
 Synchrotron radiation

•  Particle beam (neutral subatomic 

particle)


•  Interactions with the nuclei and 
the magnetic moment of unpaired 
electrons (in the sample)


•  Scattered by all elements, also the 
light ones like the hydrogen 
isotopes


•  Deep penetration depth (bulk 
studies of samples)


•  Less intense beam measuring 
larger samples


•  Light beam (electromagnetic 
wave)


•  Interactions with the electrons 
surrounding the nuclei (in the 
sample)


•  Mainly scattered by heavy 
elements


•  Small penetration depth (surface 
studies of samples)


•  Very intense beam measuring small 
or ultra-dilute samples


Complementarity between X-rays and Neutrons
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Neutrons Applications
 SR Applications

•  Magnetic structures & excitations


•  Organic structures using the H-D 
isotope effect


•  Bulk studies (strains, excitations)


•  Low-energy spectroscopy e.g. 
molecular vibrations


•  Protein-crystal structures


•  Fast chemical reactions


•  Surface studies (defects, 
corrosion)


•  High-energy spectroscopy e.g. 
measurements of electron energy-
levels


Complementarity between X-rays and Neutrons
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Complementarity between X-rays and Neutrons
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Neutron beam and X-Ray for Medical Applications


- 27 - 
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Complementarity between X-rays and Neutrons
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Neutrons and X-rays are complementary


..see inside materials

..see light atoms


..see isotopes
..see atoms move


..see magnetic atoms
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Scattering and Diffraction
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Neutron Scattering Techniques


Diffraction


Inelastic


Small-angle 


Quasi-elastic

Reflectivity
 Polarized


Magnetic
Diffuse
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Isotope specific contrast
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Scattering – coherence and incoherence


Isotopes and spin?


! 

" coh = 4# b 2

! 

" incoh = 4# b2 $ b 2( )
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Inelastic Scattering of plane wave


Plane incident wave: exp(ikr)


dΩ


k


k’


b


! 

d2"
d#d$
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& 
' 

( 

) 
* 

! 

" tot = 4# b2

! 

k " k'
Scattered spherical wave: –b exp(ikr)/b


σtot=number of neutrons scattered in all directions per sec/incident flux


Simple spherical object!!
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Diffraction = Coherent Elastic Scattering of plane wave


Plane incident wave: exp(ikr)


Scattered spherical wave: –b exp(ikr)/b


dΩ 

k 

k’ 

σtot=number of neutrons scattered in all directions per sec/incident flux


b 
Simple spherical object!!
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Scattering


•  Cross section:


! 

d" (Q)
d#

= NpVp$ P(Q)S(Q)

Volume fraction


Contrast 


Shape 


Interaction 


! 

d" =
(#  particles scattered into solid angle #$/s)

(#  particles incident/sec)(#  scattering centers/area)
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Neutron Scattering XS


Coherent  XS~ Signal

Incoherent XS~ Background

Absorption XS~1/Intensity


H Mg Al Ti Cr Fe Ni Cu Zn Ag
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The neutron diffraction pattern 
of sulfuric acid tetrahydrate at 
4.2 K as seen by the 90 degree 
detectors on HRPD, and fitted 
with the existing X-ray derived 
structural model for the 
deuterated species. 
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Neutron cross sections
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Neutron Coherency Length
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Diffraction - Bragg


Diffraction of X-rays or neutrons by 
polycrystalline samples is one of the 
most important, powerful and widely 
used analytical techniques available 
to materials scientists. For most 
crystalline substances of 
technological importance, the bulk 
properties of a powder

or a polycrystalline solid, averaged 
throughout the sample, are required; 
in general a single-crystal data, even 
if they can be obtained, are usually 
of little interest except for 
determination of the crystal 
structure or for studying some other 
fundamental physical property.  By 
J Ian Langford and Daniel Louer


X-rays interact with the atoms in a 
crystal.


According to the 2θ deviation, the 
phase shift causes constructive (left 
figure) or destructive (right figure) 
interferences.
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Diffraction - Bragg

•  Bragg / Laue scattering

•  Coherent elastic scattering


Two beams with identical wavelength and phase approach a crystalline solid 
and are scattered off two different atoms within it. The lower beam 
traverses an extra length of 2dsinθ. Constructive interference occurs when 
this length is equal to an integer multiple of the wavelength of the radiation.
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)()cot( 0θθθε −−=

θλ sin2d=

Diffraction - Bragg


2θ	

Lattice spacing

Strain


Microstructure


Texture

Phase Volume


Single peak


Using the grains as internal strain gauges


Two ways to measure d:

-keep λ fixed and measure θ

  constant wavelength

-keep θ fixed and measure λ 

time-of-flight
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Diffraction: Texture


•  ISIS: GEM instrument

•  Near 4π coverage


Example:

•  Cold rolled copper, 

simulating manufacturing 
process for archeometry


•  2mm thick disks

•  20x20mm2 beam 

•  2 min counting times


Neutron texture analysis on GEM at ISIS  
W. Kockelmann, L.C. Chapon and P.G. Radaelli  
Physica B, Vol. 385-386 (1), pp639-643 (2006) 
 Intensity of diffraction peak




CD – Neutrons Sources    ASP2012 – July 31th, 2012    

Diffraction: Stress and Strain


Applications:

Residual stresses

Fatigue/Structural 
Integrity

Welds

Alloy development

Microstructure/Texture

Phase transformation

In-situ experiments
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Example - Diffraction


D2B at the ILL, Grenoble, 50 years later


! 

P

Intensity of diffraction peak
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Spallation Sources: Time of Flight


Fast, short-wavelength neutrons 
arrive earlier at detector!


mL
ht

mv
h

p
h

===λ

t
mL
hd

θsin2
=

Time-of-Flight:


θλ sin2d=

De Broglie


Bragg
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Ice!!
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Batteries


  

Nature, Vol 7, Sept 2008 
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Fuel Cells


Schematic of a fuel cell 
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Small Angle Neutron Scattering
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Small Angle Scattering


•  Scattering Vector


ki	



kj	



Sin θ = Qλ/4π = λ/2d


→ d = 2π/Q 


Small angle → small Q → large distances 

long λ (cold neutrons) = 6 Å, d = 200 Å, 2θ = 1.7 °
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€ 

|Q |= 4π sinθ
λ

Beam: 

Neutron (SANS) 

or X-ray (SAXS) 

Measures structures at 
length scales from 1 nm to 
100 nm 


Θmin≈0.03°,  Θmax≈3° 

SANS: Experimental Setup
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SANS: applications
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Small Angle Instruments
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Scattering


•  Cross section:


! 

d" (Q)
d#

= NpVp$ P(Q)S(Q)

Volume fraction


Contrast 


Shape 


Interaction 


! 

d" =
(#  particles scattered into solid angle #$/s)

(#  particles incident/sec)(#  scattering centers/area)
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SANS: Scattering of plane wave


Plane incident wave: exp(ikr)


Scattered spherical wave: –b exp(ikr)/b


dΩ 

k 

k’ 

σtot=number of neutrons scattered in all directions per sec/incident flux


b Simple spherical object!!
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SANS: Particles: contrast!


Density: 


Density: 


Volume: V	



! 

" p = "V # "SContrast!


! 

"S

! 

"VSolvent: S	



-0.56 %D20 

6.4 

RNA


Phospholipids


Protein
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Protein based drugs: 

• Typically proteins in solution to be injected

• Long shelf life (up to 2 years)

• Control of release profile is desirable


Insulin Hexamer


Fast action: Monomeric and 
dimeric insulin


Slow action: Large 
complexes of hexameric 
insulin


Knowledge and control of solution 

properties of the proteins are crucial



Source: L Arleth, Uni Copenhagen


10 nm 

Medium action: 

Hexameric insulin


SANS: quick example
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SAXS contrast SANS contrast 1 

SANS contrast 3 

SANS gives the possibility of not seing everything at the same time…. 

SANS versus SAXS


SANS contrast 2 
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•  Spheres: 
R = 60 Å 

!

Rods: R = 60 Å  
L = 1200 Å 

I(Q
) 1

/c
m 

Q 1/Å I(Q
) 1

/c
m 

Q 1/Å 

Worms: R = 18 Å  
L = 5000 Å, 

Kuhn Length = 300 Å 

Q 1/Å 
I(Q

) 1
/c

m 

SANS: Different Shapes
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+ + = 

sensitivity and selectivity

isotopic substitution/contrast variation


SANS: Selective Deuteration
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Neutron Reflectivity


•  Basic principle


Solvent 

Interface 

Air 
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Neutron Reflectivity
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Fission and Spallation
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Courtesy of Konstantin Batkov


 Chain Reaction 
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Spallation Neutron Yield (i.e. multiplicity of emitted neutrons)




determines the requirement in terms of the accelerator power 
                           (current and energy of incident proton beam).


Spallation Neutron Spectrum (i.e. energy distribution of emitted neutrons)




determines the damage and activation of the structural materials 
                          (design of the beam window and spallation target)


Spallation Product Distributions




determines the radiotoxicity of the residues (radioprotection requirements).


Energy Deposition



determines the thermal-hydraulic requirements (cooling capabilities and nature 
of the spallation target).


The spallation process


 Sub-critical Reaction
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Fission and Spallation 


Spallation is a non-elastic 
nuclear interaction induced by a 
high-energy particle producing 
numerous secondary particles
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Fission and Spallation
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