


Rutherford Appleton Laboratory in Harwell Campus-Oxford

RAL at Harwell Campus- Oxford
• ISIS 

• DIAMOND 

• CLFC 

• QUANTUM 
Comp. Center

700 acre technology campus in Oxfordshire, England. Over 6,000 people workthere in over 
240 public and private sector organisations, including NuclearResearch, Space, Clean 
Energy, Life Sciences and Quantum Computing.

ISIS

Diamond

• Historical remark 
of Harwell 
campus:  the 
construction of the 
first nuclear 
reactors in 
Western Europe  
(PLUTO and DIDO)



Overview
• Brief introduction to the neutron and its importance in applied and fundamental research 

• Neutron production: overview of main mechanisms  

• Spallation vs Fission process —> Accelerator driven sources vs research nuclear reactors 

• Large Neutron Facilities for neutron scattering around the world: a few examples  

• The spallation  “core” :  Target/Moderator/Reflector assembly  

• The research reactor core vs NPP 

• Moderators in pulsed neutron sources and in research reactors 

• Neutron Spectrometry: a few elements of time of flight technique—> how reactors compare and 
contrast to Spallation sources 

• short description of main instrument components of beam line of a Large scale scattering facility 





The importance of neutrons is rooted in their unique properties; penetrating, uncharged (weakly interacting with matter), they have a 
magnetic moment and wavelengths that can be similar to inter-atomic distances in condensed matter

•  See the nuclei.   

• Interact weakly / penetrate deep into matter 

• Have isotopic sensitivity (especially H and D 
differentiation) 

• Thermal neutron have wavelengths similar to 
inter-a tomic d istances and energies 
comparable to lattice vibrations 

• Interact via a simple point-like potential 
amplitudes are straightforward to interpret 

• See a completely different contrast to x-rays 

• See elementary magnets.

Why Neutrons Are So Attractive?
By observing the patterns in 
space of the scattered neutrons, 
it is possible to establish where 
the atoms are positioned with 
exceptional precision. They can 
provide structural information 
from Angstrom to microns

Neutrons are highly penetrating and can be 
used as non-destructive probes, also to study 
samples in extreme environments (ex. high 
pressure/ high magnetic field).

Neutron is also sensitive to the magnetic 
properties of the sample, and can therefore 
resolve complex magnetic structures.

 Neutrons can see light 
nuclei next to heavy ones









Scattering experiments need of intense neutron beam

Intensity Matters

• Neutron scattering measures a neutron count rate 

• The count rate is the number of counts, N, divided by 
the measurement time, t. 

• The statistical uncertainty is given by the square root of 
the counts, !(N), i.e. 10 000 counts have an 
uncertainty of 100, or 1% 

• Neutron scattering is generally weak
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observed quite recently, using neutrons of very low 
energies ( < 0·003 eV.) obtained by means of the 
mechanical velocity selector10 • This is analogous to 
the comparable X-ray effect. Another type of small-
angle scattering, for which there is no X-ray equiv-
alent, is that obtained in unmagnetized iron (dis-
appearing in moderate magnetic fields) and due 
presumably to magnetic refraction of neutrons at 
domain boundaries20 • 

The two main groups of experiments on the 
scattering of neutrons by crystals have involved : 

(I) The measurement of coherent diffracted beams 
and of the incoherent diffuse background, for a given 
wave-length17 •5 , as a function of diffraction angle-

(2} The measurement of the intensity loss in the 
direct beam on transmission through the scattering 
material, as a function of varying neutron energy21 

The first method is essentially similar to the 
corresponding X-ray techniques. For the powder 
method the same diffraction formula applies, but 
with the polarization factor omitted : 

Phkl I 8Z tp' exp(- !J.f sec6) Fh!l 2 

Po = 4T:r p · sin2 26 Pkhl To ' 
where Phkl is the integrated power in an (hkl) refiexion. 
as measured by a counter slit, height l at distance r 
from the specimen, P 0 the primary beam power, 'p' 
the apparent powder density, p the true crystal 
density, t the specimen thickness, PliJcl the multi-
plicity value, V the unit cell volume and Fhkl the 
Bragg scattering amplitude per unit solid angle per 
unit cell. FMz therefore contains the geometrical 
structure factor, the nuclear scattering amplitudes 
j 1 , j,, etc., and the appropriate Debye-Waller tem-
perature factors. The absorption factor exp(-F t sec 6) 
will be approximately unity if absorption is negligible. 

In order to determine j 1 , j 2 , etc., which was the 
primary object of the first experiments, crystals of 
known structure were used and values of P 0Fhkz" 
determined for all possible planes. For crystals of 
the elements it was found that the application of an 
appropriate temperature factor did, in fact, give a 
constant value of P 0j 0 

2 after correction for structure•. 

Fhkl = 2:.{0 exp( - W)exp{ - 2rr:i(hx + ky + Zz)} 
(atoms at x, y, z; W, temperature factor). 

With crystals of binary compounds, consideration 
had to be given to the possibility that the two 
atoms in the formula molecule might be scattering 
with opposite signs. A study of crystals of the 
sodium chloride type of structure would give spectra 
as follows: (l} planes with 'mixed indices' would 
not reflect ; (2} planes with 'all-even' indices would 
reflect with intensity proportional to (A + B) 2 ; 

(3) planes with 'all-odd' indices would reflect with 
intensity proportional to (A - B) 2 • 
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Fig. 1. Diffraction pattern for powdered aluminium in counts 
per minute versus counter angle (20) (E. 0. Wollan and C. G. 

Shull, Oak Ridge) 
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Fig. 2. Transmission spectrum for powdered calcium oxide, in 
total cross-section per molecule in barns versus neutron energy 
in electron-volts (L. Winsberg, D. Meneghetti and S. S. Sidhu, 

Argonne) 

If, therefore, the 200, 220 planes were strong and 
the Ill, 113 weak, A and B must be scattering with 
amplitudes of the same sign. This was found to be 
the case for sodium fluoride, chloride, bromide and 
deuteride. Since j for fluorine was known to be 
positive, it followed that all the rest were also 
positive. In the case of lithium fluoride, manganese 
oxide and sodium hydride, however, Ill, ll3, 331 
were strong and 200, 220, etc., weak, showing that 
lithium, manganese and hydrogen must have negative 
scattering amplitudes. It was not, in fact, certain to 
begin with that sodium hydride and deuteride were 
of the sodium chloride type ; but intensity consider-
ations were able to eliminate all other possibilities, 
taking both possible combinations of signs into 
consideration. 

Determination of the absolute values of the scatter-
ing amplitudes j 1 , j 2 , etc., required a knowledge of 
P 0 ; and since this was large (2 X 10 8 counts/min. 
in the whole area of the neutron beam after mono-
chromatization) a direct determination in each 
experiment would have been difficult. Shull and 
W ollan 5 therefore chose diamond for use as a standard, 
and determined the absolute value of the coherent 
scattering cross-section for carbon in diamond by the 
transmission method (2}, now to be described"'· 

If R(a) and R(O) are the counting-rates, corrected 
for background, respectively with and without the 
powdered scattering sample in the neutron beam, 
and if N is the number of atomsjcm. 2 of the irradiated 
surface, then the total cross-section of the scattering 
nuclei will be given by 

log R(O) - log R(a) 
<!t = 

Provided that true absorption is negligible, and 
supposing that the substance contains only one kind 
of atom, and that the scattering is free from spin 
and isotopic incoherence, then 

).2 
ct = -v 2:. Phkl dhkl . c-s . Rhkl, 

8 hkl 
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NEUTRON DIFFRACTION BY CRYSTALS* 
By DR. KATHLEEN LONSDALE, F.R.S. 

considering the new teclm' e of neutron dif-
fraction by crystals it is ecessary to discuss: 

(1) the properties of s; (2) their sources, 
methods of observatio measurement; (3) their 
interaction with matte (4) experimental methods; 
(5) results of exp · nts. 

Neutrons 
Neutron e uncharged particles of approximately 

the:fe ass as the proton (hydrogen nucleus); 
act •they are a little heavier. Their linear 
dime ions are about 10-12 em., only about one ten-
thousandth of the size of the atoms in a crystal. 
They have spin and therefore a magnetie moment. 
They also have velocity and may usefully be described, 
therefore, in terms of their energy mv2j2. A beam of 
neutrons of uniform velocity, that is, a mono-
energetic beam, will be in equilibrium with matter at 
temperature T° K., where mv2j2 = kT (k is Boltz-
mann's constant). In terms of the wave-theory, they 
will also have a wave"length A = hjmv (where h is 
Planck's constant) and a frequency v = vj'A. This 
wave may be interpreted in terms of the probability 
that neutrons of velocity v would be observed in a 
given place at a given time. 

The range of neutron energies of practical import-
ance for diffraction techniques is from 0 · 001 to 
1,000 eV. The relationship between wave-length ), 
expressed in Angstrom units and energy E in electron-
volts is A = 0·285/yE, and this range therefore 
corresponds to 9 to 0·009 A. The corresponding 
frequencies are of the order of 1013/sec., the fre-
quencies, in fact, of thermal vibrations in solids. 

Sources of Neutrons 
Neutrons were first obtained by the bombardment 

of light elements by oc-particles from radium or 
polonium: 

4Be 9 + 2He4 -+ 6C12 -+- 0n 1 

5 B11 + 2He4 -+ 1N 14 + 0n 1• 

Radium-beryllium sources were used in early diffrac-
tion experiments, with heavy shielding by paraffin, 
lead and cadmium being required to prevent neutrons 
andy-radiation from escaping in unwanted directions. 

Neutrons may also be obtained by bombardment 
of a light element with deuterons from a cyclotron. 
Either beryllium, or deuterium from heavy ice or 
heavy paraffin, may be used, the latter giving a more 
homogeneous beam : 

,1Be 0 + 1H 2 _,. 5B 10 + 0n 1 

1H 2 -+- 1H 2 -+ 2He 3 -+- 0n 1• 

The yield of neutrons per bombarding particle 
using any of the above methods is, however, ex-
tremely low. 

The most effective source of neutrons is the atomic 
pile, but fission neutrons from uranium-235 or 
plutonium-239 are much too fast for diffraction 
experiments and must be slowed down by repeated 
collisions with light nuclei. The loss of energy of 
neutrons is greatest on collision with protons, but 
hydrogenous material is not the best moderator, 

• Based on a Friday Evening Discourse at the Royal Institution, 
deliYered on March 18. 

because capture of neutrons takes place rather too 
easily : 1H 1 + 0n 1 -+ 1H 2 + y-radiation. Better 
moderators are heavy water or graphite, in which 
the probability of neutron capture (the capture 'cross-
section') is very small. When the energy of the 
neutrons is reduced to such a value that they are in 
thermal equilibrium with the atoms of the moderator, 
they are allowed to emerge from the pile as a col-
limated beam. They are not, however, mono-
energetic ; there is an approximately Maxwellian 
energy distribution. If the neutron spectrum is 
considered as a whole, having a mean energy mVo/2 = 
3/2 kT, then since the corresponding wave-length 

h h 
)mean = mW = V3mk'l'' 

it follows that thermal neutrons in equilibrium with 
matter at 100° C. will have a mean wave-length 
1·33 A., or at 0° C., 1·55 A. The corresponding peak 
wave-lengths will be V3/2 times greater, that is, 
1·63A. (100° C.) and 1·90A. (0° C.) respectively'. 
These are approximately the same wave-lengths as 
those that are used in X-ray diffraction techniques. 

Since there is no source of neutrons giving a 
monochromatic beam, such as would correspond to, 
say, Koc characteristic X-rays, the range of neutron 
energies used must be limited. This can be done 
either by means of a mechanical velocity selector• or, 
for a medium range and better resolution, by crystal 
reflexion. The narrowness of the energy band 
isolated by reflexion is determined., by crystal per-
fection and degree of collimation. It is not, however, 
possible to collimate the neutron beam very sharply, 
because of loss of intensity. After monochromatiza-
tion from a wedge-shaped sodium chloride crystal, 
cut at 6·5° with the (200) plane, the neutron beam 
used at the Clinton Laboratories, Oak Ridge, has a 
cross-section i in. x 1 in., a wave-length 1·06A., and 
an intensity of 2 X 106 counts per minute•. 

Methods of Detection and Counting of Neutrons 
Although neutrons themselves, being uncharged, 

give no track in a cloud chamber, they can be 
J.etected by means of the V-shaped tracks that occur 
when they are captured by certain nuclei ; for 
example, 1N 14 + 0n 1 -+ 5 8 11 + 2He4 • The range of 
the recoil particles may be used to give a measure of 
the original neutron energy. Such a method could 
obviously not be used for crystal diffraction measure-
ments. For early work in this field an ionization 
chamber lined with a compound containing lithium 
or boron, or filled with boron trifluoride gas, was 
used•: 

3Li 6 + 0n 1 -+ 1H 8 + 2He4 ; 1H 3 -+ 2He3 + _1e0 

15B 10 + 0n 1 -+ 3Li 1 + 2He4• 

Modern ionization methods use boron trifluoride 
enriched in the boron-10 isotope, with a Geiger-
Muller proportional counter, readings being made 
over 4-min. time intervals at each counter position, 
with and without a cadmium shutter in position•. 
Since, in general, the intensity is not greatly in excess 
of the general cosmic background, repeated readings 
are frequently necessary, and automatic methods of 
recording are employed5 • 

Wollan’s group at Oak Ridge in 1946 laid the foundations 
for widespread application of neutron diffraction as an 
important research tool.Scattering experiments need good statistics for 

significant results 



Neutrons Born Fast 
(High Energy Physics Jargon)



NEUTRONICS: Neutron Transport and Interaction with Matter
• Wide range of energy —-> wide range of mechanism of interactions —> different scientific jargon

Fast neutron down to thermal: 

Elastic collisions are the preferred and more efficient 
way to reduce the neutron energy . 
In an elastic collision neutron-nucleus behave as billiard 
balls —> no excitation of the compound nucleus. The 
total kinetic energy before and after the collision is 
preserved 

In the eV range and below: 
 Neutrons see nuclei as bound in molecule  
several vibrational modes can be activate as a 
mechanism to lose energy. 
the scattering nucleus is considered at rest (KE=0) 
neutron scattering elastically only changes direction 

Elastic collision: conservation of KE  and momentum

Energy  range <  few eV
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High Energy Range



Energy Dependent Interaction with Matter
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Designing a neutron source for scattering experiment means 
optimise the leakage from the source to the instruments. 

definition energy range*

ultra cold < 0.3  ! eV*

cold  0.3 ! eV  to 0.01eV*

thermal 0.01 eV to 0.3 eV*

epithermal 0.3 eV to 10 keV

fast 10 keV to 20 MeV

Ultra fast >20 MeV

• Diffraction

• Magnetitc scattering

• Elastic Scattering �ó
• Nuclear Reactions: 

Radiative Capture: A (n,! )  

Other Captures (n,p) or (n,𝝰 ):  A( n,x) 

Inelastic Scattering A(n,n’)A*  
Nuclear Fission (n,f)

w
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�ó
! T = ! el + ! inl + ! " + ! p + ! # + ! f + . . .

! T = N! T

total microspcic cross section

total macroscopic cross section

Reaction rate: 

* slow neutrons 

neutron 
escaped

RR(E) = N! i(E)" (E) = ! i(E)" (E)


























































































































