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 A formula is given which allows to calculate the contribution of the 
nuclear capture, thermal diffuse and Bragg scattering cross-section to the 
neutron transmission through solid crystalline Beryllium. The formula takes 
into account the beryllium crystalline structure and its physical parameters. A 
computer program CRYSBE was developed to provide the required calculation. 
The calculated values of the total cross-section of polycrystalline beryllium at 
different temperatures were compared with the previously measured ones in the 
neutron energy range from 0.2 meV to 10 eV . The obtained agreement shows 
that the formula fits the experimental data . An agreement was also obtained for 
values of beryllium single crystal at both room and liquid nitrogen 
temperatures. The feasibility study on using a polycrystalline beryllium as a 
cold neutron filter is given. The optimum beryllium single crystal thickness, 
mosaic spread, temperature and cutting plane for efficiently transmitting the 
thermal reactor neutrons, while rejecting both fast neutrons and gamma ray 
accompanying the thermal ones are also given .       
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Introduction: 

A fission reactor is a prolific source of fast neutrons, thermal neutrons 
and gamma radiation. However, to improve the signal-to-background ratio for 
thermal neutron scattering experiments has required the development of thermal 
neutron filters . 

 
For most media the reflective index for neutrons is less than 1.0. It 

follows that when a neutron beam strikes the boundary of a medium from 
outside (i.e. from vacuum), one should observe an almost total internal 
reflection of neutrons from the surface at small enough glancing angles .As 
shown by several authors [1,5], curved guide tubes transports neutrons by total 
internal reflection from a surface coating of 58Ni  mirror . 

 
Such thermal neutron filters are expensive to construct and the neutron 

scattering facility are usually  installed far away from the reactor core . 
 
However, Si, Be, Cu and graphite poly and momo-crystals have been 

recently used as thermal neutron filters[6,7].When evaluating crystal filters that 
pass thermal neutrons and exclude both fast neutrons and γ-rays, the material 
used must be of small absorption cross-section and high free atom scattering 
cross section for thermal neutron. Therefore the present work deals with the 
feasibility study on using a poly and mono-crystalline beryllium as a thermal 
neutron filter, since its absorption cross section is less than 0.002barns while its 
free atom cross section is 7.6barns. 

 
A simple formula was introduced for calculating both the total thermal 

cross-section and Bragg scattering cross-section of a beryllium in poly and 
mono crystalline form. 

 
The computer program CRYSBE, a new version of computer code 

ISCANF- II[8] was adapted to provide the required calculation. 
 

The Theoretical Treatment 
1. Attenuation of neutrons by a crystalline solid : 

The total cross section determining the attenuation of neutrons by 
crystalline solid is given by 

 
σ = σabs + σtds + σBragg                                                              (1) 

 
The first contribution σabs for the most of the elements obeys the 1/v law, 

where v is the neutron velocity and can be written as: 
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σabs = C1 E-1/2                                      (2) 
 

where E is the energy of the incident neutron 
 

According to Freund [9]  the second contribution σtds can be split into 
two parts, σsph and σmph depending on neutron energy. The single-phonon-
scattering cross section σsph concerns the energy range E « KB θD , where KB is 
Boltzmann' s constant and θD is the characteristic Debye temperature  that is 
given by the equation: 

σsph = σ θbat D
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where x = θD/T ( T is the temperature ), σbat = S + s the sum of  coherent and 
incoherent scattering cross section of the bound atom, A is the  mass number 
and 

R = 
n=

∞

∑
0

Bn xn-1 / [ n ! (n+5/2)] 

 
where Bn  are the Bernoulli numbers. 

 
The second part, the multi-phonon scattering σmph of the σtds is 

predominant in  the range E » KB θD and is given by: 
 
σmph = σfree {1 - exp[ -(Bo + BT) C2 E ]} 

 
where C2 is a constant independent of the scattering material, 

Bo = 3 h2 / (2 KB θD) 
BT = 4 Bo ϕ(x)/x 

in which h is plank's constant and 

ϕ(x) = x-1 
0

x
∫ ζ  dζ / (e-ζ -1)   

σfree is the free atom cross section is given by 
σfree = σbat [ A/A+1]2 
 

2. Bragg Scattering : 
 

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 
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calculated. In case of a poly- crystalline material the reflections are from all 
planes having spacing dhkl ≥ λ/2, while in case of a mono crystal, reflections are 
from the (hkl) planes satisfying the Bragg equation: 

nλ =2 dhkl sin θhkl 
 

where n is the order of reflection, θhkl is the glancing angle to the (hkl) plane. 
 
2. 1. Bragg Scattering by a Polycrystalline Material: 

It was shown by Bacon [10] that for a Polycrystalline material with grain 
size less than 10-4 mm, the total coherent Bragg scattering cross-section can be 
given as: 

σBragg = w

d
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where Nc is the number of unit cells per cubic centimeter , Fhkl is the structure 
factor of the unit cell and e-2w is the Debye-Waller factor.  
 
2. 2.  Bragg Scattering by a Single Crystal: 

 Following Naguib K. and Adib M., [11], the Bragg scattering cross-
section by a single crystal is given by: 

σBragg = 










Braggo TtN
11 ln                      (5) 

 
where N is the number of atoms per cubic centimeter and to is the effective 
thickness of the crystal in cm. TBragg is the resulting neutron transmission from 
different (hkl) planes given by: 

 TBragg = ( )1−∏ Phk
hkl

l
θ  

 

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

the incident beam direction. 
 As shown the authors [11] the reflecting power Phkl

θ  for an ideally 
imperfect crystal depends upon the direction cosine of the incident beam γo 
relative to the inward normal to the crystal surface cutting along the plane 
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(hckclc), the direction cosine of the diffracted beam γhkl and the inclination of 
(hkl) plane to the crystal surface αhkl.  

For the hexagonal closed pack structure(hcp), the equation describing a 
cutting plane with miller indices (hckclc) can be given as:  
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when such crystal is fixed on a goniometer’s table with its surface is parallel to 
XY plane, the equation of its cutting plane using a simple plane transformation 
can be given as :   
 

Z/dC = 1                                               (6)  
 
while any of the (hkl) planes can be given as: 
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where ao ,co are  a lattice constant. 

If the angle between the neutron beam direction and the direction [hckclc] 
is ψ, then the direction cosine of the diffracted beam γhkl  can be expressed as: 



M. Wahba 220

{ }

 sin  12/)( 
3

2

   cos     2/ 2/)(  2
o3a

4
hkld   cd     hkl   

ψ

ψγ





































−++

+++++=

McchkckhckkchhcM
ocoa

l

ocllcckhchkckkchh
    (8) 

where 

2/2)22(23

4
1

oclkhkh
oa

hkld
+++

=  

while the inclination angle αhkl of any plane (hkl) to the cutting plane (hckclc) 
can be given as: 
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If the cutting plane is (00lc) equations (7) will  be: 
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Description of Crysbe Code 

CRYSBE code is an adapted version of ISCANF-I and ISCANF-II 
codes developed to calculate the total neutron cross-section and transmission 
through crystalline materials for neutron energies below 10 eV [12]. The 
contribution of σabs, and σtds are calculated in a similar way as given in 
ISCANF-I and ISCANF-II programs. The adapted version CRYSBE can 
provide additionally the following calculations: 

 
1- The Bragg scattering term for a poly-and mono -crystal for HCP having 

two atoms per unit cell.  
 

2- The energy and wavelength distribution of incident reactor neutron flux 
before and after its transmission through the crystalline Be.  
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Comparison with Experiment: 

In order to check the applicability of the deduced  formula, the 
calculations were carried out for poly and mono crystalline beryllium crystals 
and compared with the experimental ones. The main beryllium physical 
parameters used for calculations are listed in Table (1). 

Table .(1)  The physical parameters of  beryllium 

Atomic Weight 
Crystal Structure 
Lattice Constants 
Atomic Positions 
Number of unit cells/m3 
Debye Temperature 
Neutron capture cross-section at 0.025 eV 
σbat  
Coherent Scattering amplitude  

9.0  
hcp  
a0 = 0.2275 nm Co = 0.358 nm  
1/3 2/3 1/4, 2/3 1/3 3/4  
0.6165 E +29  
1100 K  
1.68 mbarn  
7.631 barns  
7.746 fm 

1. Polycrystalline Beryllium  

 The total neutron cross-sections of beryllium at 400K, room and liquid 
nitrogen temperatures were calculated in the energy range from 0.1 meV up to 
10 eV using CRYSBE. The result of calculations are displayed in Fig. (1) as 
solid lines. For comparison the available experimental values measured for 
polycrystalline beryllium in powder form at 400 k, room(R.T) and liquid(L.N) 
nitrogen temperatures [9], are also displayed in Fig. (1) as dots. The calculated 
values at 400K, and room temperatures are in reasonable agreement with the 
experimental ones at the fitted parameter C2=7.6. This value is more than that 
value deduced from the semi empirical formula(C2=5.0Å-2eV-1) reported by 
Freund [9]. However at liquid Nitrogen temperatures the calculated values are 
in slight disagreement with measured ones. Such disagreement is due the fact 
that single phonon scattering cross-section is calculated using an approximate 
equation at x=13. More exact calculation would need a detailed knowledge of 
the phonon frequency distribution  
  

To show the effect of both thickness and temperature of the 
polycrystalline beryllium on its filtering characteristics, the calculations were 
performed at room and liquid nitrogen temperatures in the neutron wavelength 
from 0.2nm up to 1.0nm. The result of calculation is displayed in Fig.(2). At 
thickness of 20cm the neutron transmission at wavelength longer than the cut 
off wavelength at 0.396nm is about 80%.  

 
 Fig.(3) displays the calculated thermal neutron flux having Maxwellian 

distribution with neutron gas temperature close to room temperatures (300K) 
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incident on a 20cm  thick polycrystalline beryllium cooled at liquid nitrogen 
and after its transmission. Fig.(3) shows that polycrystalline beryllium cooled at 
liquid nitrogen temperature can be efficiently used as a cold  neutron filter. 
Moreover, at such thickness the attenuation factor of γ-rays accompanying the 
reactor neutrons with average energy  E γ≈ 2 MeV is more than 50. 

 

 

 

 

 

 

 
 
 
 

Fig .(1): The Total Neutron Cross-Section For Polycrystalline Beryllium . 

 

  

 

 

 

 

 

 

 
Fig.(2):  Neutron Transmission through Polycrystalline Beryllium. 
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Fig.(3): Transmitted Thermal Neutron Flux through Polycrystalline Beryllium . 
 
2- Beryllium single crystal:  

 The measured neutron cross-section data of beryllium single crystal 
reported by Freund et al [9] at room and liquid nitrogen temperatures are 
displayed in Fig.4. The neutron cross-section values in the energy range from 
0.5 meV to 10 eV at room and liquid nitrogen temperatures  were calculated 
using CRYSBE code  assuming that beryllium is a perfect single crystal cut 
along its (002) plane. The result of calculation is displayed in Fig. (4) as solid 
lines. From Fig.(4) the calculated and experimental cross-section are in 
reasonable agreement at room temperature, however at liquid nitrogen one a 
disagreement was also observed as for a polycrystalline case. 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig .(4):  Neutron Cross-Section of a Perfect Beryllium Single Crystal . 
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 To show the contribution of the Bragg reflections on the neutron 
transmission of beryllium single crystal cut along different (hc kc lc) planes, the 
calculations were carried out using CRYSBF code in the whole energy range 
from 1meV to 10eV. The beryllium single crystal has a same thickness of 10cm 
mosaic spread of 8mRad and at room temperature. Fig.(5) displays the result of 
calculations of neutron transmission through beryllium single crystals cut along 
(002) , (100), (101) and (103) planes for neutrons incident in a direction 
perpendicular to the cutting plane i.e ψ = 0. 
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From the curves one can notice that beryllium crystal cut along the (002) plane 
is preferable than the others, when it is used as a thermal neutron filter, since 
there are no disturbing Bragg reflection at neutron energies less than 0.02eV. To 
decrease such effect a optimum choice of crystal mosaic spread is essential . 
The neutron transmission through 10 cm beryllium single crystals (002) cooled 
at liquid nitrogen having different mosaic spread were calculated Fig. (6) 
displays the results of calculations. One can notice that for mosaic spread more 
than 1mRad the parasitic Bragg reflections could limits the use of  beryllium 
single crystal as a thermal neutron filter . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.(6): The Neutron transmission through 10cm of  Be crystal for various mosaic spreads. 
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 To find the optimum beryllium thickness when used as a filter, the 
neutron transmission through different crystal thicknesses cooled at liquid 
nitrogen were calculated. Fig.7a shows the result of calculation for neutron 
transmission through beryllium (002) crystal having mosaic spread of 0.5mRad 
while Fig.(7b) for 1mRad. 

 
 It seems that 10cm thick 0.5mRad beryllium (002) cooled at liquid 

nitrogen is sufficient for removing neutrons with energies >0.5eV (T<3%)  
while providing high transmission (T>80%) for neutron energies <0.025eV. 
The transmitted neutron spectrum is almost free from disturbing Bragg 
reflections. The filtering characteristics are somehow worth for crystal having 
mosaic spread of 1mRad. The final  choice depends upon the experimental 
conditions required and the price of such crystal . 
 
 

 
 
 
 
 
 

 
Fig.(7):   Neutron Transmission through Beryllium Crystals Cut along (002) Plane for    

D0ifferent Crystal Thickness  
 
 

Conclusion: 

 The simple formula and the developed CRYSBE code presented in this 
paper permits the calculation of the total neutron cross-section of poly- and 
mono-beryllium crystals with HCP structure to be deduced within an accuracy 
which is sufficient for determining its filtering characteristics . 

  
Calculation shows that 20 cm thick polycrystalline beryllium cooled at 

liquid nitrogen temperature can be efficiently used as a cold neutron filter. 
While 10cm thick beryllium single crystal cut along its (002) plane and with 
mosaic spread of 0.5mRad is a good thermal neutron one with high noise-to-
background ratio.             
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