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Abstract

Abstract
The aim of the present work is to study the neutron transmission
through crystalline materials. Therefore a study of pyrolytic graphite (PG) as
a highly efficient selective thermal neutron filter and Iron single crystal as a
whole one, as well as the applicability of using their polycrystalline powders
as a selective cold neutron filters is given. Moreover, the use of PG and iron
single crystal as an efficient neutron monochromator is also investigated.
An additive formula is given which allows calculating the
contribution of the total neutron cross-section including the Bragg scattering
from different (hkl ) planes to the neutron transmission through crystalline
iron and graphite. The formula takes into account their crystalline form.
A computer CFe program was developed in order to provide the
required calculations for both poly- and single-crystalline iron. The validity
of the CFe program was approved from the comparison of the calculated iron
cross-section data with the available experimental ones. The CFe program
was also adapted to calculate the reflectivity from iron single crystal when it
used as a neutron monochromator
The computer package GRAPHITE, developed in Neutron Physics
laboratory, Nuclear Research Center, has been used in order to provide the
required calculations for crystalline graphite in the neutron energy range from
0.1meV to 10eV. A Mono-PG code was added to the computer package
GRAPHITE in order to calculate the reflectivity from PG crystal when it
used as a neutron monochromator.
Calculation shows that, 4cm thick polycrystalline Fe cooled at liquid
nitrogen at wavelengths λ ≥ 0.4nm transmits only 24% of the incident cold
neutrons. It was shown that, under the same conditions, 20cm of
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polycrystalline Be transmits more than 80%. However polycrystalline iron
could be more preferable as a cold neutron filter rather than Be when the
intensity of the γ-rays accompanying the neutron beam is relatively high.
While, 7.5cm thick polycrystalline graphite cooled to 77K transmits about
75% of the incident cold neutrons and rejects more than 98% of neutrons
with shorter wavelengths. However, its use is limited for neutrons with
wavelengths longer than 0.67 nm.
It was shown that, the optimum Parameters of PG when it used as a
neutron monochromator are FWHM on mosaic spread 0.30, resolution
( ∆λ λ < 3%) and thickness from 2 to 5 mm. However, its integrated
reflectivity of 1st order monochromatic neutrons with wavelengths
λ≥0.267nm when the incident neutrons on PG crystal has a thermal
distribution with neutron gas temperature 300K is less than 2nd and 3rd orders
ones,. Thus, the use of PG crystal as an efficient neutron monochromator is
limited and the use of neuron filter is essential.
The use of PG crystal as second-order filter was found to be highly
efficient within the neutron wavelength intervals between 0.112nm
and 0.425nm . The width of these favorable intervals and the filtering factors
within them were found to depend upon the PG mosaic spread and thickness.
Moreover , it was found that, one can use a less oriented and thinner
PG crystals than that used within the favorable intervals, to almost eliminate
2nd- order neutrons at wavelengths corresponding to the positions of double
and triple boundary crossings of the curves (hkl).
The result of such calculation is used to design a double PG crystal
neutron diffractometer. The suggested design can be used to select from
thermal reactor beam with neutron gas temperature 300K, a monochromatic
neutrons when its wavelengths is longer than 0.266nm and almost free from
higher order contaminations at reasonable price.
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Calculation shows that integrated intensity of the reflected
monochromatic beam with λ = 0.266nm , from 8mm thick iron single crystal
cut along (110) plane with FWHM 0.5o on mosaic spread, is half that from
2mm PG crystal with FWHM on mosaic spread 0.30. The final choice
depends upon the availability of such crystal and its price.
Iron single crystal would seem to be the worst choice as a whole
thermal neutron filter than Be, Si or sapphire ones, since it has the biggest
ratio of total scattering cross –section to absorption one, rather than the others
However, it is, in some cases, may be the most promising than the others
specially when thermal neutrons are accompanying with high γ-rays.
It was found that, the preferable cutting plane of iron single crystals,
when it used as a whole thermal neutron filter, is along (110) directions.
Calculation shows that 8cm thick - Iron single crystal, cut along (110) and
with a FWHM on a mosaic spread of 1min of arc, is a good thermal neutron
filter.
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Summary
The neutron has, on many different grounds, developed into an
indispensable asset in the investigation of condensed matter. Because the
kinetic energy of thermal neutrons lies in the region of the energy of thermal
motions of atoms (meV), the dynamics of condensed matter is also accessible
to investigation. The neutron has a very wide spectrum of applications. A
constantly growing number of researchers from ever more disciplines are
making use of this opportunity. The most important application of thermal
neutrons is scattering on condensed matter, which is governed by well-known
laws (conservation of energy, momentum, total spin etc.).
To carry out a study in slow-neutron physics, one needs high enough
intensity sources of monochromatic slow neutrons. A range of wavelengths is
selected from the incoming white beam by using a monochromator. A
monochromator is a single crystal that selects the neutron wavelength
according to Bragg's law nλ = 2d sin θ . The range of wavelengths accepted
depends on the mosaicity of the crystal.
Common materials used as monochromator crystals are Pyrolytic
Graphite, Silicon, Copper, Beryllium, and Iron crystals. The choice of
monochromator crystal depends on the range of incident energies required for
the experiment, the desired energy resolution and the contamination of higher
orders accompanying the monochromatic wavelength. Therefore, one needs
to eliminate such contaminations.
There are two major types of neutron beam filters:
a) Selective thermal neutron filter.

There are numerous selective neutron filters such as mechanical
velocity selector, polycrystalline and single crystal materials. The most
practical and efficient of these appear to be the polycrystalline filters of Iron
and graphite, and among the single crystal filters a special crystal of graphite
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(so-called pyrolytic graphite PG). They are easy to use and have high
transmission for the fundamental wavelength.
b) Filter of whole thermal neutron spectrum.

Beams coming from the moderator always contain unwanted
radiation like fast neutrons and gamma-rays which contribute to experimental
background and to the biological hazard potential. Therefore such filter type
is used to increase the effect–to-background ratio.
Curved guide tubes transport thermal neutrons by total internal
reflection from the mirror surfaces coated with 58Ni. Therefore, such neutron
guide tubes are now-a-days used as filter of whole thermal neutrons.
However, they are expensive to construct and needs continues maintenance.
Therefore their use is limited.
Mono-crystalline materials have been also successfully used as a filter
of whole thermal-neutron. The most important parameters are their
absorption; diffuse scattering and free atom cross-sections. The smallest the
first two cross-sections and the highest the last one are the better the filters.
However satisfying such conditions are not enough to select mono-crystalline
material to be used as an efficient thermal neutron filter, since the major
problem to choose the suitable bulk mono-crystal slab is the availability of
large and highly perfect single crystals at a reasonable cost as well as its
efficiency to eliminate gamma-rays background accompanying the reactor
thermal beam. Iron single crystal was found to be a better candidate; even
its absorption cross-section is higher than silicon or sapphire single crystals.
The main objectives of the present work are:
First is to study the applicability of using polycrystalline iron and

graphite as a cold neutron filters. Since, their physical parameters were found
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to satisfy the requirements to be an efficient selective filter for neutrons with
wavelengths longer than 0.4nm (cold neutrons).
Second is the use of PG crystal as highly efficient second-order filter

within the neutron wavelength intervals between 0.112nm and 0.425nm . The
width of these favorable intervals and the filtering factors within them were
studied in terms of the mosaic spread and thickness of the PG crystal. Since
at wavelengths corresponding to the positions of double and triple boundary
crossings of the curves (hkl) of PG, its neutron transmission is minimum.
Therefore, one can use a less oriented and thinner PG crystals than that used
within the favorable intervals, to almost eliminate 2nd- order neutrons at these
wavelengths. Consequently, the study of filtering features of PG at boundary
crossing positions is calculated in terms of its mosaic spread and thickness.
The result of such calculation is used to design a double PG crystal
neutron diffractometer. The suggested design can be used to select from
thermal reactor beam monochromatic neutrons with wavelengths longer than
0.266nm and almost free from higher order contaminations at reasonable
cost.
Third is to study the filtering and reflectivity characteristics of iron

single crystal in terms of the optimum crystal thickness, mosaic spread,
temperature, cutting plane and tuning for efficient transmission of whole
thermal reactor neutrons. Moreover an investigation on using Iron single
crystal as efficient neutron monochromator is also given.
The present thesis contains along with the abstract, two
appendices, conclusion and the following five chapters:
Chapter I: Contains a short review about slow neutrons and their
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applications. The interactions of neutrons with matter are also described in
terms of quantities known as cross sections.
Chapter II: Describes the general aspects of the neutron scattering by

assemblies of nuclei in solids. The theoretical basis of the diffraction of
neutron by crystalline matter (poly- or mono-crystal) is given. The effect of
finite nuclear mass on the inelastic cross-section using the Debye model for
the crystal vibrations is reviewed.
The attenuation of thermal neutrons by a crystalline solid is described
using an additive formula. The main terms of the formula are: Thermal
Diffuse Scattering, Bragg Scattering by a Polycrystalline, single crystal or
crystal with preferred orientation Materials.
Chapter III: Deals with the attenuation of thermal neutrons by poly-

crystalline iron and graphite using the additive formula. The validity of the
formula and the developed computer codes were approved by the comparison
of the calculated neutron transmissions through polycrystalline iron and
graphite with the available experimental data. A feasibility study on using
poly-crystalline iron and graphite as cold neutron filter is also given.
Chapter IV: A review of the recent works concerning the

applications of PG as monochromator and selective thermal neutron filter is
given. The monochromatic features of PG are studied along with its
feasibility as a selective filter within the neutron wavelength intervals
between 0.112nm and 0.425nm are also given. The width of these favorable
intervals and the filtering factors within them were studied in terms of the
mosaic spread, and thickness of the PG crystal. Moreover the study of
filtering features of PG at double and triple boundary crossing positions of
the curves (hkl) were also calculated.
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The result of such calculation is used to design a double PG crystal
neutron diffractometer almost free from higher order contaminations.
Chapter V: A review of the recent works concerning the use of

single crystals as filter of the whole thermal neutron beam is given. The
introduced additive formula along with the developed CFe program permits
calculation of the total neutron cross-section and effective absorption
coefficient of iron single crystals with BCC structure, deduced within
accuracy sufficient for determining its neutron filtering characteristics. A
feasibility study on using iron single crystals as neutron monochromator is
also given.
The main results of the present thesis are published in the
following papers:

1- Neutron transmission through crystalline Fe
Journal of Applied Sciences 5(1)(2005), pp 5-11.
2- Application of crystalline graphite as a selective thermal neutron filter.
Proceedings of the second International Conference “Current Problems in
Nuclear Physics and Atomic Energy” Kyiv, Ukraine, June 9 – 15, (2008)
pp. 516-522
3- Pyrolytic Graphite as an efficient second –order neutron filter at tuned
positions of boundary crossing.
Journal of Nuclear Physics and Atomic Energy, Volume 11, No 3,
(2010), pp. 312-319.
4- Design of double PG crystal neutron diffractometer. Accepted for oral
presentation at 8th NUPPAC conference, 20-24 Nov 2011, Hurghada,
Egypt.
5- Characteristics of pyrolytic graphite as a neutron monochromator.
Accepted for oral presentation at 8th NUPPAC conference, 20-24 Nov
2011, Hurghada, Egypt.
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Chapter I

Introduction

Introduction
1-1

Slow neutrons
The present thesis deals with the physics of neutrons at energies of

10eV or less. Such neutrons will be collectively referred to as 'slow neutrons'.
It is important to note, however, that the phrase slow neutrons are frequently
used in the literature to describe neutrons with energies up to 1000eV, but we
shall restrict our attention to the energy range just defined. The de Broglie
wavelength of such neutrons is greater than 0.009 nm.
The low energy and relatively long wavelength of such neutrons
govern their interaction with matter. This depends on the atomic structure of
the target material because the wavelength of slow neutron of is the order of
the interatomic distances, and on the atomic dynamics in the scattering
medium because the energy of the slow neutrons is of the same order as the
chemical bonding energy and the energy of the thermal motion of atoms in
crystals and liquids.
The slow-neutron energy range includes the thermal region, in which
the energies are of the order of 0.1 – 0.01 eV, and also the cold neutron
region, which extends down to 0.01eV or in temperature units up to
approximately 100˚K (the upper limit is frequently taken to be 0.005eV or
58˚K; this corresponds to the Bragg cut-off in beryllium). Neutrons whose
energies are much less than 0.01eV are occasionally described as ultra-cold.
Slow-neutron physics is commonly referred to as neutron optics
because slow neutrons exhibit wave properties much more readily than fast
neutrons. The importance of the wave characteristics of neutrons is
determined by the ratio of the neutron wavelength to the linear dimensions of
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the system with which they interact. As the rule, the greater this ratio, the
more pronounced the wave properties.
Slow neutron scattering was originally used mainly in pure nuclear
physics research. Subsequent progress in reactor design led to the availability
of high-intensity neutron beams, and it became clear that the most fruitful
fields for neutron-optical studies would be those concerned with the
properties of condensed media (solids and liquids). Experimental studies
were begun on a substantial scale in the early fifties and have expanded at a
growing rate each year. It is now generally agreed that slow-neutron
scattering is one of the most promising methods of experimental study of the
properties of the condensed state.
Slow neutrons can be used in the analysis of the atomic structure of
matter when the use of X-rays or electrons is either inconvenient or
impossible, as in diffraction studies of hydrogenous compounds and of alloys
of elements with neighboring atomic numbers. Slow neutrons are also widely
used in studies of crystals and liquids. Analysis of slow neutron scattering
data provides information about the vibrational frequency spectrum of the
crystal lattice and the phonon dispersion curves. In liquids, where atomic
dynamics is particularly complicated, slow neutron scattering gives valuable
information about the motion of atoms (or molecules) and about the diffusion
mechanism. Finally, slow neutrons are unique tools for investigation the
properties of magnetic materials. Neutron studies have established the
existence and the type of order in antiferromagnets, and can be used to
determine the orientation of atomic magnetic moments in magnetic materials
relative to the crystallographic planes and axes, and to study the magnetic
dynamics of crystals (scattering of neutrons by spin waves and critical
magnetic scattering).
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Slow neutrons are also widely employed in purely nuclear research.
Slow-neutron scattering has been used to determine the nuclear scattering
amplitudes for different isotopes. Of particular interest in this connection are
experiments on the scattering of neutrons by ortho- and para-hydrogen and
the total reflection of neutrons from various surfaces. Other important nuclear
problems which have been investigated in this way are the spin dependence
of nuclear forces, the neutron-proton interaction and the specific neutronelectron attraction. Polarized neutrons can be used to determine nuclear
magnetic moments. Moreover, slow-neutron beams are used in investigation
of the properties of the neutron itself, namely, the magnetic dipole moment,
spin and half-life, and in direct experimental searches for the electric charge
and electric dipole moment of the neutron. Studies of the decay of
unpolarized and polarized neutrons have yielded much valuable information
about the nature of the weak interaction and the problem of conservation of
parity in weak interactions.
The two principal fields of study in slow-neutron physics are
concerned with the properties of the condensed state and the properties of
nuclei. However, slow-neutron scattering data are also important in
connection with the slowing down of neutrons at low energies, when the
energy transfer between neutrons and the moderating atoms must be taken
into account. This energy transfer ensures that the 'neutron gas' gradually
comes into thermal equilibrium with the moderator. A complete equilibrium
is, of course, never achieved owing to absorption and leakage. The process
leading to equilibrium is often called thermalization [1].
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Slow neutron basic processes
The interactions of neutrons with matter are described in terms of

quantities known as cross section: (σ) which are defined as: the interaction
rate per atom in the target per unit intensity of the incident beam.
The neutrons interact with nuclei in a number of ways, and it is
convenient to describe each type of interaction in terms of a characteristic
cross section. Thus elastic scattering is described by the elastic scattering
cross section,σs, inelastic scattering by the inelastic scattering cross section,
σi; the (n, γ) reaction (radiative capture) by the capture cross section, σγ
fission by the fission cross section, σf ; etc. The sum of the cross sections for
all possible interactions is known as the total cross section and is denoted by
the symbol σt [2]; that is,

σ t = σ s + σ i + σ γ + σ f + ......
The total cross section measures the probability that an interaction of any
type will occur when neutrons strike a target.
The sum of the cross sections of all absorption reactions is known as the
absorption cross section and is denoted by σ a , . Thus,

σ a = σ p + σ α + σ γ + σ f + ......
where σ p and σ α , are the cross sections for the (n, p) and (n,α ) reactions.
Finally, the difference between the total and elastic cross sections is known
as the non-elastic cross section, and is usually denoted by σ ne in symbols,
this is: σ ne = σ t − σ s
The non-elastic cross section is occasionally called the "inelastic cross
section. We are going to discuss briefly the main types of neutron
interactions with matter
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Neutrons interact with matter in two ways. Firstly, there is the
specifically nuclear interaction between neutrons and the ambient nuclei.
Secondly, although the neutron is electrically neutral as a whole, there
is an electromagnetic interaction, because the neutron has a magnetic dipole
moment.
The leading interaction process is the nuclear interaction. The
interaction between the neutron magnetic moment and the atomic electrons
becomes important in the slow-neutron energy range.
The interaction between the neutron and the nucleus may proceed in
two ways: either through the formation of an intermediate excited nucleus
followed by its decay along one of the possible channels, or without the
formation of the intermediate nucleus, when the neutron is simply scattered
directly by the nuclear force field. The decay channels of the intermediate
nucleus may be the elastic and inelastic scattering, emission of

γ − rays (radiative capture of the neutron by the nucleus), emission of
charged particles [(n , p ) and (n , α ) reactions ] and nuclear fission. In the
slow-neutron energy range there is no inelastic scattering, neutron capture
followed by fission is observed only for some heavy isotopes
(U 233 ,U 235 , Pu 239 , Am 241 , Am 242 ) and reactions involving the emission of
charged particles occur only in a few light isotopes, for example, in the

He 3 (n , p )T 3 ,

Li 6 (n , α )T 3 ,

B 10 (n , α )Li 7 ,

N 14 (n , p )C 14

and

C l 35(n, p)S 35 reactions. It is therefore possible, in the case of slow neutrons, to
restrict one’s attention to two decay channels, i.e. radiative capture and
resonance elastic scattering; but we must also take into account potential
elastic scattering which proceeds without the formation of an intermediate
nucleus.
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The presence of interference means that potential and resonance
scattering cannot be completely separated. In the slow-neutron energy range,
the scattering cross section has a form characteristic of potential scattering,
i.e., it is independent of the neutron energy. Nevertheless, this is not pure
potential scattering because there is a certain contribution due to resonance
scattering [1].
To carry out a study in slow-neutron physics, one needs high enough
intensity sources of slow neutrons.

1-3

Sources of slow neutrons
Well-collimated neutron beams of high enough intensity are essential

for the application of slow neutrons in purely nuclear studies and in studies of
the properties of solids and liquids. Until very recently, the only sources of
high- intensity beams of slow neutrons were continuously operating reactors.
However, since about 1960 pulsed sources – accelerators and pulsed reactors
– which generate neutron beams in the form of a sequence of pulses, have
attracted considerable attention. While spallation neutron source now-a–days
are commonly used as powerful neutron sources.

1-3-1 Steady state neutron reactors
In reactors the neutrons are produced as a result of fission of the
nuclear fuel, whereas in accelerators they are produced in (γ , n) and (d , n)
reactions in suitable targets exposed to the accelerated beam of charged
particles. In all cases high-energy neutrons are produced with energies of the
order of a few MeV, and therefore slowing-down media (moderators) are
necessary to produce slow neutrons.
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The slowing-down of neutrons occurs as a result of inelastic collisions
with heavy nuclei and elastic collisions with light nuclei. The former process
is effective for fast neutrons and the second for intermediate and low-energy
neutrons. As a result of these collisions, the neutrons gradually approach the
state of thermal equilibrium with the moderator (they are said to become
thermalized), but in practice, thermal equilibrium is never achieved because
of neutron capture and leakage out of the moderating system, which result in
the neutrons failing to undergo a sufficient number of collisions for the
achievement of complete equilibrium. The final neutron energy spectrum in
moderators is therefore harder than the equilibrium Maxwellian spectrum,
which has the form [1].

d Φ(E )
−E
= const .E exp(
)
dE
kT

(1-1)

where Φ (E ) is the neutron flux for neutron energies between E and E + dE
and T is the moderator temperature. When there is little absorption in the
moderator, the steady-state neutron spectrum tends to approach the
Maxwellian spectrum and is approximately described by Eq. (1-1) except that
T must be replaced by the neutron temperature Tn where Tn > T .
Figure (1-1) shows the neutron spectrum at the beam hole of a reactor
together with the equilibrium Maxwellian spectrum calculated for the
temperature of the moderator. Where Φ (E ) is calculated for constant dE
and displayed in Figure (1-1). The Figure illustrates the following two main
effects; first the neutron spectrum is harder than the equilibrium spectrum
and second, at high energies, it follows a 1

E

law.
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Fig.(1-1) Energy spectrum of neutrons leaving the moderator.
Finally, as a further useful way of characterizing the emerging
neutrons, we may plot the spectrum in terms of wavelength using a function
Φ (λ )dλ which is the number of neutrons emerging from the collimator per
second with wavelengths between λ and λ + dλ . It can be shown that Φ(λ )
is given by [3]:
Φ (λ ) =

constat

λ

5

(

exp − h 2 2 m k T λ2

)

(1-2)

Fig. (1-2) Wavelength spectrum of neutrons leaving the moderator
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The calculated Φ(λ ) for constant dλ is displayed in Figure (1-2), the
Figure illustrates the following two main effects; first, the peak of curve
Φ(λ ) occurs at a wavelength λ = h / 5mkT . Second the neutron flux Φ (λ )
at shorter wavelength is increasing with decreasing λ i.e. at higher energies
follows a λ law.

1-3-2 Pulsed neutron reactors
It has already been indicated that considerable attention has been paid
in recent years to pulsed reactors, which are designed for operation with
periodic pulses can also be used to produce single pulses of very high
intensity. Such pulses are a result of a rapid change in the reactivity when
supercritical conditions are achieved for a short time, during which the main
rise in power is produced. At all other times the reactor is in the subcritical
state. Figure (1-3) illustrates the pulsed reactor IBR (Dobna, Russia) [1].

1- Small disc
2- Auxiliary disc
3- Fixed core
4- Reflector
5- Neutrons
6- Neutron
moderator
7- Main insert
8- Large disc

Fig. (1-3) The IBR reactor
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It is important to emphasize that in spite of the lower mean flux, pulsed
sources are just as effective for many studies as the more powerful
continuous reactors, because they can be used in conjunction with the timeof - flight technique.

1-3-3 Linear accelerators
Linear accelerators are also beginning to be widely used as sources of
neutrons. In electron accelerator [1], which are the most common, a
modulated electron beam is intercepted by a heavy-element target (lead,
bismuth, uranium), and electrons retarded in the target produce directional γ
rays with energies corresponding to the giant resonance for the (γ , n)
reaction. This results in the appearance of a neutron pulse (on the
average, 100 γ rays are necessary to produce 1 neutron).

1-3-4 Spallation neutron source
Spallation: If you accelerate charged particles (usually protons) and
aim the beam at a heavy metal target (Ta,U,Hg ) then neutrons get spat out.
We moderate the fast neutrons which “spall” off the target.
In contrast to nuclear fission, spallation is not restricted to a few types
of nuclides. This is because energy not released, but on the contrary even
consumed [4]. Naturally, this is a disadvantage in so far as energy must be
supplied. It is also an advantage, however, since the process immediately
stops as soon as the energy supply is switched off. This means, on the one
hand, considerably relaxed safety provisions. On the other hand, it also
allows us to produce neutrons with practically any time structure. A proton
beam serves as energy source, the protons being accelerated to high enough
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energies to make the spallation process possible. This requires a few hundred
MeV. The struck nucleon can now strike further nucleons in the nucleus,
forming the so called intra nuclear cascade, which is shown schematically in
Figure (1-4).

Fig. (1-4) Release of neutrons from nuclei by spallation & by fission.
Consequently, the energy is distributed among many particles, and the
nucleus is "heated". The heated nucleus now tries to get rid of its excess
energy by "evaporation" of neutrons and, to a lesser extent, also of protons.
To keep the neutron pulses suitably short, the neutrons must be
moderated in a space, as quickly as possible. To accomplish this, a volume of
less than 1 liter of light water ( H 2o ) is sufficient. Naturally, many of the
primary neutrons will not hit this volume at all, or will leave it again before
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being fully moderated. To minimize these losses, the moderator is
surrounded, on all sides not equipped with beam tubes, with a stronglyscattering but only weakly-moderating material, the so-called reflector as
shown in Figure (1-5).

Fig. (1-5) Schematic representation of "pulsed" spallation neutron source.

1-4

Softening of the slow-neutron spectrum
There are basically two ways of increasing the intensity of cold

neutrons in the slow-neutron beam leaving the moderator. The first method
involves special selection of the moderating material. For example, heavywater reactors give a somewhat softer spectrum than water or graphite
reactors, owing to the better moderating properties of heavy water, so that,
whereas in ordinary reactors the neutron temperature is about 400 K , in
heavy-water reactors it is possible to achieve 320 − 340 K . The second
method of increasing the fraction of cold neutrons in the beam is particularly
interesting. Here the moderator, or a part of it, is cooled to a temperature of
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the order of 10 K , and the neutron gas entering the cold moderator will come
to thermal equilibrium with the moderating material at a low temperature [1].
If further neutrons are supplied to the cold region from the
surrounding part of the moderator, this will prevent a reduction in the neutron
flux density, while the thermalization of neutrons inside the cold region will
considerably soften the neutron spectrum, enabling a high-intensity coldneutron beam to be extracted. To obtain the maximum number of cold
neutrons of a given wavelength, the moderator must be cooled to the
temperature corresponding to that wavelength.

Fig. (1-6) Differential neutron flux as a function of wavelength for
different moderators at the high flux reactor of the ILL.
Figure (1-6) shows the differential flux for a thermal moderator and
the two smaller moderators placed inside the thermal moderator to produce
"cold" and "hot" neutrons at the high flux reactor of the ILL (Institute LaueLangevin in Grenoble [5]. The "hot source" [6] reaches a temperature of
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about 2000 K by nuclear heating during normal reactor operation. The "cold
source" [7], [8] is a vessel containing 25 liter of liquid D2 kept at 25 K [9].

1-5

Monochromatization of slow neutrons
These include single-crystal monochromators and crystal filters. Let

us consider, to begin with, the single-crystal monochromators. For a given
orientation of the single crystal in the incident neutron beam and a given
angle of scattering θ , the reflected neutrons will have wavelengths obeying
the Bragg condition [1].
2d sin

θ
2

= nλ =

nh
2m n E

where mn and E are the neutron mass and energy respectively. The neutrons
reflected in a given direction will have energies

θ

E n = n 2 h 2 [8m n d 2 sin 2 ]−1
2
where n = 1, 2,..., so that there will be several reflected orders.
In practice, one tries to use only the first-order reflection and suppress
the remainder. Higher-order reflections have lower intensities for two
reasons, firstly, the reflected intensity is inversely proportional to the energy
1 E and since E n ≈ n 2 the higher reflection orders correspond to faster

neutrons), it follows that the intensity of the n − th reflection will be lower
by a factor of n 2 than the first-order intensity. Secondly, whereas the firstorder reflection usually involves thermal neutrons near the maximum of the
incident spectrum, neutrons corresponding to higher reflection orders lie in
the tail of the Maxwellian distribution, with a corresponding reduction in
their relative intensity.
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There are two difficulties associated with the use of the single crystal
monochromator for the isolation of a slow-neutron line with wavelengths
longer than the maximum of the incident Maxwellian spectrum. The first is
that it is impossible to isolate neutrons with wavelengths exceeding twice the
maximum crystal-place separation because such neutrons simply will not
undergo Bragg reflections. The second difficulty is that isolation of very slow
neutrons (if this is at all possible) will be troubled by higher-order reflections
because the higher-order neutrons correspond to more intense parts of the
Maxwellian distribution, so that the 1 E dependence of the reflectivity may
be compensated. Figure (1-7) shows the first-, second- and third-order
intensities for neutrons of the different energies reflected from the (100)
plane of a sodium chloride single crystal [1]. As can be seen, there is an
increase in the contribution of higher-order reflections (to begin with, mainly
the second-order reflections) as the neutron energy decreases.

Fig.(1-7) Intensity of reflection for different energies at the (100)plane of a
sodium chloride crystal.
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The problem of how one can avoid higher-order reflections from a
single crystal working at low-neutron energies can be solved either by the use
of single crystals whose symmetry is such that they do not produce secondorder reflections (for example, magnetite and germanium), or by using
mechanical choppers or filters, in addition to the single crystal.
The Bragg condition gives us the resolution of a single-crystal
monochromators:
∆E 2∆λ
=
;
E
λ

∆λ

λ

= cot θ ∆θ

We see from this expression that the uncertainty in the energy of the reflected
monoenergetic neutrons is proportional to the uncertainty in the angle of
scattering and increases with decreasing angle. This imposes a high-energy
limit on the range of applicability of single crystals as monochromator.

1-6

Neutron beam filters
The purpose of filters is to remove unwanted neutron, in particular

fast neutrons and higher order neutrons. This reduces the background, and the
number of spurious [10].
Neutron beam filters are used for two reasons:

a) Selective thermal neutron filter
The beam transmitted by crystal monochromators not only contains
the neutron momentum k the monochromator is designed for, but may also
be contaminated by higher (or lower) order reflections 2k ,3k etc., depending
on the structure factor of these reflections. In order to eliminate or at least
substantially reduce the contaminations due to high order reflections, material
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is placed in the beam path which has good transmission properties for the
desired wavelength and a high cross section for the undesired ones. Such
filter type is called filter of selective thermal neutron. Poly-crystals nowadays
are commonly used as thermal neutron filter. The coherent elastic scattering
by a crystalline material can not occur for neutrons with wavelength λmax
which exceed twice the largest d-spacing of the possible reflections. In case
of a powdered sample (poly-crystalline material) there is a steep increase of
the coherent elastic scattering cross-section [9].
An unusual case is pyrolytic graphite (PG) with reasonably good
single crystalline properties along its c-axis (00l ) − reflections but random
orientation perpendicular to it.
The neutron filtering characteristics of PG as a selective one were first
discussed by Brockhouse and Diefendorf [11]. Its use as an effective filter for
low energy (less than 15 meV) neutron beam has been further advocated by
Loopstra [12]. Good selective filtering characteristics were reported for
oriented graphite crystals with mosaic spread of 50.
Last years, a significant advance has been made in producing high quality PG
crystals. However, the high price may limit the use of PG as a selective
neutron filter. Therefore the study of the neutron transmission through PG as
a function of both their mosaic spread value and thickness for efficiently
removing of the second-order neutrons is needed.
Therefore the present work concerns a feasibility study for use of PG crystal
to tune for optimum scattering of second-order neutrons in the wavelength
range between 0.183 nm and 0.384 nm by adjusting the filter crystal in
appropriate orientation. The neutron transmission through PG crystals were
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calculated as a function of both their mosaic spread value and thickness for
efficiently removing of the second-order neutrons.

b) Whole thermal neutron filter
Beams coming from the moderator always contain unwanted radiation
like fast neutrons and gamma-rays which contribute to experimental
background and to the biological hazard potential. Such filter type is called
filter of whole thermal neutron spectrum [10].
The use of large, perfect single-crystals of various materials as filter for the
whole thermal neutron beam has been long known [13]. Several materials
such as germanium [14,15] and silicon [16], quartz ( SiO2 ) [17], lead [18],
bismuth [19] magnesium oxide (MgO) [20,21], magnesium fluoride [22] and
sapphire (A12O3) [23] have been suggested as potential competitors. However,
Mildner and Crawford [24], Mildner and Lamaze [25] and Mook and Hamilton
[26], have been suggested sapphire single crystals as most successful filter
materials.
Since almost perfect single crystals are very expensive, therefore the
contribution of Bragg scattering from different (hkl ) planes to the neutron
transmission through a large imperfect single crystal may exceeds that of the
scattering cross-section of the bound atom. Moreover, the γ- absorption
coefficient of single crystal may be insufficient to remove the gamma rays
accompanying the neutron beam. Therefore, in some cases the use of single
crystals of elements with heavy atomic number may be useful as a whole
thermal neutron filter. Consequently, lead, bismuth and iron seems to be most
promising filter. However, the price of such single crystal may limit their use.
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The aim of the work
The present work, concerns with a feasibility study on using

crystalline materials as a neutron filter. An additive formula is given which
allows calculating the contribution of the total neutron cross-section
including the Bragg scattering from different (hkl ) planes to the neutron
transmission through crystalline material. The formula takes into account the
crystalline form of poly, single or pyrolytic graphite crystals and its
parameters. Computer codes have been developed in order to provide the
required calculations in the neutron energy range from 0.1meV to 10eV.
The filtering features of using Poly-crystalline iron and graphite in
fine powders form as an efficient cold neutron filters are studied.
The feasibility study of using PG crystals as a neutron
monochromator and as second-order filter within neutron wavelength bands
between 0.112nm and 0.425nm is given. The width of the bands and the
filtering factors within them are detailed in terms of mosaic spread and
optimum thickness. Moreover, a feasibility study is also carried out on using
less oriented and thinner PG crystals to almost eliminate 2 nd − order neutrons
at only tuned neutron wavelengths corresponding to the boundary crossings
of the curves (hkl ) .
Based on neutron transmission properties of PG crystals, a design of
double crystal diffractometer almost free from higher order contaminations is
investigated. Such investigation aims to determine the optimum parameters
of first PG monochromator crystal, when it set at a certain glancing angle to
reflect a high intensity of neutrons with a fixed wavelength, while the second
PG filter is set at take-off angle and its parameters are chosen to almost
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transmit the main reflected neutrons and removes the higher order reflections
accompanying the main one.
Since the price of iron single crystals are much cheaper than lead or
bismuth ones, therefore the present thesis concerns a feasibility study on
using iron single crystals as a neutron monochromator as well as an efficient
whole thermal neutron filter for beams accompanying with high γ flux. The
optimum iron crystal thickness and its imperfections for efficiently
transmitting the whole thermal reactor neutrons while strongly attenuating
both fast neutrons and gamma rays accompanying the thermal ones are
deduced.

Chapter II
Neutron Interaction with
crystalline material
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Neutron Interaction with crystalline material
2-1 Neutron Scattering by Assemblies of Nuclei in Solids
In solid state, the scattering nuclei are not free to recoil under the
neutron impact and the scattering cross-sections are those applicable to fixed
bound nucleus. However, when the nuclei are bound together in the form of a
crystal, it is possible for them, if not infinitely heavy, to receive energy from
an incident neutron and transfer it to the crystal vibrations or, alternatively,
receive energy from the latter and pass it on to the neutron, thus increasing
the neutron velocity.
Let us consider a model of the crystal lattice in which all the nuclei
are fixed at the lattice points and cannot vibrate. This model provides the
simplest illustration of the interference phenomena in slow-neutron scattering
by crystals, and enables us to understand the effect of purely structural lattice
characteristics upon neutron scattering. The results obtained for this model
can readily be generalized to the case of elastic scattering of slow neutrons by
real lattices.
In the 'frozen' lattice model there cannot, of course, be any energy
transfer from the neutrons to the target. The classical analogue of this is the
elastic collision of a ball with a wall.
When nuclei are considered of infinite mass; then the interference
effect, with the three dimensional assembly of nuclei has to be considered
alone [3]. The incident plane wave of neutrons is:

ϕ = e ikz

(2-1)
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where k =

2mE / h is the magnitude of the wave vector, E is the neutron

energy and h =

h
, where h is the Plank’s constant.
2π

Then the resultant wave function after scattering by the assembly of
atoms will be:

ϕ = eikz − ∑ (bρ / r ) eikr eiρ (k −k ')

(2-2)

where ρ is the vector from the origin to the nucleus, r is the distance of the
point of measurement from the origin, b is the scattering length and k , k ' are
the wave vectors of the neutron before and after scattering. The expression

exp[ iρ (k − k ' )] is introduced by considering the phase difference between
the contributions due to various nuclei, and is equivalent to:

exp[2π i(hx / a0 + ky / b0 + lz / c0 )] ,
where x, y, z are the Cartesian coordinates of the nucleus, a o , bo , co are the

dimensions of the crystallographic unit cell, and h, k , l are the Miller indices.
Thus at unit distance from nuclei the amplitude of the scattered
neutron wave will be equal to

− ∑ b exp[2π i(hx / a0 + ky / b0 + lz / c0 )]

ρ

ρ

and the cross-section per nucleus per unit solid angle “differential crosssection” for scattering in this particular direction, will be:

σ

hkl

=

2
1
∑ (bρ exp[2π i(hx / a0 + ky / b0 + lz / c0 )])
N0

(2-3)

where No is the total number of nuclei in the crystal. The measured value of
the differential cross-section will be the average value of σ hkl over all
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possible distributions of the isotopes among the atomic positions in the
crystal it can be shown that the average value is [3]:
σ

hkl

( )


 1
2
2
=  b 2 − (b ) 2  +
b exp [2π i (hx / a0 + ky / b0 + lz / c0 )]
r
r
r
N
o



(2-4)

where br is the scattering length of the r th isotope of the element. The two
terms in equation (2-4) correspond to incoherent and coherent scattering
respectively. The incoherent scattering cross-section σinc of the element is
defined as:




E (σ inc ) = 4π  b 2 − (b ) 2 
r 
 r

(2-5)

and the quantity 4π (br ) 2 is called the "coherent scattering cross-section"
for the element.

2-2 Diffraction of Neutrons by a Polycrystalline Element
It will be convenient at the present stage to consider the total number
of neutrons scattered coherently in all directions in the case of a
polycrystalline sample of an element. The total coherent scattering E (coh) is
obtained by integrating the second term in equation (2-4) over all angles in
space given by

E (σ

coh

)=

π Nc
2k 2

2 d
∑ 4π Fhkl
hkl

(2-6)

hkl

where the summation is taken over all planes (hkl ) which are capable of
giving Bragg reflection for the neutron wavelength used—i.e. all planes
which have spacings d ≥ λ 2 , N C is the number of unit cells per unit
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2
volume and Fhkl
is the square of the structure factor of the unit cell for the

(hkl ) reflection and given by:

F 2 = ∑ (b exp[2π i(hx / a0 + ky / b0 + lz / c0 )])
hkl

2

(2-7)

the summation being taken over all the atoms in the unit cell. In the case of
compounds the value of b taken for each atomic position is, of course, that
appropriate to the particular atom situated there.
Replacing the wave-number k by 2π/λ equation (2-6) can be
rewritten in the form:
N λ2
2
E (σ
)= c
∑ Fhkl d hkl
coh
2 hkl

(2-8)

From equation (2-8) at long wavelengths beyond the cut off wavelength
i.e., λ f 2d max , E (σ coh ) will be zero. At very short wavelengths, which are
small in comparison with interatomic separations, it can be shown that the
coherent scattering becomes isotopic and E (σ coh ) is then equal to σ coh i.e

4πb 2 for each atom. From equations (2-5), (2-6) we can determine
E (σ coh ) + E (σ inc ) , the total scattering of a poly-crystalline element or
compound, it will be given by [3]:
N λ2
E (σ
)= c
total
2 d

hkl

+ 4π  b 2 − (b ) 2 
F 2d
∑
hkl
r 
 r
≥ λ/2

(2-9)

Figure (2-1) shows schematically the behaviour of the scattering cross section
for a static lattice as a function of the neutron energy. At energies below E min ,
there is no coherent scattering and the incoherent part of the cross section
provides a constant contribution.
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Fig. (2-1) Total scattering cross section for a static lattice.
The energy E min is called the Bragg cut-off. The well-defined peaks at
energies above E min are explained by the successive inclusion in the
scattering process of new families of crystal planes with gradually decreasing
plane separation. The contribution of each such family decreases with
increasing neutron energy because of the presence of the factor 1 k 2 (broken
curve in Fig.2-1). As the energy increases, new families of planes are
included more frequently but their contribution to the intensity of the
reflected beam will continuously decrease owing to the presence of the
factor 1 τ . This leads to a kind of average: the peaks on the cross-section
curve become smaller and more frequent and the curve eventually becomes
quite smooth. At sufficiently large neutron energies, when the neutron
wavelength is considerably less than the interatomic distance in the crystal,
so that interference phenomena no longer occur, the cross section tends to the
2
2
limit 4π (bcoh
+ binc
) [1].

At long wavelengths, beyond the cut-off wavelength for coherent
scattering, the total scattering will reduce to ∑ σ inc . At short wavelengths,

26
Chapter II

Neutron Interaction with crystalline material

where both the coherent and incoherent contributions are isotropic, it will be
equal to ∑ (σ coh + σ inc ) , i.e. each atom will contribute its σ value.
The general behavior is indicated in Figure (2-2) which is a generalized
version of the type of curve which they showed in Figure (2-1), and they are
indicating the variation of cross-section as a function of neutron energy,
rather than wavelength. Moreover, they are plotting the total scattering,
having increased the ordered coherent component E (σ coh ) by a disordered
incoherent component E (σ inc ) . As the neutron energy increases the
discontinuities in the curve indicate the points at which Bragg reflection from
new families of planes becomes possible. However, as indicated by the
broken line in the curve, the contribution of each family falls off inversely as
the neutron energy E, because of the presence of the factor 1 k 2 in eqn (2-6).
Moreover, the contribution of successive new families is less and less
because of the influence of the quantity d hkl in Eq. (2-6). Accordingly the
curve in Figure (2-2) settles down at a constant level equal to σ coh + σ inc [1].

Fig. (2-2) The variation with neutron energy of the total scattering
E (σ coh ) + E (σ inc ) for an assembly of static atoms.
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2-3 The effect of finite nuclear mass: elastic and inelastic
scattering
The foregoing discussion of the scattering of neutrons by assemblies
of nuclei in crystals has been on the underlying assumption that the nuclei
were of infinite mass. Under these circumstances the scattering process
resembled a classical elastic collision of a particle with a wall, and there was
no possibility of any transfer of energy between the neutron and the target
nucleus. We made this initial simplifying assumption in order to concentrate
our attention on the effects introduced by the three-dimensional periodicities
of the crystal structure.
We must now extend our considerations to the case of a real crystal in
which the nuclei are not of infinite mass and, instead of being frozen rigidly
in position at the atomic sites; they indulge in limited motion because of their
thermal energy. It is not true to say that the atoms are in random motion,
since there are forces between atoms in close proximity and the motion of
any atom will be influenced to some extent by the motion of its neighbors.
Indeed the nuclei in a solid take part in collective motions and the pattern of
movement is the resultant build-up from a whole spectrum of waves of
atomic displacement in the crystal. The neutron, or indeed other colliding
particles, can transfer some of its energy to the crystal vibrations or,
alternatively, take up energy from these vibrations. In these two cases the
scattered neutrons will be of longer or shorter wavelength, respectively,
compared with those in the incident beam. The significant feature, to which
we shall return later, is that for neutrons the changes in wavelength are large
enough to be measured easily and, as we shall see, are extremely informative.
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The inelastic scattering of neutrons was considered theoretically by
Weinstock [27], well before any experimental work was done on this topic.
Weinstock's treatment was restricted to the simplest case of an element which
consisted of a single isotope with zero nuclear spin, and therefore giving rise
to no incoherent disorder scattering, but it was extended by Cassels [28] to
elements possessing more than one isotope and also possessing nuclear spin.
In Weinstock's treatment elastic scattering is treated as a special, zero-order
case of inelastic scattering and, because of this, the theory arrives explicitly at
the dependence of the elastic scattering on the crystal temperature. This
dependence is according to the same exponential factor which occurs in the
theory of X-ray scattering, in the classical work of Debye (1913, 1914) and
Waller (1923, 1925) [3].
Using the Debye model for the crystal vibrations, familiar from
discussions of the specific heat of solids, Weinstock [27] showed that the
coherent scattering amplitude is reduced by the factor e − w , where

W=

6h 2
sin 2 θ φ ( x) 1 
 x + 4
2
m K θ

A B D λ 

(2-10)

Here θ is the Bragg angle, h is Planck's constant, mA is the nuclear mass, k is
Boltzmann's constant, θ D is the Debye temperature of the crystal, x is equal
to θ D T , where T is the absolute temperature of measurement, and φ ( x) is a
function of x defined by

1 x ξ dξ
φ ( x) = ∫
x 0 e −ξ − 1

(2-11)

The effective coherent neutron scattering amplitude which contributes to the
Bragg diffraction peaks is therefore be − w , where b is defined as before to take
into account the various isotopes, their abundances and nuclear spins.
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Figure (2.3) shows how the value of e −2 w , which will be the relevant factor
affecting the intensities, falls off with (sin θ ) λ for various temperatures in
the case of iron whose Debye temperature is 453 K.

sinθ/λ(108 cm-1)
FIG.2.3.

Dependence of elastic ordered nuclear scattering on crystal
temperature for iron.

The above treatment of the effect of temperature on the elastic scattering can
only be strictly applied to a monatomic cubic crystal. In other cases it is not
possible to describe by means of a single Debye temperature the vibrations of
the different atoms in a compound or the vibrations of particular atoms in
different directions in an anisotropic crystal.
In the general case it is necessary to describe the thermal motion of
each atom which is crystallographically different in the unit cell by six
parameters. These can be determined from the experimental diffraction
intensities if sufficient independent data are available, using modern
computational methods [3].
The disordered (incoherent) part of the elastic scattering decreases
with increase of temperature in a similar way to the ordered component, and
its cross-section is proportional to e-w. Accordingly, we have to modify the
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curves which we showed in Fig. (2-3), for the total scattering cross-section.
So far as the elastic scattering is concerned, the behavior is shown in Fig. (24), where it will be noted that both the ordered (coherent) and the disordered
(incoherent) contributions approach zero as the neutron energy increases [1].

Fig. (2-4) Variation of the total elastic scattering with neutron energy.
Before we discuss the quantitative calculation of the inelastic
scattering it is important to emphasize the significant difference between the
inelastic scattering of slow neutrons and of mono-chromatic X-rays. The
latter phenomenon is usually being described as diffuse X-ray scattering. If
we consider X-rays and neutrons of the same wavelength the energy of the
X-ray quantum will be greater than that of the neutron by a factor of the order
of 105. This follows since the X-ray energy hυ will equal hc λ , where c is
the velocity of light, giving a value of about 3× 1018 h for a wavelength of
1Å, whereas the neutron energy is

1 2
mv , which can be written as hv / 2λ ,
2

where v is the neutron velocity, and equals about 1.5 × 1013 h . The velocity of
a neutron of wavelength 0.1 nm is only 4 × 10 5 cm / sec . in comparison with
3 × 1010 cm / sec . for c the velocity of light. The energy in a single quantum
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of the crystal vibrations is of the order of 1013 h, as can be seen most easily
by considering the formula hv m = KΘ, which expresses the maximum
frequency v m of the crystal vibrations in terms of the Debye temperature of
the crystal, which will be generally of the order of a few hundred degrees.
Consequently when an X-ray quantum is scattered inelastically, the energy
lost to the crystal vibrations is negligible and the scattered phonon may be
considered to have the same energy as the incident one: on the other hand, for
slow neutrons the energy change is of the same order as the incident energy.
Thus the inelastically scattered neutrons, but not the X-rays, will have
wavelengths which are appreciably different from their initial value. It can be
shown that the wavelength change δλ when a neutron absorbs a quantum of
energy δE from the crystal vibrations is

mλ3
δλ = 2 δE ,
h
and the same change will be observed when energy is given up to the crystal.
Thus, for a given wavelength, the large wavelength change in the case of
neutrons may be considered to be a consequence of the large neutron mass.
Experimentally, the first demonstration of the gain of energy when
neutrons were scattered inelastically was provided by Egelstaff [29] using a
beam of long-wavelength neutrons from a lead filter. The importance of this
behavior to the study of solids arises because an examination of the detailed
energy spectrum of the neutrons after scattering will make it possible to
assess the details of the energy spectrum of the crystal vibration, i.e. the
acoustic vibrations in the solid. In order to carry out such a study it is
necessary to perform an energy analysis of the scattered neutrons, and this
means that it is necessary to use more intense neutron beams than those
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which prove adequate for the study of the Bragg elastic scattering.
Consequently the study of inelastic scattering developed several years later
than the more straightforward work in neutron crystallography, but this study
has become increasingly widespread and important during the last ten years.
Perhaps even greater possibilities have been opened up by applying inelastic
scattering techniques to the study of liquids. In a liquid the neutron can
exchange energy not only with the collective motions of the atoms but also
with the motions of individual atoms which constitute liquid diffusion.
The process whereby the neutrons exchange energy with the
collective motions in a solid (or liquid) is usually thought of as the creation or
annihilation of phonons, the phonon being the embodiment, according to the
wave-particle theory, of a quantum of energy. At low temperatures and low
neutron energies the so-called one phonon' processes, in which a single
phonon is created or annihilated, are predominant (apart from the zerophonon process, which is elastic scattering), but with increase of temperature
and energy multi-phonon processes become increasingly important.
The variation with neutron energy of the contributions to the neutron inelastic
scattering from one (1), two (2), and three (3)-phonon processes [1]. The total
inelastic scattering, indicated by the broken curve, tends at high energies to
the value of the scattering cross-section of the free atom are displayed in
Figure (2-5)
Figure (2-5) show, at a given temperature, that the importance of
second-order and third-order processes increases as the neutron energy
increases [1]. If we compute the resultant effect of processes of all types then
we "arrive at the dotted line in the Figure which, at the highest energies,
attains a constant value equal to 4πσfree. It should be noted that it is the cross-
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2

 A 
section for the free atom (σ free = 
 σ bound ) which is important at these
 A +1
high energies, because the nuclei are effectively free and their chemical
bonding is unimportant.

Neutron energy
Fig. (2-5) The contributions to the neutron inelastic scattering from one (1),
two (2), and three (3)-phonon processes.
If we combine the information in Figure (2-5) for the inelastic
scattering cross-section with that in Figure (2-4) for the elastic scattering we
arrive at the over-all picture for the complete scattering given in Figure (2-6).

.
Fig. (2-6) The variation of the total scattering cross-section, versus
neutron energy
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Finally, as the temperature increases the inelastic scattering becomes more
important and, also, the contribution to the latter of multi-phonon processes
becomes more significant. This means that at higher temperatures it becomes
more difficult to deduce the details of the lattice dynamics of the crystal from
a study of the inelastic scattering. On the other hand, at ordinary
temperatures, where one-phonon processes predominate, the interpretation of
the neutron spectra becomes direct and their study is very rewarding [1].
With increase of neutron energy the elastic scattering falls to zero and
the inelastic scattering is of overriding importance. Only at low neutron
energies (but necessarily above Emin which corresponds to the cut-off
wavelength for Bragg scattering) do the interference effects predominate.

2-4 Diffraction of Neutrons by Single Crystals:
2-4-1 Primary and secondary extinction
We shall proceed to detailed treatment of the diffraction of neutrons
by single crystals, aiming to determine the intensities of the reflected beams
in terms of the coherent scattering amplitudes b of the atomic nuclei and their
arrangements in the crystal structure.
We define Fhkl , the structure factor of a unit cell of the crystal, by the
expression:

2
F 2 = ∑ (b exp[2π i(hx / ao + ky / bo + lz / co )]) .e −2w
hkl

(2-12)

where Fhkl is the amplitude of the diffracted neutron beam for the (hkl )
reflection, assuming an incident beam of unit amplitude. The exponential
term takes account of the effect of thermal vibrations.
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As a first stage in the calculation of the diffracted beam from an
extended crystal, it will be considered the amplitude reflected by the material
lying between successive (hkl ) planes in the crystal.
Figure (2-7) indicates the reflection of neutrons from a source A to a point B,
the point P on the crystal surface being such that the plane APB is normal to
the reflecting plane (hkl ) and B being chosen so that θ is the Bragg angle for
the (hkl ) reflection.

Fig. (2-7) Reflection of neutron beam by plane of crystal.
The amplitude of the beam reflected to B will be equal to one-half of
that due to the scattering material within the first Frensel zone corresponding
to the points A and B. It can be shown that this is equal to q hkl given by [3]:

λ
q
= Nc d
F = 2 Nc d 2 F
hkl
hkl hkl
sinθ hkl

(2-13)

Where Nc is the number of unit cells per unit volume and d hkl is the distance
between the successive (hkl ) planes. One can notice, from the form of
equation (2-13), that the q hkl value is the wavelength independent. The
calculated values of q hkl for a number of different reflections from a few
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common crystals show that each successive reflecting plane which the
incident neutron beam meets in its passage through the crystal will contribute
total reflected amplitude which is less than one part in 10 4 of incident
amplitude. If then the incident neutron beam passes through a crystal of some
500 planes thick, say 100 nm, then the reflected amplitude will be only 5
percent and the crystallite may be considered to be uniformly bathed in
radiation, assuming that there is no appreciable absorption of the neutrons by
nuclear capture processes. Under these circumstances, one says that there is
negligible "primary extinction".
It can then be shown that the so called "integrated reflection" for the
rotating crystal method in which the crystal is considered to rotate through
the Bragg reflection position in a beam of monochromatic radiation, is equal
to Q∆V , where ∆V is the volume of the crystalline and Q is the well-known
crystal-graphic quantity defined by,

λ3 N c2 2 −2w
F .e
Q
=
hkl sin 2θ hkl

(2-14)

However, when considering reflection by a crystal thickness which is
significantly greater than 100 nm, then the formula Q∆V for the integrated
reflection is no longer valid, since the incident beam will become appreciably
attenuated as a result of the process of reflection by successive planes. The
penetration distance in a perfect crystal will be of the order of 10-4 cm at the
angle of Bragg reflection and further increase of thickness beyond this will
contribute little to the reflection. The theories show that total reflection only
occurs over a very small angular range near Bragg angle; equal to 2 S where
S is given by:
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 .F


(2-15)

This amount is less than a second of arc for neutrons with λ=0.108nm. The
variation of integrated reflection R θ with crystal thickness t o , for the case
where the incident beam is reflected from the extended face of a large crystal,
is given by the equation:

N c λ2 F
N λt F
θ
R =
tanh c o
sin 2θ
sin θ

(2-16)

In general the so-called "single crystals” do not have a perfectly regular
sequence of atomic planes and unit cells throughout the whole volume of the
crystal. They are permeated by dislocations which have the effect of dividing
the crystal into much smaller regions, of the order of 5000Å in linear
dimensions, which are themselves perfect but mis-oriented from one to
another. The extent of the disorientation is usually a few minutes of arc but in
more exceptional cases may be half a degree. Such a crystal is considered
“imperfect” and if the microscopic regions of perfection are sufficiently small
for only a negligible amount of "primary extinction", as defined above, to
take place within them, then the crystal is said to ideally "perfect".
The components of radiation reflected from the individual small
regions, or mosaic blocks as they called, are not coherent, and it is necessary
to sum the intensities, rather than amplitudes in calculating the reflection
intensity. The passage of a neutron beam through such crystal will be rather
different from the case of a "perfect crystal".
Individual mosaic blocks will reflect (over the angular range 2s) at
slightly different angles when the whole crystal is considered to be rotating
through the mean reflecting position.
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Consequently, the incident beam will be able to penetrate much more
deeply into the crystal. There are two factors which will limit its penetration.
First, at any particular angular setting of the crystal the beam will eventually
reach mosaic blocks identical in orientation with ones through which the
beam traveled at the surface, thus the beam is attenuated by "secondary
extinction" between mosaic blocks.
Secondly, the neutron beam will be reduced by the true absorption
processes, such as nuclear capture. The relative importance of these two
factors in reducing the incident beam will determine the form of the
quantitative expression for the intensity of the reflections from mosaic
crystals in terms of the crystal thickness and structure.
For neutrons such absorption is usually negligible and the scattering
alone very largely determines the reduction of the incident beam in its
passage through the crystal [3]

2-4-2 Neutron Reflectivity from Mosaic crystal
In order to determine the intensity of radiation within a mosaic crystal
we first calculate, following [15] & [30] the reflectivity r̂ per unit volume
at any particular setting of the crystal. Owing to the mosaic disorientation this
reflectivity will have a finite value over a range of angle considerably greater
than ±s about the mean Bragg reflection position.
The reflectivity which is being considered is a measure of intensity
rather than amplitude on account of the non-coherence of neutrons reflected
from the different mosaic blocks. The angular distribution of the mosaic
blocks is defined by a function W(∆) such that W(∆) d∆ is the fraction of
mosaic blocks having their normal between the angles ∆ and ∆+d∆ measured
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from the normal to the crystal surface, assuming for simplicity that the
blocks, as indicated in Fig.(2-8), are rectangular and approximately parallel
to the crystal surface. Zachariasen [31] shows that the reflectivity of a layer
of blocks of total thickness. dt is equal to r̂dt such that

rˆ =

Q

γo

W (θ − θ )
B

(2-17)

where θ is the glancing angle between the incident beam and the planes
whose reflectivity is being considered and θB is the Bragg angle for these
planes. γo is the direction cosine of the incident beam relative to the inward
normal to the crystal face.

Fig. (2-8) Schematic diagram of reflection from single crystal mosaic blocks
with thickness dt at glancing angle θ .
Figure (2-8) shows the general case in which the reflecting planes are not
parallel to the crystal face. It is assumed, in absence of any evidence to the
contrary, that W(∆) has a Gaussian form and is written as :

W (∆ ) =

2
2
1
e −∆ / 2η
η (2π )

(2-18)

40
Chapter II

Neutron Interaction with crystalline material

where η is the standard deviation of the mosaic blocks. In the derivation of
equation (2-17) it is assumed that η >> s. The value of s is only about 1
second of arc whereas η is of the order of a few minutes of arc.
In proceeding to the calculation of the reflection of a narrow beam by an
infinitely wide crystal slab it is pointed out that there are two cases to be
considered, as indicated in Figure (2-9), which may be distinguished as the
"reflection" and 'transmission' cases respectively.

(a)Reflection method

(b) Transmission method

Fig.(2-9) Distinction between the 'reflection' and 'transmission' cases of
diffraction by a parallel crystal slab.
If p o and p H represent the power of the incident and diffracted beams
respectively at a depth t below the surface of the crystal of thickness t o , then
dp o = p H rˆdt − p o rˆdt

(2-19)

dp H = p H rˆdt − p o rˆdt

(2-20)
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Equations (2-19) and (2-20) can be solved assuming the boundary conditions
that p o assumes the value of the incident intensity p o (0) at t = 0 and p H is
zero when t = t o . It is then found that

p o (t ) = p o ( 0 )

1 + rˆ (t o − t )
1 + rˆt o

(2-21)

giving the strength of the forward going beam at the depth t from the crystal
surface, and secondly, the reflecting power of the crystal slab is

rˆt o
p H (0)
=
p o ( 0 ) 1 + rˆt o

(2-22)

From Eqs (2-17) and (2-22) it follows that the reflecting power of the slab for
any particular value of θ , as indicated in Figure (2-8), is equal to
t
t
p H ( 0)
= [ Q o W (θ − θ B ) {1 + Q o W (θ − θ B )}]
p o (0)
γo
γo

(2-23)

As the crystal is rotated the diffraction curve plotted out will be given
by the variation of this factor withθ. Figure (2-10) shows the form of the
curve for various values of Qt o ηγ o , covering the range of both weak and
strong reflections.
The reflecting power R θ from a rotating crystal is given by [3]
Rθ = [ Q

to

γo

W (∆) {1 + Q

to

γo

W (∆)}]

(2-24)

In the case of imperfect crystal of finite absorption the reflecting
θ of the (hkl) plane inclined by an angle θ
power Phkl
hkl to the incident beam

direction and is given by [32]:
θ
Phkl
d∆ =

ad ∆
1 + a + (1 + 2 a ) coth[ A(1 + 2 a ) 1 / 2 ]

for the reflection method and

1/ 2

(2-25)
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θ
Phkl
d∆ = sinh( Aa)e − A(1+ a ) d∆

(2-26)

for the transmission method, where
A = µ to / γ o
a=

Qhkl

W (∆)

µ

in which µ is the linear absorption coefficient.
Therefore the integrated reflectively Rθ from imperfect crystal of finite
absorption is given by: R θ =

+∞

∫P

θ

hkl

d∆

−∞

As shown by Beacon [3] R θ =

1 Qhkl
reaches the saturation values at
η 2µ

thickness t o γ o . Therefore when the single crystal used as a neutron filter
with thickness of t Filter >>
by a factor χfilter =

t filter γ o

to

to

γ o , then Eq. (2-25) and Eq.(2-26) are multiplied
.

The general treatment given above is restricted to the symmetrical case, in
which the reflecting planes are either parallel or perpendicular to the surface
of the crystal. If the planes are obliquely inclined, then µ of equations (2-19)
and (2-20) is replaced by

µ ′ = µ (1 + γ o / γ H ) / 2

(2-27)

where γo and γH are the direction cosines of the incident and diffracted beams
respectively [3].
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2-5 The Laue method of Bragg scattering
The Laue method utilizes a fixed single crystal and a 'white beam', i.e.
an incident beam which contains all wavelengths [33]. If the incident flux is
such that N(λ) dλ is the flux of neutrons between λ and λ + dλ, then the
scattered intensity in one of the scattered peaks is

Where

Ps = ∫ dλ N (λ )σ c = VQ λ N (λ ),

(2-28)

2π | FN (τ ) | 2 λ3 λ4 | FN (τ ) | 2
Q =
=
v02τ sin 12 θ
2v02 sin 2 12 θ

(2-29)

λ

This formula is obtained by inserting Eq. (2-28) into Eq. (2-29), writing
k = 2π λ , and integrating. Here λ is the particular wavelength that is

suitable for scattering and V is, as usual, the volume of the crystal.
Notice that in this method every reciprocal lattice vector τ gives rise to some
scattering. Each one selects out from the incident beam those neutrons that
have suitable wavelengths and scatters them out in a direction characteristic
of that particular τ vector. This Laue method is clearly a very convenient way
of producing a monochromatic beam from reactor beams, because if we look
at those neutrons scattered in a particular Bragg peak τ they will all have the
same wavelength. Unfortunately there is a complication. We notice that if the
crystal is scattering neutrons of wavelength λ in a certain direction via the
reciprocal lattice vector τ then it is also scattering neutrons of wavelength ½λ
in the same direction via the reciprocal lattice vector 2τ, and those of ⅓λ via
3τ, etc. The scattered beam is therefore contaminated by these higher-order
reflections. From (2-28) and (2-29) the ratio of the second-order contaminant
to the primary scattered beam is
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N ( 12 λ ) 1 | FN (2τ ) | 2
⋅
N (λ ) 2 4 | FN (τ ) | 2

The ratio of the structure factors is fixed by the structure of the crystal: for
simple crystals the ratio is unity. Except when working at long wavelengths
the factor 2-4 usually ensures that the second-order contaminant is small
compared to the primary beam, but sometimes it is particularly important to
reduce this second-order contaminant to a very small quantity. A convenient
way of doing this is to reduce the ratio N(λ)/N(½λ) by choosing λ suitably.
We notice that by varying the orientation of the crystal relative to the incident
beam we can change the wavelength that a vector τ will scatter.

Fig. (2-10) Selecting Bragg conditions to reduce second-order contaminant.
Now if N(λ) is a function roughly of the form shown in Figure (2-10), one
would first guess it is best to orientate the crystal so that neutrons with
wavelengths corresponding to the peak, point A, are those that are scattered.
But then we get a second-order contaminant with an intensity corresponding
to the height of the curve at the point A', i.e. ½λ. It is preferable to reorient
the crystal so as to scatter neutrons at wavelengths B, thus sacrificing some
intensity, so that the second-order contaminant, represented by the height at
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B', is smaller proportionally. If this way is not convenient to reduce the
second-order contaminant it is possible to place a filter in the beam that
absorbs neutrons of wavelength ½λ much more strongly than those of λ. Of
course this also reduces the primary intensity, but the second-order
contaminant is reduced even more so.
The analysis we have presented so far has presupposed a perfect crystal and
a perfectly collimated incident beam. Of course neither condition is realized
in practice, and it is of importance to inquire how monochromatic a beam is
produced by the Laue method in practice.
But first of all we notice that (2-28) are certainly wrong in one respect, they
are both linear in the size of the crystal (i.e. in N and V = Nvo). This suggests
that the scattered flux can be increased by increasing V indefinitely. This of
course is not true; in using the Born approximation we assumed the crystal
was uniformly bathed in the incident beam. This is only a good
approximation if the scattering is small, i.e. the formulae we have are the
'small crystal' limit. Just how small a crystal has to be to satisfy the 'small
crystal' criterion varies considerably. For scattering from a weak reflection
the critical volume may be quite large, so the same crystal may be 'large' for
some reflections (the strong ones) and 'small' for others (the weak ones). The
criterion is also very sensitive to the value of the mosaic spread in the crystal.
All crystals, no matter how perfect they may seem, are made up of mosaic
blocks of linear dimensions of the order of thousands of Angstroms, each
separated from one another by dislocations. Each small block may be
regarded as a truly perfect crystal, but they are slightly displaced and slightly
misorientated relative to one another so that the scattering from them is not
coherent, i.e. there is no interference between the scattered waves coming
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from different mosaic blocks. The degree of misorientation is usually several
minutes but may occasionally be as large as a degree.
An important consequence of the mosaic spread is that it is impossible to
align the whole volume of the crystal in the same orientation. The crystal
may nominally be aligned in a certain direction but in reality each mosaic
block is slightly misaligned from this direction. This is an extremely
fortunate circumstance, for if all the blocks were exactly aligned the first few
layers of mosaic blocks would scatter all the' suitable' neutrons, leaving none
'suitable' to be scattered by the more remote layers of the crystal. As it is, in a
real crystal each block selects its own group of 'suitable neutrons' and there is
only competition between them for the same neutrons if the crystal is very
thick. When the crystal is 'thick'—and what this means depends very
sensitively on the magnitude of the mosaic spread—we say 'secondary
extinction' is present. ('Primary extinction' would occur in the less likely
circumstance that the mosaic blocks themselves were so thick that the
incident beam was appreciably attenuated in traversing each one).

2-6 Attenuation of Thermal Neutrons by a Crystalline Solid
The total cross-section determining the attenuation of neutrons by a
crystalline solid is given by [34, 35]:

σ = σ abs + σ tds + σ Bragg

(2-30)

where σ abs is the absorption cross-section due to nuclear capture processes,

σ tds is the thermal diffuse or inelastic scattering cross-section, and σ Bragg
corresponds to elastic or Bragg scattering.
The first contribution, σ abs , is simply proportional to the neutron
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wavelength, λ , for the materials under consideration and for the energy
range concerned neutron energies below 10eV. It is understood that small
corrections due to refraction and to magnetic neutron-nucleus interaction are
neglected. Also resonant scattering is not discussed here because we are
interested in materials used for monochromators and filters which are based
on thermal diffuse scattering only [36, 37]. The first contribution σ abs for the
most of the elements obeys the 1/v law where v is the neutron velocity and
can be written as [38]:

σ abs = C1 E −1 / 2

(2-31)

where E is the energy of the incident neutron, the constant C1 can be
calculated from values given in [39], as C1 = σ o Eo where σ o is the
absorption cross-section at thermal energy ( E o = 0.0253eV ) . Of course, σ abs
is temperature-independent.

2-6-1 Thermal Diffuse Scattering
The second contribution σ tds , as shown by Freund [38] can be
calculated based on Debye mode. Such mode permits to predict the
transmission properties of a given material over a wide range of neutron
energies without knowing details of the corresponding phonon spectra.
Following Freund [38] and Adib et.al [40], σ tds can be split into two
parts, σ sph and σ mph depending on neutron energy. The single phonon
scattering cross-section, σ sph concerns the energy range E pp k Bθ D , where
k B is Boltzmann's constant and θ D is the characteristic Debye temperature.

It is determined by phonon annihilation processes which are described by the
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series:

σ sph = 3[(S + s) / A](kBθD / E)

1/ 2

∞

× ∑ Bn (θ D / T )n−1 /[n!(n + 5 / 2)],
n =0

(2-32)
This series converges for x = θ D / T p 2π , Bn are the Bernoulli numbers, T
is the temperature, S + s = σ bat is the sum of the coherent and incoherent
scattering cross-sections of the bound atom, and A is the atomic mass
number in terms of A(12 C ) = 12 . Thus σ sph varies like E

1

2

or increases with

λ like σ abs . It is proportional to T at higher temperatures. While for x>6,

σ sph follows T 7 2 law. Low-energy excitations occurring in the µeV region
are not taken into account. With θ D and T in K and E in eV Eq. (2-32)
becomes:

σ sph = (σ bat / 36 A)(θ D / E )

1/ 2

∞

∑ Rn

(2-33)

n =0

where, Rn = Bn x n −1 /[n!(n + 5 / 2)]. This equation should hold until x ≈ 6 , i.e.
the radius of convergence. For lower temperatures the series in Eq. (2-33)
may be replaced by a T 7 / 2 law. A term of (T θ D )

−2.25

accounting for low

energy excitations occurring in µeV region is added. The corresponding
constant was determined by calculating R = ∑ n = 0 Rn for x = 6 until n = 22
∞

and putting R = ∑ n = 0 Rn + R22 / 2 which is a sufficient approximation. This
20

gives:
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1

σ sph =

σ bat  θ D  2 

R
  
36 A E  3.3x − 7 / 2

x≤ 6
x> 6

(2-34)

The second part of TDS is predominant in the range E ≥ k B T where
also

down-scattering

and

multiple

phonon

processes

occur.

The

corresponding cross-section σ mph , is obtained in first order approximation by
an argument based on the conservation of the total number of incident and
scattered neutrons capture processes deduced. Neglecting details of neutron
scattering by phonons, in diffraction theory the loss of neutrons by inelastic
or thermal diffuse scattering is taken into account by the Debye-Waller factor

e − w given by Eq. (2-10). At neutron energies E ≥ 1 eV binding effects of the
atoms in a solid can be neglected, the total scattering is given by the freeatom

cross-section

σ free = σ bat A2 /( A + 1) 2 and elastic scattering

vanishes. The argument that the sum of elastically and inelastically scattered
neutrons is constant leads to

σ mph = σ free [1 − exp{−( Bo + BT )C 2 E}]

(2-35)

where , the quantity Bo corresponds to zero-point motion and is temperature
independent: Bo = 3h 2 2 K Bθ D A . The temperature dependence is given by:
o

BT = 4 Boφ ( x) x , with θ D in K, the value of Bo is obtained in ( Α) 2 using the
relation Bo = 2873 Aθ D , and C2 should be a constant independent of the
scattering material. It turned out that the values obtained for the constant C2
varied as a function of the material. Two aspects are neglected by the above
approach. First, the energy dependence of TDS is not a smooth function
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because the scattering by acoustic modes peaks close to reciprocal lattice
points.
Second, the Debye temperature depends both on temperature [41] and on
neutron energy. Taking these effects into account would need a detailed
knowledge of the phonon frequency, distribution and an integration which is
different for E p k Bθ D and for E ≥ k Bθ D .
However, using the static incoherent approximation Cassels [28] has
estimated the short-wavelength elastic cross-section. Hence the multiphonon
scattering cross-section term given by Freund [38] in the range E ff k Bθ D
can be replaced by:

)[

{ (

(

2
σ mph = σ free 1 − λ 2 w 1 − exp − 2w 2
λ

)]}

(2.36)

Excluding Bragg scattering the total cross-section is given by the sum

σ = σ mph + σ abs + σ sph
2
or σ = [ A /( A + 1)] σ bat [1 − exp{−( Bo + BT )C2 E}]

[

)]

 R
+ E 1/ 2 C1 + θ D1/ 2 σ bat / 36 A 
−7 / 2
3.3x

(

x≤6
x≥6

(2-37)

or a mono atomic material σ is the cross-section per atom for a compound.

σ is usually calculated per molecule. The linear coefficient of attenuation,

µ , is obtained multiplying σ by n vo which is the number of atoms
molecules per unit cell volume.
As reported by Freund [38] the formula given by Eq. (2-37) was fitted
to experimental results for a number of materials commonly used as neutron
filter where C 2 and θ D were used as fitting parameters. A close correlation
between the atomic mass number and the value of C 2 was established. The
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equation C 2 = 4.27 exp( A / 61) was found to fit the results rather well except
for graphite. A physical explanation of this additional dependence of thermal
diffuse scattering an atomic weight needs a more detailed discussion.
Nevertheless, the empirical results permits to predict the behavior of TDS for
materials with an accuracy which is sufficient when determining the
efficiency of materials used as neutron filter.
It was shown by Mildner [24], that the inclusion of the multiphonon term
(Eq.(2-36)) given by Cassels significantly improve the fit at E ff k Bθ D .
Therefore to fit the calculated multi-phonon cross section term of
graphite with the experimental one, σ tds was calculated using Freund's
formula and Cassels's one, each in its given energy range. While, the single
phonon term was calculated using Freund's formula for θ D T p 6 and for

θ D T f 6 the Bernoulli series is replaced by a T

(θ D T )−2.25

7

2

low and a term of

accounting for low energy excitations occurring in µeV region is

added.

2-6-2 Bragg scattering cross-section
The third contribution to the total attenuation arises from elastic
coherent scattering according to Bragg’s law. The bases of calculations of

σ Bragg to the total cross-section σ depend upon the crystalline form of the
materials i.e. poly – single or PG crystal.

I - Bragg scattering by a polycrystalline material
The contribution of Bragg scattering σ Bragg to the total cross section
taking into account the resulting reflection from different (hkl ) planes, which

52
Chapter II

Neutron Interaction with crystalline material

are able of giving the Bragg reflection for the neutron wavelength λ was
calculated. In poly-crystalline material, the reflections are from all planes
having spacing d hkl ≥ λ 2 [42].
It was shown by Bacon [3] that for a polycrystalline material with grain
size less than 10 −4 mm , the total coherent Bragg scattering cross-section can
be given as:

σ Bragg =

N c λ2 ρ `
ρ
2

∑λ M

d hkl ≥ / 2

hkl

2
Fhkl
d hkl .e − 2 w

(2-38)

where N c is the number of unit cells per cubic centimeter, Fhkl is the
structure amplitude factor of the unit cell, M hkl its multiplicity, h, k , l are the
Millar indices, ρ `and ρ are densities of the powdered form used and its
metallic one respectively and e −2 w is the Debye-Waller factor.
For iron BCC the interplanar distance d hkl is given by the relation
d hkl =

a
h2 + k 2 + l 2

(2-39)

where a is the lattice cell constant of BCC structure, while for (HCP) carbon
structure d hkl is given by:
d hkl =

1
4
l2
2
2
(
h
+
k
+
hk
)
+
3a 2
c2

(2-40)

where, a and c are the lattice constants of HCP structure [43].

II – Bragg Scattering by Single Crystal
Following Naguib and Adib [32], the Bragg scattering cross section by
single crystal is given by:
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σ Bragg =

1 1
ln 
N x  Tn 

(2-41)

where N is the number of atoms per cubic centimeter and x is the effective
thickness of the crystal in cm.
The resulting neutron transmission Tn from different (hkl ) planes can
be expressed as:

(

θ
Tn = ∏ 1− Phkl

)

(2-42)

hkl

θ
where Phkl is the reflecting power of the (hkl ) plane inclined by an angle

θ hkl to the beam direction, and given by Eq. (2-25) for reflection method and
θ
Eq. (2-26) for transmission method. Where, the reflecting power Phk
l for an

ideally imperfect crystal depends upon both the direction cosine of incident
beam γ o relative to the inward normal to the crystal surface cutting along the
plane, the direction cosine of the diffracted beam γ hkl and the inclination of
the (hkl ) plane to the crystal surface α hkl .
For the Body centered structure (BCC), the equation describing the
cutting plane (hc k c l c ) which is parallel to the crystal surface can be given as:
hc2 + k c2 + l c2 Z = a o

,where , ao is the lattice constant.
When the same transformation is applied to any of the (hkl ) planes then:
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lc
(hk c − khc ) X + 
 hc2 + k c2 + l c2
hc2 + k c2

hhc + kk c + ll c
Z = ao
hc2 + k c2 + l c2

 hh + kk
l hc2 + k c2
c
c
−
 2
2
lc
 hc + k c

1


Y +


If the angle between the neutron beam direction and the direction
(hc k c l c ) is ψ where −

π
2

≤ψ ≤

π
2

, then:

γ o = cosψ

and the direction cosine of the diffracted beam γ hkl can be expressed as:


l hc2 + k c2 
 sinψ
lc
 hc + k c

hc2 + k c2 + l c2 ⋅ h 2 + k 2 + l 2

(hhc + kk c + ll c ) cosψ + lc  hhc2 + kk2c
γ hkl =

−

π

where the glancing angle θ hkl is given by: θ hkl =

2

− arc cos γ hkl .

while the inclination angle α hkl can be given by :
cos α hkl =

(hhc + kk c + ll c )
hc2 + k c2 + l c2 . h 2 + k 2 + l 2

If the cutting plane is (00l c ), then γ hkl becomes

γ hkl =

(l cosψ + k sinψ )
h2 + k 2 + l 2

The schematic diagram of the Bragg scattering from single crystal cut
along (hc k c l c ) plane and the reflected scattering from any (hkl ) plane
inclined by an angle α hkl for 0 ≤ α hkl ≤

π
2

and

Figure (2-11a) and Figure (2.11b) respectively.

π
2

≤ α hkl ≤ π are displayed in
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(a)

(b)

Fig.(2-11) A schematic diagram of the Bragg scattering from single
crystal cut along (hc k c l c ) plane.
θ
From Figure (2-11) the reflecting power term Phkl
for reflection case

was calculated using equation (2-25) at angle ψ satisfying the relation:
2α hkl −
−

π
2

π
2

≤ψ ≤

π
2

≤ ψ ≤ 2α hkl −

0 ≤ α hkl ≤
3π
2

π
2

π
2

≤ α hkl ≤ π

θ
for transmission case was calculated using equation (2.26)
while , Phkl

at angle ψ satisfying the relations:
−

π
2

≤ ψ ≤ 2α hkl −

2α hkl −

π
2

3π
π
≤ψ ≤
2
2

0 ≤ α hkl ≤

π
2

π
2

≤ α hkl ≤ π

III - Bragg scattering from crystals with preferred orientation
In PG the crystallites are aligned to a high degree with their hexagonal
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c-axes parallel, whereas the a-axes are oriented at random. In the case of
perfect alignment of the c-axes, the lattice planes (hkl ) are tangent to a cone
as shown in Figure (2-12) with its axis along the c-direction and an apex
angle θ hkl determined by [44]:
sin θ hkl =

1
d hkl ,
c

(2-43)

where d hkl is given by Eq.(2-40).
When a pyrolytic graphite plane is oriented with c-direction parallel to the
incident neutron beam, a strong attenuation due to coherent elastic scattering
by the (hkl) planes will occur if the neutron wave length satisfies the Bragg
condition: λ = 2d hkl sin θ hkl .

Fig.(2-12) Scattering of neutrons with wave vector k by (hkl ) planes in PG.

As shown by Frikkee [44], it is possible to tune PG plates for optimum
scattering of second-order neutrons in a continuous wavelength range by
varying the angle between the c-direction and the incident neutron beam. If
this take-off angle is denoted by Ψ and if the mosaic spread negligible in
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comparison with Ψ the lattice planes (hkl ) will scatter neutrons in the
following wave-length intervals:
2d hkl sin(θ hkl − ψ ) ≤ λ ≤ 2d hkl sin(θ hkl + ψ ),

forθ hkl ≥ ψ

0 ≤ λ ≤ 2d hkl sin(θ hkl + Ψ ),

forθ hkl ≤ Ψ

(2-44)

The planes (00l ) , on the other hand, scatter neutrons with discrete wave
length λ = 2d 00l cos Ψ = 2d 00l sin θ .
The total effect of the various Bragg reflections, with exception of

(00l ) reflections, is that neutrons in the short-wave-length region bounded
by the maximum value of 2d hkl sin(θ hkl + Ψ ) will be removed to some extent
from the beam.
The Bragg scattering cross-section due to reflection from (00l ) planes
of PG [45] is given by:

σ Bragg (00l ) = −

1
ln (1 − P00l )
Nt o

(2-45)

where N is the number of unit cell/cm3, t o is the effective thickness
and P00l is the reflecting power of the (00l ) plane perpendicular to the
incident beam direction which is given by [3]:
 t
t


P( 00l ) = Q o W (∆) 1 + Q o W (∆)
γ


 γ

(2-46)

However, it was shown by Frikkee [44] the possibility to tune a PG
filter is a consequence of the fact that the scattering cross section due to the
non- 00l planes reaches pronounced maxima at the boundaries in the (λ ;ψ )
plane given by:

λ± = 2d hkl sin θ hkl ± ψ

(2-47)

Following, Adib et.al. [45] The Bragg scattering cross-section due to
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reflection from non- 00l planes of PG crystal with standard deviation η on
mosaic blocks, and set at angleψ , at wavelength λ in the interval between

λ− and λ+ , can be given as:
non − 00 l
σ Bragg
=

2
N o λ3 d hkl Fhkl
e −2 w

4d hkl sinψ cos θ hkl λ − λ±hkl

(2-48)

Where, N o is the number of crystallites which has the proper
orientation for non- 00l Bragg reflection, Fhkl is the structure amplitude factor
of the unit cell and e −2 w is the Debye-Waller factor [3].
While at boundaries (λ ≤ λ− and λ ≥ λ+ ) the Bragg scattering crosssection is decreased due to mosaic spread and can be expressed as:

σ

non − 00 l
Bragg

=

2
N o λ3 d hkl Fhkl
e −2 wW (∆)

4d hkl sinψ cos θ hkl (δλ )

(2-49)

Where, W (∆ ) is the Gaussian distribution of the graphite having η
standard deviation of its mosaic blocks and δλ is the wavelength spread [3].
Consequently, the Bragg scattering of PG crystal set at take-off angle

ψ versus wavelength due to reflections from (hkl ) planes can be given as:
00 l
non − 00 l
σ Bragg = σ Bragg
+ ∑ σ Bragg

(2-50)

hkl

Where, summation is taken over all non- (00l ) planes satisfying the
inequalities given by Eq. (2-44).

Chapter III
Polycrystalline iron and
graphite as cold neutron
filters
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Polycrystalline iron and graphite as cold neutron filters
3-1

Introduction
It is well known that, the coherent elastic scattering by a crystalline

material cannot occur for neutrons with wavelengths which exceed some
maximum value of λ max , where λ max is given by λ max = 2d max , and d max is the
largest d spacing of planes in the crystal. Figure (3-1) shows, the variation of
the scattering cross-section in the vicinity of λ max for a number of polycrystalline filters, of which Be, Fe , BeO, and graphite are perhaps the most
commonly used.

Fig.(3-1) Neutron cross sections for a number of polycrystalline materials.
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The best filter materials will be those for which the remaining contributions
to cross sections are small for λ>λmax. From Figure (3.1), it is apparent that
iron and graphite cross section beyond λmax is the lowest among others [9].
Brugger [46], Harrvey [17] and Mildner [25] showed that polycrystalline filters, of which Fe, Be, BeO, and graphite are perhaps the most
commonly used. Moreover, they showed that graphite cross section beyond

λ max is the lowest among others. Moreover, the inelastic contribution may be
reduced by cooling the material to say liquid nitrogen temperature. However
these works do not provides the optimum parameters of such polycrystalline
materials, when used as an efficient selective filter
A sufficiently thick filter will then transmit a beam of cold neutrons
with little attenuation, while reducing the intensity with λ < λ max by three or
four orders of magnitude. The available neutron transmissions through
polycrystalline iron and graphite were measured at only certain thickness and
temperature.
Therefore in the present chapter the attenuation of thermal neutrons
by poly-crystalline solid is described using an additive formula. The main
terms of the formula are: Thermal Diffuse Scattering, Bragg Scattering by a
Polycrystalline Material.
A computer CFE (Crystalline Fe) program is developed in order to
provide the required calculations. More details are given in Appendix II.
The computer code PCG (Polycrystalline Graphite), has been applied
in order to calculate the total cross section and transmission of neutrons in the
wavelength band from 1.0 nm down to 0.001 nm with step ∆λ = 0.001 nm (
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energy range from 0.1meV up to 10eV) through crystalline graphite. The
PCG code is a subroutine of the computer package GRAPHITE developed by
Adib et.al [47]. More details are given in Appendix I.
At each wavelength step within the wavelength band, the structure
factors for all (hkl) planes from (−15,−15,−15) to (+15,+15,+15) for iron
and graphite structures were calculated. The CFE and PCG codes have the
possibility to calculate the transmitted intensity of the reactor neutrons
spectrum through polycrystalline material with thickness t cm. The reactor
spectrum was assumed to have Maxwellian distribution with equilibrium
neutron gas temperature T K given by Eq.(1-2) in the thermal energy range
( E < 1eV ) and 1 E for energies ( E > 1eV ) .
For comparison of the experimental neutron transmission data with
the calculated values, the codes take into consideration the effects of neutron
wavelength resolution and incident neutron beam divergence as well as their
crystal lattice structures and physical parameters [48].

3-2

Crystal Lattice Structure
Iron crystallizes in a body-centered cubic (BCC) structure with

lattice constant a = 0.286nm . There are two atoms per unit cell. These two
atoms have the following coordinates (0,0,0) and ( 1 2 , 1 2 , 1 2 ) . Therefore, the
Bragg reflections appear only for h + k + l = even [49].
The main physical parameters of iron required in these calculations
are listed in Table (3-1).
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Table (3-1) Physical Parameters of Iron
Average atomic weight
Space group

55.85
Pm 3m (Nr.29)

Crystal structure

BCC

Lattice constant

a = 0.286nm

Number of atoms per unit cell

2 atoms/unit cell

Atomic positions

0,0,0 ;

Number of unit cells / m3

0.2910E+29

Coherent scattering length b

9.45 fm

1

2

, 12 , 12

Absorption cross-section σa ( at 2.56 barns
E=0.025eV)

Total scattering cross-section σbat

11.62 barns

Debye temperature θD

470 K

Boiling point

2862 °C

Metallic density

7.8 gm/cc

Carbon atoms in graphite are arranged in an infinite array, but they
are layered. These atoms have two types of interactions with one another. In
the first, each carbon atom is bonded to three other carbon atoms and
arranged at the corners of a network of regular hexagons with a 120-degree
C-C-C bond angle. These planar arrangements extend in two dimensions to
form a horizontal, hexagonal "chicken-wire" array. In addition, these planar
arrays are held together by weaker forces known as stacking interactions. The
distance between two layers is longer (0.3347 nm) than the distance between
carbons atoms within each layer (0.1418 nm) [50]. Graphite also has a lower
density (2.266 grams per cubic centimeter) than diamond [51]. The planar
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structure of graphite allows electrons to move easily within the planes. This
permits graphite to conduct electricity and heat as well as absorb light and,
unlike diamond, appear black in color.
Table (3-2): Physical Parameters of Graphite.
Atomic weight

12

Crystal structure

HCP

Space group

P63/mmc (Nr.94)

Lattice parameters

a = 0.2456 nm

Number of atoms per unit cell

4 atoms / unit cell

Atomic positions

0,0,0 ; 0,0, 1 2 ;

Number of unit cells / m3

0.284 E29

Coherent scattering length bc

6.61 fm

Absorption cross-section σa ( at
E=0.025eV)

2

3

, 1 3 ,0 ;

1

3

, 2 3 , 12

0.0035 barn

Total scattering cross-section ( σ bat )

5.551 barn

Debye temperature

1050 K

Boiling point

4827oc

3-3

c = 0.6696 nm

Comparison with experiment
In order to check the applicability of the deduced general formula and

the developed computer codes, the total cross-sections of crystalline Fe and
graphite as a function of neutron energy, were calculated and compared with
the experimental ones.
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3-3-1 Polycrystalline Iron
The experimental data for metallic iron reported by Adib [52] and those
for powdered iron reported by Harvey et.al. [17] are displayed in Fig (3-2).
Using a computer code CFE (Crystalline Fe), the total neutron crosssections of Fe at 300 K were calculated for neutrons in the energy range from
1 meV up to 0.1 eV using Eq. (2-30). For comparison, the results of
calculation for poly-crystalline iron in metal form with ρ = 7.8 gm/cc and in
powdered one with ρ = ׳5.4 gm/cc are also displayed in Figure (3-2) as solid
lines.

Fig. (3-2) Total neutron cross-section of poly crystalline Fe.
The calculated results for both values of densities are found to be in
reasonable agreement with experimental ones, for the fitting parameters
C 2 = 0.4nm −2 eV −1 and θ D = 350 K . The determined value of C2 is bigger
than

the

value

C 2 = 0.11nm −2 eV −1

given

from

Equation:

C 2 = 4.27 exp( A / 61) reported by Freund [38], while the obtained value of
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the fitting parameter θ D = 350 K is smaller than the value θ D = 470 K listed
in Table (4-3). Such discrepancy is acceptable due to the approximation of
the σ tds considered by Freund [38].
From Figure (3-2), one can observe that Fe total cross-section beyond
the cut-off wavelength λc = 2d110 = 0.404nm (at E < 5.0meV ) reduced down
to 7.0 barns from 12 barns at ( E > 1eV ) . Thus it is worthwhile to carry out a
feasibility study for the use of poly-crystalline iron as a cold neutron filter.

3-3-2 Polycrystalline Graphite
The experimental total cross section data of graphite powder
measured at ET_RR-1 reactor using the Time-of-Flight spectrometer at
temperature of 300K for neutrons in the energy range from 0.1meV up to
1eV [53] are displayed in Figure (3-3). For compression graphite total cross
section under the same conditions were calculated using PCG code and
displayed also in Figure (3-3).

Fig. (3-3) Total Neutron Cross-section of Polycrystalline Graphite.
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The comparison of the calculated values of TDS with the
experimental ones in the wavelength range where the reflections from (hkl )
is absent, show an agreement with Cassels's formula for neutrons with
λ<0.15nm and with Freund's with the fitted parameters

C 2 = 5.0

and θ D = 1050 K , for neutrons with λ>0.35nm. The values of TDS in the
wavelength band 0.15nm < λ < 0.35nm were fitted to the experimental data.
The filter equation given by [47] is:

σ TDS =

λF − λ C
λ − λC F
σ
+
σ TDS
TDS
λ F − λC
λ F − λC

(3-4)

was found to be the best fit to the experimental data for neutrons with
wavelengths between λC=0.17nm and λF =0.35nm. The best formula fit is
considered as a Casssels for λ < λc, using eq. (3-4) between λc < λ <λF and
using Freund`s formula for λ < λF. The result of calculation was also
displayed in Figure (3-3) as the best formula fit.
From, Figure (3-3) one can observe that the graphite total crosssection beyond the cut-off wavelength(λc=2doo2 i.e. at E< 1.8meV) is about
0.6 barn. This value is much less than the free atomic cross-section ~ 4.7
barns at neutron energies higher than 1eV. Such cross section difference
justifies the use of polycrystalline graphite as a high efficient cold neutron
filter for neutrons with wavelengths longer than 0.67nm (E=1.8meV).

3-4 Results and Discussion
3-4-3 Filtering Features Of Polycrystalline Iron
To show the effect of thickness of poly-crystalline iron on its filtering
features, the calculation was performed at LN2 (liquid nitrogen) temperature,
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for neutron wavelengths in the range from 0.01 nm up to 1.0 nm. The results
of these calculations are displayed in Figure (3-4).

Fig. (3-4) Neutron transmission through poly-crystalline Fe at different
thickness.
The indication is that 4.0 cm thick poly-crystalline iron cooled at LN2
temperature transmits about 25% of incident neutrons with λ > 0.4 nm,
transmission being 9% for neutrons close to 0.29 nm and 11% for λ close to
0.23 nm due to reflections from (200) and (211) planes respectively. The
calculated cold neutron flux having a Maxwallian distribution with neutron
gas temperature close to liquid hydrogen is displayed in Figure (3-5). The
transmitted neutron flux through 4.0 cm poly-crystalline iron cooled to 77 K
is also displayed in Figure (3-5). It is observed that the transmitted neutron
intensity within the neutron wavelength band from 0.23 to 0.4 nm is less than
one tenth of its value beyond the cut-off wavelength. While the intensity of
the transmitted cold neutron flux through 4cm Fe at liquid nitrogen at
wavelengths longer than 0.4nm is only 25% of the incident neutron flux.
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Fig. (3-5) Transmitted cold neutron flux through 4cm poly crystalline
Fe at LN2.
As shown by Wahba [54] and Habib [55, 56] that 20cm of
polycrystalline Be cooled to 77 K transmits more than 80% of the incident
cold neutron flux at wavelengths longer than 0.4nm. Thus polycrystalline Be
seems to be more efficient as a cold neutron filter rather than polycrystalline
iron. However polycrystalline iron could be preferable as a cold neutron filter
rather than polycrystalline Be when the intensity of the γ-rays accompanying
the neutron beam is relatively high.
3-4-4 Filtering Features Of Polycrystalline Graphite
Using Computer package GRAPHITE the total cross-section of
graphite at different thickness and at both room and LN2 (Liquid Nitrogen)
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temperatures were calculated for neutrons in the energy range from 0.1meV
up to10eV. The results of these calculations are displayed in Figure (3-6) a &
b respectively.

Fig. (3-6) Transmission through polycrystalline graphite at different thickness.

The indication is that the 7.5 cm thick polycrystalline graphite cooled
to the LN 2 temperature, has a better effect-to-noise ratio for neutrons with
wavelengths ≥ 0.671nm.
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The calculation of the cold neutron flux, for which there is a
Maxwellian distribution with a neutron gas temperature close to the liquid
hydrogen one, is displayed in Figure (3-7) before and after its transmission
through the 7.5cm thick polycrystalline graphite cooled to 77K.

Fig. (3-7) Transmitted cold neutron flux through polycrystalline graphite.
It is observed that such graphite thickness transmits about 75%
neutrons with wavelength ≥ 0.67nm, while rejects more than 98% of neutrons
with shorter wavelengths.
One can conclude that polycrystalline iron can be sufficiently used as
a cold neutron filter rather than poly-crystalline Be, when the intensity of the
γ-rays accompanying the neutron beam is relatively high. However
polycrystalline graphite under these conditions provides a high intensity of
transmitted cold neutrons, while efficiently removes the epithermal and fast
neutrons. However the use of polycrystalline graphite as a selective neutron
filter is limited for neutrons with wavelengths shorter than 0.67 nm.
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PG as neutron monochromator and selective filter
4-1

Introduction
A range of wavelengths is selected from the incoming white beam

using a monochromator. A monochromator is a single- crystal that selects the
neutron wavelength according to Bragg's law nλ = 2d sin θ [57]. The range of
wavelengths accepted depends on the mosaicity of the crystal. A larger
mosaicity increases the number of neutrons that will make it to the sample,
but reduces the energy resolution [58].
Common materials used as monochromator crystals are pyrolytic
Graphite (PG), Silicon, Copper, Beryllium, Iron, and Heusler crystals for use
in polarized neutron scattering experiments. The choice of monochromator
depends on the range of incident energies required for the experiment and the
desired energy resolution. The silicon (111) reflection comes with the added
advantage that second order (n=2) neutrons are forbidden [58, 59].
However, a beam of monochromatic neutrons, selected from the
spectrum of a nuclear reactor by means of diffraction by a monochromator
crystal, will in general contaminate with higher-order components.
Consequently the use of a filter is indispensable to eliminate higher order
contaminations [60].
When the selected neutrons is in the spectral range from 0.233 to
0.286nm (energy range between 15 and 10meV), it can lead to an increased
resolution both for the study of magnetic systems and time-resolved
investigation of chemical systems. However, when the primary wavelength λ0
larger than 0.2nm is selected, the second-order component is so important
that a suitable filter becomes indispensable. In this respect, the use of PG has
led to a considerable improvement in neutron diffraction techniques [61].
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Therefore, in the present chapter monochromatic features of PG crystal at

λo ≥ 0.266nm , is studied in terms of its mosaic spread, thickness and the
accompanying contamination of higher order reflections. At such
wavelengths the use of a selective neutron filter is essential to reduce the
back ground from higher order reflections.
PG has been in use for about 30 years as a filter. The principle of
operation is that for neutron traveling along the c − axis of this material, with
certain neutron wavelength (λ) cannot be Bragg scattered, while second-order
neutrons (λ/2) are strongly scattered.
This differs considerably from polycrystalline graphite in which all
neutron energies above the lowest Bragg cut-off at approximately 0.0018eV
are strongly scattered [61].
It was shown by Bergsma and Van Dijk [62] that for first-order
neutrons in the energy range between 10 and 15meV PG is more effective as
second-order filter than quartz single crystal.
As reported by Loopster [12], the resolution of neutron powder
diffractomters as a function of the wavelength shows that an increase in
overall resolution results from increasing the wavelength at a constant value
of the lattice spacing of monochromators crystal. When a wavelength of
0.26nm is selected, the higher-order contaminating problems can be
eliminated by means of a filter of PG. It is calculated that at this wavelength
the intensity will be higher than for wavelength in the usual range, assuming
equal resolution.
Moreover it is also shown by Loopster [12] that total cross-section
and their ratio (σ4E/σE) of PG for E running from 10 to 15 meV i.e. the ratio
of cross-section of 2nd-order reflection to the 1st one. For λ=0.26nm the
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intensity ratio between the first and second order can be improved by the
factor of 100 at a first order transmission of 70%, with a PG filter thickness
of 8 cm. Thus the filtering losses can be kept quite moderate when a
wavelength close to 0.26nm is selected. It is found that for the still higher
than second order neutrons the filter is always of sufficient size when it is
sufficient for the second order.
As the mosaic spread of the crystal is reduced, the dual scattering
peaks are expected to show higher resolution as far as the energy is
concerned, with a corresponding increase in peak reflectivity. Shirane, and
Minkiewick [63] has measured the transmission of three different grades of
graphite filters for an energy range of E o between 10-16 meV. The
measurements were preformed with a PG (002) as a monochromator and an
analyzer, together with a germanium (111) at the sample position. The
graphite filters were placed between the monochromator and the sample. The
λ/2 component was checked at the ½(111) position. As a result, the measured
intensities include the crystal reflectivity and closely resemble the actual
working condition of a triple-axis spectrometer.
As reported by Loopster [12], there are two minima for the λ/2
components centered around 13.7 and 14.8 meV. These two minima
correspond to the Bragg reflections at these energies with a 2″ thick filter one
can obtain a λ/2 reduction of 1500 times with a corresponding λ transmission
of 75%.
It is clear, that the filtering process is a result of the high Bragg
reflectivity of PG for those neutrons which are directed along the c-axis and
have certain specified wavelengths. Riste and Otnes [64] have shown that the
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HOPG (highly oriented pyrolytic graphite) crystal is an exceptionally good as
a selective single crystal filter to obtain a "clean" low energy neutron beam.
As reported by Pinto [65], the transmission of neutrons through PG
with an angular spread of c axes of 3.5° was measured as a function of
neutron wavelength. The transmission of first order (λ≈0.24nm) and
attenuation of second order (λ≈0.12nm) neutrons obtained with this material
are better than those obtained by Loopstra [12] which used PG with an
angular spread of 5°.
In 1972 Shapiro, and Chesser [66] showed that, there are relatively
large dips at 15.3 and 23.6meV PG cross-section curve which result from
competing Bragg reflections. They also point out that the width of rocking
curve increases as the energy is decreased. This must be considered when
marking resolution function corrections. PG in bulk form has been extremely
useful as a higher order filter in the 13.0-15.0meV range and it can also be
used effectively in very low range, 4.5-6.0meV.
As reported by Yelon [67] that, the measured neutron cross sections
data for oriented PG with 8° mosaic at room temperature and with 15°
mosaic at both room and liquid nitrogen temperatures. These data show that
such large mosaic PG can be used effectively as filters of thermal neutron
beams, and that cooling improves their effectiveness. Moreover It is possible
to select an optimum thickness and mosaic spread which transmits neutrons
at the first order (λ) wavelength and rejects neutrons at the second (λ/2) and
higher-order wavelengths.
A tunable filter for reducing higher order contamination of
monochromatic neutron beams has studied by Freund [68]. He reported that,
a multicrystal filter based on Bragg scattering is proposed for rejecting
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λ n neutrons produced by harmonics of the monochromator reflection
(n=2,3,4…). Its efficiency is particularly high at long neutron wavelengths
where extinction is strong. When equipped with pyrolytic graphite the filter
can be tuned in a wavelength range from ≈ 2 to ≈ 12 Å and its performance is
similar to that of cooled beryllium.
All the mentioned works do not study the effect of crystal mosaic
spread value upon the width of the second order wavelength intervals nor the
filtering factors within these intervals. Furthermore, the optimum thickness
and temperature of PG crystal to be used as high efficient second order filter,
they do not estimated.
While, as reported by Adib et.al. [61] that, the calculated total neutron
cross-sections for PG in parallel orientation at different mosaic spreads
showed an overall agreement between the formula fits and experimental data
at room and liquid nitrogen temperatures. Consequently they carried out a
feasibility study for use of PG crystals as second-order neutron filter in terms
of mosaic spread, optimum thickness and temperature. They showed that,
five centimeters thick PG (mosaic 8o) cooled to liquid nitrogen is a high
efficiency for transmitting first-order of (4-7) meV and (10-15) meV neutrons
incident along its c-axis.
However, as shown by Frikkee[44] that highly aligned PG may be
tuned for optimum scattering of second –order neutrons in the energy range
from 4.5 to 65 meV (i.e. corresponding to neutron wavelengths 0.425 0.112nm), by adjusting the filter in an appropriate orientation. In this
wavelength band, Frikkee [44] showed that, there are seven favorable
intervals for continuous tuning along with six tuned positions at triple
boundary crossings of (hkl) planes.

76
Chapter IV

PG as neutron monochromator and selective filter

The measurement of neutron transmission through highly oriented
0

(0.4 FWHM on mosaic spread) 1.85 mm thick crystal set at different angles
to the incident beam, reported by Mildner et.al. [69], was found to justify the
existence of the tuned intervals reported by Frikkee [44].
Moreover, the measured neutron transmission by Wahba [53] through
6.7mm thick PG set at sixteenth tack of angle with respect to beam
from 0.75 o , gave Adib et. al. [70] the opportunity to determine with high
accuracy the neutron filtering features of PG crystals.
The recent calculations carried out by Adib et al. [45] showed that
3cm thick PG crystal ( 0.8 o FWHM on mosaic spread) can be efficiently used
as a second order filter for neutrons within wavelength interval ( 0.183nm
and 0.384nm ) by adjusting the crystal in angles ψ from 37 o to 8 o at
boundary (006). While only 1cm thick PG is also a good second-order filter
for neutrons within wavelength interval (0.228 − 0.384)nm by adjusting the
crystal in angles ψ from 55 o to 70 o at boundary (002). They reported that
more calculations are needed to search for the applicability of the other
favorable intervals for continuous tuning at shorter than 0.18 nm wavelengths
where PG can be used as high efficient second order-order filter. Such
intervals are expected at the curves (11l ) ± for even l as predicated by
Frikkee [44].
As shown Adib et al [70], that 2mm thick of PG crystal having 0.50
FWHM on mosaic spread are the two optimum parameters of its use as a
neutron monochromator. The last parameter is the selected monochromatic
wavelength λ0, which can be determined by setting the crystal at the glancing
angle θ. The optimum θ must be selected such that the wavelength of the
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reflected monochromatic neutrons must equal twice the wavelength at the
selected triple crossing boundary point of the PG filter.
Therefore in the present chapter, a feasibility study on using PG
crystals as second-order filter within the neutron wavelength intervals
between 0.112nm and 0.425nm . The width of the intervals and the filtering
factors within them are detailed in terms of mosaic spread, optimum
thickness and temperature.
Moreover , in the present chapter, an investigation is carried on using
less oriented and thinner PG crystals than that used within the favorable
intervals, to almost eliminate 2nd- order neutrons at wavelengths
corresponding to the positions of double and triple boundary crossings of the
curves (hkl).
The result of such investigation is used to design a double neutron
diffractometer free from second order contamination at reasonable price.
To carry out the required calculation the general additive formula for
PG given by Eq.(2-30) is used. Where σ abs and σ tds are calculated as given
by Eqs. (2-31) & (2-37) respectively, while the Bragg scattering σ Bragg from
different (hkl) planes in PG are calculated using Eq. (2-49), assuming that the
crystal is cut along its c-axis and set at take-off angle ψ.

4-2

Tuning of PG filter
It was shown by Frikkee [44] that, the possibility to tune a PG filter is

a consequence of the fact that the scattering cross section due to the non- 00l
planes reaches pronounced maxima at the boundaries in the (λ ;ψ ) plane
given by:
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λ± = 2d hkl sin θ hkl ± ψ

(4-1)

Where θ hkl is given by Eq. (2-43).
Hence, one may expect to realize optimum scattering of neutrons by
the (hkl ) planes at the boundary curves (hkl ) ± in (λ , Ψ ) space defined by
equation (4-1). Possible tuned positions for scattering of second-order
neutrons may be determined by means of figure (4-1).

Fig (4-1) Tuning diagram for a PG filter.
It may be noticed that selective filtering of second-order neutrons by
the (002) reflection fails for λ/2 < 2.026 Å, because the, first-order neutrons
are scattered by the reflections (100), (101).
The favorable intervals for continuous tuning calculated by Frikkee
[44] are listed in Table (4-1).
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Moreover, a striking systematic feature of figure (4-1) is the large
number of triple intersection points of the curves (hkl ) ± and (00l ) . These
intersections occur for the combinations: (hkl ) + − (hkl ) ± − (00l ± l ` ) and
are independent of the c a ratio.
Table (4-1): Favorable intervals for continuous tuning
Boundary
(002)
(006)
(112)+
(114)+
(116)+
(114)(116)-

Ψ(deg)
72.40 - 54.79
40.00 – 0
14.59 - 69.88
0 - 53.77
0 - 32.79
1.92 – 0
4.12 – 0

2nd-order λ (nm)
0.2026 – 0.3863
0.1711 – 0.2234
0.1313 – 0.2305
0.1170 – 0.1980
0.1222 – 0.1629
0.1116 – 0.1170
0.1139 – 0.1222

A number of boundary crossing, listed in Table (4-2), are obviously very
promising as tuned filter positions. It should be emphasized, however, that
these crossings are not representing the only tuned positions. In principle, any
point on a boundary (hkl ) ± may be used.

Table (4-2) Tuned positions at triple boundary crossings
Intersection

Ψ(deg)

o

(103)+-(101)--(002)

64.02

2 nd − orderλ ( A)
2.936

(110)+- (112)+-(002)

69.88

2.305

(101)+-(105)+-(006)

14.62

2.161

(112)+-(114)+-(006)

33.65

1.859

(101)+-(109)+-(0010) 1.70

1.340

(114)+-(116)+-(0010) 6.07

1.333
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A Computer package GRAPHITE, which has been developed by
Adib and Fathalla [47], is used in the present chapter in order to calculate the
total cross section and transmission of neutrons in energy range from 0.1meV
to 10eV through crystalline graphite. More details are given in Appendix I.
The main graphite physical parameters required for calculations are taken the
same as given in chapter III. The properties of PG crystal and its grades are
taken into account. The production process of HOPG and many of its
properties and applications have been reviewed by Ohler [71] and Moore
[72].

4-3

Results and Discussion
The results of determining the filtering feature of PG crystal within

the favorable intervals and its applicability as an efficient 2nd -order filter
within the neutron wavelength intervals between 0.112nm and 0.425nm are
given in paragraph 4-3-1, where the width of the intervals and the filtering
factors within them are detailed in terms of mosaic spread, optimum
thickness and temperature. The obtained results were discussed and
compared with those predicted by Frikkee [44]
Moreover, the results on using less oriented and thinner PG crystals to almost
eliminate 2nd- order neutrons at neutron wavelengths corresponding to the
positions of double and triple boundary crossings of the curves (hkl) are
given in paragraph 4-3-2. At last a comparison between using PG at
boundary crossing points and the use of polycrystalline as an efficient 2nd
order filter are given.
Paragraph 4-4 includes with the design of a double PG crystal diffractometer
and its parameters. The optimum parameters of both PG crystals are detailed
in terms of mosaic spread and thickness in order to select a monochromatic
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neutron of the incident thermal beam almost free from higher order
contaminations

4-3-1 Filtering feature of PG crystal within Favorable intervals
The filtering efficiency of PG with various mosaic spread values and
thickness were calculated by Adib et al.[45] as a function of wavelength λ at
different setting angles ψ at boundaries (002) and (006) ( the first two
favorable intervals listed in Table (4-1)) using the computer package
GRAPHITE. Adib [47] showed that, 1 cm thick PG crystal (0.4o mosaic) is
an efficient second-order filter in the wavelength range (0.228 – 0.384) nm at
boundary (002). While, they found that, 3 cm thick (0.80 mosaic) was also
sufficient for removing more than 97% of second-order neutrons within
wavelengths (0.183-0.228) nm at boundary (006), while transmitting more
than 87% of the 1st –order one.
As reported by Adib et.al. [47] that, the determined tunable intervals
were found to be narrower than that predicted by Frikkee [44]. Such
difference may be due to the effect of PG mosaic spread on the broadening of
reflecting peaks at boundaries. However, more calculations are needed to
justify the applicability of the remaining five favorable intervals for
continuous tuning of 2nd –order neutrons, listed in Table (4-1), within which
PG can be used as efficient filter especially for neutrons with wavelengths
shorter than 0.1711 nm.
To show PG filtering efficiency of 2nd-order neutrons with
wavelength shorter than 0.18 nm, the neutron transmission through 1 cm
thick PG crystal ( 1o FWHM on mosaic spread) were calculated as a function
of λ from 0.1 up to 0.9 nm with step of δλ = 0.004nm and at different
setting angles ψ as given in Table(4-1). At each setting the neutron
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transmission at boundaries (11l ) (at 2 nd − order i.e.λ1 2 ) is deduced along
±

with that transmission at double (11l )

±

(i.e. at λ ). The results of these

calculations are displayed in Figures (4-2), (4-3) and (4-5) as a function of
setting angles ψ at the boundaries from (112) + , (114) + and (116) + reflections
respectively. For comparison the range of setting angles reported by Frikkee
[44] are also displayed in these figures as dashed lines.
From Figure (4-2) the indication is that, the range of setting angles
and consequently, the neutron wavelength band within which the neutron
filtering factor T (λ ) T (λ1 2 ) is high and constant due to (112) + reflection,
and the band is narrower than that given by Frikkee [44].

Fig. (4- 2) Filtering feature of 2nd neutrons within the (112) + interval.
Moreover, it is seen that selective filtering of 2nd -order by (112) +
reflection fails at setting angle ψ ≈ 49o (i.e . for λ ≈ 0.2247 nm ) because the
1st − order neutrons are scattered by reflection from (002) and also fails at
setting angles ψ ≈ 23o (for λ ≈ 0 . 1577 nm ), since 1st − order one are
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scattered from (004) . Consequently, the setting angular interval at the
boundary (112) + with constant filtering factor is divided to three sub
intervals (SI).
Figures (4-3) and (4-4) show that the widths of the wavelength
intervals of continuous tuning due reflection from (114) + and (116) +
respectively are also narrower than those given by Frikkee [44]. Moreover
each interval is divided by two sub intervals.

Fig. (4-3) Filtering feature of 2nd neutrons within the (114)+ interval.

Fig.(4-4) Filtering feature of 2nd neutrons within the(116)+ interval.
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To obtain wider wavelength interval, where filtering factor is constant,
a highly oriented bulk PG crystals are needed. Such crystals, if available, are
very expensive. On the other hand, low quality ones, the interference from
different (hkl ) planes may provide that filtering factor is not constant within
the wavelength interval. Therefore an optimum choice of the crystal mosaic
spread is essential to meet the experimental requirements.
The neutron transmissions at lower and upper limits of the second sub
interval at boundary of (112) + reflection, i.e. at setting angles ψ≈ 23.00 and
49.00 respectively were calculated for different values of standard
deviation η . At each η , the setting angles ψLower ( η ,) and ψUpper ( η ) at which
the transmission values are as high as at η ≈ 0 are deduced. Consequently
from these values of ψ, the upper and lower wavelength limits of the interval
were calculated using Eq.(2-46). Figure (4-5) shows the values of λ Upper
and λ lower as a function of η .

Fig. (4-5) Neutron transmission through PG versus mosaic spread
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It may be observed, as expected that, the shift of the lower limit is
towards longer wavelengths, while the upper towards the shorter ones. It was
also found that, the shift of the setting angle ψ as a function of η can be
expressed as:

(δλ )upper = λupper (cos 2π η − 1)
(δλ )lower = λlower (1 − cos 2π η )

(4-2)

For standard deviationη = 6mRadan , the shift at lower limit is 0.0016
nm while, at upper one is 0.003 nm. These shifts have the same value as
compared with the wavelength spread of the experimental arrangement.
Similar shift values were found for wavelength intervals due to reflections
from (114) + and (116) + and their values can also estimated using formula
(4-2).
To find the optimum PG thickness, the neutron transmission due to reflection
from (112) + at wavelength λ = 0.2 nm corresponding to setting angle

ψ = 40 o (i.e. at the middle of 2nd sub interval) were calculated as a function
of crystal thickness at room and LN2 temperatures. The results are displayed
in Figure (4-6). It would appear that, 3.0 cm thick PG (1o FWHM on mosaic
blocks) at room temperature is sufficient for removing neutrons of λ 1/2
within wavelengths band (0.1577 to 0.214 nm) T(( λ 1 )< 8%, while
2

transmitting more than 85% of the 1st-order. One can also notice that, the
transmission of 1st – order neutrons at LN2 temperature is increased only by
5% at almost the same transmission of the 2nd - order one. Such improvement
for many applications may be insufficient to warrant the expense and
inconvenience of cryogenics.
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Fig. (4-6) Neutron transmission versus PG crystal thickness by
(112)+reflection at λ = 0.2 nm.

Similar calculation were carried out to estimate the optimum PG
thickness to be used as efficient 2 nd order filter when it set at boundaries of
(114) + and (116) + .
The last two tuning intervals given in Table (4-1) at boundaries
(114) − & (116) − are seems to be very narrow and their setting angles are
close to ψ = 0 o . The filtering efficiency at boundaries (114) − and at
(116) − for various setting angles were calculated as for (112)+ with step of

δλ =0.002 nm and for 0.5o; 1.0o and 2.0o FWHM on PG mosaic spread.
The results are displayed in Figures (4-7) & (4-8) for (114)- and (116)boundaries respectively.
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Fig. (4-7) Filtering feature of 2nd neutrons within the (114)- interval

Fig. (4-8) Filtering feature of 2nd neutrons within the (116)- interval.
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One can notice that, the calculated angular setting intervals and
consequently the wavelength bands for efficient removing 2nd -order
neutrons, are narrower than those reported by Frikkee [44]. Moreover, their
band widths when using PG crystals with 2o mosaic spread are only 0.0035
nm and 0.0045 nm at the boundaries (114)- and (116)- respectively.
Therefore, the use of PG crystals at these boundaries are limited and
restricted to highly oriented PG ones.
The optimum properties of PG crystals when used as selective filtering of
second-order neutrons having wavelengths within the defined intervals for
continuous tuning are summarized in Table (4-3).The attenuation factor

α 2− nd of 2nd -order λ, is assumed to have the same value 10 within different
intervals while, the transmission of 1st -order λ through a PG thickness tα − 2 nd
are calculated and listed in Table (4-3) where t α − 2 n =

ln 10
N o σ 2 − nd

.

Table (4-3) Optimum parameters of PG filter (1oFWMH)
Boundary

ψ
degree

2nd order

λ

Nm

Thickness

Transmission

cm

of 1 order λ

α2-nd

st

(002)

72.0 – 54.5

0.2070 – 0.3880

0.88

89.9%

10

(006)

35.0 – 10.0

0.1830 – 0.2200

1.91

91%

10

(112)+

18.0 - 21.0

0.1424 - 0.1517

2.45

79.9%

10

23.0 - 48.0

0.1577 - 0.214

2.60

87.4 %

10

52.0 - 68.0

0.2950 - 0.23

2.32

81.8%

10

1.0 - 16.0

0.1199 - 0.1566

3.07

75.1%

10

20.0 - 51.0

0.1647 - 0.1978

2.31

89%

10

1.0 - 20.0

0.1242 - 0.1529

2.61

76.7%

10

24.0 - 30.0

0.1569 - 0.1614

2.76

83.5%

10

1.50 - 0.0

0.1129 – 0.1171

1.24

80.2%

10

3.25 - 0.0

0.1157 – 0.1222

1.79

74%

10

(114)+
(116)

+

(114)

-

(116)-
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One can see that at (002) and (006) boundaries a PG with thickness < 2.0 cm
is sufficient to attenuate the second order neutrons of factor 10 ,while
transmitting more than 90% of first-order ones. The final choice depends
upon the experimental requirements and the availability of PG crystals.

4-3-2 Filtering Features of PG crystals at boundary crossing points
The numbers of boundary crossing reported by Frikkee [44] are listed
in Table (4-2). However, Frikkee [44] neglected some triple points and also
all double ones. The most efficient intersections as promising 2nd order filter
are listed in Table (4-4) along with those reported by Frikkee [44].
It may be noticed that the intersection points of (hkl)± planes at boundaries
with curves (004) and (008) reflections fail as 2nd-order neutron filter,
because the, 1st-order ones are scattered by the reflections from (002) and
(004) planes respectively.
To study the PG filtering efficiency of 2nd-order neutrons at tuned
points given in Table (4-4), the poisons at boundary crossing (hkl)± curves
were calculated at different setting angles ψ around the intersection position.
The optimum setting angle ψ0 within an accuracy of 0.01 degree, at which the
wavelengths at boundary crossings of different (hkl)± curves are coincident
with each others, were determined. Then, the neutron transmissions through 1
cm thick PG crystal having different mosaic spread values and set at the
optimum angle ψ0 were calculated as a function of λ around the boundaries
crossing point with step of

δλ =0.001 nm

Consequently the neutron

wavelength at this minimum transmission which corresponds to ( λ 1 )is
2

determined . Using the same PG parameters, the neutron transmissions at
double wavelength (i.e. at λ ) ware also calculated.
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Table (4-4): Tuned positions at boundary crossing points
Intersection

2 nd − order (λ1 2 − nm )

ΨO(deg)
Frikkee[5]

(100) - (101)+

Present
work
72.35

Frikkee[5]

-

Present
work
0.4050

(101)+ - (002)

54.76

-

0.3864

-

(100) - (102)+-(002)

57.57

-

0.3591

-

(101)+ - (102)+

39.95

-

0.3422

-

(103)+-(101)--(002)

64.00

64.02

0.2936

0.2935

(103)+ - (102)-

78.81

-

0.2599

(110)+-(112)+-(002)

69.86

69.88

0.2306

0.2305

(104)+-(102)--(002)

70.63

-

0.2221

-

(102)+-(104)+-(006)

5.78

-

0.2221

-

(101)+-(105)+(006)

14.57

14.62

0.2160

0.2161

(100)-(106)+-(006)

27.68

-

0.1976

-

(112)+-(114)+-(006)

33.60

33.65

0.1859

0.1859

(101)+-(109)+(0010)

1.66

1.70

0.1339

0.1340

(114)+-(116)+(0010)

6.00

6.07

0.1332

0.1333

-
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1- Filtering efficiency of PG at double intersection points
The result of calculations for double intersection points (100) − (101) + ,
(101) + − (002) and (103) + − (102) − are displayed in Figure (4-9 a, b& c)
respectively. Figure (4-9 a & c) show that, the shape of the dip in
transmission curve as a function of wavelength ( λ 1 ) at the boundary
2

crossing, are asymmetric and moreover, its width is slightly broadened with
increasing the PG mosaic spread. While, the neutron transmission
at 1st − orderλ , is almost constant. Such behavior is in agreement with the
measurements carried out by Mildner et.al. [69]. While, Figure (4-9 b) shows
that, the shape of the dip at double crossing point (101)+-(002) is almost
symmetric and its width is increasing with the increase of η .

Fig. (4-9) Filtering feature of 2nd -order neutrons at double intersection points.
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From Figure (4-9) one can observe that, the neutron transmission at the
boundary crossing ( λ 1 ) is decreased by one order, while at the 1st − orderλ
2

the transmission is almost constant and higher than 90%.
Therefore PG crystal at double boundary crossing points can be efficiently
nd
used as 2 − order neutron filter. From Figure (4-9), the FWHM of the dips

∆λ at boundaries for various η are determined and listed in Table (4-5).

In most cases, to carry out neutron diffraction experiments, it is sufficient to
select the thickness t10 that attenuates the 2nd-order neutrons by factor of ten
[56] and the transmission T (t10) at the 1st-order one to be high enough.
Thickness t10 and T(t10) of PG having different η at boundary crossing points
were determined and listed in Table (4-5).

2- Filtering efficiency of PG at triple intersection points with (002)
The neutron transmission through 1 cm thick PG crystal having
different η and set at optimum angle ψ0 were calculated as a function of λ
around the triple boundaries crossing points (100) - (102)+-(002) and (103)+(101)--(002) and displayed in Figure (4-10,a & b) respectively.

Fig. (4-10) Filtering feature of 2nd -order neutrons at triple intersection points
with (002)
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It could be observed that shapes of the dip in the transmission curve are
symmetric and their widths increase with the increase of η . Moreover, the
neutron transmission at the dips (i.e. λ 1 ) are less than 0.004 while at λ are
2

more than 0.98.Therefore a thinner( less than 1cm) and low quality( η more
than 2o)PG crystal can by efficiently used as 2nd –order neutron filter at these
triple crossing points.

3- Filtering efficiency of PG at triple intersection points with (006)
Similar calculation of the neutron transmission as a function of λ
around the triple boundaries crossing points (102)+-(104)+-(006)and (101)+(105)+-(006) are carried out. The results are displayed in Figure (4-11 a&b)
respectively.

Fig.(4-11) Filtering feature of 2nd -order neutrons at triple intersection points
with (006).
From Figure (4-11),one can also notice that, the behavior of the transmission
curve at the triple crossing poisons (101)+-(105)+-(006) and (112)+-(114)+(006) are the same as at (100) - (102)+-(002) and (103)+-(101)--(002) triple
crossing points. However, at triple crossing boundaries with (006) even more
thinner PG crystals may be selected.
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4- Filtering efficiency of PG at triple intersection points with
(0010)
The results of calculation of the neutron transitions at triple crossings
boundaries (101)+-(109)+-(0010) and (114)+-(116)+-(0010), are displayed in
Figure (4-12 a&b) respectively. The Figure shows that at these triple crossing
boundaries, the selected PG crystals must be highly oriented ( η < 20). This is
due to the fact that the setting angles ψ at these triple crossing poisons are
close to zero.

Fig. (4-12) Filtering feature of 2nd -order neutrons at triple intersection points
with (0010).
The positions at the selected fourteen boundary crossing points along with
their widths ∆λ1 2 , t10 and T (t10) for different η are calculated and listed in
Table (4-5).
Table (4-5) shows that a thinner (< 1cm thick) and low quality bulk
PG crystal ( ≈ 2 o FWHM on mosaic spread) can be used as an efficient 2nd –
order neutron filter at the wavelengths corresponding to the position of the
intersection boundaries points. However, the first four crossing points listed
in Table (4-5) show that, the wavelength of their 1st -order lie beyond

λcut off .Where, λcut off is Bragg cut off wavelength of polycrystalline graphite
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(0.667nm). While, from the second to the ninth lie beyond the Bragg cut off
of polycrystalline Be (0.396nm).
Table (4-5) Filtering features of PG crystal at boundary crossing points.
∆λ1 2 – nm

Boundary
crossings

T(t10) % of 1st

Thickness t10 –cm

order λ

( λ1 2 –

η= 0.5o

1o

2o

0.5o

1o

2o

0.5o

1o

2o

0.4050

0.008

0.0090

0.0095

0.40

0.42

0.44

92

92

92

0.3864

0.010

0.0187

0.0308

0.10

0.15

0.21

99

98

98

0.3591

0.012

0.0222

0.0400

0.17

0.25

0.42

98

97

95

0.3422

0.002

0.0028

0.0032

0.78

0.78

0.78

95

95

95

0.2935

0.126

0.0223

0.0385

0.16

0.22

0.30

98

97

96

0.2599

0.002

0.0022

0.0025

0.89

0.89

0.89

84

83

83

0.2306

0.013

0.0217

0.0289

0.18

0.23

0.31

98

97

96

0.2221

0.009

0.0129

0.0131

0.22

0.35

0.47

96

93

88

0.2221

0.0004

0.0008

0.0013

0.25

0.37

0.47

99

98

88

0.2160

0.0013

0.0020

0.003

0.53

0.60

0.74

98

97

96

0.1976

0.0015

0.0026

0.0044

1.00

1.40

2.00

95

93

91

0.1859

0.0021

0.0031

0.0043

0.48

0.56

0.64

98

97.

97

0.1339

0.0002

0.0002

0.0002

1.0

1.2

1.5

89

90

88

0.1332

0.0006

0.0006

0.0006

0.40

0.45

0.6

95

94

91

nm)

Since polycrystalline graphite or Be are much cheaper than PG, therefore, the
calculation of t10 and T (t10), for cooled to liquid nitrogen temperature
polycrystalline graphite and Be are carried out [56], neglecting the
contribution of SANS cross section in a large powdered samples having
pores. Such contribution may strongly decrease the transmission of 1st –order
neutron [50].
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The results of these calculations are listed in Table (4-6) along with those for
PG having η =10.

Table (4-6) Filtering features of PG, Be and graphite crystals.

λ1 2 − nm
0.4050
0.3864
0.3591
0.3422
0.2935
0.2599
0.2306
0.2221
0.2221
0.2160

t 10 − cm at λ1 2

PG
0.40
0.15
0.25
0.78
0.22
0.89
0.23
0.35
0.37
0.60

Be
9.8
11.0
2.0
2.4
2.5
2.8
2.4
2.4
2.5

graphite
3.9
4.4
4.3
5.0
-

T (t 10 ) at 1st − order λ
PG
Be
graphite
92.80%
63.77%
98.60% 49.40% 84.50%
97.05% 47.77% 85.74%
95.18% 87.94% 84.26%
97.35% 87.45%
83.86% 88.18%
97.12% 87.99%
93.08% 89.89%
98.43% 89.89%
97.45% 89.69%
-

Table (4-6) shows that, the thickness t10 of PG is much thinner than
that for polycrystalline graphite or Be and providing more higher
transmission of 1st − order than them. The final choice depends upon the
experimental requirements and the price.

4-4

Design of double PG crystal diffractometer
The results of filtering feature of PG crystals at boundary crossing

points give us the opportunity to design a double PG crystal diffractometer
almost low higher order wavelength contaminations at reasonable price. The
schematic diagram of the proposed design of double PG crystal
diffractometer is displayed in Figure (4-13). The collimated neutrons exit
from a horizontal steady state reactor incident on a PG monochromator
crystal. The crystal surface is cut perpendicular to the PG c-axis and set at
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glancing angle θ. Therefore neutrons with wavelengths corresponding to
Bragg's law: nλ = 2d 002 sin θ , where n is the order of reflection, will be
reflected at angle θ from the crystal surface. These reflected neutrons falls
on the second PG crystal filter. The PG crystal was set at take-off angle ψ
corresponding to the position of a boundary crossing point so that it transmits
the 1st -order reflection (λo ) while strongly attenuates the higher order ones
(λo n where n f 1) .
Reactor

PG monochromator
θ

Neutron beam

θ

c-axis
Solar collimator

c-axis

λo ,
λo/n
Ψ

PG filter

λo

Fig (4-13) Schematic diagram of double PG crystal diffractometer.

4-4-1 Monochromatic features of PG crystal
The main parameters determining the quality of PG crystal as a
θ , wavelength spread of the
neutron monochromator are: Reflecting power Phkl

reflected beam and the ratio of higher order contaminations to the first one.
In the case of imperfect crystal of finite absorption the reflecting power
θ of the (hkl) plane inclined by an angle θ to the incident beam direction
Phkl
hkl

and is given by Eq.( 2-25). However, in case of PG crystal the reflecting
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power is due to reflection from (002) plane and its higher orders, where the
PG crystal is cut perpendicular to its c-axis. Thus the reflected power of the
(002) plane at glancing angle θ is given by:

P00θ l d∆ =

ad∆
1 + a + (1 + 2a) coth[ A(1 + 2a)1 / 2 ]
1/ 2

Then the reflected intensity I Re f from PG crystal when a neutron beam
having Maxiwellain distribution Φ (λ ) is given by:
I Re f = Φ (λ ) * P00θ l

Where Φ (λ ) having neutron gas temperature T is given by Eq.(1-2)
A computer package GRAPHITE has been adapted to carry out the
θ
calculation of distribution of P002
and of the reflected intensity I Re f as a

function of neutron wavelength, mosaic spread, at setting glancing angle θ,
thickness t of PG crystal and reactor moderating temperature T .
θ
The distribution of the reflected neutrons P002
from PG crystal cut along

c − axis , as a function of mosaic spread were calculated, assuming the
following input parameters: PG thickness t = 2mm set at glancing angle

θ = 23.45 o , FWHM of incident beam divergence
wavelength band was from

λmin = 0.001nm

is
to

0.4o

and the

λmax = 0.4nm

with

∆λ = 0.0005nm . The result of calculation is displayed in Figure (4-14).
max
From the figure, the maximum of reflectivity P002
was at λ002 = 0.269nm

which was found independent of PG mosaic spread η and in agreement with
that calculated from Bragg equation at glancing angle θ = 23.45 o . The
wavelength resolution (∆λ/λ) as a function of mosaic spread was determined
θ
as a ratio of the FWHM of the distribution P002
to the wavelength λ002 .
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θ
from PG at
Fig.(4-14) The wavelength distribution of the reflectivity P002

various η.
The values of maximum reflectivity and ∆λ/λ for versus η are displayed in
Figure (4-15). Figure shows that ∆λ/λ is increasing with the increase of the
mosaic spreadη . This is consistent of the fact that low quality crystal (i.e
.high value of η) the distribution of the reflected neutrons is broadened
consequently the resolution becomes worst (i.e. ∆λ/λ becomes bigger).

θ
Fig.(4-15)The maximum reflectivity of P002
and ∆λ/λ versus η.
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max
Figure (4-15) shows also that P002
reaches a maximum value at FWHM on

mosaic spread η = 0.30. Such behavior may be due to the fact that the
incident neutron beam divergence (0.40) is comparable with the mosaic
spread value.
Therefore the optimum FWHM on mosaic spread η of PG when it
used as a monochromator is 0.30 at high resolution of the reflected beam
( ∆λ λ p 3% ).
The contamination factors Rn (t ) of higher orders versus thickness t
nth
are calculated as Rn (t ) = ∑ I Re
f

∑I

1st
Re f

where n = 2,3,4 .

The result of calculation is displayed in Figure (4-16) and listed in
Table (4-7).

θ
of 1st order and 1 Rn (t ) versus thickness t.
Fig. (4-16) The integrated P002
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Figure (4-16) shows that 1 Rn (t ) are decreasing more rapidly than the
integrated reflection of the 1st − order one. Consequently the thinner the PG
thickness is the better, however one must take into account the value of
effect–to-back ground for a thin PG with small integrated reflections of
1st − order .
Table (4-7):

∑I

st
Re f

Thickness
to (mm)

& Rn (t ) versus PG thickness

∑I

st
Re f

R (2 nd 1st )

R (3 rd 1st )

R(4 th 1st )

0.2

0.036

0.133

0.025

0.006

0.5

0.063

0.179

0.036

0.008

0.8

0.078

0.217

0.046

0.010

1.0

0.085

0.239

0.052

0.012

2.0

0.108

0.319

0.079

0.018

5.0

0.134

0.452

0.142

0.036

8.0

0.146

0.519

0.189

0.051

10.0

0.152

0.547

0.214

0.060

12.0

0.156

0.571

0.237

0.069

15.0

0.161

0.598

0.266

0.082

18.0

0.165

0.618

0.291

0.094

20.0

0.168

0.625

0.305

0.101

25.0

0.172

0.651

0.337

0.137

One can conclude that PG crystal with thickness from 2 to 5 mm is preferable
thickness for PG crystal when it used as a neutron monochromator.
From Table (4-7) one can notice that for 2 mm thick the
contaminations of 2nd and 3rd orders are 32% and 7.9% respectively.
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To show the effect of high order contaminations accompanying the
first one, the wavelength distribution of the reflected neutrons from 2mm
thick PG (FWHM on mosaic spread =0.30) set at glancing angle θ = 23.45 o
was calculated. The result of calculation is displayed in Figure (4-17).

Fig. (4-17)The reflectively from 1st and higher orders of PG crystal at
glancing angle θ = 23.45 o .
One can see from Figure (4-17) that, the integrated reflectivity of the secondorder reflection is less than that of first –order one and also the integrated of
higher orders are even more less. This is in agreement with the Laue behavior
of Bragg scattering.
These contaminations are true when the incident neutron beam
distribution is constant. However the incident neutron beam distribution from
steady state reactor obeys Maxiwellain distribution with neutron gas
temperature T. Therefore the reflected neutron intensities from PG were
calculated at both room (thermal reactor flux) and liquid Hydrogen
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temperatures (cold reactor flux) of the reactor moderator. The result of
calculation is displayed in Fig. (4-18) a & b respectively.

Fig. (4-18) Reflected reactor neutron intensities from PG at R.T&LH
temperatures.
From Figure (4-18a), one can notice that the reflected integrated neutron
intensity of 2nd and 3rd orders from thermal reactor flux are even higher than
that from the 1st order one. So the use of PG crystal as an efficient neutron
monochromator is limited. To improve such case a neutron filter is essential.
While, Figure (4-18b) shows that, the intensities of higher order reflections
from cold reactor flux are too small with respect to the 1st order one. So one
can conclude that, if the neutrons flux which exit from a channel of a steady
state reactor with neutron gas temperature close to hydrogen one, if available,
there is no need to use a neutron filter.

4-3-2 Optimum parameters of the double PG crystal diffractometer
As shown before that 2mm thick of PG crystal having 0.30 FWHM
on mosaic spread are the optimum parameters of monochromator PG crystal.
The last parameter is the selected monochromatic wavelength which can be
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determined by setting the crystal at the glancing angle θ. The optimum θ must
be selected such that the wavelength of the reflected monochromatic neutrons
must equal twice the wavelength at the selected triple crossing boundary
point of the PG filter listed in Table (4-5).
The optimum parameters of the PG filter were determined for each chosen
triple crossing boundary point within the wavelength band from 0.266 nm to
0.432 nm. Such wavelength band can not be realized using polycrystalline
filters. The selected triple crossing points satisfying these conditions are:
1. Triple point (114) + − (116) + − (0010) at λ1 2 = 0.1332nm and ψ = 6 o .
2. Triple point (112) + − (114) + − (006) at λ1 2 = 0.1859nm and ψ = 33.60o .
3. Triple point (101)+ − (105)+ − (006) at λ1 2 = 0.2160nm and ψ = 14.57 o .

1.

Monochromatic neutron beam at λ=0.2664 nm
Since

the

selected

triple

crossing

boundary

point

(114) + − (116) + − (0010) is at λ1 2 = 0.1332nm when the take-off angle

ψ = 6 o , therefore the monochromator PG crystal must be fixed in front of the
incident neutron beam at glancing angle θ= 23.450 . Consequently the 1st order monochromatic beam will be at λ=0.2664 nm. The intensity of the
reflected thermal reactor neutrons from the PG monochromator crystal
having the optimum parameters and set at glancing angle θ = 23.45 o was
calculated. The result of calculation is displayed in Figure (4-19 a), as
expected the neutron intensity of 2nd –order reflection is higher than the 1st –
order one.
To show the effect of PG filter thickness on the transmitted reflected
neutrons from the monochromator PG crystal, the neutron transmission
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through PG filter (20 on mosaic spread) set at take-off angle ψ = 6 o was
calculated at different thicknesses t. The result of calculation is displayed in
Figure (4-19 b).

Fig. (4-19) Neutron intensity from double PG crystal diffractometer at
λ=0.2664 nm
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The resulting neutron beam intensity from double PG diffractometer
I Diff at each thickness t of PG filter were calculated by multiplying the
transmission TFilter (λ ) by I Re f (λ ) . The result versus thicknesses is displayed
in Figure (4-19 c). From Figure (4-19c) the effectiveness of the double PG
diffractometer at each PG filter thickness is calculated as the attenuation
factor β n for each order of reflection n, where β n (t ) =

∑ I at t
∑ I at t = 0
Diff

versus

Diff

crystal thickness t. The result of calculation is listed in Table (4-8).
Table (4-8) Attenuation factors β n at λ=0.2664 nm
Filter thickness
t-cm

β1 %

β2 %

β3 %

β4 %

0

100

100

100

100

1

89.1

32.9

55.2

54.0

2

79.8

12.5

30.5

29.2

3

71.4

5.26

16.9

15.8

4

63.5

2.40

9.3

8.5

5

56.6

1.17

5.1

4.6

6

50.7

0.59

2.8

2.5

7

45.3

0.31

1.6

1.3

8

40.4

0.16

0.87

0.73

From Table (4-8) one can see that the attenuation factor of the
monochromatic beam (1st-order) is decreasing with the increase of the
thickness. While the attenuation factor of higher order are decreasing more
rabidly than the first one.
To select the optimum thickness of PG filter at reasonable contamination
factor χ n

of the higher orders. The integrated intensity

I Diff

of
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monochromatic neutrons with λ=0.2664 nm at each thickness t of PG filter
were calculated and listed in Table (4-9). The contamination factor of higher
order χ n was calculated as: χ n (t ) = β n β1 , where n the order of reflection is
2,3,4,5. The result of calculation is also listed in Table (4-9).
Table (4-9) Σ Idiff at λ=0.2664 nm & χ n versus t of PG filter.
Filter
thickness
t-cm

Σ Idiff x103 High order contamination factor %
Counts/sec

χ3

χ2

χ4

0

200

320

70

3.0

1

180

120

40

1.5

2

160

50

25

1.0

3

145

20

15

0.6

4

130

10

10

0.4

5

115

6.0

6.0

0.2

6

100

3.5

4.0

0.1

7

90

2.0

2.0

0.09

8

80

1.0

1.5

0.05

One can see that 4cm thick PG filter is an efficient to eliminate the higher
order contaminations accompanying the main monochromatic neutrons with
λ= 0.2664 nm and resolution ∆λ/λ=3% with higher order contaminations less
than10%.

2.

Monochromatic neutron beam at λ=0.3718 nm
Since at the triple crossing boundary point (112) + − (114) + − (006) the

wavelength

is

at

λ1 2 = 0.1859nm

andψ = 33.60 o ,

therefore

the

monochromator PG crystal must be fixed in front of the incident neutron
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glancing

angle θ = 33.73o .

Consequently

the

first

order

monochromatic beam will be at λ=0.3718 nm. The intensity of the reflected
thermal reactor neutrons from the PG monochromator crystal having the
same optimum parameters as before, and set at glancing angle θ = 33.73o
was calculated. The result of calculation is displayed in Figure (4-20 a), as
expected the neutron intensity of 2nd –order reflection is also higher than the
1st –order one.

Fig. (4-20) Neutron intensity from double PG crystal diffractometer at
λ=0.3718 nm
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The effect of PG filter thickness on the transmitted reflected neutrons from
the monochromator PG crystal, set at take-off angleψ = 33.60 o , was
calculated at different thicknesses. The result of calculation is displayed in
Figure (4-20 b).
The resulting neutron beam intensity from double PG diffractometer I Diff at
each thickness t of PG filter were calculated and displayed in Figure (4-20 c).
The attenuation factor β n for each order of reflection n, where are calculated
at different PG filter thicknesses and listed in Table (4-10).
Table (4-10) Attenuation factors β n at λ=0.3718 nm
Filter t-cm

β1 %

β2 %

β3 %

β4 %

β5 %

0

100

100

100

100

100

1

96.4

28.6

46.7

43.3

48.6

2

93.0

9.9

21.8

18.7

23.6

3

89.6

3.9

10.2

8.1

11.5

4

86.2

1.8

4.8

3.5

5.6

5

83.2

0.8

2.2

1.5

2.7

6

80.2

0.43

1.04

0.66

1.3

7

77.2

0.23

0.49

0.29

0.64

8

74.3

0.13

0.23

0.13

0.31

The integrated intensity I Diff of monochromatic neutrons with λ=0.3718 nm
at each thickness t of PG filter along with the contamination factor of higher
order χ n was calculated and listed in table (4-11).
From Table (4-11) one can see that 5 cm thick PG crystal filter
decreases the second order contamination accompanying the main
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monochromatic neutrons with λ=0.3718 nm and resolution ∆λ/λ=3% down to
8%. However, to decrease the third order contamination, one needs a thicker
than 5 cm PG filter.
Table (4-11) Σ Idiff at λ=0.3718 nm and χ n versus t of PG filter.
Filter
thickness tcm

3.

Σ Idiff x103

High order contamination factor %

Counts/sec

χ2

χ3

χ5

χ4

0

530

780

740

220

30

1

510

230

360

100

15

2

490

85

170

45

7.0

3

475

35

85

20

4.0

4

455

16

40

9.0

2.0

5

440

8.0

20

4.0

1.0

6

425

4.0

10

2.0

0.5

7

410

2.0

5.0

0.8

0.2

8

390

1.0

2.0

0.4

0.1

Monochromatic neutron beam at λ=0.432 nm
Since at the triple point (101)+ − (105)+ − (006) at λ = 0.2160 nm and

ψ = 14.57 o , therefore the monochromator PG crystal must be fixed in front
of the incident neutron beam at glancing angle θ= 40.180. Consequently the
first order monochromatic beam will be at λ=0.432 nm. The intensity of the
reflected thermal reactor neutrons from the PG monochromator crystal
having the same optimum parameters as before and set at glancing angle

θ = 40.18o was calculated. The result of calculation is displayed in Figure (421 a).
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Fig(4-21) Neutron intensity from double PG crystal diffractometer at
λ=0.432 nm.
The effect of PG filter thickness on the transmitted reflected neutrons from
the monochromator PG crystal, the neutron transmission through PG filter (20
on mosaic spread) set at take-off angle ψ = 14.57 o was calculated at different
thicknesses. The result of calculation is displayed in Figure (4-21 b). The
resulting neutron beam intensity from double PG diffractometer I Diff at each
thickness t of PG filter were calculated and displayed in Fig. (4-21 c).
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The attenuation factor β n for each order of reflection n, are calculated at
different PG filter thicknesses and listed in Table (4-12).
Table (4-12) Attenuation factors β n at λ=0.432 nm

β5 %

β2 %

β3 %

β4 %

100

100

100

100

100

1

96.4

45.2

46.3

51.4

49.0

2

93.2

21.9

21.6

26.4

24.1

3

90.0

11.0

10.2

13.6

11.8

4

87.1

5.8

4.8

7.0

5.8

5

83.9

3.1

2.3

3.6

2.8

6

81.0

1.7

1.1

1.8

1.4

7

78.5

0.98

0.54

0.95

0.69

8

75.6

0.57

0.26

0.49

0.34

Filter thickness tcm
0

β1 %

The integrated intensity I Diff of monochromatic neutrons with λ=0.432nm at
each thickness t of PG filter along with the contamination factors of higher
order χ n was calculated and listed in Table (4-13).
Table (4-13) Σ Idiff at λ=0.432 nm & χ n versus t of PG filter.
Filter
thickness
t-cm

Σ Idiff x103

High order contamination factor %

Counts/sec

χ2

χ3

χ5

χ4

0

280

1000

1500

750

200

1

270

480

700

400

100

2

260

240

350

200

50

3

250

125

170

110

25

4

240

65

80

60

10

5

230

40

40

30

5.0

6

225

20

20

15

3.0

7

220

10

10

9.0

2.0

8

210

5.0

5.0

5.0

1.0
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Table (4-13) shows that, 7cm thick PG filter is efficient to decrease the
higher order contaminations accompanying the main monochromatic
neutrons with λ=0.432 nm and resolution ∆λ/λ=3% down to 10 %. However,
the thickness of PG filter is much thinner than that when polycrystalline Be
(20cm), cooled to liquid nitrogen temperature [56], is used as a filter crystal.
The final choice depends upon the experimental requirements and the price.
On using PG as a neutron filter and monochromator, one can
conclude that:
1. The angular setting within favorable intervals and consequently the
wavelength bands for efficient removing 2nd -order neutrons, are narrower
than those reported by Frikkee [44]. Such differences are mainly due to
the effect of mosaic spread of PG crystal used.
2. At neutron wavelengths longer than 0.3422 nm PG crystal set at boundary
crossing points is more efficient 2nd order filter than polycrystalline Be or
graphite.
3. The reflected integrated neutron intensity of 2nd and 3rd orders from
thermal reactor flux is even higher than that from the 1st order one. So the
use of PG crystal as an efficient neutron monochromator is limited. To
improve such case a neutron filter is essential.
4. The suggested design of double PG crystal diffractometer almost free
from higher order contaminations can be used to select from thermal
reactor beam monochromatic neutrons in wavelength band from
0.266nm-0.396nm. Since the higher order contaminations can not be
removed by using poly-crystalline powders, such as Be, BeO or graphite,
as a filter crystal. Since their Bragg cut offs are longer than 0.4nm.

Chapter V
Iron as neutron
monochromator and
thermal filter
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Iron as neutron monochromator and whole thermal filter
5-1

Introduction
It is well known that gamma radiation, fast and the thermal neutrons

are all associated with fission reactions. However, to improve the effect-tonoise ratio for neutron scattering experiments, the development of thermalneutron filters are required [73].
As shown by several authors [74 – 78], curved guide tubes transport
thermal neutrons by total internal reflection from the mirror surfaces coated
with 58Ni. Since the value of critical angle for total internal reflection from a
mirror surface is a few minutes of arc [3], thus the length of the guide tube is
at least 100m to obtain filtered thermal neutron beam at the exit of the guide
tube. Consequently, the intensity of neutron beam is limited. Such neutron
guide tubes are now-a-days used as thermal neutron filters at high flux
reactors. However, they are expensive to construct and needs continuous
maintenance, therefore their use is limited.
The use of large, perfect single crystals of various materials as
filters for thermal neutron beams has long been known [13]: one of the most
successful filter materials is quartz (SiO2) [17] although several other
materials such as bismuth [19], beryllium [53], magnesium oxide (MgO) [20,
21], magnesium fluoride [22] silicon [46] and sapphire (A12O3) [48] have been
suggested as potential competitors. In these contexts, at high neutron
energies, greater than about 1 eV, the total neutron cross-section σ t ,
of each of the above-mentioned materials is in the range of a few barns,
but at lower thermal energies, less than 0.1 eV, where much of the
coherent "Bragg" scattering is disallowed, the effective cross-section for the
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single crystal specimens is much reduced. This effective cross-section is
the sum of several contributions: (a) absorption, σ a , normally proportional to
neutron wavelength, (b) incoherent σ inc , (c) coherent inelastic, σ inel and (d)
any residual Bragg scattering, σ el . Item (d) is highly dependent on neutron
wavelength, crystal orientation and crystal perfection and item (c) depends
upon crystal temperature (phonon population) and may be substantially
reduced by cooling the filter [23].
In most cases there is little advantage in cooling the above materials
below liquid nitrogen temperature. The efficiency of a filter is thus
determined by the ratio:
R = (σ a + σ inc + σ inel ) σ t

(5-1)

The lower the value of R , the better the filter; a low value for the
numerator implies good transmission of neutrons in the desired thermal
energy range, while a large denominator ensures strong scattering of the
unwanted epithermal and fast neutrons. The filter also acts to reduce the
intensity of any γ -ray beam which accompanies the neutron beam, for
example, from a conventional fission reactor.
Where all the cross-sections given in Table (5-1), except where
otherwise noted, are taken from "Neutron Cross Sections," Brookhaven
National Laboratory report BNL-325, third edition (eds. S. F. Mughabghab
and D. I. Garber) [79] and Dunford and Rose [80]. The absorption crosssections σa refer to 0.025 eV neutrons, whereas the total cross-sections σ t
are average values for neutrons in the energy range 1 to 104 eV.
From Table (5-1), the relevant cross-sections from which estimates of
the values of R may be obtained. The values of σ a refer to 1.8 Å (0.025 eV)
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neutrons; σ inc values are taken to be independent of neutron wavelength;
each σ t , is an average value for energies between 1 and 104 eV.
Table (5-1): Cross-sections of elements for thermal neutron filters.
Cross-sections (barn; 1 bn = 10-24 cm2)

σa

σ inc

σt

a
σ Coh

Al

0.230 ± 0.003

0.10 ± 0.03

1.43 ± 0.04

1.496 ± 0.008

Be

0.0092 ± 0.001

0.04 ± 0.01

6.15 ± 0.02

7.53 ± 0.07

Bi

0.033 ± 0.004

0.02 ± 0.02

9.28 ± 0.04

9.35 ± 0.04

0.0034 ± 0.0002 0.005 ± 0.01

4.75 ± 0.02

5.569 ± 0.005

3.42 ± 0.04

3.57 ± 0.28

C
Mg

0.063 ± 0.003

O

0.00027b

Si

0.16 ± 0.03

Fe

2.56 ± 0.03

0.12 ± 0.01
0.01 ± 0.01
0.02 ± 0.02
0.40 ± 0.11

3.76 ± 0.02
2.25 ± 0.06
11.62 ± 0.01

a

Bound coherent cross-section.

b

This very low value is known to within l0%.

4.23 ± 0.01
2.163 ± 0.001
11.22 ± 0.05

All these cross-sections are reasonably well-known quantities, and are
independent of the orientation, perfection and temperature of the filter
crystal. The relationships between the well-known bound coherent crosssection, σ coh , in Table (5-1), and the effective inelastic and elastic crosssections, σ inel and σ el , in Eq. (5-1), are much more complex, however, and
may not be reliably calculated. Measurements of the filter transmission are
therefore required for particular single crystal specimens of each material, to
determine realistic estimates of filter efficiencies. The best possible
efficiencies will be obtained if the contributions σ el and

σ inel are
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substantially reduced, the former by suitable orientation of highly perfect
crystals and the latter by cooling to low temperatures to minimize the
population of phonons, particularly those of low frequency. The absolute
minimum value of R , assuming all coherent scattering processes may be
eliminated, is given by the ratio
Rmin = (σ a + σ inc ) σ t

(5-2)

Minimum values of the parameter R for several possible filter materials
assuming that, all coherent scattering processes may be eliminated are listed
in Table (5-2).
Table (5-2) Minimum values of the parameter R
Material

Rmin = (σ a + σ inc ) σ t

C

0.0018

BeO

0.0060

Be

0.0080

SiO2

0.0205

MgO

0.0269

Al2O3

0.0488

Si

0.080

Fe

0.254

All the very best candidates, such as diamond, graphite, Be, and simple
compounds such as BeO, suffer from a major problem: the availability of
large, highly perfect single crystals at a reasonable cost. In addition, there is
in bismuth a high density of low frequency phonon states, leading to
undesirable high values of σ inc . Magnesium oxide crystals of several cm3
sizes are available, but we have so far been unable to obtain large enough
samples for use as filters. (The filter described by (Holmryd and Connor [81]
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was a composite of many small pieces). Nevertheless, MgO [21] is indeed a
very promising candidate, should large crystals become available.
The considerations thus lead us to consider in more detail Iron. From Table
(5-2), iron would seem to be the worst, since it has the biggest Rmin while it
has the highest value of σcoh. However it is, in some cases, the most
promising than the others especially when thermal reactor neutrons are
accompanying with high intensity of γ-rays.
The reflectivity of a perfect single crystal is low caused by the large primary
extinction due to the small angular misalignment of the mosaic blocks which
the crystal is composed of (so-called mosaic spread). One way of increasing
the reflectivity of a crystal monochromator is to increase the mosaic spread
through a controlled and uniform distribution of imperfections such as the
introduction of dislocations or impurities.
Iron crystal has BCC structure, hence the reflections from lattice
planes whose sum of Miller indices ( hkl ) are odd - such as the 111, 210 and
331 reflections-are systematically absent. Hence using the 110, 200 or 211
reflecting planes of iron monochromator, there will be small λ 2
contamination in the monochromatic beam.
Another advantage of such crystal monochromator is its low incoherent
scattering cross-section. Moreover, large single crystal of iron is readily
available.
Therefore, the present chapter deals with feasibility study for use of iron
crystal as a thermal neutron filter. Moreover, an investigation on using iron
single crystal as efficient neutron monochromator is also given.
To carry out such study a computer code CFE was developed. The CFE code
is an adapted version of the computer code ISCANF [32].The applicability of
CFE code was approved from the comparison of the calculated cross-section
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values of polycrystalline Fe with the experimental data as given in chapter 3.
The filtering and monochromatic characteristics of iron crystals are detailed
in terms of mosaic spread, cutting plane, optimum thickness and temperature.
A Computer program CFe has been developed in the present thesis in order
to calculate the total cross section and transmission of neutrons in energy
range from 0.1meV to 10eV through crystalline Iron. The main flow chart of
the computer program CFe is given in Appendix II.

5-2

Results and Discussion

5-2-1 Monochromatic features of Fe single crystal
The main parameters determining the quality of Fe crystal as a
θ , wavelength spread of the
neutron monochromator are: Reflecting power Phkl

reflected beam and the ratio of higher order contaminations to the first one.
In the case of imperfect crystal of finite absorption the reflecting power
θ of the (hkl) plane inclined by an angle θ to the incident beam direction
Phkl
hkl

and is given by Eq. (2-25). However, in case of Fe single crystal the
reflecting power is due to reflection from (110) plane and its higher orders as
the most preferable cutting plane. Since, the (110) plane has the largest
interplanar distance among all other planes. Thus the reflected power of the
(110) plane at glancing angle θ is given by:
θ
Phkl
d∆ =

ad ∆
1 + a + (1 + 2 a ) coth[ A(1 + 2 a ) 1 / 2 ]
1/ 2

Then the reflected intensity I ref from Fe crystal when a neutron beam
θ

having Maxiwellain distribution Φ(λ) is given by: I Re f = Φ(λ) * Phkl
Where Φ(λ) having neutron gas temperature T is given by Eq.(1-2)
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A computer code SFeM (Single crystal Iron Monochromator) has
been used to carry out the calculation of distribution of

θ
P110
and of the

reflected intensity I Re f as a function of neutron wavelength, mosaic spread,
at setting glancing angle θ, thickness t of Fe crystal and reactor moderating
temperature T.
θ
The distribution of the reflected neutrons P110
from Fe single crystal cut along

(110) plane as a function of mosaic spread were calculated, assuming the
following input parameters: Fe thickness t = 8mm set at glancing angle θ =
41.20, FWHM of incident beam divergence

is

0.4o

and the wavelength

band was from λmin = 0.001nm to λ max = 0.4nm with ∆λ = 0.0005nm . The
result of calculation is displayed in Figure (5-1).

θ
Fig.(5-1) The wavelength distribution of P110
from Fe at various η.
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From the figure, the maximum of

max
was at
reflectivity P110

λ110 = 0.269nm which was found independent of Fe mosaic spread η and in
agreement with that calculated from Bragg equation at glancing
angle θ = 41.2 o . The wavelength resolution (∆λ/λ) as a function of mosaic
θ
to the
spread was determined as a ratio of the FWHM of the distribution P110

wavelength λ110 . The values of maximum reflectivity and ∆λ/λ for versus η
are displayed in Figure (5-2). Figure shows that ∆λ/λ is increasing with the
increase of the mosaic spreadη . This is consistent of the fact that low quality
crystal (i.e .high value of η) the distribution of the reflected neutrons is
broadened consequently the resolution becomes worst (i.e. ∆λ/λ becomes
bigger).

θ
Fig.(5-2)The maximum reflectivity of P110
and ∆λ/λ versus η.
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max
reaches a maximum value at
Figure (5-2) shows also that P110

FWHM on mosaic spread η = 0.50. Such behavior may be due to the fact that
the incident neutron beam divergence (0.40) is comparable with the mosaic
spread value.
Therefore the optimum FWHM on mosaic spread η of Fe when it
used as a monochromator is 0.50 at high resolution of the reflected beam
( ∆λ λ p 2% )
The effect of high order contaminations accompanying the first one,
the wavelength distribution of the reflected neutrons from 8mm thick Fe
(FWHM on mosaic spread =0.50) set at glancing angle

θ = 41.2 o was

calculated. The result of calculation is displayed in Figure (5-3).

Fig(5-3)The reflectively from 1st order and higher orders.
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Figure (5-3) shows that, the integrated reflectivity of the second-order
reflection is less than that of first –order one and also the integrated of higher
orders are even more less.
The contamination factors Rn (t ) of higher orders versus thickness t
nth
are calculated as Rn (t ) = ∑ I Re
f

∑I

1st
Re f

wheren = 2,3,4 .

The result of calculation is displayed in Figure (5-4) and listed in Table (5-3).

θ
of 1st order & 1 Rn (t ) versus thickness t.
Fig. (5-4) The integrated P110

Figure (5-4) shows that, the values of 1 Rn (t ) are decreasing more rapidly
than the integrated reflection of the 1st − order . Consequently the thinner the
Fe thickness is the better, however one must take into account the value of
effect–to-back ground for a thin PG with small integrated reflections of
1st − order .
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One can conclude that Fe crystal with thickness from 5 to 10 mm is
preferable thickness for Fe crystal when it used as a neutron monochromator.
Table (5-3)

∑I

st
Re f

Thickness
to (mm)
0.5

& Rn (t ) versus Fe (110) thickness.

∑I

st
Re f

R (2 nd 1st ) R (3 rd 1st )

R(4 th 1st )

0.022

0.123

0.019

0.002

1

0.033

0.157

0.026

0.003

2

0.044

0.212

0.038

0.004

5

0.055

0.327

0.069

0.008

8

0.058

0.399

0.096

0.011

10

0.059

0.432

0.112

0.013

15

0.060

0.485

0.144

0.018

20

0.061

0.516

0.169

0.023

30

0.061

0.545

0.201

0.030

40

0.061

0.556

0.221

0.036

50

0.061

0.559

0.233

0.041

60

0.061

0.561

0.240

0.044

From Table (5-3) also one can notice that for Fe of thickness t= 5mm
the contaminations of 2nd and 3rd orders are 32% and 6.9% respectively.
These contaminations are true when the incident neutron beam distribution is
constant. However the incident neutron beam distribution from steady state
reactor obeys Maxiwellain distribution with neutron gas temperature T.
Therefore the reflected intensities of both thermal and cold neutron flux from
PG were calculated and displayed in Figure (5-5) a & b respectively.
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Thermal reactor flux

Cold reactor flux

Fig. (5-5) Reflected reactor neutron intensities from Fe (110) single crystal at
R.T&LH temperatures.
From Figure (5-5a), one can notice that the reflected integrated
neutron intensity of 2nd and 3rd orders is even higher than that from the 1st
order one. While, Figure (5-5b) shows that, the intensities of higher order
reflections from cold reactor flux are too small with respect to the 1st order
one.
The monochromatic feature of PG and Fe single crystal at the
deduced optimum parameters for compression are listed in Table (5-4)
From table one can notice that the value of the integrated reflectively
from 2mm thick PG crystal (0.3o) is twice higher than that of 8 mm Fe single
crystal (0.5o) at the same contaminations of the higher order reflections.
Therefore, the final choice depends upon the price and the availability of
such high quality of PG crystal.
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Table (5-4) Monochromatic features of PG &Fe single crystals.
PG

Fe

Cutting plane

(002)

(110)

Thickness

2 mm

8 mm

Mosaic spread

0.3o

0.5o

Glancing angle

23.45o

41.2o

λo

0.2664nm

0.2664nm

st
Re f

0.108

0.058

R (2 nd 1st )

0.319

0.399

R (3 rd 1st )

0.079

0.096

R(4 th 1st )

0.018

0.011

∑I

5-2-2 Fe Single Crystal as a whole thermal neutron filter
In case of perfect single crystal the Bragg scattering term in Eq.(5-2)
can be neglected. At neutron energies ≥1eV-binding effects of the atoms in
solid can be neglected. Therefore, the total scattering is given by the freeatom cross-section and elastic scattering vanishes. As shown by Freund [38]
with decreasing the neutron energy the multi-phonon scattering cross-section
decreases while the single-phonon scattering and capture cross-section varies
like E-1/2. Therefore the total cross-section of Fe perfect single reaches a
minimum cross-section value of 4.4 barn at E=0.02eV.This means that a 2cm thick perfect iron single crystal attenuates neutron with energies > 1 eV
by a factor of 7.5 while the attenuation factor of neutrons around 0.02 eV is
only 2.2. Such attenuation properties make the use of perfect iron single
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crystal as a thermal neutron filter is feasible. However the utilization of
manufacturing a large perfect Fe single crystal is a very tedious and
expensive job. Consequently, the contribution of the Bragg scattering to the
total cross-section of imperfect Fe single crystal is not negligibly small.

Fig(5-6) Neutron transmission through Fe crystals cut along different

(hkl ) planes.
To show the contribution of the Bragg reflections on the transmitted
through a 2-cm thick Fe single crystal, cutting along different (hc k c l c )
planes, calculations were performed using SFeF (Single crystal Iron Filter)
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code, assuming room temperature and crystals have the same FWHM of the
mosaic spread of 1˚.
Figure (5-6) displays the result of calculation for Fe crystals cut along (110),
(200), (211) and (310) planes for neutrons incident perpendicular to the
cutting plane i.e. at Ψ=0.

Fig. (5-7) Neutron transmission through 2 cm of Fe crystals at various
mosaic spreads.
It is apparent that, Fe crystal cut a long its (110) plane, when it used as a
thermal filter, is preferable to other cuts, since no pronounced Bragg
reflections occur for neutron energies < 20 meV. To decrease Bragg
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reflections at neutron energies > 20 meV, an optimum choice of the crystal
mosaic speared is essential. Neutron transmission through a 2-cm thick Fe
(110) crystal cooled to LN2 temperature, for a different value of mosaic
spread were calculated and displayed in Figure (5.7).
As may be observed for FWHM of mosaic spread > 3o min of arc, parasitic
Bragg reflections could limit the use of Fe as a thermal neutron filter.

Fig.(5-8) Incident and transmitted reactor neutron spectrum through
2-cm Fe (110) single crystal.
Figure (5-8) shows that a 2-cm thick Fe (110) crystal where FWHM of
mosaic spread is 3o min of arc, cooled to LN2 temperature can be successfully
used to transmits more than 50 % of thermal neutron flux having a
Maxwellian distribution with neutron gas temperature close to 300 K, while
significant rejecting the accompanying γ-rays and epithermal and fast
neutron.
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However, fine tuning of Fe crystal with mosaic spread (i.e., less
expensive one) can reduce the effect of Bragg reflections. To show how to
select the orientation, at each neutron energy, the neutron transmission
through 2 cm Fe crystal (having mosaic spread of 1˚) has been calculated as a
function of neutron energy at different Ψ from − 10o to + 10o . The results of
calculation are displayed in Figures (5-9) and (5-10) for cutting plane (110)
and (200) respectively.
Such calculation shows that the tuning effect is asymmetric for (110)
cutting plane, while it is symmetric for the (200) one. Therefore one may use
such low quality Fe single crystals, as a sufficient thermal neutron filter.
Moreover, it is obvious that tuning is sufficient within ± 10 o and the cutting
along (200) plane is preferable than that (110) since the tuning can be done
regardless the direction of orientation.
Therefore from the results, the optimum FWHM on mosaic spread η of Fe
when it used as a monochromator is 0.50 at high resolution of the reflected
beam ( ∆λ λ p 2% ) and its thickness from 5 to 10 mm is the most preferable
one.
The reflected integrated neutron intensity of 2nd and 3rd orders from thermal
reactor flux is even higher than that from the 1st order one. So the use of Fe
crystal as an efficient neutron monochromator is limited. To improve such
case a neutron filter is essential.
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Fig. (5-9) Fine tuning of Fe single crystals cut along (110) plane.
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Fig. (5-10) Fine tuning of Fe single crystals cut along (200) plane.
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It was shown that the value of the integrated reflectively from 2mm
thick PG crystal (0.3o) is twice higher than that of 8mm Fe single crystal
(0.5o) at the same contaminations of the higher order reflections. Therefore
the final choice depends upon the price and the availability of such high
quality of PG crystal.
Calculation shows that 2 cm thick iron single cut a long its (110) plane, with
standard deviation on a mosaic spread of 3o nim of arc, is a good thermalneutron filter, with reasonable effect-to- noise ratio. While fine tuning of low
quality iron single crystal cut a long its (200) plane can be used as an
efficient thermal neutron filter.
To improve the filtering characteristics of iron, one makes use of iron oxides.
Iron oxide is considered to be a better choice than iron, its Debye temperature
and free atom scattering cross-section being higher than the later at the same
value of their capture cross-section. The study of the filtering characteristics
of iron oxides is given elsewhere.

Appendix
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Appendix I
Computer Package GRAPHITE
Computer package GRAPHITE developed by Adib and Fathalla[ ] in order to
calculate the total cross section and transmission of neutrons of energy range
from 0.1meV to 10eV through crystalline graphite has been used in the
present thesis to carry out the required calculations. The package includes
three codes: PCG (Polycrystalline Graphite), PG (Pyrolytic Graphite) and.
HOPG (Highly Oriented Pyrolytic Graphite). Each code includes two main
subroutines, namely SATR and SCOH.
The schematic diagram of the computer package GRAPHITE for graphite
cross-section calculation is presented in flowchart 1.

Flowchart.1 Schematic diagram of Computer package GRAPHITE

135
Appendix

SATR Subroutine

The SATR is used to calculate the σtds term as a function of neutron
wavelengths in the range from 0.001nm up to 1.4nm with steps of 0.001nm.
The equations and input graphite physical parameters used for calculation are
taken the same in the three codes. Where the multi-phonon cross section term
was calculated using Freund's formula and Cassels's one each in its given
energy range.
While, the single phonon term was calculate as given by Freund [6] for θD/T
<6 and for θD/T>6 the Bernoulli series is replaced by a T-7/2 law and a term of
(T/θD)-2.25 accounting for low energy excitations occurring in µeV region is
added. The Flowchart2 displays the main functions of SATA Subroutine.
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SCOH Subroutine

At each neutron wavelength the contribution of Bragg scattering
cross- section to the total cross-section σ Bragg was calculated. Since σ Bragg
depends upon the crystalline form of graphite crystals, their mosaic spread
and orientation with respect to the incident neutron beam, therefore PCG, PG
and HOPG codes were developed for polycrystalline, PG at

ψ =0 and

HOPG at different angles ψ respectively.
However, at each wavelength step within the wavelength band of SATR
subroutine, the structure factors for all (hkl) planes from (-15,-15,-15) to
(+15,+15,+15) for the hexagonal closed packed graphite structure with four
atoms were calculated the same in the three codes.
For each plane with non-zero structure factor the interplaner distances dhkl
were calculated. While, for calculation of Bragg scattering cross section

σ Bragg as function of neutron wavelength each code has its own SCOH
subroutine.
SCOH Subroutine in PCG code

The contribution of Bragg scattering σBragg to the total cross section
taking into account the resulting reflection from different (hkl) planes, which
are able of giving the Bragg reflection for the neutron wavelength λ, was
calculated. In case of polycrystalline material the reflections are from all
planes having spacing dhkl ≥ λ/2.
The main functions of
Flowchart 3.

SCOH subroutine in PCG code is given in
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Nc λ2
2
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2
hkl

d hkl e − 2 w

d hkl ≥ λ/ 2

TBragg = exp(− Nσ t )

Flowchart .3 Subroutine SCOH of PCG Polycrystalline Graphite

SCOH Subroutine in PG code
When a PG plate is oriented with the c-direction parallel to the incident
neutron beam, a strong attenuation due to coherent elastic scattering by the
(hkl) planes will occur if neutron wavelength satisfies the Bragg condition λ
=2 dhkl sin θhkl .The main functions of SCOH subroutine PG code are given in
flow chart 4.
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Flowchart .4 Subroutine SCOH of PG Code at ψ =0

SCOH Subroutine in HOPG
When a PG plate is oriented with the c-direction parallel to the incident
neutron beam, a strong attenuation due to coherent elastic scattering by the

(hkl )

planes will occur if the neutron wavelength satisfies the Bragg

condition: λ = 2d hkl sin θ hkl .
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If this angle is denoted by ψ , and if the mosaic spread is negligible in
comparison with ψ , the lattice planes (hkl ) will scatter neutrons as given in
Equations(4-3),(4-5) and (4-6). The main functions of SCOH subroutine in
HOPG are given in Flowchart 5.
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A computer code Mono-PG has been developed to carry out the
calculation of distribution of

θ
P00
l and of the reflected intensity Iref as a

function of neutron wavelength, mosaic spread, setting glancing angle,
thickness of PG crystal and reactor moderating temperature T. The flowchart
of the computer code Mono-PG is displayed in Flowchart (6).

Flowchart 6 Computer code Mono-PG.
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Appendix II

CFE - Code
Polycrstalline

Single crystal Monochromator
Single crystal Filter

PFEF-Code

SFEF-Code

Bragg cross-section
Subroutine SCOH of

Bragg cross-section
Subroutine SCOH of

PFEF

SFEF

Subroutine SATR
absorption cross-section and thermal diffuse
cross-section

Subrotine
Resolution Effect

Subrotine
Thermal Reactor Flux

Write Data

SFEM-Code

Bragg cross-section
Subroutine SCOH of

SFEM
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Bragg cross-section Subroutine
SCOH of PFEF

λ min , λ max , δλ , ∆ λ ,
C 2 ,σ

, C , A, N o ,
bat 1
hc , k c , l c ,ψ ,η
call Bragg

Fhkl , d hkl , γ hkl ,α hkl
λ f 2d

λhkl = 2d hkl Sinθ hkl

σ Bragg

N c λ2 ρ −
=
M hkl Fhkl d hkl e −2 w
∑
2 ρ d hkl ≥λ 2

TBragg = exp(− Nσ t )

σ =σabs +σtds +σBragg
write λ , E.σ , Tn

σa
σ tds
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Bragg cross-section Subroutine
SCOH of SFEF

λmin , λmax , δλ , ∆λ ,
C2 , σ bat , C1 , A, N o ,
hc , kc , lc ,ψ ,η

σa
σ tds

call Bragg

Fhkl , d hkl , γ hkl ,α hkl

0 ≤ α hkl ≤

π
2

π
≤ α hkl ≤ π
2

π
π
2α hkl − ≤ ψ ≤
2
2

No

No

π
3π
− ≤ ψ ≤ 2α hkl −
2
2

Phklθ d∆ = χ f Sinh( Aa)e − A(1+ a ) d∆
Yes

Phklθ d∆ =

χ f ad∆
1

1 + a + (1 + 2a) 2 coth[ A(1 − 2a)

Tn = ∏ (1 − Phklθ )

σ Bragg =

1 1
ln 
Nx  Tn 

σ =σabs +σtds +σBragg

write λ , E.σ , Tn

Yes
1

2
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Bragg cross-section Subroutine
SCOH of SFEM

λmin , λmax , δλ , ∆λ ,
C2 , σ bat , C1 , A, N o ,
hc , k c , lc ,ψ ,η
call Bragg

Fhkl , d hkl , γ hkl ,α hkl
α hkl = π

Yes

No

Φ (λ )

α hkl = 0.0

α hkl ≠ π

Yes

No

Yes
End

θ
Phkl
d∆ =

χ f ad∆
1 + a + (1 + 2a )

1

2

coth[ A(1 − 2a )

θ
I Re f = Φ (λ ) ∗ Phkl

write λ , E.σ , Phkl

1

2

Conclusion
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Conclusion
1) The general additive formula presented in this thesis permits to calculate
the contribution of the total neutron cross-section including the Bragg
scattering from different (hkl ) planes to the neutron transmission through
crystalline iron or graphite. The formula takes into account their
crystalline form of poly, single or pyrolytic (PG) crystals and their
physical and nuclear parameters
2) A computer CFe program was developed in order to provide the required
calculations for both poly- and single- crystalline iron. The validity of the
CFe program was approved from the comparison of the calculated iron
cross-section data with the available experimental ones. The CFe program
was also adapted to calculate the reflectivity from iron single crystal
when it used as a neutron monochromator.
3)

The computer package GRAPHITE, recently developed in our
laboratory, has been used in order to provide the required calculations of
the total cross section and transmission of neutrons in energy range from
0.1meV to 10eV through poly-crystalline or pyrolytic graphite. A MonoPG code was added to the computer package GRAPHITE in order to
calculate the reflectivity from PG crystal when it used as a neutron
monochromator

4) The validity for application of computer package GRAPHITE in crosssection calculations were approved from the agreement between the
calculated neutron transmissions values through polycrystalline and
pyrolytic graphite crystal with the available experimental data.
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5) The feasibility of using of poly-crystalline iron and graphite as efficient
selective cold neutron filter is justified.
6) Calculation shows that, 4cm thick polycrystalline Fe cooled at liquid
nitrogen at wavelengths λ ≥ 0.4nm transmits only 24% of the incident
cold neutron beam. However polycrystalline iron could be more
preferable than 20cm of Be, as a cold neutron filter when the intensity of
the γ-rays accompanying the neutron beam is relatively high. .
7) 7.5cm thick polycrystalline graphite cooled to 77K transmits about 75%
of the incident cold neutron and rejects more than 98% of neutrons with
shorter wavelengths. However, its use is limited for cold neutrons with
wavelengths longer than 0.67 nm.
8) It was shown that, the optimum FWHM on mosaic spread of PG when it
used as a neutron monochromator is 0.30, resolution ( ∆λ λ p 3% ) and
thickness from 2 to 5 mm. However, its integrated reflectivity of 1st order
monochromatic neutrons with wavelengths λ≥0.267 nm is even less than
the 2nd or the 3rd orders ones, when the incident neutrons on PG crystal
has a thermal distribution with neutron gas temperature 300K.
9) The use of PG crystal as second-order filter was found to be highly
efficient within the neutron wavelength intervals between 0.112nm
and 0.425nm . The width of these favorable intervals and the filtering
factors within them were found to depend upon the mosaic spread and,
thickness of the PG crystal.
10) It was shown that, a less oriented and thinner PG crystals within the
favorable intervals can be used at wavelengths corresponding to the
positions of double and triple boundary crossings of the curves (hkl).
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11) The result of such calculation is used to design a double PG crystal
neutron diffractometer. The suggested design can be used to select from
thermal reactor beam monochromatic neutrons with wavelengths longer
than 0.266nm and almost free from higher order contaminations.
12) Iron single crystal would seem to be the worst choice as a whole thermal
neutron filter than Be, Si or sapphire ones, since it has the biggest ratio of
the absorption to total cross –section to absorption one, rather than the
others. However it is, in some cases, the most promising especially when
thermal reactor neutrons are accompanying with high γ-rays.
13) It was found that, the preferable cutting planes of iron single crystals,
when it used as a whole thermal neutron filter, are along (110) direction.
While 2 cm thick - Iron single crystal, cut along (110) and with a FWHM
on a mosaic spread of 1o, is a good thermal neutron filter specially when
the neutron beam is accompanying with high intensity gamma rays.
14) Calculation

shows

that

integrated

intensity

of

the

reflected

monochromatic beam from 8mm iron single crystal cut along (110) plane
(FWHM on mosaic spread 0.5o ) set at glancing angle 41.2o is half that
from 2mm thick PG crystal (0.3o)set at glancing angle 23.45o at the same
contaminations factors of the higher order reflections. The final choice
depends upon the availability of such crystal and its price.
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Arabic Summary

أ
Arabic Summary

اﻟﻤﻠﺨﺺ اﻟﻌﺮﺑﻲ
اﻟﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ ﺗﻌﺘﺒ ﺮ ﻣ ﻦ أه ﻢ اﻟﻤﺠ ﺴﺎت اﻟﺘ ﻰ ﺗ ﺴﺘﺨﺪم ﻓ ﻰ ﻣﺠ ﺎﻻت آﺜﻴ ﺮة ﻟﺪراﺳ ﺔ
ﺗﺮآﻴ ﺐ ودﻳﻨﺎﻣﻴﻜ ﺎ اﻟﻤ ﻮاد اﻟ ﺼﻠﺒﺔ واﻟ ﺴﺎﺋﻠﺔ ﺡﻴ ﺚ أن ﻃﻮﻟﻬ ﺎ اﻟﻤ ﻮﺝﻰ ﻓ ﻰ ﻧﻔ ﺲ ﺗﺒﺎﻋ ﺪ اﻟﻤ ﺴﺎﻓﺎت ﺏ ﻴﻦ
ﻣ ﺴﺘﻮﻳﺎت اﻟﻤ ﻮاد اﻟ ﺼﻠﺒﺔ آﻤ ﺎ أن ﻃﺎﻗﺘﻬ ﺎ ﻣﺘﻘﺎرﺏ ﺔ ﻣ ﻊ ﻃﺎﻗ ﺎت اﻟﺘﺒ ﺎدل اﻟﻔﻮﻧ ﻮﻧﻰ ﺏ ﻴﻦ ﻣ ﺴﺘﻮﻳﺎت اﻟﻄﺎﻗ ﺔ
ﻟﻠﻤﻮاد اﻟﺼﻠﺒﺔ واﻟﺴﺎﺋﻠﺔ وﻳﻀﺎف إﻟﻰ ذﻟﻚ ﻗﺪرة اﺥﺘﺮاﻗﻬﺎ اﻟﺘﻰ ﺗﻔﻮق أﺷﻌﺔ اآﺲ وﺡﺴﺎﺳﻴﺘﻬﺎ اﻟﻔﺎﺋﻘﺔ ﻟ ﻴﺲ
ﻓﻘﻂ ﻟﻠﻌﻨﺎﺹﺮ اﻟﻤﺨﺘﻠﻔﺔ وﻟﻜﻦ أﻳﻀﺎ إﻟ ﻰ ﻧﻈ ﺎﺋﺮ اﻟﻌﻨ ﺼﺮ اﻟﻮاﺡ ﺪ وﺗﺘ ﺴﻊ ﻣﺠ ﺎﻻت اﺳ ﺘﺨﺪام اﻟﻨﻴﻮﺗﺮوﻧ ﺎت
ﻧﻈ ﺮا ﻟﻮﺝ ﻮد ﻋ ﺰم ﻣﻐﺰﻟ ﻰ ﻟﻠﻨﻴ ﻮﺗﺮون واﻟﺘ ﻰ ﺗﺠﻌﻠ ﻪ وﺳ ﻴﻠﺔ هﺎﻣ ﺔ ﻟﺪراﺳ ﺔ اﻟﺘﺮآﻴﺒ ﺎت اﻟﻤﻐﻨﺎﻃﻴ ﺴﻴﺔ
ﻟﻠﻤﺮآﺒﺎت.
وه ﺬﻩ اﻟﺪراﺳ ﺎت ﺗﺤﺘ ﺎج إﻟ ﻰ ﻓ ﻴﺾ ﻧﻴ ﻮﺗﺮوﻧﻰ ﺡ ﺮارى ﻋ ﺎﻟﻰ اﻟﻜﺜﺎﻓ ﺔ .وﺗﻌﺘﺒ ﺮ ﻣﻔ ﺎﻋﻼت
اﻻﻧﺸﻄﺎر اﻟﻨﻮوى واﻟﻔﻀﻔﻀﺔ ﻣﻦ أهﻢ ﻣﺼﺎدر اﻟﺤﺼﻮل ﻋﻠﻰ ﻓ ﻴﺾ ﻋ ﺎﻟﻰ ﻣ ﻦ اﻟﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ
وﻟﻜﻦ هﺬا اﻟﻔﻴﺾ ﻳﺼﺎﺡﺒﻪ ﻓﻴﺾ ﻋﺎﻟﻰ أﻳﻀﺎ ﻣﻦ اﻟﻨﻴﻮﺗﺮوﻧﺎت اﻟﺴﺮﻳﻌﺔ وأﺷﻌﺔ ﺝﺎﻣﺎ .واﻟﺘ ﻰ ﺗﻌﺘﺒ ﺮ ﻋﻨ ﺪ
إﺝ ﺮاء ﺗﺠ ﺎرب اﺳ ﺘﺨﺪام اﻟﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ ﺥﻠﻔﻴ ﺔ ﻋﺎﻟﻴ ﺔ ﺗﻌ ﻮق إﺝ ﺮاء ﻣﺜ ﻞ ه ﺬﻩ اﻟﺘﺠ ﺎرب وﻟ ﺬﻟﻚ
ﻳﺘﻄﻠ ﺐ اﺳ ﺘﺨﺪام ﻣﺮﺷ ﺤﺎت ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ .وهﻨ ﺎك ﻧﻮﻋ ﺎن ﻣ ﻦ اﻟﻤﺮﺷ ﺤﺎت ﻃﺒﻘ ﺎ ﻟﻈ ﺮوف
اﻟﺘﺠﺮﺏﺔ وهﻰ:
أ .ﻡﺮﺷﺢ ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳﺔ اﻟﻤﺨﺘﺎرة
ﻓﻌﻨ ﺪ ﺳ ﻘﻮط ﻓ ﻴﺾ ﻧﻴ ﻮﺗﺮوﻧﻰ ﻣ ﻦ اﻟﻤﻔﺎﻋ ﻞ ﻋﻠ ﻰ ﺏﻠﻠ ﻮرة أﺡﺎدﻳ ﺔ ﻓﺈﻧ ﻪ ﻃﺒﻘ ﺎ ﻟﻨ ﻮع اﻟﺒﻠﻠ ﻮرة
وﻣﺴﺘﻮى اﻟﻘﻄﻊ وزاوﻳﺔ ﺳﻘﻮط اﻟﻔﻴﺾ اﻟﻨﻴﻮﺗﺮوﻧﻰ ﻳﻨﻌﻜﺲ ﻣﻨﻬﺎ ﻟﻴﺲ ﻓﻘﻂ اﻟﻨﻴﻮﺗﺮوﻧ ﺎت ﺏﻜﻤﻴ ﺔ ﺡﺮآ ﺔ k
وﻟﻜﻦ أﻳﻀﺎ اﻟﻨﻴﻮﺗﺮوﻧﺎت ﻣﻦ اﻟﺮﺗﺒﺔ اﻷﻋﻠﻰ ذات آﻤﻴﺔ اﻟﺤﺮآﺔ ……  2k, 3k,ﺏﺎﺡﺘﻤﺎل ﻳﻌﺘﻤﺪ ﻋﻠﻰ
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Arabic Summary
ﻣﻌﺎﻣﻞ اﻟﺘﺮآﻴﺐ  Structure factorﻟﻬﺬﻩ اﻻﻧﻌﻜﺎﺳﺎت ﻟﺬﻟﻚ ﻓﺈن هﺬا اﻟﻨﻮع ﻣ ﻦ اﻟﻤﺮﺷ ﺤﺎت ﻳ ﺴﺘﺨﺪم
ﻹﺏﻌﺎد اﻟﺮﺗﺒﺔ اﻟﺜﺎﻧﻴﺔ واﻟﺮﺗﺐ اﻷﻋﻠﻰ ﻣﻦ اﻻﻧﻌﻜﺎﺳﺎت.
ﻳﻮﺝ ﺪ اﻟﻌﺪﻳ ﺪ ﻣ ﻦ ﻣﺮﺷ ﺤﺎت اﻟﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ اﻟﻤﺨﺘ ﺎرة اﻟﺘ ﻰ ﺗ ﺴﺘﺨﺪم وﻣﻨﻬ ﺎ :ﻋﺪﻳ ﺪ
اﻟﺒﻠﻠ ﻮرات واﻟﻘﻮاﻃ ﻊ اﻟﻤﻴﻜﺎﻧﻴﻜﻴ ﺔ اﻟ ﺪوارﻩ وﻣﺮﺷ ﺤﺎت اﻟ ﺮﻧﻴﻦ وﻣﺮﺷ ﺤﺎت أﺡ ﺎدى اﻟﺒﻠﻠ ﻮرة .وﻳﻌﺘﺒ ﺮ
ﻣﺮﺷ ﺤﺎت ﻋﺪﻳ ﺪ اﻟﺒﻠﻠ ﻮرات وأﺡ ﺎدى اﻟﺒﻠﻠ ﻮرة ﻣ ﻦ اﻟﺠﺮاﻓﻴ ﺖ ﻣ ﻦ أآﺜ ﺮ اﻟﻤﺮﺷ ﺤﺎت اﺳ ﺘﺨﺪاﻣﺎ ﻋﻤﻠﻴ ﺎ
وأآﺜﺮه ﺎ آﻔ ﺎءﻩ  .ﻷﻧ ﻪ ﻳﻤﻜ ﻦ ﺏ ﺴﻬﻮﻟﺔ اﻟﺤ ﺼﻮل ﻋﻠﻴﻬ ﺎ وﺗﻌﻄ ﻰ ﻧﻔﺎذﻳ ﺔ ﻋﺎﻟﻴ ﺔ ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت ذات اﻟﻄ ﻮل
اﻟﻤﻮﺝﻰ اﻟﻤﺨﺘﺎر.
ب .ﻡﺮﺷﺢ آﻠﻰ ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳﺔ
اﻟﻔﻴﺾ اﻟﻨﻴﻮﺗﺮوﻧﻰ اﻟﺨﺎرج ﻣﻦ اﻟﻤﻬﺪىء ﻓﻰ اﻟﻤﻔﺎﻋﻞ ﺗﺼﺎﺡﺒﻪ ﻋﺎدة اﺷ ﻌﺎﻋﺎت ﻏﻴ ﺮ ﻣﺮﻏﻮﺏ ﺔ
ﻣﺜﻞ اﻟﻨﻴﻮﺗﺮوﻧ ﺎت اﻟ ﺴﺮﻳﻌﺔ وأﺷ ﻌﺔ ﺝﺎﻣ ﺎ وأن ﺗﺄﺙﻴﺮه ﺎ ه ﻮ زﻳ ﺎدة اﻟﺨﻠﻔﻴ ﺔ ﻟﻠﺘﺠ ﺎرب ﺏﺎﻻﺽ ﺎﻓﺔ ﻟﻸﺥﻄ ﺎر
اﻟﺒﻴﻮﻟﻮﺝﻴﺔ ﻟﺮﻓﻊ اﻟﻤﺴﺘﻮى اﻷﺷﻌﺎﻋﻰ .ﻟﺬﻟﻚ ﻓﺄن ﻣﺜﻞ هﺬا اﻟﻨﻮع ﻣ ﻦ اﻟﻤﺮﺷ ﺤﺎت ﻳﻌﺘﺒ ﺮ ه ﺎم ﻟﺮﻓ ﻊ آﻔ ﺎءة
إﺝﺮاء اﻟﺘﺠﺎرب ﺏﺨﻠﻔﻴﺔ ﺹﻐﻴﺮة .وﻣﻦ أﻣﺜﻠﺔ ه ﺬا اﻟﻨ ﻮع اﻷﻧﺎﺏﻴ ﺐ اﻟﻤﻨﺤﻨﻴ ﺔ ﻟﺘﻮﺝﻴ ﻪ اﻟﻨﻴﻮﺗﺮوﻧ ﺎت وﺗﻌﻤ ﻞ
ﻋﻠﻰ اﻧﻌﻜ ﺎس آﻠ ﻰ ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ ﻣ ﻦ ﻣﺮاﻳ ﺎ ﻣﻐﻄ ﺎﻩ ﺏﺎﻟﻨﻴﻜ ﻞ . 58 -ﻋ ﺎدة ه ﺬﻩ اﻟﻤﺮاﻳ ﺎ ﺏﺎهﻈ ﺔ
اﻟﺜﻤﻦ وﺗﺤﺘﺎج إﻟﻰ ﺹﻴﺎﻧﺔ وﻟﻬﺬا اﺳﺘﺨﺪاﻣﻬﺎ ﻣﺤﺪود.
ﻓ ﻰ اﻷوﻧ ﺔ اﻷﺥﻴ ﺮة آﺜ ﺮ ﺏﻨﺠ ﺎح اﺳ ﺘﺨﺪام اﻟﺒﻠﻠ ﻮرات اﻷﺡﺎدﻳ ﺔ آﻤﺮﺷ ﺢ آﻠ ﻰ ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت
اﻟﺤﺮارﻳﺔ .وﻟﻜﻦ ﻣ ﻦ أه ﻢ ﺥ ﻮاص ه ﺬﻩ اﻟﺒﻠﻠ ﻮرات ﻟ ﻴﺲ ﻓﻘ ﻂ أن ﻳﻜ ﻮن ﻣﻘﻄ ﻊ اﻻﻣﺘ ﺼﺎص ﺹ ﻐﻴﺮ وأن
ﻳﻜﻮن ﻣﻘﻄﻊ اﻟﺘﺸﺘﺖ آﺒﻴﺮ وﻟﻜﻦ أن ﺗﻜﻮن اﻟﺒﻠﻠﻮرة ﺗﺎﻣ ﺔ اﻟﺘﺮآﻴ ﺐ ) (perfectوﻋﻠ ﻰ درﺝ ﺔ ﻋﺎﻟﻴ ﺔ ﻣ ﻦ
اﻟﻨﻘﺎوة وﻟﻬﺬا ﺗﺠﻌﻠﻬﺎ ﺏﺎهﻈ ﺔ اﻟ ﺜﻤﻦ إن وﺝ ﺪت .وﻟﻜ ﻦ ﻣ ﻊ أن ﺥ ﻮاص وﺏ ﺎراﻣﺘﺮات اﻟﺒﻠﻠ ﻮرات اﻷﺡﺎدﻳ ﺔ
ﻟﻠﺤﺪﻳﺪ ﻟﻴﺴﺖ ﻣﻦ أﻓﻀﻞ اﻟﻤﺮﺷﺤﺎت اﻟﻜﻠﻰ ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳ ﺔ ﻧﻈ ﺮا ﻻن ﻗﻴﻤ ﺔ ﻣﻘﻄﻌ ﻪ اﻟﻤ ﺴﺘﻌﺮض
ﻻﻣﺘﺼﺎص اﻟﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳﺔ ﻋﺎﻟﻰ اﻻ اﻧﻪ ﻳﻤﺘﺎز ﺏﻜﻔﺎﺋﺔ ﻋﺎﻟﻴ ﺔ ﻻﻣﺘ ﺼﺎص اﺷ ﻌﺔ ﺝﺎﻣ ﺎ اﻟﻤ ﺼﺎﺡﺒﻪ
ﻟﻠﻘﻴﺾ اﻟﻨﻴﻮﺗﺮوﻧﻰ.

ﻟﺬﻟﻚ ﺗﺘﻀﻤﻦ اﻟﺮﺳﺎﻟﺔ ﺗﺤﻘﻴﻖ هﺪﻓﻴﻦ أﺳـﺎﺳـﻴﻦ:
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Arabic Summary
اﻟﻬﺪف اﻷول هﻮ دراﺳﺔ ﻧﻔﺎذﻳﺔ واﻧﻌﻜﺎس اﻟﻨﻴﻮﺗﺮوﻧﺎت ﺥﻼل اﻟﺠﺮاﻓﻴ ﺖ اﻟﺒﻠﻠ ﻮري ﻓ ﻰ ﺹ ﻮرة
ﻋﺪﻳ ﺪ ﺏﻠﻠ ﻮرات و آﻬﺮوﺡ ﺮارى ﻣﻨ ﺘﻈﻢ ﻓ ﻰ اﺗﺠ ﺎﻩ اﻟﻤﺤ ﻮر اﻟﺮأﺳ ﻰ ) (c-axisﺡﻴ ﺚ أن ﺏ ﺎراﻣﺘﺮات
اﻟﺠﺮاﻓﻴﺖ ﻋﺪﻳﺪ اﻟﺒﻠﻠﻮرات ﺗﺆهﻠﻪ آﻤﺮﺷ ﺢ ﻓﻌ ﺎل ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ اﻟﻤﺨﺘ ﺎرة ذات اﻟﻄ ﻮل اﻟﻤ ﻮﺝﻰ
أآﺒﺮ ﻣﻦ  0.67ﻧﺎﻧﻮﻣﺘﺮ )ﻣﺮﺷﺢ ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﺒﺎردة( ﻓ ﻰ ﺡ ﻴﻦ أن اﻟﺠﺮاﻓﻴ ﺖ اﻟﻜﻬﺮوﺡ ﺮارى ﻳ ﺼﻠﺢ
آﻤﺮﺷﺢ ﻓﻌﺎل ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﻤﺨﺘﺎرة ﻓﻰ ﻣﺪى ﻓﺘﺮات ﻣﺤﺪدة ﻟﻠﻄﻮل اﻟﻤﻮﺝﻰ و ذﻟﻚ ﺏﺘﻐﻴﺮ زواﻳ ﺎ ﺳ ﻘﻮط
اﻟﺴﻴﺎل اﻟﻨﻴﻮﺗﺮوﻧﻰ ﺏﺎﻟﻨﺴﺒﺔ ﻟﻠﻤﺤﻮر اﻟﺮاﺳﻰ واﻳﻀﺎ ﻋﻨﺪ ﻧﻘﻂ ﺗﻘﺎﻃﻊ ﻣﺴﺘﻮاﻳﺎت اﻻﻧﻌﻜ ﺎس .و ﻣ ﻦ دراﺳ ﺔ
ﺥ ﻮاص اﻻﻧﻌﻜ ﺎس ﻣ ﻦ اﻟﻤ ﺴﺘﻮى ) ( 002اﻣﻜ ﻦ ﺗ ﺼﻤﻴﻢ ﺝﻬ ﺎز ﺡﻴ ﻮد ﻧﻴ ﻮﺗﺮوﻧﻰ ﻣ ﻦ ﺏﻠﻠ ﻮرﺗﻴﻦ ﻣ ﻦ
اﻟﺠﺮاﻓﻴﺖ اﻟﻜﻬﺮوﺡﺮارى .ﺡﻴﺚ ﺗﻌﻜﺲ اﻟﺒﻠﻠﻮرة اﻻوﻟﻰ ﻋﻨ ﺪ زاوﻳ ﺔ ﺳ ﻘﻮط ﻣﺤ ﺪدة ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﺡﺎدﻳ ﺔ
اﻟﻄ ﻮل اﻟﻤ ﻮﺝﻰ ذات اﻟﺮﺗﺒ ﺔ اﻻوﻟ ﻰ ﻣﺮاﻓﻘ ﺔ ﺏﺎﻟﺮﺗ ﺐ اﻻﻋﻠ ﻰ .اﻣ ﺎ اﻟﺒﻠﻠ ﻮرة اﻟﺜﺎﻧﻴ ﺔ ﺗﻌﻤ ﻞ آﻤﺮﺷ ﺢ
ﻟﻨﻴﻮﺗﺮوﻧﺎت اﻟﺮﺗﺐ اﻻﻋﻠﻰ ﻓﻰ ﺡﻴﻦ ﺗﺴﻤﺢ ﺏﻤﺮور اﻟﺮﺗﺒﺔ اﻻوﻟﻰ ﺏﺪون ﺗﻮهﻴﻦ ﻣﺆﺙﺮ.
أﻣﺎ اﻟﻬﺪف اﻟﺜﺎﻧﻲ هﻮ دراﺳﺔ اﺳﺘﺨﺪام ﻋﺪﻳﺪ اﻟﺒﻠﻠ ﻮرات و اﻟﺒﻠﻮرةاﻷﺡﺎدﻳ ﺔ ﻣ ﻦ اﻟﺤﺪﻳ ﺪ آﻤﺮﺷ ﺢ
ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت .ﺡﻴﺚ ان ﻋﺪﻳﺪ اﻟﺒﻠﻠﻮرات ﻳﻤﻜﻦ اﺳﺘﺨﺪاﻣﺔ ﺏﻜﻔﺎﺋﺔ آﻤﺮﺷﺢ ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت ذات ﻃ ﻮل ﻣ ﻮﺝﻰ
اآﺒﺮ ﻣﻦ  0.4ﻧﺎﻧﻮﻣﺘﺮ وذﻟﻚ ﻟﻜﻔﺎﺋ ﺔ اﻟﺤﺪﻳ ﺪ ﻓ ﻰ ﺗ ﻮهﻴﻦ اﺷ ﻌﺔ ﺝﺎﻣ ﺎ اﻟﻤ ﺼﺎﺡﺒﺔ ﻟﻠﻔ ﻴﺾ اﻟﻨﻴ ﻮﺗﺮوﻧﻰ اﻣ ﺎ
ﺏﻠﻠﻮرة اﻟﺤﺪﻳ ﺪ اﻻﺡﺎدﻳ ﺔ آﻤﺮﺷ ﺢ آﻠ ﻰ ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ ﻣ ﻊ اﺳ ﺘﻨﺒﺎط أﻣﺜ ﻞ ﺏ ﺎراﻣﺘﺮات اﻟﺒﻠﻠ ﻮرة )
ﺳﻤﻚ اﻟﺒﻠﻠﻮرة  -اﻟﺘﻮزﻳﻊ اﻟﻔﺴﻴﻔﺴﺎﺋﻰ – ﻣﺴﺘﻮى اﻟﻘﻄﻊ – زاوﻳﺔ ﺳﻘﻮط اﻟﺴﻴﺎل اﻟﻨﻴﻮﺗﺮوﻧﻰ ﻋﻠﻰ ﻣ ﺴﺘﻮى
اﻟﻘﻄ ﻊ( ﻟﻠﺤ ﺼﻮل ﻋﻠ ﻰ أﻋﻠ ﻰ آﻔ ﺎءة ﺗﺮﺷ ﻴﺢ آﻤ ﺎ ﺗ ﻢ دراﺳ ﺔ اﺳ ﺘﺨﺪام اﻻﻧﻌﻜ ﺎس ﻣ ﻦ اﻟﺒﻠﻠ ﻮرة اﻻﺡﺎدﻳ ﺔ
ﻟﻠﺤﺪﻳﺪ ﻟﻠﺤﺼﻮل ﻋﻠﻰ ﻧﻴﻮﺗﺮوﻧﺎت اﺡﺎدﻳﺔ اﻟﻄﻮل اﻟﻤﻮﺝﻰ ﺏﻜﻔﺎﺋﺔ ﻋﺎﻟﻴﺔ.

وﺗﺤﺘﻮى اﻟﺮﺳﺎﻟﺔ ﻋﻠﻰ ﺥﻤﺴﺔ ﻓﺼﻮل ﺑﺎﻻﺿﺎﻓﺔ إﻟﻰ ﻡﻠﺨﺺ وﻡﻠﺤﻘ ﻴﻦ وﺥﺎﺗﻤ ﺔ
ﻷهﻢ ﻧﺘﺎﺋﺞ اﻟﺮﺳﺎﻟﺔ.
اﻟﻔﺼﻼن اﻻوﻻن :ﻳﺤﺘﻮﻳﺎن ﻋﻠﻰ ﺳﺮد ﻷهﻤﻴﺔ اﻟﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳﺔ وﺗﻄﺒﻴﻘﺎﺗﻬﺎ وﺷﺮح أﺳﺲ
ﻧﻈﺮﻳﺎت ﺗﺸﺘﺖ اﻟﻨﻴﻮﺗﺮوﻧﺎت ﻣﻦ أﻧﻮﻳﺔ اﻟﻤﺎدة اﻟﺼﻠﺒﺔ وﺗﺤﺘﻮى أﻳﻀﺎ ﻋﻠﻰ اﺳﺲ اﻟﻤﻌﺎدﻟﺔ اﻟﺘﺠﻤﻴﻌﻴﺔ اﻟﺘﻲ
ﺗ ﺼﻒ ﺗ ﻮهﻴﻦ اﻟﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺤﺮارﻳ ﺔ ﺥ ﻼل اﻟﻤ ﺎدة اﻟﺒﻠﻠﻮرﻳ ﺔ .وأه ﻢ ﺡ ﺪود ه ﺬﻩ اﻟﻤﻌﺎدﻟ ﺔ ه ﻰ اﻟﺘ ﺸﺘﺖ
اﻟﺤ ﺮارى اﻟﻤﺘﻐﻠﻐ ﻞ وﺗ ﺸﺘﺖ ﺏ ﺮاج ﻣ ﻦ ﻋﺪﻳ ﺪ اﻟﺒﻠﻠ ﻮرات أو اﻟﺒﻠﻠ ﻮرة اﻷﺡﺎدﻳ ﺔ أو اﻟﺒﻠﻠ ﻮرة ذات اﻻﺗﺠ ﺎﻩ
اﻟﻤﻔﻀﻞ .آﻤﺎ ﺗﻌﻄﻰ أﻳﻀﺎ ﺗﺄﺙﻴﺮ ﻃﺮﻳﻘﺔ زﻣﻦ اﻟﻄﻴﺮان ﻋﻠﻰ ﻗﻴﻢ اﻟﻨﻔﺎذﻳ ﺔ اﻟﻨﻴﻮﺗﺮوﻧﻴ ﺔ و اﻟﻘ ﺪرة اﻟﺘﺤﻠﻴﻠﻴ ﺔ

ث
Arabic Summary
ﺥ ﻼل اﻟﻤ ﻮاد اﻟ ﺼﻠﺒﺔ .وﻳ ﺸﺮح أه ﻢ أﺳ ﺲ ﻋﻤ ﻞ رزﻣ ﺔ ﺏ ﺮاﻣﺞ ﺝﺮاﻓﻴ ﺖ و اﻟﺤﺪﻳ ﺪ ﻹﺝ ﺮاء اﻟﺤ ﺴﺎﺏﺎت
اﻟﻤﻄﻠﻮﺏﺔ ﻓﻰ ﻣﺪى ﻃﺎﻗﺔ اﻟﻨﻴﻮﺗﺮون ﻣﻦ  0.1ﻣﻠﻠﻰ إﻟﻜﺘﺮون ﻓﻮﻟﺖ وﺡﺘﻰ  10إﻟﻜﺘﺮون ﻓﻮﻟﺖ
اﻟﻔﺼﻞ اﻟﺜﺎﻟﺚ :ﻳﺤﺘﻮى ﻋﻠﻰ دراﺳﺔ اﺳﺘﺨﺪام ﻋﺪﻳﺪ اﻟﺒﻠﻠ ﻮرات) ﻣ ﺴﺎﺡﻴﻖ( اﻟﺤﺪﻳ ﺪ و اﻟﺠﺮاﻓﻴ ﺖ
آﻤﺮﺷ ﺢ ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﻟﺒ ﺎردة .ﺏﺎﻻﺽ ﺎﻓﺔ اﻟ ﻰ اﻟﺘﺤﻘ ﻖ ﻣ ﻦ دﻗ ﺔ اﻟﺤ ﺴﺎﺏﺎت ﺏﺎﺳ ﺘﺨﺪام اﻻآ ﻮاد ﺏﻤﻘﺎرﻧﺘﻬ ﺎ
ﺏﺎﻟﻘﻴﻢ اﻟﻌﻤﻠﻴﺔ اﻟﻤﺘﺎﺡﺔ.
اﻟﻔ ﺼﻞ اﻟﺮاﺑ ﻊ :ﻳ ﺴﺘﻌﺮض أﺡ ﺪث اﻷﺏﺤ ﺎث اﻟﻤﺘ ﻀﻤﻨﺔ ﺗﻄﺒﻴﻘ ﺎت اﺳ ﺘﺨﺪام اﻟﺠﺮاﻓﻴ ﺖ
اﻟﻜﻬﺮوﺝﺮارى آﻤﺮﺷﺢ ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳﺔ اﻟﻤﺨﺘﺎرة ﻓﻰ ﻣﺪى ﻓﺘﺮات ﻣﺤﺪدة ﻟﻠﻄﻮل اﻟﻤﻮﺝﻰ و ذﻟﻚ
ﺏﺘﻐﻴ ﺮ زواﻳ ﺎ ﺳ ﻘﻮط اﻟ ﺴﻴﺎل اﻟﻨﻴ ﻮﺗﺮوﻧﻰ ﺏﺎﻟﻨ ﺴﺒﺔ ﻟﻠﻤﺤ ﻮر اﻟﺮاﺳ ﻰ واﻳ ﻀﺎ ﻋﻨ ﺪ ﻧﻘ ﻂ ﺗﻘ ﺎﻃﻊ ﻣ ﺴﺘﻮاﻳﺎت
اﻻﻧﻌﻜﺎس .وﻣﻦ دراﺳﺔ ﺥﻮاص اﻻﻧﻌﻜﺎس ﻣﻦ اﻟﻤﺴﺘﻮى ) ( 002اﻣﻜﻦ ﺗﺼﻤﻴﻢ ﺝﻬ ﺎز ﺡﻴ ﻮد ﻧﻴ ﻮﺗﺮوﻧﻰ
ﻣ ﻦ ﺏﻠﻠ ﻮرﺗﻴﻦ ﻣ ﻦ اﻟﺠﺮاﻓﻴ ﺖ اﻟﻜﻬﺮوﺡ ﺮارى .ﺡﻴ ﺚ ﺗﻌﻜ ﺲ اﻟﺒﻠﻠ ﻮرة اﻻوﻟ ﻰ ﻋﻨ ﺪ زاوﻳ ﺔ ﺳ ﻘﻮط ﻣﺤ ﺪدة
ﻟﻠﻨﻴﻮﺗﺮوﻧ ﺎت اﺡﺎدﻳ ﺔ اﻟﻄ ﻮل اﻟﻤ ﻮﺝﻰ ذات اﻟﺮﺗﺒ ﺔ اﻻوﻟ ﻰ ﻣﺮاﻓﻘ ﺔ ﺏﺎﻟﺮﺗ ﺐ اﻻﻋﻠ ﻰ .اﻣ ﺎ اﻟﺒﻠﻠ ﻮرة اﻟﺜﺎﻧﻴ ﺔ
ﺗﻌﻤﻞ آﻤﺮﺷﺢ ﻟﻨﻴﻮﺗﺮوﻧﺎت اﻟﺮﺗﺐ اﻻﻋﻠﻰ ﻓﺤﻴﻦ ﺗﺴﻤﺢ ﺏﻤﺮور اﻟﺮﺗﺒﺔ اﻻوﻟﻰ ﺏﺪون ﺗﻮهﻴﻦ ﻣﺆﺙﺮ.
اﻟﻔﺼﻞ اﻟﺨ ﺎﻡﺲ :ﻳ ﺴﺘﻌﺮض أﺡ ﺪث اﻷﺏﺤ ﺎث اﻟﻤﺘ ﻀﻤﻨﺔ اﺳ ﺘﺨﺪام ﺏﻠﻠ ﻮرات اﺡﺎدﻳ ﺔ آﻤﺮﺷ ﺢ
آﻠﻰ ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت اﻟﺤﺮارﻳﺔ ﻓﻰ ﻋﻼﻗﺔ ﻣﻊ ﺏﺎراﻣﺘﺮات اﻟﺒﻠﻮرة ﻣﻦ ﺡﻴﺚ اﻟﺘﻮزﻳﻊ اﻟﻔﺴﻴﻔﺴﺎﺋﻰ و ﻣ ﺴﺘﻮى
اﻟﻘﻄ ﻊ و ﺳ ﻤﻜﻬﺎ و درﺝ ﺔ اﻟﺤ ﺮارة .آﻤ ﺎ ﺗ ﻢ دراﺳ ﺔ آﻔﺎﺋ ﺔ اﺳ ﺘﺨﺪام ﺏﻠﻠ ﻮرة اﻟﺤﺪﻳ ﺪ اﻻﺡﺎدﻳ ﺔ آﻤﻮﺡ ﺪ
ﻟﻠﻨﻴﻮﺗﺮوﻧﺎت.
وذﻳﻠ ﺖ اﻟﺮﺳ ﺎﻟﺔ ﺏﻌ ﺪد  81ﻣﺮﺝﻌ ﺎ ﻣﻌﻈﻤﻬ ﺎ ﻣ ﻦ اﻟﻤﺮاﺝ ﻊ اﻟﺤﺪﻳﺜ ﺔ آﻤ ﺎ أن أه ﻢ ﻧﺘ ﺎﺋﺞ اﻟﺮﺳ ﺎﻟﺔ
ﻧﺸﺮت ﻓﻰ ﺏﺤﺜﻴﻦ ﻓﻰ دورﻳﺎت ﻣﺘﺨﺼﺼﺔ ﺥﺎرﺝﻴﺔ وﺏﺤﺚ ﻓﻰ ﻣﺆﺗﻤﺮ دوﻟﻰ ﻓ ﻰ اﻟﺨ ﺎرج ﺏﺎﻻﺽ ﺎﻓﺔ اﻟ ﻰ
ﺏﺤﺜﻴﻦ ﻗﺒﻼ ﻟﻼﻟﻘﺎء ﺽﻤﻦ اﻋﻤﺎل اﻟﻤﺆﺗﻤﺮ اﻟﺜﺎﻣﻦ ﻟﻠﻔﻴﺰﻳ ﺎء اﻟﻨﻮوﻳ ﺔ و اﻟﺠ ﺴﻴﻤﻴﺔ ﺏﺎﻟﻤﻨﻴ ﺎ ﻧ ﻮﻓﻤﺒﺮ . 2011

ﺧﻄﺔ اﻟﺒﺤﺚ اﻟﺨﺎﺻﺔ ﺑﺎﻟﻄﺎﻟﺒﻪ /ﻣﺮﻓﺖ ﺳﻌﻴﺪ اﻟﻤﺴﻴﺮى ﻟﻠﺤﺼﻮل ﻋﻠﻰ درﺟﺔ اﻟﺪآﺘﻮراﻩ ﻓﻰ ﻓﻠﺴﻔﺔ اﻟﻌﻠﻮم
ﺗﺤﺖ ﻋﻨﻮان

اﻟﻨﻔﺎذیﺔ اﻟﻨﻴﻮﺕﺮوﻧﻴﺔ ﺧﻼل اﻟﻤﻮاد اﻟﺒﻠﻠﻮریﺔ
ﻟﺘﺤﻘﻴﻖ اهﺪاف رﺳﺎﻟﺔ اﻟﺪآﺘﻮراﻩ ﺗﺘﻀﻤﻦ ﺧﻄﺔ اﻟﺒﺤﺚ اﻟﺨﻄﻮات اﻟﺘﺎﻟﻴﺔ:
 -1وﺽﻊ ﻡﻌﺎدﻟﺔ ریﺎﺽﻴﺔ ﺗﺼﻒ اﻟﻤﻘﻄﻊ اﻟﻨﻴﻮﺗﺮوﻥﻰ اﻟﻜﻠﻰ ﻟﻠﻤﻮاد اﻟﺒﻠﻠﻮریﺔ ﻓﻰ ﻋﻼﻗﺔ ﻡﻊ ﻃﺎﻗﺔ اﻟﻨﻴﻮﺗﺮون ﻓﻰ اﻟﻤﺪى ﻡ ﻦ 1
ﻡﻠﻠﻰ اﻟﻜﺘﺮون ﻓﻮﻟﺖ ﺡﺘﻰ  10اﻟﻜﺘﺮون ﻓﻮﻟﺖ وﻡﻦ اﻟﻤﻌﺎدﻟﺔ یﻤﻜﻦ ﺡﺴﺎب ﻗﻴﻢ ﻡﻘﺎﻃﻊ اﻻﻡﺘﺼﺎص واﻟﺘﻐﻠﻐﻞ وﺗﺸﺘﺖ ﺏﺮاج
ﻡﻦ اﻟﻤﺴﺘﻮیﺎت اﻟﻤﺨﺘﻠﻔﺔ ) (hklﻟﻠﺒﻠﻮرة وﺗﺄﺛﻴﺮهﺎ ﻋﻠ ﻰ اﻟﻨﻔﺎذی ﺔ اﻟﻨﻴﻮﺗﺮوﻥﻴ ﺔ ﺧ ﻼل ﺳ ﻤﻚ اﻟﻌﻴﻨ ﺔ اﻟﺒﻠﻠﻮری ﺔ ه ﺬا واﻟﻤﻌﺎدﻟ ﺔ
ﺗﺄﺧﺬ ﻓﻰ اﻹﻋﺘﺒﺎر اﻟﺘﺮآﻴﺐ اﻟﺒﻠﻠﻮرى ﻟﻠﻤﺎدة وﺗﻜﻮیﻨﻬﺎ ﻡﻦ ﺡﻴﺚ ﻋﺪیﺪ ﺏﻠﻠﻮرات )ﻡﺴﺤﻮق( أو اﺡﺎدیﺔ اﻟﺒﻠﻮریﺔ.
 -2ﺗﺼﻤﻴﻢ ﺏﺮاﻡﺞ ﻋﻠﻰ اﻟﺤﺎﺳﺐ اﻻﻟ ﻰ ﻹﺟ ﺮاء اﻟﺤ ﺴﺎﺏﺎت اﻟﻤﻄﻠﻮﺏ ﺔ ﻓ ﻰ ﻡ ﺪى اﻟﻄﺎﻗ ﺔ ﻡ ﻦ 1ﻡﻠﻠ ﻰ اﻟﻜﺘ ﺮون ﻓﻮﻟ ﺖ ﺡﺘ ﻰ 10
اﻟﻜﺘ ﺮون ﻓﻮﻟ ﺖ .ﻓ ﻰ ه ﺬة اﻟﺮﺳ ﺎﻟﺔ ﺳ ﻴﺘﻢ ﺗ ﺼﻤﻴﻢ ﺛ ﻼث ﺏ ﺮاﻡﺞ رﺋﻴ ﺴﻴﺔ ه ﻰ اﻟﺒﺮﻥ ﺎﻡﺞ  PCﻟﻌﺪی ﺪ اﻟﺒﻠﻠ ﻮرات )ﻡ ﺴﺤﻮق(
واﻟﺒﺮﻥﺎﻡﺞ  PGﻟﻠﺠﺮاﻓﻴﺖ اﻟﻜﻬﺮوﺡﺮارى واﻟﺒﺮﻥﺎﻡﺞ  SCﻟﻠﻤﻮاد اﺡﺎدیﺔ اﻟﺒﻠﻠﻮرة هﺬا وﺳﻴﺘﻢ اﺳ ﺘﺨﺪام اﻟﻜ ﻮد  SCﻹﺟ ﺮاء
ﺡﺴﺎﺏﺎت اﻟﻨﻔﺎذیﺔ اﻟﻨﻴﻮﺗﺮوﻥﻴﺔ ﺧﻼل ﺏﻠﻠﻮرات اﺡﺎدیﺔ ﻻآﺴﻴﺪ اﻟﺴﻴﻠﻜﻮن )اﻟﻜﻮارﺗﺰ(وأآﺴﻴﺪ اﻟﻤﺎﻏﻨﻴﺴﻴﻮم واآﺴﻴﺪ اﻟﺤﺪیﺪ ﻓﻰ
ﻋﻼﻗ ﺔ ﻡ ﻊ ﻗ ﻴﻢ اﻟﺘﻮزی ﻊ اﻟﻔﺴﻴﻔ ﺴﺎﺋﻰ) (mosaic spreadوﻡ ﺴﺘﻮى ﻗﻄ ﻊ اﻟﺒﻠﻠ ﻮرة وزاوی ﺔ ﺳ ﻘﻮط اﻟﻨﻴﻮﺗﺮوﻥ ﺎت وﺳ ﻤﻚ
ودرﺟﺔ ﺡﺮارة اﻟﺒﻠﻠﻮرة.
 -3اﻟﺒﺮاﻡﺞ اﻟﻤﺼﻤﻤﺔ ﺳﻮف ﺗﺎﺧﺬ ﻓﻰ اﻹﻋﺘﺒﺎر ﻋﻨﺪ ﺡﺴﺎب اﻟﻨﻔﺎذیﺔ اﻟﻨﻴﻮﺗﺮوﻥﻴﺔ ﻓﻰ ﻋﻼﻗﺔ ﻡ ﻊ اﻟﻄ ﻮل اﻟﻤ ﻮﺟﻰ ﻟﻠﻨﻴﻮﺗﺮوﻥ ﺎت
اﻟﻘ ﺪرة اﻟﺘﺤﻠﻴﻠﻴ ﺔ ﺏﺎﻟﻨ ﺴﺒﺔ ﻟﻘ ﺪرة ﺗﺤﻠﻴﻠﻴ ﺔ ﺛﺎﺏﺘ ﺔ ) (∆λ/λ = constantأو اﻻﺗ ﺴﺎع اﻟﺜﺎﺏ ﺖ اﻟﻤ ﻮﺟﻰ)(∆λ = constant
وایﻀﺎ اﻟﺘﻮزیﻊ اﻟﻨﻴﻮﺗﺮوﻥﻰ ﻟﻠﻔﻴﺾ اﻟﺨﺎرج ﻡﻦ اﻟﻤﻔﺎﻋﻞ و اﻟﺴﺎﻗﻂ ﻋﻠﻰ اﻟﺒﻠﻠﻮرة.
 -4ﻟﻠﺘﺤﻘﻖ ﻡﻦ ﺳﻼﻡﺔ ودﻗﺔ اﻟﺒﺮاﻡﺞ ﻓ ﻰ اﻟﺤ ﺴﺎﺏﺎت ﺳ ﻴﺘﻢ ﻡﻘﺎرﻥ ﺔ اﻟﺤ ﺴﺎﺏﺎت اﻟﻨﻈﺮی ﺔ ﺏﺎﺳ ﺘﺨﺪام اﻟﺒ ﺮاﻡﺞ ﻡ ﻊ اﻟﻨﺘ ﺎﺋﺞ اﻟﻌﻤﻠﻴ ﺔ
اﻟﻤﻘﺎﺳﺔ واﻟﻤﺘﺎﺡﺔ ﺳﻮاء ﻋﻠﻰ اﻟﻤﻔﺎﻋﻞ اﻟﻤﺼﺮى اﻻول او ﻓﻰ ﻡﻌﺎﻡﻞ اﻻﺏﺤﺎث اﻟﻌﺎﻟﻤﻴﺔ اﻟﺤﺪیﺜﺔ.
 -5اﻟﺒﺮﻥﺎﻡﺞ  PGﺳﻮف ی ﺴﺘﺨﺪم ﻓ ﻰ ﺗﺤﻠﻴ ﻞ ﻥﺘ ﺎﺋﺞ اﻟﻨﻔﺎذی ﺔ اﻟﻨﻴﻮﺗﺮوﻥﻴ ﺔ اﻟﺘ ﻰ اﺟﺮی ﺖ ﻋﻠ ﻰ اﻟﻤﻔﺎﻋ ﻞ اﻟﻤ ﺼﺮى اﻻول ﺧ ﻼل
ﺏﻠﻠﻮرة اﻟﺠﺮاﻓﻴﺖ اﻟﻜﻬﺮوﺡﺮارى اﻟﻤﻘﻄﻮع ﻡﻮازى ﻟﻠﻤ ﺴﺘﻮى ) (002وﻋﻨ ﺪ درﺟ ﺎت ﺳ ﻘﻮط ﻡﺨﺘﻠﻔ ﺔ ﻟﻠﻔ ﻴﺾ اﻟﻨﻴ ﻮﺗﺮوﻥﻰ
ﺏﺎﻟﻨﺴﺒﺔ ﻟﻤﺴﺘﻮى اﻟﻘﻄﻊ.
 -6اﺟﺮاء دراﺳﺔ ﺟﺪوى اﺳﺘﺨﺪام اﻟﺠﺮاﻓﻴﺖ واﻟﺤﺪیﺪ ﻓﻲ ﺹﻮرة ﻡﺴﺤﻮق آﻤﺮﺵﺢ ﻟﻠﻨﻴﻮﺗﺮوﻥﺎت اﻟﺒﺎردة.
 -7اﺟﺮاء دراﺳﺔ ﺟﺪوى اﺳﺘﺨﺪام اﻟﺠﺮاﻓﻴﺖ اﻟﻜﻬﺮوﺡﺮارى آﻤﺮﺵﺢ ﻟﻨﻴﻮﺗﺮوﻥ ﺎت اﻟﺮﺗﺒ ﺔ اﻟﺜﺎﻥﻴ ﺔ وایﺠ ﺎد اﻥ ﺴﺐ ﻗ ﻴﻢ اﻟﺘﻮزی ﻊ
اﻟﻔﺴﻴﻔﺴﺎﺋﻲ و ﺳﻤﻚ اﻟﺒﻠﻠﻮرة وزاویﺔ ﺳﻘﻮط اﻟﻨﻴﻮﺗﺮوﻥﺎت ﺏﺎﻟﻨﺴﺒﺔ ﻟﻤﺴﺘﻮى اﻟﻘﻄﻊ ﻟﻠﺤﺼﻮل ﻋﻠﻰ اﻋﻠﻰ آﻔﺎءة ﻟﻠﻤﺮﺵﺢ.
 -8دراﺳﺔ ﺟﺪوى اﺳﺘﺨﺪام اﻟﺒﻠﻠﻮرات اﻻﺡﺎدیﺔ ﻻآﺴﻴﺪ اﻟ ﺴﻴﻠﻜﻮن )اﻟﻜ ﻮارﺗﺰ( وأآ ﺴﻴﺪ اﻟﻤﺎﻏﻨﻴ ﺴﻴﻮم واآ ﺴﻴﺪ اﻟﺤﺪی ﺪ آﻤﺮﺵ ﺢ
ﻓﻌﺎل ﻟﻠﻨﻴﻮﺗﺮوﻥﺎت اﻟﺤﺮاریﺔ ﻡﻊ ﺗﺤﺪیﺪ اﻥﺴﺐ ﻗﻴﻢ اﻟﺘﻮزیﻊ اﻟﻔﺴﻴﻔﺴﺎﺋﻰ وﻡﺴﺘﻮى اﻟﻘﻄﻊ و ﺳﻤﻚ اﻟﺒﻠﻠﻮرة.
 -9ﻡﻨﺎﻗﺸﺔ اﻟﻨﺘﺎﺋﺞ وأﻗﺘﺮاح ﺏﺘﻄﻮیﺮ اﻟﺘﺠﺎرب اﻟﻤﻘﺎﻡﺔ اﻡﺎم اﻟﻤﻔﺎﻋﻞ اﻟﻤﺼﺮي أﻻول ﺏﺎﺳﺘﺨﺪام اﻥﺴﺐ ﺏﺎراﻡﺘﺮات اﻟﺒﻠﻠﻮرات
ﻟﻠﺤ ﺼﻮل ﻋﻠ ﻰ اﻋﻠ ﻰ آﻔ ﺎءة ﺗﺮﺵ ﻴﺢ ﻟﻠﻨﻴﻮﺗﺮوﻥ ﺎت اﻟﺤﺮاری ﺔ ﻡ ﻊ ﺗﻘﻠﻴ ﻞ اﻟﺨﻠﻔﻴ ﺔ ﻡ ﻦ اﻟﻨﻴﻮﺗﺮوﻥ ﺎت اﻟ ﺴﺮیﻌﺔ وأﺵ ﻌﺔ ﺟﺎﻡ ﺎ
اﻟﻤﺼﺎﺡﺒﺔ.
 -10اﻋﺪاد اﻟﺮﺳﺎﻟﺔ ﻟﻠﺘﻘﺪیﻢ ﻡﻊ ﻥﺸﺮأهﻢ ﻥﺘﺎﺋﺠﻬﺎ ﻓﻰ اﻟﺪوریﺎت اﻟﻌﻠﻤﻴﺔ اﻟﻤﺘﺨﺼﺼﺔ.
اﻟﻤﺸﺮﻓﻮن ﻋﻠﻰ اﻟﺮﺳﺎﻟﺔ:
 -1أ.د ﻣﺤﻤﺪ ﻋﺒﺪ اﻟﻌﻠﻴﻢ ﻋﺎﻣﺮ
اﺳﺘﺎذ ﻋﻠﻮم اﻟﻤﻮاد  -آﻠﻴﺔ اﻟﻌﻠﻮم – ﺟﺎﻡﻌﺔ ﻃﻨﻄﺎ.
 -2أ.د ﻣﻤﺪوح أدیﺐ ﺷﺤﺎﺕﻪ
أﺳﺘﺎذ ﻓﻴﺰیﺎء اﻟﻨﻴﻮﺕﺮوﻧﺎت )ﻣﺘﻔﺮغ( – ﻗﺴﻢ ﻃﺒﻴﻌﺔ اﻟﻤﻔﺎﻋﻼت – ﻣﺮآﺰ اﻟﺒﺤﻮث اﻟﻨﻮویﺔ  -هﻴﺌﺔ اﻟﻄﺎﻗﺔ اﻟﺬریﺔ.
 -3أ.د ﻋﺒﺪ اﻟﺮازق ﻣﺤﻤﺪ ﻋﺎﺑﺪیﻦ
اﺳﺘﺎذ ﻣﺴﺎﻋﺪ ﻓﻴﺰیﺎء اﻟﻨﻴﻮﺕﺮوﻧﺎت )ﻣﺘﻔﺮغ( -آﻠﻴﺔ اﻟﻌﻠﻮم  -ﺟﺎﻣﻌﺔ ﻃﻨﻄﺎ.

ﺍﻟﻤﺸﺭﻓﻭﻥ
ﺃ .ﺩ  /ﻤﺤﻤﺩ ﻋﺒﺩﺍﻟﻌﻠﻴﻡ ﻋﺎﻤﺭ
ﺃﺴﺘﺎﺫ ﻋﻠﻭﻡ ﺍﻟﻤﻭﺍﺩ  -ﻗﺴﻡ ﺍﻟﻔﻴﺯﻴﺎﺀ  -ﻜﻠﻴﺔ ﺍﻟﻌﻠﻭﻡ  -ﺠﺎﻤﻌﺔ ﻁﻨﻁﺎ

ﺃ .ﺩ  /ﻤﻤﺩﻭﺡ ﺃﺩﻴﺏ ﺸﺤﺎﺘﺔ
ﺃﺴﺘﺎﺫ ﻓﻴﺯﻴﺎﺀ ﺍﻟﻨﻴﻭﺘﺭﻭﻨﺎﺕ )ﻤﺘﻔﺭﻍ( -ﻗﺴﻡ ﻁﺒﻴﻌﺔ ﺍﻟﻤﻔﺎﻋﻼﺕ
ﻤﺭﻜﺯ ﺍﻟﺒﺤﻭﺙ ﺍﻟﻨﻭﻭﻴﺔ  -ﻫﻴﺌﺔ ﺍﻟﻁﺎﻗﺔ ﺍﻟﺫﺭﻴﺔ

ﺃ .ﺩ  /ﻋﺒﺩ ﺍﻟﺭﺍﺯﻕ ﻤﺤﻤﺩ ﻋﺎﺒﺩﻴﻥ
ﺍﺴﺘﺎﺫ ﻤﺴﺎﻋﺩ ﻓﻴﺯﻴﺎﺀ ﺍﻟﻨﻴﻭﺘﺭﻭﻨﺎﺕ )ﻤﺘﻔﺭﻍ(  -ﻗﺴﻡ ﺍﻟﻔﻴﺯﻴﺎﺀ  -ﻜﻠﻴﺔ ﺍﻟﻌﻠﻭﻡ  -ﺠﺎﻤﻌﺔ ﻁﻨﻁﺎ

ﺭﺌﻴﺱ ﻗﺴﻡ ﺍﻟﻔﻴﺯﻴﺎﺀ
أ.د /ﺡﺴﻴﻦ ﻣﺤﻤﻮد ﺑﺪران

ﻜﻠﻴﺔ ﺍﻟﻌﻠﻭﻡ

ﺠﺎﻤﻌﺔ ﻁﻨﻁﺎ

اﻟﻨﻔﺎذیﻪ اﻟﻨﻴﻮﺕﺮوﻧﻴﺔ ﺧﻼل اﻟﻤﻮاد اﻟﺒﻠﻠﻮریﺔ
ﺭﺴﺎﻟﺔ ﻤﻘﺩﻤﺔ

ﻟﻠﺤﺼﻭل ﻋﻠﻰ ﺩﺭﺠﺔ ﺩﻜﺘﻭﺭﺍﻩ ﺍﻟﻔﻠﺴﻔﺔ ﻓﻰ ﺍﻟﻌﻠﻭﻡ )ﻓﻴﺯﻴﺎﺀ ﺍﻟﺠﻭﺍﻤﺩ ﺍﻟﻨﻭﻭﻴﺔ(
ﻤﻥ

اﻟﻄﺎﻟﺒﺔ /ﻣﺮﻓﺖ ﺳﻌﻴﺪ اﻟﻤﺴﻴﺮى
ﻤﺩﺭﺱ ﻤﺴﺎﻋﺩ ﺒﻘﺴﻡ ﻁﺒﻴﻌﺔ ﺍﻟﻤﻔﺎﻋﻼﺕ
ﺸﻌﺒﺔ ﺍﻟﻤﻔﺎﻋﻼﺕ ﺍﻟﺫﺭﻴﺔ -ﻤﺭﻜﺯ ﺍﻟﺒﺤﻭﺙ ﺍﻟﻨﻭﻭﻴﺔ
ﻫﻴﺌﺔ ﺍﻟﻁﺎﻗﺔ ﺍﻟﺫﺭﻴﺔ

ﺗﺤﺖ إﺷﺮاف
أ.د ﻣﻤﺪوح أدیﺐ ﺷﺤﺎﺕﺔ

أ .د  /ﻣﺤﻤﺪ ﻋﺒﺪاﻟﻌﻠﻴﻢ ﻋﺎﻣﺮ

ﺃﺴﺘﺎﺫ ﻓﻴﺯﻴﺎﺀ ﺍﻟﻨﻴﻭﺘﺭﻭﻨﺎﺕ )ﻤﺘﻔﺭﻍ(
ﻗﺴﻡ ﻁﺒﻴﻌﺔ ﺍﻟﻤﻔﺎﻋﻼﺕ
ﻤﺭﻜﺯ ﺍﻟﺒﺤﻭﺙ ﺍﻟﻨﻭﻭﻴﺔ
ﻫﻴﺌﺔ ﺍﻟﻁﺎﻗﺔ ﺍﻟﺫﺭﻴﺔ

ﺃﺴﺘﺎﺫ ﻋﻠﻭﻡ ﺍﻟﻤﻭﺍﺩ
ﻗﺴﻡ ﺍﻟﻔﻴﺯﻴﺎﺀ
ﻜﻠﻴﺔ ﺍﻟﻌﻠﻭﻡ
ﺠﺎﻤﻌﺔ ﻁﻨﻁﺎ

أ.د ﻋﺒﺪ اﻟﺮازق ﻣﺤﻤﺪ ﻋﺎﺑﺪیﻦ
ﺍﺴﺘﺎﺫ ﻤﺴﺎﻋﺩ ﻓﻴﺯﻴﺎﺀ ﺍﻟﻨﻴﻭﺘﺭﻭﻨﺎﺕ )ﻤﺘﻔﺭﻍ(
ﻗﺴﻡ ﺍﻟﻔﻴﺯﻴﺎﺀ
ﻜﻠﻴﺔ ﺍﻟﻌﻠﻭﻡ
ﺠﺎﻤﻌﺔ ﻁﻨﻁﺎ
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