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Properties of the neutron

• Mass: mn = 1.675 x 10-27 kg
• Charge = 0
• Spin = 1/2 
• Magnetic moment: mn = - 1.913 µB

• Velocity v, kinetic energy E, wavelength %, wavevector k, moderator temperature T
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Energy (meV) Temperature (K) Wavelength (Å)
cold 0.1 – 10 1 – 120 4 – 30

thermal 5 – 100 60 – 1000 1 – 4

hot 100 – 500 1000 – 6000 0.4 – 1



Nobel prize 1994 to Shull and Brockhouse

Where atoms are How atoms move

Neutrons see



Why we use neutrons

• Advantages:
• Wavelength is in the order of atomic distances (≈ 1Å = 10-10 m)
• Energy is in the order of the kinetic energy of atoms (≈ meV) and  much 

smaller as the binding energy (≈ eV)
• Large penetration depth since uncharged particles
• Scattering is dependent on the isotopic composition (Difference H,D)
• Neutrons have a magnetic Moment, they “see”  B-fields

• Disadvantages:
• Neutron sources have a very low Brilliance
• Neutrons are difficult to detect, guide and to shield



Comparison of different probes

Neutrons:

• no systematic A-dependence

• Specific strongly absorbing 
isotopes: B, Cd, Sm, Gd

• Large difference for H/D



Scattering versus imaging measurements

• Imaging techniques are done in real space, like using a microscope
• Scattering techniques work on an ensemble of objects in reciprocal space
• Both methods are complementary

Foam in the sub micrometre range: 
Picture from a microscope

Average size

Standard variation



Interaction mechanism

Interaction of neutrons

• only with the nucleus
(point interaction ~ fm)

• with unpaired electrons
(magnetic Dipol-Dipol interaction)



Fission: Chain reaction

Stefan Doege – Annalisa Polidori, ILL Ph.D. Seminar, 2015 

Slow neutron

fast neutrons

moderation



Stefan Doege – Annalisa Polidori, ILL Ph.D. Seminar, 2015 

Spallation: Proton accelerator + heavy metal target

Accelerator for protons: 2 GeV and 5 mA

Tungsten target, He cooled

ESS: The world most powerful accelerator for the highest neutron flux

ESS Homepage



Fission versus Spallation

Fission Spallation
Energy per neutron 180 MeV 20 MeV
Neutron spectrum Maxwellian long tail of hot neutrons
Wavelength resolution can be adopted to needs constant
Time structure continuous pulsed
Stability very stable depended on accelerator
Problems Nuclear reactor much higher n energies
Building costs About 0.5 Billion € About 2 Billion €
Running costs Current for pumps Current for accelerator
Further improvements Saturation reached Higher accelerator 

energy

Neutron Scattering-A Primer 

cold neutrons 

Neutrons whose energies have been reduced 
below about 5 meV by inelastic scattering 
in a cold material such as liquid hydrogen 
or deuterium. Researchers use such longer- 
wavelength neutrons to conduct experiments 
at larger length scales. 

Such cooling is done by bringing the 
neutrons into thermal equilibrium with a 
"moderating" material-a material with 
a large scattering cross section, such 
as water or liquid hydrogen. The mod- 
erator, whose volume may vary from 
a deciliter to several tens of liters, is 
placed close to the neutron source. Neu- 
trons enter the moderator and, in a se- 
ries of collisions in the material, lose 
energy to recoiling moderator atoms. 
After a few tens of collisions, the ener- 
gies of the neutrons are similar to those 
of the atoms of the moderator. Thus, 
thermal neutrons are emitted from the 
moderator surface with a spectrum of 
energies around an average value de- 
termined by the moderator temperature. 
The average energy of neutrons from 
a water moderator at ambient tempera- 
ture is about 25 thousandths of an elec- 
tron volt (25 meV), and the average 
energy from a liquid-hydrogen modera- 
tor at 20 kelvins is around 5 meV. The 
wavelength of a 25-meV neutron is 1.8 
angstroms (1.8 x 101Â meter), which is 
of the same order as typical interatomic 
distances and, therefore, is quite suitable 
for diffraction experiments. 

Reactor Sources. Neutrons are pro- 
duced in a nuclear reactor by the fis- 
sioning of atoms in the reactor fuel, 
which, for research reactors, is invari- 
ably uranium. The neutrons are moder- 
ated in the manner described above and 
allowed to emerge from the reactor in a 
continuous stream with an energy spec- 
trum similar to the curves of Fig. 8a. 

For most scattering experiments at re- 
actors, the neutrons emerging from the 
moderator must be reduced to a mon- 
ochromatic beam; that is, only those 
neutrons in a single, narrow energy band 
are selected from the spectrum. This 
selection is usually accomplished by 
Bragg reflection from a large single 
crystal of a highly reflective material, 
such as pyrolytic graphite, germanium, 
or copper. A crystal monochromator 

(a) Reactor Neutrons 

(b) Spallation Neutrons 

Energy (meV) 

REACTOR AND 
SPALLATION NEUTRONS 

Fig. 8. (a) The relative flux of neutrons as a 
function of energy for the high-flux reactor 
at the Institut Laue-Langevin in Grenoble, 
France. The curves show the distribution 
of neutrons emerging from moderators at 
temperatures of 20, 300, and 2000 kelvins. 
(b) Similar distribution curves for neutrons 
generated at the Manuel Lujan, Jr. Neutron 
Scattering Center at Los Alamos (LANSCE) 
by moderators at temperatures of 20 and 290 
kelvins. 

works because, even though the inci- 
dent beam contains neutrons of many 
wavelengths, the spacing of the reflect- 
ing planes of atoms, d,  and the scatter- 
ing angle, 20, are chosen so that only 
those neutrons with a wavelength' sat- 
isfying the Bragg equation are trans- 
mitted in the direction of the exper- 
iment. The wavelength of the neu- 
trons used for experiments can then 
be controlled by changing the scat- 
tering angle at the monochromator. 

Los Alamos Science Summer 1990 

Reactor spectrum

Spallation spectrum



FRM II 
Germany

European Landscape of Neutron User Facilities
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International Neutron Sources
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The Neutron Source FRM II



FRM II: A swimming pool reactor



FRM II: Discharge of a spent fuel element



FRM II: Cooling system



Cross section: 113 curved fuel plates

FRM II: The Fuel Element

Flux maximum 12 cm above fuel element



FRM II: The reactor vessel

thermal neutrons

cold neutrons

cold neutrons

ultra cold
neutronsNeutron Guides

fast neutrons
medical therapy
radiology

hot neutrons

positrons



FRM II: Cold Source, Hot Source

D2-He-
heat exchanger

Brennelement

cold vessel
(Liq. D2 -moderator)

concrete

neutron guide

cold neutrons

He-refrigerator

D2-
tank

hot neutrons



Maxwell-flux j(u) in a moderator at 
T=25K, T=300K und T=2000K.

FRM II: Spectrum of the cold source and hot source 



Scattering theory: Cross section

• Flux F = number of incident n/(s cm2)
• Cross section s = number of scattered  n/s / F
• ds/dW = number of scattered n/s / FdW

Attenuation = e-Nsd

s in barn:1 barn = 10-24 cm2

N = Atoms/unit cell
d = thickness



Scattering on a single nucleus

• Differential cross section: !"
!# =	

number of scatter n/s
!#& =	 ' (

!# & =	b	2 

• Total cross section: s=	4p b2

• Strong interaction short range (~1fm) << neutron
wavelength

⟹ scattering is “point like”

• no absorption

• elastic (no energy transfer, no time dependency)

• b is the scattering length in cm, typical 10-12 cm
(can not be calculated, needs to be measured !)

- =



Coherent and incoherent scattering
• Superpostition of all neutron waves: sum over all atoms N:

!"#$%%&' = ∑),+,-…/ 01)2345
167
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• For neutrons the the scattering length depends on the isotope and the nuclear spin: <) = < +  =<)
• This gives in the end 

coherent scattering                 incoherent scattering 
(Q dependent) (in all directions)

>?
>@ = < A ∑),+ 01)B ( 45 1 47) + <A − < A E

3.3 Scattering from an assembly of atoms 77

it be for neutrons or X-rays, the rate of absorption processes can also
be characterized by a cross-section, σabs , which varies strongly with
λ in the neighbourhood of a resonance. It is related to the decrease
in the intensity, I, of a beam as it passes through a distance l of the
corresponding material by

I = Io e−nσabs l , (3.28)

where Io is the incident intensity and n is the number of atoms per
unit volume. The product n σabs is called the absorption coefficient
and its reciprocal is a mean free path, or the average distance that a
particle travels before being absorbed.

n =
Density × Avogadro

Atomic mass
=

ρ NA

m

3.3 Scattering from an assembly of atoms

Having considered the scattering of X-rays and neutrons by an iso-
lated fixed atom, let’s see what happens when a large assembly of
them is encountered; the latter is, of course, a model for the sample.
If the incident beam is represented by a complex plane wave with
wavevector ki =(0, 0, k), as in eqn (3.12), a particular atom, labelled
by the index j, will make a small contribution to the scattered wave,
[δψf ]j , of the form in eqn (3.13):

[δψf ]j = ψo eiki•Rj fj(λ, θ)
eikf•(r−Rj)

|r−Rj |
, (3.29)

where fj(λ, θ) defines the relevant interaction characteristics of the
jth atom, located at Rj, kf is the wavevector of the outgoing parti-
cle and r is an arbitrary position; the geometry is illustrated in Fig.
3.8. Although eqn (3.29) is more complicated than eqn (3.13), be-
cause the atom is no longer at the origin, it corresponds to the same
physical picture and simplifies to the earlier case when Rj =0. The

Fig. 3.8 The contribution to the scattered wave from atom j, located at Rj relative
to an arbitrarily defined origin somewhere in the sample.



Selected values for scoh and sinc

• Large difference for H/D which is used for contrast variation
• Al is used for sample environment and beam windows
• V is used as a standard scatter for inelastic scattering



Elastic versus inelastic scattering



Coherent elastic scattering at crystals

Neutron Scattering-A Primer 

DIFFRACTION FROM A LATTICE 

Fig. 6. As a neutron (represented in the 
figure by a plane wave) passes through a 
lattice of regularly spaced scattering centers 
(rather than the single scattering center 
of Fig. 4), the spherical wavefronts that 
represent scattered neutrons will overlap and 
interfere with each other. In those directions 
in which the interference is constructive, 
scattered neutrons may be measured. The 
figure depicts such constructive interference 
in two dimensions with planar wavefronts 
represented as lines, spherical wavefronts 
as colored circles, and the scattering centers 
as small circles. To simplify the diagram, 
the scattering is shown only for four centers 
(solid black) in each of the two rows of 
scattering planes. Also, color is used to 
relate each incident wavefront to the scattered 
wavefronts that have so far been generated 
by it. Thus, the incident red wavefront 
has passed over and scattered from four 
scattering centers in Scattering Plane 1; 
the orange wavefront has passed over and 
scattered from these scattering centers plus 
the leftmost scattering center in Scattering 
Plane 2;  the yellow wavefront has passed over 
all eight scattering centers in both planes. For 
constructive interference to take place, Q must 
be perpendicular to the two scattering planes, 
and the condition Q - (r, - rk) = Qd = 2 m  
must be satisfied, where lrj - rkl = d is the 
distance between the two scattering planes 
and n is an integer. Combining this condition 
with 0 = 47rsin 0 / A  (from Fig. 5a) yields 
Bragg's law: n\ = 2d sin 0. 

' f Diffracted 
Plane Wave 

Sea f i b  ring PI ne 1 

atoms. The type of scattering we have 
just described is called diffraction. 

Because diffraction is an elastic, co- 
herent scattering process, Van Hove's 
formulation of the scattering law re- 
duces to a simple form. For a three- 
dimensional lattice with one isotope, the 
scattering law can be written (see "The 
Mathematical Foundations of Neutron 

Scattering") as 

m), 
Los Alamos Science Summer 1990 

Condition for constructive interference:

• ! must be perpendicular to the diffracted wave front

• ! " $⃖% − $⃖' = !) = 2+,, where d is the lattice spacing,
and n is an integer number

• ! = -.
/ sin 3 is the condition for elastic scattering

⟹
,5 = 2) sin 3 Bragg’s law



Key Points about Diffraction

• A monochromatic (single λ) neutron beam is diffracted by a single crystal only if specific geometrical
conditions are fulfilled

• These conditions can be expressed in several ways: 

• Laue’s conditions: Q a1 = h; Q a2 = k; Q a3 = l  
h, k, and l as integers; ai the translations of the unit cell

• Bragg’sLaw: 2dhklsinθ=λ

• Ewald’s construction

• Diffraction tells us about: 

•The dimensions of the unit cell

•The symmetry of the crystal

•The positions of atoms within the unit cell

•The extent of thermal vibrations of atoms

Roger Pynn Lecture 2

a1

a2

Q



Take home message

• Coherent, elastic scattering shows where atoms are (Bragg’s law)

• Incoherent, elastic scattering contributes to the background independent of angle

• Coherent, inelastic scattering describes the collective movement of atoms

• Incoherent, inelastic scattering describes diffusion (the self-correlation function of atoms)



Physics explored with neutrons

ILL yellow book MLZ blue book



Instruments

• Elastic scattering (Diffractometer) 
• Diffractometer (Powder and single crystal)
• Small angle scattering (SANS)
• Reflectometer

• Inelastic scattering (spectrometer, energy transfer meV region)
• Three axis spectrometer
• TOF spectrometer

• Quasielastic scattering (Energy transfer in the mev region)
• Backscattering spectrometer
• Spin-echo spectrometer

• Imaging instruments (direct observation), nuclear and fundamental physics, Positron 
source, medical applications and irradiation facility



Powder Diffraction

Incident beam
x-rays or neutrons

Sample
(111)

(200)

(220)

Powder Diffraction gives Scattering on 
Debye-Scherrer Cones

Bragg’s Law      λ = 2dsinΘ
Powder pattern – scan 2Θ or λ

A typical powder 
diffraction pattern

Roger Pynn Lecture 2



SANS - Resumé

SANS tells you the statistical average of:
– Shape of scattering object
– Size (distribution) of scattering

objects
– Surface of scattering objects
– Scattering length density

(distribution)
– Arrangement (Superstructure?)

SANS: Diffractometer specialized for small scattering angles

Large correlations in real space
20 to 40000 Å

Sebastian Mühlbauer, SANS-1

Low Q small scattering angles
~1 Å-1 to ~10-4 Å-1

SANS 1 at FRM II



SANS – Resolution

Source aperture Sample aperture

D
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L1 L2

a1 a2

Angular resolution

Monochromaicity

Detector resolution

Gravity

Selector

Treat as Gaussian distributions:

Angular resolution:

What is the largest object SANS can detect
(limit small Q)?

For and

Largest object: On D11, ILL: L=40m, λ=15Å D≈ 5μm

For large scattering angles (large Q) 
wavelength resolution dominates.

Sebastian Mühlbauer, SANS-1



Typical Reflectivities
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Viewgraph from M. R. Fitzsimmons



Three axis spectrometer (TAS)

The Triple-Axis Spectrometer MIRA-2






























  



 
 



 










 






I here: keep Ei and q fix and scan ~! for
several q’s and temperatures

I cold source: � ⇡ 5 Å

I monochromator:
selects initial energy Ei

I sample environment:
cryostat and magnets

I analyzer: selects final
energy Ef

I scattering angle:
selects momentum
transfer Q = G + q

I maps out the dispersion
relation ~!(q) = Ei � Ef

PUMA@FRMII



Marcel Wolf (TOFTOF)

Time of flight spectrometer





Several atoms: Superposition of scattering waves

78 The basics of X-ray and neutron scattering

advantage of this generalization is that it enables us to add up the
δψf contributions from all N atoms in the sample and work out the
net scattered wave ψf :

ψf = ψo eikf•r

N∑

j=1

fj(λ, θ)
eiQ•Rj

|r−Rj |
, (3.30)

where everything not involving j has been taken outside of the sum-
mation and Q=ki−kf is the wavevector transfer of eqn (3.2). While
this is a straightforward application of the superposition principle,
there is an implicit assumption that the scattering process is weak.
That is to say, the scattered wavelets have a negligible effect on the
incident beam. This simplification is often referred to as the Born, or
the kinematical, approximation and holds for both X-rays and neu-
trons in most instances. Events where particles are deflected more
than once have also been ignored, and this too is conditional on very
low interaction rates. Depending on the size of the sample, and the
geometry of the experimental setup, corrections for multiple scat-
tering and absorption may need to be made, but we will not go into
such issues.

The distance to the detectors, where the measurements are taken,
is much larger than the typical size of a sample. This means that, to
a very good approximation,

|r−Rj | = |r| = r , (3.31)

with the situation being illustrated in Fig. 3.9. In this Fraunhofer
or far-field limit, the denominator in eqn (3.30) can be replaced with
r and taken outside the summation. The scattered wave then has a
modulus-squared of

|ψf |2 =
Φ

r2

∣∣∣∣∣∣

N∑

j=1

fj(λ, θ) eiQ•Rj

∣∣∣∣∣∣

2

,
∣∣eikf•r

∣∣2 = 1

Fig. 3.9 The size of the sample illuminated by the incident beam is usually much
smaller than the distance at which scattering measurements are taken, so that
|Rj |! |r| ≈ |r−Rj | for all j.

3.3 Scattering from an assembly of atoms 77

it be for neutrons or X-rays, the rate of absorption processes can also
be characterized by a cross-section, σabs , which varies strongly with
λ in the neighbourhood of a resonance. It is related to the decrease
in the intensity, I, of a beam as it passes through a distance l of the
corresponding material by

I = Io e−nσabs l , (3.28)

where Io is the incident intensity and n is the number of atoms per
unit volume. The product n σabs is called the absorption coefficient
and its reciprocal is a mean free path, or the average distance that a
particle travels before being absorbed.

n =
Density × Avogadro

Atomic mass
=

ρ NA

m

3.3 Scattering from an assembly of atoms

Having considered the scattering of X-rays and neutrons by an iso-
lated fixed atom, let’s see what happens when a large assembly of
them is encountered; the latter is, of course, a model for the sample.
If the incident beam is represented by a complex plane wave with
wavevector ki =(0, 0, k), as in eqn (3.12), a particular atom, labelled
by the index j, will make a small contribution to the scattered wave,
[δψf ]j , of the form in eqn (3.13):

[δψf ]j = ψo eiki•Rj fj(λ, θ)
eikf•(r−Rj)

|r−Rj |
, (3.29)

where fj(λ, θ) defines the relevant interaction characteristics of the
jth atom, located at Rj, kf is the wavevector of the outgoing parti-
cle and r is an arbitrary position; the geometry is illustrated in Fig.
3.8. Although eqn (3.29) is more complicated than eqn (3.13), be-
cause the atom is no longer at the origin, it corresponds to the same
physical picture and simplifies to the earlier case when Rj =0. The

Fig. 3.8 The contribution to the scattered wave from atom j, located at Rj relative
to an arbitrarily defined origin somewhere in the sample.

• sum over all atoms N: !"#$%%&' = ∑),+,-…/ 01)2345
167
'⃖147
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• simplify using: < = => − =- , the scattering vector and
• r >> Rj

• gives: @A@B =	∑),+ E) E+0
1)F ( 45 1 47)

• using


