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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 

( λλ∆ < 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 nm112.0  

and nm425.0 . 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 nm266.0=λ , 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 θλ sin2dn = . 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 nm112.0  and nm425.0 . 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 



                                                                                                    Summary 
 

vii

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 nm112.0  and nm425.0  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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1 

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 neutron-

electron 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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1-2  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, 

......t s i fγσ σ σ σ σ= + + + +  

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 ,aσ . Thus, 

......a p fα γσ σ σ σ σ= + + + +  

where pσ  and ασ , 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 neσ  in symbols, 

this is: ne t sσ σ σ= −   

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 

raysγ − (radiative capture of the neutron by the nucleus), emission of 

charged particles [( , ) ( , ) ]n p and n reactionsα  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 
233 235 239 241 242( , , , , )U U Pu Am Am  and reactions involving the emission of 

charged particles occur only in a few light isotopes, for example, in the 
3 3( , ) ,He n p T  6 3( , ) ,Li n Tα  10 7( , ) ,B n Liα  14 14( , )N n p C  and 

35 35( , )Cl n p S 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 ),(),( ndandnγ  

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]. 

( ) . exp( )d E Econst E
dE kT
Φ −

=                                (1-1)      

where ( )EΦ  is the neutron flux for neutron energies between E  and dEE +  

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 nT  where nT > .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 ( )EΦ   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 E
1  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 

λλ d)(Φ  which is the number of neutrons emerging from the collimator per 

second with wavelengths between λ and λλ d+ . It can be shown that )(λΦ  

is given by [3]: 

( )22
5 2exp)( λ

λ
λ Tkmhconstat

−=Φ                    (1-2) 

 
Fig. (1-2) Wavelength spectrum of neutrons leaving the moderator 
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The calculated )(λΦ  for constant dλ is displayed in Figure (1-2), the 

Figure illustrates the following two main effects; first, the peak of curve 

)(λΦ  occurs at a wavelength mkTh 5/=λ . Second the neutron flux )(λΦ  

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 time- 

of - 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 ),( nγ  

reaction. This results in the appearance of a neutron pulse (on the 

average, γ100  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 2( )H o 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 strongly-

scattering 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, heavy-

water 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 K400 , in 

heavy-water reactors it is possible to achieve K340320 − . 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 K10 , 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 cold-

neutron 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 Laue-

Langevin 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]. 

2 sin
2 2 n

nhd n
m E

θ λ= =   

where nm  and E  are the neutron mass and energy respectively. The neutrons 

reflected in a given direction will have energies  

2 2 2 2 1[8 sin ]
2n nE n h m d θ −=  

where 1,2,...,n =  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 

E1  and since 2
nE n≈  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 2n  than the first-order intensity. Secondly, whereas the first-

order 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 E1  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 second-

order 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: 

θθ
λ
λ

λ
λ

∆=
∆∆

=
∆ cot;2
E
E  

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 kk 3,2  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 −)00( l 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 )( 2SiO  [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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1-7 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 −nd2 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.
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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: 

ikze=ϕ        (2-1) 
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where h/2mEk =  is the magnitude of the wave vector, E  is the neutron 

energy and π2
h

=h , where h is the Plank’s constant. 

Then the resultant wave function after scattering by the assembly of 

atoms will be: 

∑ −−= )'()/( kkieikrerbikze ρϕ ρ    (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 ',kk  are 

the wave vectors of the neutron before and after scattering. The expression 

)]'(exp[ kki −ρ  is introduced by considering the phase difference between 

the contributions due to various nuclei, and is equivalent to: 

)]///(2exp[ 000 clzbkyahxi ++π ,  

where zyx ,,  are the Cartesian coordinates of the nucleus, ooo cba ,,  are the 

dimensions of the crystallographic unit cell, and lkh ,,  are the Miller indices. 

Thus at unit distance from nuclei the amplitude of the scattered 

neutron wave will be equal to  

)]///(2exp[ 000 clzbkyahxib ++− ∑ π
ρ ρ  

and the cross-section per nucleus per unit solid angle “differential cross-

section” for scattering in this particular direction, will be: 

2
)])///(2exp[(1

000
0

clzbkyahxib
Nhkl ++∑= πρσ  (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 hklσ  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]: 

( ) 2)]///(2[exp212)(2
000 clzbkyahxirb

Nrbrbhkl o

+++−= 






 πσ  (2-4) 

where rb  is the scattering length of the thr  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: 









−= 2)(24)( rbrbincE πσ     (2-5) 

and the quantity 2)(4 rbπ  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 )(cohE  is 

obtained by integrating the second term in equation (2-4) over all angles in 

space given by  

∑=
hkl hkldhklF

k
cN

cohE 2422
)( π

π
σ    (2-6)      

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 2λ≥d , CN  is the number of unit cells per unit 
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volume and 2
hklF  is the square of the structure factor of the unit cell for the 

)(hkl  reflection and given by: 

2
))]///(2exp[(2

000∑ ++= clzbkyahxibhklF π  (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: 

∑=
hkl hkldhklFcN

cohE 2
2

2
)(

λ
σ     (2-8) 

From equation (2-8) at long wavelengths beyond the cut off wavelength 

i.e., max2dfλ , )( cohE σ  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 )( cohE σ  is then equal to cohσ  i.e 

24 bπ  for each atom. From equations (2-5), (2-6) we can determine 

)()( inccoh EE σσ + , the total scattering of a poly-crystalline element or 

compound, it will be given by [3]: 

∑
≥






 −+=

2/
2)(242

2

2
)(

λ
π

λ
σ

hkld rbrbhkldFcN
totalE  (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 minE , 

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 minE  is called the Bragg cut-off. The well-defined peaks at 

energies above minE  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 21 k  (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 τ1 . 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 

limit )(4 22
inccoh bb +π [1]. 

At long wavelengths, beyond the cut-off wavelength for coherent 

scattering, the total scattering will reduce to∑ incσ . At short wavelengths, 
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where both the coherent and incoherent contributions are isotropic, it will be 

equal to∑ + )( inccoh σσ , 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 )( cohE σ  by a disordered 

incoherent component )( incE σ . 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 21 k in eqn (2-6). 

Moreover, the contribution of successive new families is less and less 

because of the influence of the quantity hkld in Eq. (2-6). Accordingly the 

curve in Figure (2-2) settles down at a constant level equal to inccoh σσ + [1]. 

 
Fig. (2-2) The variation with neutron energy of the total scattering 

)()( inccoh EE σσ +  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 we− , where 
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   (2-10) 

Here θ is the Bragg angle, h is Planck's constant, mA is the nuclear mass, k is 

Boltzmann's constant, Dθ  is the Debye temperature of the crystal, x is equal 

to TDθ , where T is the absolute temperature of measurement, and )(xφ  is a 

function of x defined by  

∫
−−=

x

e
d

x
x

0 1
1)( ξ

ξξφ       (2-11) 

The effective coherent neutron scattering amplitude which contributes to the 

Bragg diffraction peaks is therefore wbe− , 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 we 2− , which will be the relevant factor 

affecting the intensities, falls off with λθ )sin(  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. (2-

4), 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 υh  will equal λhc , where c is 

the velocity of light, giving a value of about h18103×  for a wavelength of 

1Å, whereas the neutron energy is 2

2
1 mv , which can be written as λ2/hv , 

where v  is the neutron velocity, and equals about h13105.1 × . The velocity of 

a neutron of wavelength 0.1 nm is only .sec/104 5 cm×  in comparison with 

.sec/103 10 cm×  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 ,Θ= Khvm  which expresses the maximum 

frequency mv  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 Eδ  from the crystal vibrations is 

,2

3

E
h

m δλδλ =               

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 zero-

phonon 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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section for the free atom boundfree A
A σσ

2

1
( 








+
= ) which is important at these 

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 hklF , the structure factor of a unit cell of the crystal, by the 

expression:  

weoclzobkyoahxibhklF 2.
2

)])///(2exp[(2 −++∑= π  (2-12) 

where hklF  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 hklq  given by [3]: 

hklFhkldcNhklFdcNhklq 22
sin

==
θ

λ    (2-13) 

Where Nc is the number of unit cells per unit volume and hkld  is the distance 

between the successive )(hkl  planes. One can notice, from the form of 

equation (2-13), that the hklq  value is the wavelength independent. The 

calculated values of hklq  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 410  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, 

wehklFcN
hklQ 2.2

2sin

23
−=

θ
λ

     (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 S2  where 

S  is given by: 
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      (2-15) 

This amount is less than a second of arc for neutrons with λ=0.108nm. The 

variation of integrated reflection θR  with crystal thickness ot , for the case 

where the incident beam is reflected from the extended face of a large crystal, 

is given by the equation: 

θ
λ

θ
λθ

sin
tanh

2sin

2 FotcNFcNR =     (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 dtr̂  such that 

)(ˆ BWQr
o

θθ
γ

−=       (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 angleθ . 

 

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 : 

22/2
)2(

1)( η
πη

∆−=∆ eW      (2-18) 
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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 op  and Hp  represent the power of the incident and diffracted beams 

respectively at a depth t  below the surface of the crystal of thickness ot , then  

dtrpdtrpdp oHo ˆˆ −=       (2-19) 

dtrpdtrpdp oHH ˆˆ −=       (2-20) 
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Equations (2-19) and (2-20) can be solved assuming the boundary conditions 

that op  assumes the value of the incident intensity )0(op at t = 0 and Hp  is 

zero when ott = . It is then found that 

o

o
oo tr

ttr
ptp

ˆ1
)(ˆ1

)0()(
+

−+
=      (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  

o

o

o

H

tr
tr

p
p

ˆ1
ˆ

)0(
)0(

+
=       (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 
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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 ooQt ηγ , covering the range of both weak and 

strong reflections.        

  The reflecting power θR  from a rotating crystal is given by [3] 

)}](1{)([ ∆+∆= W
t

QW
t

QR
o

o

o

o

γγ
θ     (2-24) 

In the case of imperfect crystal of finite absorption the reflecting 

power Phkl
θ of the (hkl) plane inclined by an angle hklθ  to the incident beam 

direction and is given by [32]: 

 
])21(coth[)21(1 2/12/1 aAaa

addPhkl ++++
∆

=∆θ   (2-25) 

for the reflection method and 
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∆=∆ +− deAadP aA
hkl

)1()sinh(θ      (2-26) 

for the transmission method, where 

ootA γµ /=  

)(∆= W
Q

a hkl

µ
 

in which µ is the linear absorption coefficient.  

Therefore the integrated reflectively θR from imperfect crystal of finite 

absorption is given by: ∆= ∫
+∞

∞−

dPR hkl
θθ       

As shown by Beacon [3] 
µη

θ

2
1 hklQ

R =  reaches the saturation values at 

thickness oot γ . Therefore when the single crystal used as a neutron filter 

with thickness of Filtert >>
o

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

by a factor χfilter =
o

ofilter
t

t γ .   

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 

 2/)/1( Ho γγµµ +=′     (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 

∫ == ),()( λσλλ λ NVQNdP cs    (2-28) 

Where   
θ
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This formula is obtained by inserting Eq. (2-28) into Eq. (2-29), writing 

λπ2=k , 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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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]: 

Braggtdsabs σσσσ ++=      (2-30) 

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

tdsσ  is the thermal diffuse or inelastic scattering cross-section, and Braggσ  

corresponds to elastic or Bragg scattering.  

The first contribution, absσ , 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 absσ  for the 

most of the elements obeys the 1/v law where v is the neutron velocity and 

can be written as [38]: 

2/1
1

−= ECabsσ       (2-31) 

where E  is the energy of the incident neutron, the constant 1C  can be 

calculated from values given in [39], as oo EC σ=1 where oσ  is the 

absorption cross-section at thermal energy )0253.0( eVEo = . Of course, absσ  

is temperature-independent. 

 

2-6-1 Thermal Diffuse Scattering 

The second contribution tdsσ , 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], tdsσ  can be split into two 

parts, sphσ  and mphσ  depending on neutron energy. The single phonon 

scattering cross-section, sphσ  concerns the energy range DBkE θpp , where 

Bk  is Boltzmann's constant and Dθ  is the characteristic Debye temperature. 

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

∑
∞

=

− +×+=
0

12/1 )],2/5(!/[)/()/](/)[(3
n

n
DnDBsph nnTBEkAsS θθσ  

                                                                                                                  (2-32) 

This series converges for πθ 2/ pTx D= , nB  are the Bernoulli numbers, T  

is the temperature, batsS σ=+  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 12)(12 =CA . Thus sphσ  varies like 2
1

E  or increases with 

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

sphσ  follows 27T law. Low-energy excitations occurring in the eVµ  region 

are not taken into account. With Dθ  and T  in K  and E  in eV  Eq. (2-32) 

becomes: 

∑
∞

=
=

0

2/1)/)(36/(
n

nDbatsph REA θσσ  (2-33) 

where, )].2/5(!/[1 += − nnxBR n
nn  This equation should hold until 6≈x , i.e. 

the radius of convergence. For lower temperatures the series in Eq. (2-33) 

may be replaced by a 2/7T  law. A term of ( ) 25.2−
DT θ  accounting for low 

energy excitations occurring in eVµ  region is added. The corresponding 

constant was determined by calculating ∑∞

=
=

0n nRR  for 6=x  until 22=n  

and putting  ∑ =
+=

20

0 22 2/
n n RRR  which is a sufficient approximation. This 

gives:   
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The second part of TDS is predominant in the range TkE B≥  where 

also down-scattering and multiple phonon processes occur. The 

corresponding cross-section ,mphσ  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 
we−  given by Eq. (2-10). At neutron energies eVE 1≥  binding effects of the 

atoms in a solid can be neglected, the total scattering is given by the free-

atom cross-section 22 )1/( += AAbatfree σσ  and elastic scattering 

vanishes. The argument that the sum of elastically and inelastically scattered 

neutrons is constant leads to 

}])(exp{1[ 2 ECBB Tofreemph +−−= σσ  (2-35) 

where , the quantity oB corresponds to zero-point motion and is temperature 

independent: AKhB DBo θ23 2= . The temperature dependence is given by: 

xxBB oT )(4 φ= , with Dθ in K, the value of oB is obtained in 2)(
o

Α  using the 

relation Do AB θ2873= , and 2C  should be a constant independent of the 

scattering material. It turned out that the values obtained for the constant 2C  

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 DBkE θp  and for DBkE θ≥ . 

 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 DBkE θff   

can be replaced by: 

 ( ) ( )[ ]{ }2
2 2exp121 λ

λσσ w
wfreemph

−−−=    (2.36)         

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

sphabsmph σσσσ ++=  

or   }])(exp{1[)]1/([ 2
2 ECBBAA Tobat +−−+= σσ  

      ( )[ ]




≥
≤

++ − 63.3
6

36/ 2/7
2/1

1
2/1

xx
xR

ACE batD σθ  (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 ovn 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 2C  and Dθ  were used as fitting parameters. A close correlation 

between the atomic mass number and the value of 2C  was established. The 
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equation )61/exp(27.42 AC =  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 DBkE θff .  

Therefore to fit the calculated multi-phonon cross section term of 

graphite with the experimental one, tdsσ  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 6pTDθ  and for 

6fTDθ  the Bernoulli series is replaced by a 2
7

T  low and a term of  

( ) 25.2−TDθ  accounting for low energy excitations occurring in eVµ  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 

Braggσ  to the total cross-sectionσ 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 Braggσ  to the total cross section 

taking into account the resulting reflection from different )(hkl  planes, which 
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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 2λ≥hkld [42]. 

It was shown by Bacon [3] that for a polycrystalline material with grain 

size less than mm410− , the total coherent Bragg scattering cross-section can 

be given as: 

w

d
hkl

c
Bragg edFM

N 2

2/

2
`2

.
2

−

≥
∑=

λ
ρ

ρλ
σ

hkl

hklhkl    (2-38) 

where cN  is the number of unit cells per cubic centimeter, hklF  is the 

structure amplitude factor of the unit cell, hklM  its multiplicity, lkh ,, are the 

Millar indices, ρρ and`  are densities of the powdered form used and its 

metallic one respectively and we 2− is the Debye-Waller factor.  

For iron BCC the interplanar distance hkld   is given by the relation 

222 lkh

adhkl
++

=       (2-39) 

where a  is the lattice cell constant of BCC structure, while for (HCP) carbon 

structure hkld is given by: 

2

2
22

2 )(
3

4

1

c
lhkkh

a

dhkl

+++

=     (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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=

n
Bragg TxN

11 lnσ        (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 nT  from different )(hkl  planes can 

be expressed as: 

( )∏ −=
hkl

θ
hkln PT 1       (2-42) 

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

hklθ  to the beam direction, and given by Eq. (2-25) for reflection method and 

Eq. (2-26) for transmission method. Where, the reflecting power θ
lhkP  for an 

ideally imperfect crystal depends upon both the direction cosine of incident 

beam oγ relative to the inward normal to the crystal surface cutting along the 

plane, the direction cosine of the diffracted beam hklγ  and the inclination of 

the )(hkl  plane to the crystal surface hklα .  

For the Body centered structure (BCC), the equation describing the 

cutting plane )( ccc lkh  which is parallel to the crystal surface can be given as: 

occc aZlkh =++ 222         

 ,where , oa is the lattice constant. 

When the same transformation is applied to any of the )(hkl  planes then:  
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If the angle between the neutron beam direction and the direction 

)( ccc lkh  is ψ  where
22
πψπ

≤≤− , then:    ψγ cos=o   

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

( )

222222

22

22
sincos

lkhlkh

l
khl

kh

kkhh
lllkkhh

ccc

c

cc

cc

cc
cccc

hkl
++⋅++











 +
−

+

+
+++

=

ψψ

γ  

where the glancing angle hklθ is given by: hklhkl arc γπθ cos
2

−= .  

while the inclination angle hklα can be given by : 

( )
222222 .

cos
lkhlkh

llkkhh

ccc

ccc
hkl

++++

++
=α  

If the cutting plane is ),00( cl  then hklγ  becomes  

( )
222

sincos
lkh

kl
hkl

++

+
=

ψψγ  

The schematic diagram of the Bragg scattering from single crystal cut 

along )( ccc lkh  plane and the reflected scattering from any )(hkl  plane 

inclined by an angle hklα for 
2

0 πα ≤≤ hkl  and παπ
≤≤ hkl2

 are displayed in 

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

Fig.(2-11) A schematic diagram of the Bragg scattering from single 

crystal cut along )( ccc lkh  plane. 

From Figure (2-11) the reflecting power term θ
hklP  for reflection case 

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

παππαψπ

παπψπα

≤≤−≤≤−

≤≤≤≤−

hklhkl

hklhkl

22
32

2

2
0

22
2

  

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

at angle ψ  satisfying the relations: 

παππψπα

παπαψπ

≤≤≤≤−

≤≤−≤≤−

hklhkl

hklhkl

222
32

2
0

2
2

2  

  

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 hklθ determined by [44]:  

hklhkl d
c
1sin =θ ,       (2-43) 

where hkld  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: hklhkld θλ sin2= . 

 
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: 

Ψ≤Ψ+≤≤
≥+≤≤−

hklhklhkl

hklhklhklhklhkl

ford
fordd

θθλ
ψθψθλψθ

),sin(20
),sin(2)sin(2

 (2-44) 

The planes )00( l , on the other hand, scatter neutrons with discrete wave 

length θλ sin2cos2 0000 ll dd =Ψ= .   

The total effect of the various Bragg reflections, with exception of 

)00( l  reflections, is that neutrons in the short-wave-length region bounded 

by the maximum value of )sin(2 Ψ+hklhkld θ  will be removed to some extent 

from the beam. 

The Bragg scattering cross-section due to reflection from ( )l00 planes 

of PG [45] is given by: 

 ( )l
o

Bragg P
Nt

l 001ln1)00( −−=σ      (2-45) 

where N  is the number of unit cell/cm3, ot is the effective thickness 

and lP00 is the reflecting power of the )00( l  plane perpendicular to the 

incident beam direction which is given by [3]: 


















∆+∆= )(1)()00( W
t

QW
t

QP oo
l γγ

   (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- l00  planes reaches pronounced maxima at the boundaries in the ( )ψλ;  

plane given by:  

ψθλ ±=±
hklhkld sin2        (2-47) 

Following, Adib et.al. [45] The Bragg scattering cross-section due to 
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reflection from non- l00  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:  

±

−
−

−
=

hklhklhkl

w
hklhklolnon

Bragg
d

eFdN

λλθψ

λ
σ

cossin4

223
00    (2-48) 

Where, oN  is the number of crystallites which has the proper 

orientation for non- l00  Bragg reflection, hklF  is the structure amplitude factor 

of the unit cell and we 2−  is the Debye-Waller factor [3].  

While at boundaries (λ ≤ −λ and λ ≥ +λ ) the Bragg scattering cross-

section is decreased due to mosaic spread and can be expressed as:  

)(cossin4
)(223

00

δλθψ
λ

σ
hklhkl

w
hklhklolnon

Bragg d
WeFdN ∆

=
−

−      (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:     

 lnon
Bragg

hkl

l
BraggBragg

0000 −∑+= σσσ      (2-50)                               

Where, summation is taken over all non- ( )l00  planes satisfying the 

inequalities given by Eq. (2-44).     
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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 maxλ , where maxλ is given by maxmax 2d=λ  , and maxd 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 maxλ for a number of poly-

crystalline 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 poly-

crystalline filters, of which Fe, Be, BeO, and graphite are perhaps the most 

commonly used. Moreover, they showed that graphite cross section beyond 

maxλ  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 < maxλ 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  E1 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 nma 286.0= . There are two atoms per unit cell. These two 

atoms have the following coordinates ),,()0,0,0( 2
1

2
1

2
1and . Therefore, the 

Bragg reflections appear only for evenlkh =++  [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 55.85 

  Space group Pm 3m (Nr.29) 

Crystal structure  BCC 

Lattice constant nma 286.0=  

Number of atoms per unit cell 2 atoms/unit cell 

Atomic positions 2
1

2
1

2
1 ,,;0,0,0  

Number of unit cells / m3 0.2910E+29 

Coherent scattering length b 9.45 fm 

Absorption cross-section σa ( at 

E=0.025eV)  

2.56 barns 

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       c = 0.6696 nm 

Number of atoms per unit cell 4 atoms / unit cell 

Atomic positions 2
1

3
2

3
1

3
1

3
2

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

Number of unit cells / m3 0.284 E29 

Coherent scattering length bc 6.61 fm 

Absorption cross-section σa ( at 

E=0.025eV)  
0.0035 barn 

Total scattering cross-section ( batσ ) 5.551 barn 

Debye temperature 1050 K 

Boiling point 4827oc 

 

3-3 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 cross-

sections 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 ρ5.4 = ׳ 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 
12

2 4.0 −−= eVnmC  and KD 350=θ . The determined value of C2 is bigger 

than the value 12
2 11.0 −−= eVnmC  given from Equation: 

)61/exp(27.42 AC =  reported by Freund [38], while   the obtained value of 
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the fitting parameter KD 350=θ  is smaller than the value  KD 470=θ   listed 

in Table (4-3).  Such discrepancy is acceptable due to the approximation of 

the tdsσ considered by Freund [38].  

From Figure (3-2), one can observe that Fe total cross-section beyond 

the cut-off wavelength nmdc 404.02 110 ==λ  (at E < meV0.5 ) 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 0.52 =C  

and KD 1050=θ , 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:  

F
TDSCF

C
C
TDSCF

F

TDS σ
λλ

λλσ
λλ
λλσ

−
−

+
−
−

=     (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 cross-

section 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 2LN  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. 



  

 

Chapter IV 
 

PG as neutron 
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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 θλ sin2dn =  [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 

nmo 266.0≥λ , 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 axisc −  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 oE  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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nλ 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 122 ≈≈ to 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. 
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The measurement of neutron transmission through highly oriented 

(0.40 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 o75.0 , 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 ( o8.0  FWHM on mosaic spread) can be efficiently used 

as a second order filter for neutrons within wavelength interval ( nm183.0  

and nm384.0 ) by adjusting the crystal in angles ψ  from oo to 837  at 

boundary (006). While only 1cm thick PG is also a good second-order filter 

for neutrons within wavelength interval nm)384.0228.0( −  by adjusting the 

crystal in angles ψ  from oo to 7055 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 ±)11( l  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 nm112.0  and nm425.0 . 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 absσ  and tdsσ  are calculated as given 

by Eqs. (2-31) & (2-37) respectively, while the Bragg scattering Braggσ 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- l00  

planes reaches pronounced maxima at the boundaries in the ( )ψλ;  plane 

given by:   
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ψθλ ±=±
hklhkld sin2      (4-1)              

Where hklθ  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 ),( Ψλ  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 )00( l . These 

intersections occur for the combinations: −+)(hkl  −±)(hkl  )00( `ll ±  and 

are independent of the ac  ratio.  

Table (4-1): Favorable intervals for continuous tuning 

Boundary Ψ(deg) 2nd-order λ (nm) 
(002) 72.40 - 54.79 0.2026 – 0.3863 
(006) 40.00 – 0 0.1711 – 0.2234 
(112)+ 14.59 - 69.88 0.1313 – 0.2305 
(114)+ 0   - 53.77 0.1170 – 0.1980 
(116)+ 0    - 32.79 0.1222 – 0.1629 
(114)- 1.92 – 0 0.1116 – 0.1170 
(116)- 4.12 – 0 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) 
)(2

o
nd Aorderλ−  

(103)+-(101)--(002) 64.02 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 nm112.0  and nm425.0 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 ( FWHMo1 on mosaic spread) were calculated as a function 

of λ  from 0.1 up to 0.9 nm with step of  nm004.0=δλ  and at different 

setting angles ψ as given in Table(4-1). At each setting the neutron 
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transmission at boundaries ( )±l11  (at )..2 21λeiordernd −  is deduced along 

with that transmission at double ( )±l11  (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 +++ )116()114(,)112( and  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 )()( 21λλ TT  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 o49≈ψ  (i.e . for nm2247.0≈λ ) because the 

orderst −1  neutrons are scattered by reflection from )002(  and also fails at 

setting angles o23≈ψ  (for nm1577.0≈λ ), since orderst −1  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 

deviationη . At eachη , 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 ofη .  

 

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: 

         
( ) ( )
( ) ( )ηπλδλ

ηπλδλ

2cos1

12cos

−=

−=
lowerlower

upperupper

    (4-2)                                 

 

For standard deviation mRadan6=η , 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 
o40=ψ  (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((
2

1λ )< 8%, while 

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 nd2  order filter when it set at boundaries of 
+)114( and +)116( . 

 The last two tuning intervals given in Table (4-1) at boundaries 
−− )116(&)114(  are seems to be very narrow and their setting angles are 

close to o0=ψ . 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 

nd−2α  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 ndt 2−α  

are calculated and listed in Table (4-3) where 
ndo

n N
t

−
− =

2
2

10ln
σα .   

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

Boundary ψ  

degree 

2nd order λ  

Nm 

Thickness 

cm 

Transmission 

of 1st order λ  

α2-nd  

(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 

23.0 - 48.0 

52.0 - 68.0 

0.1424 - 0.1517 

0.1577 - 0.214 

0.2950   - 0.23 

2.45 

2.60 

2.32 

79.9% 

87.4 % 

81.8% 

10 

10 

10 

(114)+ 1.0   -  16.0 

20.0 -  51.0 

0.1199 - 0.1566 

0.1647 - 0.1978 

3.07 

2.31 

75.1% 

89% 

10 

10 

(116)+ 1.0   -  20.0 

24.0 -  30.0 

0.1242 - 0.1529 

0.1569 - 0.1614 

2.61 

2.76 

76.7% 

83.5% 

10 

10 

(114)- 1.50 -  0.0 0.1129 – 0.1171 1.24 80.2% 10 

(116)- 3.25   -  0.0 0.1157 – 0.1222 1.79 74% 10 
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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 (
2

1λ )is 

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 

ΨO(deg) 1 22 ( )nd order nmλ− −  Intersection 
Present 
work 

Frikkee[5] Present 
work 

Frikkee[5] 

(100) - (101)+ 72.35 - 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 +− )101()100( ,  

)002()101( −+  and −+ − )102()103( 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 (
2

1λ ) at the boundary 

crossing, are asymmetric and moreover, its width is slightly broadened with 

increasing the PG mosaic spread. While, the neutron transmission 

at λorderst −1 , 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 (
2

1λ ) is decreased by one order, while at the λorderst −1  

the transmission is almost constant and higher than 90%. 

Therefore PG crystal at double boundary crossing points can be efficiently 

used as ordernd −2  neutron filter. From Figure (4-9), the FWHM of the dips  

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

In most cases, to carry out neutron diffraction experiments, it is sufficient to 

select the thickness 10t  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 ofη . Moreover, the  

neutron transmission at the dips (i.e. 
2

1λ ) are less than 0.004  while at λ  are 

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 1 2λ∆ , 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 ( o2≈  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 

cut offλ .Where,  cut offλ  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. 

1 2λ∆   – nm  Thickness t10 –cm  

 

T(t10)  % of 1st 

order λ  

 

Boundary 

crossings 

( 1 2λ  –

nm) 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 

   

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. 

 10 1 2t cm at λ−  10( ) 1stT t at order λ−  1 2 nmλ −
 PG  Be graphite  PG  Be  graphite  

0.4050 0.40 - 3.9 92.80% - 63.77% 
0.3864 0.15 9.8 4.4 98.60% 49.40% 84.50% 
0.3591 0.25 11.0 4.3 97.05% 47.77% 85.74% 
0.3422 0.78 2.0 5.0 95.18% 87.94% 84.26% 
0.2935 0.22 2.4 - 97.35% 87.45% - 
0.2599 0.89 2.5 - 83.86% 88.18% - 
0.2306 0.23 2.8 - 97.12% 87.99% - 
0.2221 0.35 2.4 - 93.08% 89.89% - 
0.2221 0.37 2.4 - 98.43% 89.89% - 
0.2160 0.60 2.5 - 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 orderst −1  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: θλ sin2 002dn = , 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 )( oλ  while strongly attenuates the higher order ones 

noλ(  where )1fn . 

 
 

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 

neutron monochromator are: Reflecting power Phkl
θ , wavelength spread of the 

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 

Phkl
θ of the (hkl) plane inclined by an angle hklθ  to the incident beam direction 

and is given by Eq.( 2-25). However, in case of PG crystal the reflecting 

θ

               PG filter 

θ 

Ψ

Solar collimator 

c-axis
c-axis 

λo , 
λo/n 

PG monochromatorReactor 

Neutron beam

λo
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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: 

 
])21(coth[)21(1 2/12/100 aAaa

addP l ++++
∆

=∆θ  

Then the reflected intensity fI Re  from PG crystal when a neutron beam 

having Maxiwellain distribution )(λΦ  is given by: 
θλ lf PI 00Re *)(Φ=  

Where )(λΦ having neutron gas temperature T  is given by Eq.(1-2)  

A computer package GRAPHITE has been adapted to carry out the 

calculation of distribution of  θ
002P  and of the reflected intensity fIRe  as a 

function of neutron wavelength, mosaic spread, at setting glancing angle θ, 

thickness t of PG crystal and reactor moderating temperatureT . 

The distribution of the reflected neutrons θ
002P  from PG crystal cut along 

axisc − , as a function of mosaic spread were calculated, assuming the 

following input parameters: PG thickness mmt 2=  set at glancing angle   
o45.23=θ , FWHM of incident beam divergence   is   0.4o    and the  

wavelength band was from nm001.0min =λ  to nm4.0max =λ  with 

nm0005.0=∆λ . The result of calculation is displayed in Figure (4-14). 

From the figure, the maximum of  reflectivity max
002P  was at nm269.0002 =λ  

which was found independent of PG mosaic spread η and in agreement with 

that calculated from Bragg equation at glancing angle o45.23=θ . The 

wavelength resolution (∆λ/λ) as a function of mosaic spread was determined 

as a ratio of the FWHM of the distribution θ
002P  to the wavelength 002λ . 
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Fig.(4-14) The wavelength distribution of the reflectivity θ
002P from PG at 

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).  

 

Fig.(4-15)The maximum reflectivity of θ
002P and ∆λ/λ versus η. 
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Figure (4-15) shows also that max
002P 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 

( %3pλλ∆ ). 

The contamination factors )(tRn of higher orders versus thickness t 

are calculated as ∑ ∑ == 4,3,2)( 1
ReRe nwhereIItR st

f
nth

fn .   

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

Table (4-7). 

 

Fig. (4-16) The integrated θ
002P  of 1st order and )(1 tRn versus thickness t. 
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Figure (4-16) shows that )(1 tRn  are decreasing more rapidly than the 

integrated reflection of the orderst −1 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 

orderst −1 .  

Table (4-7): ∑ st
fIRe & )(tRn  versus PG thickness 

Thickness 

to (mm) ∑ st
fIRe ( )stndR 12 ( )strdR 13 ( )stthR 14  

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  o45.23=θ  

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 o45.23=θ . 

 

One can see from Figure (4-17) 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. 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 )0010()116()114( −− ++  at oandnm 61332.021 == ψλ . 

2. Triple point )006()114()112( −− ++ at oandnm 60.331859.021 == ψλ . 

3. Triple point )006()105()101( −− ++ at oandnm 57.142160.021 == ψλ . 

 

1. Monochromatic neutron beam at λ=0.2664 nm 

Since the selected triple crossing boundary point 

)0010()116()114( −− ++  is at nm1332.021 =λ when the take-off angle 

o6=ψ , 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 o45.23=θ 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 o6=ψ 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 

DiffI  at each thickness t of PG filter were calculated by multiplying the 

transmission )(λFilterT  by )(Re λfI . 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 nβ for each order of reflection n, where 
∑

∑
=

=
0

)(
tatI

tatI
t

Diff

Diff
nβ  versus 

crystal thickness t. The result of calculation is listed in Table (4-8). 

Table (4-8) Attenuation factors nβ  at   λ=0.2664 nm  

Filter thickness 
t-cm 

%1β  %2β  %3β %4β

0 

1 

2 

3 

4 

5 

6 

7 

8 

100 

89.1 

79.8 

71.4 

63.5 

56.6 

50.7 

45.3 

40.4 

100 

32.9 

12.5 

5.26 

2.40 

1.17 

0.59 

0.31 

0.16 

100 

55.2 

30.5 

16.9 

9.3 

5.1 

2.8 

1.6 

0.87 

100 

54.0 

29.2 

15.8 

8.5 

4.6 

2.5 

1.3 

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 nχ  of the higher orders. The integrated intensity DiffI  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 nχ  was calculated as: 1)( ββχ nn t = , 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 & nχ  versus t of PG filter. 

High order contamination factor  % Filter 
thickness 

t-cm 

Σ Idiff x103 

Counts/sec 2χ  3χ  4χ  

0 

1 

2 

3 

4 

5 

6 

7 

8 

200 

180 

160 

145 

130 

115 

100 

90 

80 

320 

120 

50 

20 

10 

6.0 

3.5 

2.0 

1.0 

70 

40 

25 

15 

10 

6.0 

4.0 

2.0 

1.5 

3.0 

1.5 

1.0 

0.6 

0.4 

0.2 

0.1 

0.09 

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 )006()114()112( −− ++  the 

wavelength is at nm1859.021 =λ  and o60.33=ψ , therefore the 

monochromator PG crystal must be fixed in front of the incident neutron 
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beam at glancing angle o73.33=θ . 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 o73.33=θ  

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 angle o60.33=ψ , 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 DiffI  at 

each thickness t of PG filter were calculated and displayed in Figure (4-20 c). 

The attenuation factor nβ  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 nβ  at λ=0.3718 nm  

Filter t-cm %1β  %2β  %3β  %4β  %5β  

0 

1 

2 

3 

4 

5 

6 

7 

8 

100 

96.4 

93.0 

89.6 

86.2 

83.2 

80.2 

77.2 

74.3 

100 

28.6 

9.9 

3.9 

1.8 

0.8 

0.43 

0.23 

0.13 

100 

46.7 

21.8 

10.2 

4.8 

2.2 

1.04 

0.49 

0.23 

100 

43.3 

18.7 

8.1 

3.5 

1.5 

0.66 

0.29 

0.13 

100 

48.6 

23.6 

11.5 

5.6 

2.7 

1.3 

0.64 

0.31 

 

The integrated intensity DiffI  of monochromatic neutrons with λ=0.3718 nm 

at each thickness t of PG filter along with the contamination factor of higher 

order nχ  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 nχ  versus t of PG filter.  

High order contamination factor % Filter 
thickness t-

cm 

Σ Idiff x103 

Counts/sec 
2χ  3χ  4χ  5χ  

0 

1 

2 

3 

4 

5 

6 

7 

8 

530 

510 

490 

475 

455 

440 

425 

410 

390 

780 

230 

85 

35 

16 

8.0 

4.0 

2.0 

1.0 

740 

360 

170 

85 

40 

20 

10 

5.0 

2.0 

220 

100 

45 

       20 

9.0 

4.0 

2.0 

0.8 

0.4 

30 

15 

7.0 

4.0 

2.0 

1.0 

0.5 

0.2 

0.1 

 

 

3. Monochromatic neutron beam at λ=0.432 nm 

Since at the triple point )006()105()101( −− ++ at nm2160.0=λ  and 
o57.14=ψ , 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 
o18.40=θ was calculated. The result of calculation is displayed in Figure (4-

21 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 o57.14=ψ 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 DiffI  at each 

thickness t of PG filter were calculated and displayed in Fig. (4-21 c). 
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The attenuation factor nβ for each order of reflection n, are calculated at 

different PG filter thicknesses and listed in Table (4-12). 

Table (4-12) Attenuation factors nβ  at λ=0.432 nm 

Filter thickness t-
cm 

%1β  %2β  %3β  %4β  %5β  

0 

1 

2 

3 

4 

5 

6 

7 

8 

100 

96.4 

93.2 

90.0 

87.1 

83.9 

81.0 

78.5 

75.6 

100 

45.2 

21.9 

11.0 

5.8 

3.1 

1.7 

0.98 

0.57 

100 

46.3 

21.6 

10.2 

4.8 

2.3 

1.1 

0.54 

0.26 

100 

51.4 

26.4 

13.6 

7.0 

3.6 

1.8 

0.95 

0.49 

100 

49.0 

24.1 

11.8 

5.8 

2.8 

1.4 

0.69 

0.34 

The integrated intensity DiffI  of monochromatic neutrons with λ=0.432nm at 

each thickness t of PG filter  along with  the contamination factors of higher 

order nχ  was calculated and listed in Table (4-13). 

Table (4-13) Σ Idiff  at λ=0.432 nm  & nχ  versus t of PG filter. 

High order contamination factor % Filter 
thickness 

t-cm 

Σ Idiff x103 

Counts/sec 
2χ  3χ  4χ  5χ  

0 

1 

2 

3 

4 

5 

6 

7 

8 

280 

270 

260 

250 

240 

230 

225 

220 

210 

1000 

480 

240 

125 

65 

40 

20 

10 

5.0 

1500 

700 

350 

170 

80 

40 

20 

10 

5.0 

750 

400 

200 

110 

60 

30 

15 

9.0 

5.0 

200 

100 

50 

25 

10 

5.0 

3.0 

2.0 

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-to-

noise ratio for neutron scattering experiments, the development of thermal-

neutron 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 tσ , 

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, aσ , normally proportional to 

neutron wavelength, (b) incoherent incσ , (c) coherent inelastic, inelσ  and (d) 

any residual Bragg scattering, elσ . 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: 

( ) tinelincaR σσσσ ++=                                                 (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 cross-

sections σa refer to 0.025 eV neutrons, whereas the total cross-sections tσ  

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 aσ  refer to 1.8 Å (0.025 eV) 
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neutrons; incσ  values are taken to be independent of neutron wavelength; 

each tσ , 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) 

                        aσ                           incσ                         tσ                       a
Cohσ  

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 

C           0.0034 ±  0.0002    0.005 ±  0.01            4.75 ±  0.02           5.569 ±  0.005 

Mg          0.063 ±  0.003       0.12 ±  0.01            3.42 ±  0.04            3.57 ±  0.28  

 O              0.00027b                0.01 ±  0.01            3.76 ±  0.02             4.23 ±  0.01     

Si            0.16 ±  0.03            0.02 ±  0.02            2.25 ±  0.06            2.163 ±  0.001 

Fe           2.56 ± 0.03           0.40 ± 0.11             11.62 ± 0.01            11.22 ± 0.05  

a Bound coherent cross-section. 

b This very low value is known to within  l0%.  

 

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 cross-

section, cohσ  , in Table (5-1), and the effective inelastic and elastic cross-

sections, inelσ  and  elσ  , 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 elσ  and  inelσ  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 

( ) tincaR σσσ +=min       (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   ( ) tincaR σσσ +=min

C 

BeO 

Be 

SiO2 

MgO 

Al2O3 

Si 

Fe 

0.0018 

0.0060 

0.0080 

0.0205 

0.0269 

0.0488 

0.080 

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 incσ . 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 2λ  

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 

neutron monochromator are: Reflecting power Phkl
θ , wavelength spread of the 

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 

Phkl
θ of the (hkl) plane inclined by an angle hklθ  to the incident beam direction 

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: 

])21(coth[)21(1 2/12/1 aAaa
addPhkl ++++

∆
=∆θ  

Then the reflected intensity refI from Fe crystal when a neutron beam 

having Maxiwellain distribution Φ(λ) is given by:   θλ hklf PI *)(Re Φ=  

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
110P  and of the 

reflected intensity fIRe  as a function of neutron wavelength, mosaic spread, 

at setting glancing angle θ, thickness t of Fe crystal and reactor moderating 

temperature T. 

The distribution of the reflected neutrons θ
110P  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 nm001.0min =λ  to nm4.0max =λ  with nm0005.0=∆λ . The 

result of calculation is displayed in Figure (5-1). 

 

Fig.(5-1) The wavelength distribution of  θ
110P  from Fe at various η. 
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From the figure, the maximum of  reflectivity max
110P  was at 

nm269.0110 =λ  which was found independent of Fe mosaic spread η  and in 

agreement with that calculated from Bragg equation at glancing 

angle o2.41=θ . The wavelength resolution (∆λ/λ) as a function of mosaic 

spread was determined as a ratio of the FWHM of the distribution θ
110P  to the 

wavelength 110λ . 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).  

 

Fig.(5-2)The maximum reflectivity of θ
110P and ∆λ/λ versus η. 
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Figure (5-2) shows also that max
110P reaches a maximum value at 

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 

( %2pλλ∆ ) 

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  o2.41=θ  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 )(tRn of higher orders versus thickness t 

are calculated as ∑ ∑ == 4,3,2)( 1
ReRe wherenIItR st

f
nth

fn .   

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

 

Fig. (5-4) The integrated θ
110P of 1st order & )(1 tRn  versus thickness t. 

 

Figure (5-4) shows that, the values of  )(1 tRn  are decreasing more rapidly 

than the integrated reflection of the orderst −1 . 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 

orderst −1 . 
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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) ∑ st
fIRe & )(tRn  versus Fe (110) thickness.  

Thickness 
to (mm) 

∑ st
fIRe  ( )stndR 12

 
( )strdR 13

 
( )stthR 14  

0.5 

1 

2 

5 

8 

10 

15 

20 

30 

40 

50 

60 

0.022 

0.033 

0.044 

0.055 

0.058 

0.059 

0.060 

0.061 

0.061 

0.061 

0.061 

0.061 

0.123 

0.157 

0.212 

0.327 

0.399 

0.432 

0.485 

0.516 

0.545 

0.556 

0.559 

0.561 

0.019 

0.026 

0.038 

0.069 

0.096 

0.112 

0.144 

0.169 

0.201 

0.221 

0.233 

0.240 

0.002 

0.003 

0.004 

0.008 

0.011 

0.013 

0.018 

0.023 

0.030 

0.036 

0.041 

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 

oλ  0.2664nm 0.2664nm

∑ st
fIRe  0.108 0.058 

( )stndR 12  0.319 0.399 

( )strdR 13  0.079 0.096 

( )stthR 14  0.018 0.011 

 

 
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 free-

atom 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 2-

cm 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 )( ccc lkh  

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 o10− to o10+ . 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 o10±  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 ( %2pλλ∆ ) 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 thermal-

neutron 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.  
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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 
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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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Flowchart .2  Subroutine SATR 
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SCOH Subroutine 

 At each neutron wavelength the contribution of Bragg scattering 

cross- section to the total cross-section Braggσ  was calculated. Since  Braggσ  

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 

Braggσ  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  SCOH subroutine in PCG code is given in 

Flowchart 3. 
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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: .sin2 hklhkld θλ =                                                                               
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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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Flowchart 5.  Subroutine SCOH of  HOPG Code at different ψ  
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A computer code Mono-PG has been developed to carry out the 

calculation of distribution of  
θ

l00P  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 
 
 

DataWrite

CFE - Code

Single crystal MonochromatorPolycrstalline

Single crystal Filter

PFEF-Code SFEF-Code SFEM-Code

Bragg cross-section
Subroutine SCOH of

PFEF

Bragg cross-section
Subroutine SCOH of

SFEF

Bragg cross-section
Subroutine SCOH of

SFEM

Subroutine SATR
absorption cross-section and thermal diffuse

cross-section

Subrotine
Resolution Effect

Subrotine
Thermal Reactor Flux
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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 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 

4)  The validity for application of computer package GRAPHITE in cross-

section 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 ( %3pλλ∆ ) 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 nm112.0  

and nm425.0 . 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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  الملخص العربي

ة    رة لدراس االت آثي ى مج ستخدم ف ى ت م المجسات الت ن أه ر م ة تعتب ات الحراري النيوترون

ين        سافات ب د الم س تباع ى نف وجى ف ا الم ث أن طوله سائلة حي صلبة وال واد ال ا الم ب وديناميك ترآي

ا أن طاقته صلبة آم واد ال ستويات الم ادل الفوم ات التب ع طاق ة م ستويانا متقارب ين م ة ونى ب ت الطاق

يس                 للمواد الصلبة والسائلة ويضاف إلى ذلك قدرة اختراقها التى تفوق أشعة اآس وحساسيتها الفائقة ل

ات                      سع مجاالت استخدام النيوترون ى نظائر العنصر الواحد وتت فقط للعناصر المختلفة ولكن أيضا إل

ة الترآي         ة لدراس يلة هام ه وس ى تجعل وترون والت ى للني زم مغزل ود ع را لوج سية  نظ ات المغناطي ب

  .لمرآباتل

ى     اج إل ات  تحت ذه الدراس ة   وه الى الكثاف رارى ع وترونى ح يض ني اعالت  . ف ر مف وتعتب

ة          ات الحراري االنشطار النووى والفضفضة من أهم مصادر الحصول على فيض عالى من النيوترون

د     والت . ولكن هذا الفيض يصاحبه فيض عالى أيضا من النيوترونات السريعة وأشعة جاما            ر عن ى تعتب

ذلك           ذه التجارب ول ل ه ة تعوق إجراء مث ة عالي ة خلفي ات الحراري إجراء تجارب استخدام النيوترون

ة    ات الحراري حات للنيوترون تخدام مرش ب اس روف     . يتطل ا لظ حات طبق ن المرش ان م اك نوع وهن

  :التجربة وهى

  مرشح للنيوترونات الحرارية المختارة   . أ

ن المفا    وترونى م يض ني قوط ف د س ى ب فعن ل عل وع الب   لع ا لن ه طبق ة فإن ورة أحادي ورة لل ل

ة                  ة حرآ ات بكمي   kومستوى القطع وزاوية سقوط الفيض النيوترونى ينعكس منها ليس فقط النيوترون

  باحتمال يعتمد على …… ,2k, 3kولكن أيضا النيوترونات من الرتبة األعلى ذات آمية الحرآة   
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ستخدم      لهذه Structure factorمعامل الترآيب  االنعكاسات لذلك فإن هذا النوع من المرشحات ي

  .إلبعاد الرتبة الثانية والرتب األعلى من االنعكاسات

ا        ستخدم ومنه ى ت ارة الت ة المخت ات الحراري حات النيوترون ن مرش د م د العدي د : يوج عدي

ادى البلالب حات أح رنين ومرش حات ال دواره ومرش ة ال ع الميكانيكي ورات والقواط ورةلل ر وي. ل عتب

د الب  حات عدي ادى الب لمرش ورات وأح ا      لل تخداما عملي حات اس ر المرش ن أآث ت م ن الجرافي ورة م ل

اءه  ا آف ات ذات الطول . وأآثره ة للنيوترون ة عالي ا وتعطى نفاذي سهولة الحصول عليه ه يمكن ب ألن

  .الموجى المختار

 مرشح آلى للنيوترونات الحرارية  . ب

ة       ى المفاعل تصاحبه عادة   الخارج من المهدىء ف   الفيض النيوترونى    ر مرغوب  اشعاعات غي

سريعة       ات ال ة للتجارب باالض                ومثل النيوترون ادة الخلفي ا هو زي ا وأن تأثيره افة لألخطار   أشعة جام

اءة           . البيولوجية لرفع المستوى األشعاعى    ع آف ام لرف ر ه لذلك فأن مثل هذا النوع من المرشحات يعتب

ات وتعمل               ومن أمثل . إجراء التجارب بخلفية صغيرة    ه النيوترون ة لتوجي وع األنابيب المنحني ذا الن ة ه

ا مغطاه بالنيكل                 ة من مراي ات الحراري ى للنيوترون ا باهظة         . 58 -على انعكاس آل ذه المراي ادة ه ع

  .الثمن وتحتاج إلى صيانة ولهذا استخدامها محدود

تخدام  الب   اح اس ر بنج رة آث ة األخي ى األون ى   لف ح آل ة آمرش ورات األحادي ات ل للنيوترون

ذه البل         . الحرارية م خواص ه ط أن يكون مقطع االمتصاص صغير وأن             ل ولكن من أه يس فق ورات ل

ة الترآيب      ليكون مقطع التشتت آبير ولكن أن تكون الب        ة من         (perfect)لورة تام ى درجة عالي  وعل

ثمن إن وجدت        النقاوة و  ارامترات البل    مع أن    ولكن   . لهذا تجعلها باهظة ال ة  وراتل خواص وب   األحادي

ة       للحديد ليست  ه المستعرض      ن  ال  نظرا   من أفضل المرشحات الكلى للنيوترونات الحراري ة مقطع قيم

ا المصاحبه                   ة المتصاص اشعة جام المتصاص النيوترونات الحرارية عالى اال انه يمتاز بكفائة عالي

  . للقيض النيوترونى

  : من الرسالة تحقيق هدفين أسـاسـينلذلك تتض
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 فى صورة   وريل هو دراسة نفاذية وانعكاس النيوترونات خالل الجرافيت البل        األول   الهدف

د ب ور الرأسى   لعدي اه المح ى اتج تظم ف رارى من ورات و آهروح ارامترات (c-axis)ل ث أن ب   حي

ارة ذات الطول الموجى            لالجرافيت عديد الب   ة المخت ات الحراري ال للنيوترون لورات تؤهله آمرشح فع

فى حين أن الجرافيت الكهروحرارى يصلح           ) مرشح للنيوترونات الباردة  (تر    نانوم  0.67 أآبر من 

ا سقوط              آمرشح فعال للنيوترونات المختارة     فى مدى فترات محددة للطول الموجى و ذلك بتغير زواي

 و من دراسة   .عند نقط تقاطع مستوايات االنعكاس    السيال النيوترونى بالنسبة للمحور الراسى وايضا       

اس  واص االنعك ستوى  خ ن الم ن بل   )  002( م وترونى م ود ني از حي صميم جه ن ت ن لامك ورتين م

ة   لحيث تعكس الب . الجرافيت الكهروحرارى  د زاوي ات   لورة االولى عن ة  سقوط محددة للنيوترون  احادي

وجى  ول الم ى ذاتالط ب االعل ة بالرت ى مرافق ة االول ح  .  الرتب ل آمرش ة تعم ورة الثاني ا البلل ام

  .حين تسمح بمرور الرتبة االولى بدون توهين مؤثرى لى فعلنيوترونات الرتب اال

ورات   ل الب  عديد  دراسة استخدام  الثاني هو  أما الهدف  ة من   و البلورة ل د  األحادي   آمرشح   الحدي

ات ذات طول موجى          لحيث ان عديد الب    .للنيوترونات لورات يمكن استخدامة بكفائة آمرشح للنيوترون

ة ا    نانومتر وذلك  0.4اآبر من    ا                   لكفائ وترونى ام ا المصاحبة للفيض الني وهين اشعة جام د فى ت لحدي

ة آمرشح        لبل د االحادي ارامترات الب       ورة الحدي ل ب تنباط أمث ة مع اس ات الحراري ى للنيوترون ورة  لآل ( ل

 زاوية سقوط السيال النيوترونى على مستوى  – مستوى القطع – التوزيع الفسيفسائى  -لورة  لسمك الب 

ى أعل) القطع يحللحصول عل اءة ترش تخدام االنعكاس من البى آف م دراسة اس ا ت ة ل آم ورة االحادي ل

  . للحديد للحصول على نيوترونات احادية الطول الموجى بكفائة عالية

ة             ين وخاتم وتحتوى الرسالة على خمسة فصول باالضافة إلى ملخص وملحق
  .ألهم نتائج الرسالة

أسس وشرح  وتطبيقاتها رونات الحراريةالنيوتألهمية  على سرد  يحتويان:الفصالن االوالن

 التيالمعادلة التجميعية   اسس  على   وتحتوى أيضا     أنوية المادة الصلبة   منتشتت النيوترونات   نظريات  

ادة الب ة خالل الم ات الحراري وهين النيوترون ةلتصف ت شتت . لوري ة هى الت ذه المعادل دود ه م ح وأه

د الب  ن عدي راج م شتت ب ل وت رارى المتغلغ ورلالح ة أو البلات أو البل ورة األحادي اه لل ورة ذات االتج ل

ة            . المفضل ة النيوتروني ة     آما تعطى أيضا تأثير طريقة زمن الطيران على قيم النفاذي درة التحليلي   و الق
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صلبة واد ال رامج جرافيت. خالل الم ة ب ل رزم م أسس عم شرح أه د وي سابات  و الحدي راء الح  إلج

  لكترون فولتإ 10 مللى إلكترون فولت وحتى 0.1ن المطلوبة فى مدى طاقة النيوترون م

ورات ليحتوى على دراسة استخدام عديد الب   : الفصل الثالث  د و الجرافيت    ) مساحيق ( ل الحدي

اردة ات الب ق .آمرشح للنيوترون ى التحق تخدام االآباالضافة ال سابات باس ة الح ن دق ا  م واد بمقارنته

  .بالقيم العملية المتاحة

ع صل الراب ت  ي:الف تخدام الجرافي ات اس ضمنة تطبيق اث المت دث األبح  ستعرض أح

 فى مدى فترات محددة للطول الموجى و ذلك          آمرشح للنيوترونات الحرارية المختارة    الكهروجرارى

ضا    ور الراسى واي سبة للمح وترونى بالن سيال الني قوط ال ا س ر زواي ستوايات  بتغي اطع م ط تق د نق عن

وترونى        )  002(اس من المستوى    من دراسة خواص االنعك   و. االنعكاس ود ني از حي امكن تصميم جه

ى عن ل حيث تعكس البل . ورتين من الجرافيت الكهروحرارى ل من بل  ة سقوط محددة  ورة االول د زاوي

ات  وجى للنيوترون ة الطول الم ىذاتاحادي ة بالرتب االعل ى مرافق ة االول ة ا.  الرتب ورة الثاني ا البلل م

  .لى فحين تسمح بمرور الرتبة االولى بدون توهين مؤثرالعانيوترونات الرتب تعمل آمرشح ل

ستعرض أحدث األبحاث المتضمنة استخدام ب           : الفصل الخامس   ور ل ي ة ات  ل  آمرشح   احادي

ست             آلى للنيوترونات الحرارية   وى  فى عالقة مع  بارامترات البلورة من حيث التوزيع الفسيفسائى و م

رارة   ة الح مكها و درج ع و س تخدام ب   . القط ة اس ة آفائ م دراس ا ت د   لآم ة آموح د االحادي ورة الحدي ل

  .للنيوترونات

دد    الة بع الة          81 وذيلت الرس ائج الرس م نت ا أن أه ة آم ا من المراجع الحديث ا معظمه مرجع

ى      دولى فى الخ     تمرمؤ فى   بحث فى دوريات متخصصة خارجية و     ى بحثين نشرت ف  ارج باالضافة ال

ة و الجسيمية بالمني        ال المؤتمر ا   قبال لاللقاء ضمن اعم    بحثين اء النووي وفمبر  لثامن للفيزي   .2011ا ن



 
  مرفت سعيد المسيرى للحصول على درجة  الدآتوراه فى فلسفة العلوم /هخطة البحث الخاصة بالطالب

  تحت عنوان

  النفاذیة النيوترونية خالل المواد البللوریة

  :الخطوات التاليةلتحقيق اهداف رسالة  الدآتوراه تتضمن خطة البحث 

 1وضع معادلة ریاضية تصف المقطع النيوترونى الكلى للمواد البللوریة فى عالقة مع طاقة النيوترون فى المدى من         -1

 الكترون فولت ومن المعادلة یمكن حساب قيم مقاطع االمتصاص والتغلغل وتشتت براج 10مللى الكترون فولت حتى 

ة              للبلورة (hkl)من المستویات المختلفة     ذا والمعادل ة ه ة البللوری ة خالل سمك العين ة النيوتروني ى النفاذی  وتأثيرها عل

  .أو احادیة البلوریة) مسحوق(تأخذ فى اإلعتبار الترآيب البللورى للمادة وتكوینها من حيث عدید بللورات 

ة من           -2 ة فى مدى الطاق ى إلجراء الحسابات المطلوب رو  1تصميم برامج على الحاسب االل ى الكت ى   ملل  10ن فولت حت

ت رون فول امج  . الكت سية هى البرن رامج رئي الث ب صميم ث يتم ت الة س ذة الرس ى ه ورات PCف د البلل سحوق( لعدی ) م

ود   SC للجرافيت الكهروحرارى والبرنامج     PGوالبرنامج    إلجراء  SC للمواد احادیة البللورة هذا وسيتم استخدام الك

وأآسيد الماغنيسيوم واآسيد الحدید فى     )الكوارتز(احادیة الآسيد السيلكون    حسابات النفاذیة النيوترونية خالل بللورات      

سائى   ع الفسيف يم التوزی ع ق ة م ات وسمك  ) (mosaic spreadعالق ة سقوط النيوترون ورة وزاوی ستوى قطع البلل وم

 .ودرجة حرارة البللورة

ات     البرامج المصممة سوف تاخذ فى اإلعتبار عند حساب النفاذیة النيوترونية فى       -3  عالقة مع الطول الموجى للنيوترون

ة        ة ثابت درة تحليلي سبة لق ة بالن درة التحليلي ساع الثابت الموجى   (λ/λ = constant∆)الق  (λ = constant∆) أو االت

 .وایضا التوزیع النيوترونى للفيض  الخارج من المفاعل و الساقط على البللورة

يتم           -4 ة                 للتحقق من سالمة ودقة البرامج فى الحسابات س ائج العملي رامج مع النت ة باستخدام الب ة الحسابات النظری  مقارن

 .المقاسة والمتاحة سواء على المفاعل المصرى االول او فى معامل االبحاث العالمية الحدیثة

ى المفاعل المصرى االول خالل                   PGالبرنامج   -5 ى اجریت عل ة الت ة النيوتروني ائج النفاذی ل نت ستخدم فى تحلي  سوف ی

وترونى             (002)رافيت الكهروحرارى المقطوع موازى للمستوى       بللورة الج  ة للفيض الني د درجات سقوط مختلف  وعن

 .بالنسبة لمستوى القطع

 .اجراء دراسة جدوى استخدام الجرافيت والحدید في صورة مسحوق آمرشح للنيوترونات الباردة -6

ات ال          -7 ع            اجراء دراسة جدوى استخدام الجرافيت الكهروحرارى آمرشح لنيوترون يم التوزی اد انسب ق ة وایج ة الثاني رتب

 .الفسيفسائي و سمك البللورة وزاویة سقوط النيوترونات بالنسبة لمستوى القطع  للحصول على اعلى آفاءة للمرشح

سيلكون          -8 وارتز (دراسة جدوى استخدام البللورات االحادیة الآسيد ال د آمرشح          ) الك سيد الحدی سيوم واآ سيد الماغني وأآ

 .نات الحراریة مع تحدید انسب قيم التوزیع الفسيفسائى  ومستوى القطع و سمك البللورةفعال للنيوترو

مناقشة النتائج وأقتراح  بتطویر التجارب  المقامة امام المفاعل المصري أالول  باستخدام انسب بارامترات البللورات               -9

ة م ل الخلفي ع تقلي ة م ات الحراری اءة ترشيح للنيوترون ى آف ى اعل ا للحصول عل سریعة وأشعة جام ات ال ن النيوترون

 .المصاحبة

  .اعداد الرسالة للتقدیم مع نشرأهم نتائجها فى الدوریات العلمية المتخصصة -10

  :المشرفون على الرسالة
  د محمد عبد العليم عامر. أ-1

  .طنطا جامعة – آلية العلوم -استاذ علوم المواد  

  د  ممدوح أدیب شحاته. أ-2

  .هيئة الطاقة الذریة - مرآز البحوث النوویة –  قسم طبيعة المفاعالت –) متفرغ(نات ذ فيزیاء النيوتروأستا
  د عبد الرازق محمد عابدین. أ-3

    . جامعة طنطا- آلية العلوم -)متفرغ(استاذ مساعد فيزیاء النيوترونات 



   
  المشرفون

  محمد عبدالعليم عامر/ د . أ

    جامعة طنطا-لعلوم  كلية ا-   قسم الفيزياء -أستاذ علوم المواد 

  
  ممدوح أديب شحاتة/  د . أ

   قسم طبيعة المفاعالت-)متفرغ(أستاذ فيزياء النيوترونات 

   هيئة الطاقة الذرية-مركز البحوث النووية 

 

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

 

 

  

                            قسم الفيزياء                                            رئيس

    

  حسين محمود بدران/ د.أ                                 

  



  
                           كلية العلوم  جامعة طنطا    

  
  النفاذیه النيوترونية خالل المواد البللوریة

  
  مقدمة رسالة

  )لجوامد النوويةفيزياء ا(للحصول على درجة دكتوراه الفلسفة فى العلوم 

  من

  مرفت سعيد المسيرى /الطالبة
مدرس مساعد بقسم طبيعة المفاعالت   

  مركز البحوث النووية-شعبة المفاعالت الذرية

 هيئة الطاقة الذرية

  

  تحت إشراف
  د  ممدوح أدیب شحاتة       .  أ    محمد عبدالعليم عامر             / د . أ

  )متفرغ( أستاذ فيزياء النيوترونات                       أستاذ علوم المواد             
   قسم طبيعة المفاعالت                                             قسم الفيزياء

   مركز البحوث النووية             كلية العلوم                                    
  هيئة الطاقة الذرية                                         جامعة طنطا        

   

  د عبد الرازق محمد عابدین.أ
  )متفرغ(استاذ مساعد فيزياء النيوترونات 

  قسم الفيزياء   
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  جامعة طنطا
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