
 
Abstract—In this contribution, the optimization of sapphire 

filter thickness was performed, for fast neutrons,with GEANT4.   
For thermal neutrons, interaction cross sections, based on the 
S(α,β) model, are not yet implemented in GEANT4. The present 
word focuses on the thermal neutrons interaction with Al2O3and 
MgO crystals, which are usually used are thermal neutron 
filters.The LEAPR module of NJOY code has been used to 
generate the thermal cross sections for Al2O3and MgO crystals, 
at different temperatures. The phonon density-of-state, required 
by the LEAPR module, has been calculated using the ABINIT 
package.The generated cross sections allowed us to study the 
temperature effect on the quality of each filter and to compare 
the filtering powers of the two considered crystals. 
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I. INTRODUCTION 
HE single crystal sapphire Al2O3 is frequently used as fast 
neutron filter used in the experiments around the research 

reactors. The neutron filter material must have wavelength 
dependent cross section that is lower for thermal energies, less 
than 0.1 eV, and higher for energies greater than about 1 eV. 
The overall effect of the thermal neutron cross section thσ   is 

a superposition of several contributions: (a) absorption, aσ
,normally proportional to neutron wavelength, (b) incoherent, 

incoσ , (c) coherent inelastic , inelσ and (d) any residual Bragg 

scattering, elaσ which depends on neutron wavelength, crystal 
orientation and crystal perfection. Item (c) depends upon 
crystal temperature (phonon population), where coherent 
Bragg scattering can bedisallowed by using a special crystal 
orientation [1]: 
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elainelincoath σσσσσ +++=                                     (1) 
 

 The effectiveness of such filter is given by the optimum 
filter thickness, crystal orientation and the temperature.One 
can also use the quality factor R, defined by the ratio of the 
total cross section at thermal energies, thσ , to the total cross 

section at high energies, freeσ : 
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 The absolute minimum value of R is obtained by neglecting 

elaσ and inelσ contributions: 
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The lower value of Rmin corresponds to the best filter. A low 
value for the numerator implies a 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. 

II. OPTIMIZATION OF SAPPHIRE FILTER THICKNESS 
The purpose of the present work is to find the optimal filter 

thickness that gives good fast neutronsattenuation and high 
transmission of thermal neutrons using GEANT4 code[2].The 
Monte Carlo code GEANT4 was used to calculate the 
transmission ratio of fast neutrons (E = 3 MeV) for different 
sapphire crystal thicknesses. Fig. 1 shows the fast neutrons 
transmission as a function of the crystal thickness L.  

 
The calculated neutron transmission can be adjusted by the 

empirical function:   𝑇𝑇 =   𝐼𝐼 𝐼𝐼0� = 𝑒𝑒𝑒𝑒𝑒𝑒�− L
𝜆𝜆� �                     (4) 
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Fig.  1. Fast neutron transmission as a function of sapphire crystal 

             thickness 
 

The simulation results give a value of the λ parameter of  
3.8 cm. For example, a sapphire thickness of 10 cm could 
absorb about 95% of fast neutrons. Similar results have been 
found by I.E. Stamatelatos and S. Messoloras [3]. 

However, for the same thickness, the calculated 
transmission rate of thermal neutrons is about 6.5%which does 
not suit the purpose of a thermal neutron filter.The reason of 
this disagreement comes from the thermal cross sections that 
are not correctly implemented in Geant4 for a lot of materials. 

The Geant4 code can treat the physically reliable transport 
of thermal neutrons if the S(α,β), inelastic cross section data 
are used.  In this case, it takesinto account atomic translational 
motion as well as vibration and rotation of the bound atoms 
that also significantly affect the cross sections and final states. 
The current G4NDL4.2.TS data librarycontains S(α,β) data for 
some molecules, such as H bounded in ZrH. However, there is 
no ENDF data library for Al2O3. The main task of the next 
steps is to generate thermal scattering data for the Al2O3 
crystal (sapphire)and incorporate it in the GEANT4 database. 

III. THERMAL NEUTRON SCATTERING CROSS SECTION 
The calculating of thermal neutron scattering cross sections 

in such material would include information on the absorption 
and inelastic scattering since the elastic scattering is neglected. 
The inelastic scattering cross sections are calculated by using 
NJOY code [4]. The phonon frequency distribution, generated 
independently by ab-initio calculations, is the main input for 
accurate thermal cross sections determination at various 
temperatures.  

A.  Phonon Frequency Generation for Al2O3 and MgO : 
Born effective charge tensor and dynamicalmatrices  of 

Al2O3 and MgO were computed within a variational approach 
to density functional perturbation theory as implemented in 
the ABINIT package [5]. The exchange-correlation energy 
functional was evaluated within the generalized gradient 
approximation according to Perdew, Burke and Ernzerhof 
scheme [6]. Al(3s2 , 3p1 ), Mg(3s2) and O(2s2 , 2p4)-electrons 
were considered as valence states in the construction of the 
pseudopotentials. The electronic wavefunctions were 
expanded in plane-waves up to a kinetic energy cutoff of  

57 Ha. Integrals over the Brillouin zone were approximated by 
sums over a 8*8*8 mesh of special k-points [7]. Atomic 
positions of each structure were relaxed at their corresponding 
experimental volume and lattice parameters:  

rhombohedralunit cell belonging to the R
_
3 c space groupwith 

a =5.128 
°

A andα =55.28° for Al2O3 [8], and cubic unit cell 

belonging to the Fm
_
3 m space group with a =2.979

°

A  and α 
=60° for MgO [9]. Phonon dispersion curves were interpolated 
according to the scheme described in ref [10]. In this scheme, 
the long-range character of the dipole-dipole contribution is 
correctly handled by first subtracting it from the force constant 
matrix in reciprocal space and treating it separately. The short-
range contribution to the interatomic force constants in real 
space is then obtained from the remainder of the force 
constant matrix in q-space using a discrete Fourier transform. 
From the resulting set of interatomic force constants in real 
space, phonons can be readily obtained at any point in the 
Brillouin zone. For the both materials, a 150 * 150 * 150 q-
points grid in the irreducible Brillouin zone was employed for 
the calculation of the integrals associated to the phonon 
density -of-states. They are displayed at 0 K in Figs. 2 and 3 
respectively for Al2O3 and MgO 

Fig.  2. Partial and total phonon frequency distributions for Al2O3 

 

Fig.  3.Partial and total phonon frequency distribution for MgO 

 



 

B.  Thermal Inelastic Cross Section   
The calculation of inelastic cross section,based on the 

S(α,β) model, for sapphire crystal,was handled by LEAPR  
module of the NJOY tool. Fig. 4 shows the total neutron cross 
section per Al2O3 molecule at room temperature (300 K). 
 The results are in a good agreement with experimental data 
and show a minimum around the thermal energy which could 
ensure a good transmission of thermal neutrons. For higher 
energies, the cross sections are compatible with those derived 
from the free-atom assumption. 

In Fig. 5 are compared the total neutron cross section in 
sapphire at room and liquid nitrogen temperatures (300 K and 
77 K). One can see that the filter quality is considerably 
improved by cooling the crystal. The real effect of the 
temperature on the filter quality will be discussed in the next 
section. The same work has been performed for the 
magnesium oxide crystal (Figs 6 and 7). 
 

Fig.  4. Total cross section per molecule for sapphire crystal at 300 K 
 
 

 
Fig.  5. Total thermal cross section per molecule for sapphire crystal 

at300 K and 77 K  
 

 
Fig.  6. Total cross section per molecule for magnesium oxide crystal 
at 300 K 
 

Fig.  7. Total thermal cross section per molecule for magnesium 
oxide  crystal  at 300 K  and 77 K 
 
 
 
 

IV.  REMARKS AND DISCUSSION 
 
To show the effect of cooled filter sapphire Al2O3 and 

magnesium Oxide MgO at liquid nitrogen and room 
temperature to attenuate fast, epithermal neutron and 
transmission of thermal neutron, the quality factor were 
calculated. Tables I and II list respectively minR for sapphire 
and magnesium oxide filter materials, at both temperatures.  

At both temperatures, the MgO filter seems to have a 
slightly better quality than sapphire filter. Also, the 
improvement of the quality factor by the crystal cooling is 
higher for MgO than for Al2O3. 

If we assume that the transmission rate is given by  

𝑇𝑇𝑛𝑛 =  
𝐼𝐼𝑥𝑥
𝐼𝐼0

=  𝑒𝑒−𝑛𝑛𝜎𝜎𝑡𝑡ℎ𝑥𝑥 

σth =  total cross section calculated by the NJOY code,  
n = number of molecules per volume unit and  
x = crystal thickness. 



 

The estimated value of the thermal transmission rate  
(E ≈ 0.025 eV)at room temperature, for a 10 cm thick sapphire 
crystal, is about 81.7 % which is in agreement with the results 
of R. Born at al. [11] and N. Habib [1]. 
 The thermal transmission rate at liquid nitrogen temperature 
(77 K) can be calculated as before by using the thermal cross 
section at T = 77 K. The comparison of the two transmission 
rates show that only a small increase ≈ 8% is achieved by 
cooling the crystal at 77 K. Such a small increase could be 
insufficient to warrant the expense of cryogenics. 

 For MgO crystal, the transmission rate at 300 K is about 
77.4%, which is less efficient than sapphire crystal. But 
cooling the MgO crystal at 77 K improves the thermal 
transmission by a factor 24%. The crystal cooling is well 
justified in the case of MgO filter. The conclusions have been 
done by D.F.R. Mildner et al. [12]. 

 
TABLE I 

QUALITY FACTOR FOR AL2O3 
 
 
 
 

 
Al2O3 

 

 

 
Energy(eV) 

 
Rmin [300 K] 

 

 
Rmin [77 K] 

 
 

0.014 
 

0.024 
 

1.0018 
 

3.0014 

 
0.06003 

 
0.0563 

 
0.7397 

 
0.92665 

 
0.0408 

 
0.0335 

 
0.6283 

 
0.8691 

   
   

 
 

TABLE II 
QUALITY FACTOR FOR MGO 

 
 
 
 

 
MgO 

 

 

 
Energy(eV) 

 
Rmin [300 K] 

 

 
Rmin [77 K] 

 
 

0.014 
 

0.024 
 

1.0018 
 

3.0014 

 
0.0515 

 
0.046 

 
0.5741 

 
0.6329 

 
0.025 

 
0.0205 

 
0.5101 

 
0.6106 

V.  CONCLUSION 
The thermal neutron cross sections have been generated by 

the NJOY code, to estimate the transmission of thermal and 
fast neutrons through sapphire and MgO crystals. The cross 
sections generation is based on the S(α,β) model is a long 
procedure beginning from ab-initio calculation of phonon  

spectrum and leading to a cross section distribution  to be 
validated by experimental data. The obtained cross sections 
can be used to estimate the quality of each filter at different 
temperatures.  

The results show that, at room temperature, sapphire filter 
has a slightly better thermal transmission rate than MgO filter. 
The cooling of the crystal at liquid nitrogen temperature 
improves significantly the filtering quality of the MgO filter 
while the gain for sapphire does not justify the cost of cooling. 
   The generated cross sections are being translated to the 
G4NDL format, to be implemented in Geant4. This step is 
performed with the help of the Geant4 collaboration, thanks to 
Tatsumi KOI. 

REFERENCES 
[1] N. Habib, Single crystal Filters for neutron spectrometry, Presented at 

the 2007 6 th Conference on Nuclear and Particle Physics, Luxor, Egypt. 
Nov 17-21, 2007 

[2] Nuclear Instruments and Methods in Physics ResearchA 506 (2003) 
250-303 

[3] I.E. Stamatelatos and S. Messoloras, Rev. Sci. Instrum. Vol. 71, No. 1, 
January 2000 

[4] R. E. MacFarlane, D. W. Muir, R. M Boicourt and A. C. Kahler, “The 
NJOY Nuclear Data Processing System, Version 2012,” LA-UR-12-
27079, Los Alamos National Laboratory  

[5]  X. Gonze et al., Comput. Phys. Comm. (2009) 180, 2582-2615 
[6]  J. P. Perdew, K.Burke, M. Ernzerhof, Phys. Rev. Lett. (1996) 77, 3865. 
[7] H. J. Monkhorst, J.D. Pack, Phys. Rev. B (1976) 13, 5188-5192 
[8] P. Villars, Pearson Handbook: Crystallographic Data for Intermetallic 

Phases, ASM International, Materials Park, 1997.  
[9] N. W. Ashcroft and N. D. Mermin, Solid State Physics, Saunders, 1976. 
[10] X. Gonze, J.-C. Charlier, D. C. Allan, M. P. Teter, Phys. Rev. B (1994) 

50, 13035-13038.  
[11] R. Born et al. Nucl Inst. And Meth. In Phys. Res. A262 (1987) 359-365 
[12] D.F.R. Mildner et al., J. Appl. Cryst. (1993) 26, 438-447. 



<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (None)

  /CalCMYKProfile (None)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 0

  /ParseDSCComments false

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo true

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Remove

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 200

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 200

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 400

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 600

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)

    /NOR <>

    /POL <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>

    /TUR <>



    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



