ISSN: 2319-5967
ISO 9001:2008 Certified
International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 3, Issue 4, July 2014

2 KeV Filters of quasi-mono-energetic neutrons
A.Saleha, M. Adibb, N.Habibb,I.I.Bashtera , M.Fathallahc and M. S. El-Mesiryb
a
Faculty of Science, Zagazig University, Egypt
b
Reactor Physics Department, NRC, AEAE, Cairo, Egypt
c
Faculty of Science, Jazan University, KSA
Abstract— A simulation study for the production of 2 KeV filters of quasi-mono-energetic neutrons based on the deep
interference minima in the Sc-45 total cross-section was carried out. A computer code QMENF-II was adapted to calculate
the optimum amounts of the Sc-45 as a main filter element and additional component ones to obtain sufficient intensity at
high resolution and purity of the filtered quasi-mono-energetic neutrons. The emitted neutron spectrum from nuclear
reactor and from the reaction of 2.6 MeV protons on a lithium fluoride target at the accelerator beam port, are used for
simulation.
Index Terms—2KeV quasi-mono-energetic neutron beams .Sc-45 neutron filters.

I. INTRODUCTION
Filtered neutron mono-energetic beams in KeV region now-a-days are strongly needed for high precision
measurements of the total and partial cross-sections [1]&[2], determination of calibration curves of various
neutron detectors for applications in neutron dosimeters and spectrometry [3]. As well as the measurements of
average total and radioactive neutron capture cross section in the KeV region are important in the calculation and
design of nuclear reactors [4]. Moreover it is used in Boron-Neutron Capture Therapy (BNCT) [5] &[6] and more
recently in Gadolinium Neutron Capture Therapy (GdNCT) [7]. Recently the 2KeV beam is applied in neutron
radiography, tomography, radiobiological studies and cancer treatments [8].
The main idea of neutron filter technique is the use of large quantities of a certain material which have the deep
interference minima in its total neutron cross-section. By transmitting neutrons through bulk layer of such
material, one can obtain the quasi-mono-energetic neutron lines instead of white spectrum. To select only one line
(neutron filter) with high purity, a composition filter of some selected additional materials is usually used.
Recently Gritzay et al. [1] and Morcos & Adib [9] reported the components of the selected materials for forming
filtered reactor- neutron beam at 2 KeV. As reported by Gritzay et al. [1] the main filter material for 2 KeV was
45Sc. and the additional materials are 60Ni, 54Fe, 59Co, 10B, S and 27Al.While Morcos & Adib [9] used the
same amount of Sc-45 along with natural V or Ti material as additional materials to simulate two new filters at 2
KeV . The results reported by Gritzay et al. [1] showed that the filtered beam at 2 KeV is strongly disturbed at
1.385 KeV and at 2.253 KeV. These may be due to the selected additional elements by Gritzay et al. [1]. While
filters reported by Morcos & Adib [9] have higher neutron beam intensity at much lower purity than the later. In
these works the authors did not give the basis for selecting the amount of Sc-45 as a main filter material or the
additional ones. The use of the filtered reactor beam for BNCT in some cases is limited due to the low neutron
intensity at the exit of the reactor channel. Morcos & Naguib [10] simulated a 2 KeV neutron filters at the beam
port of accelerator using the reaction 7Li (p,n)7Be with protons of energy 2.6 MeV. The authors used high
amounts of enriched isotopes. The cost of such filters may limit their applications.
Therefore in the present work, the basis of selecting the optimum amount of Sc-45 as a main element and the
additional ones for filtered beam at 2 KeV are given at both the exit of nuclear reactor channel and accelerator
port. Moreover a suggestion of different additional materials to obtain higher intensity and resolution of the 2KeV
filtered beam at low background are also given.
II. MODELING CALCULATION OF NEUTRON FILTERED SPECTRA
A computer code QMENF-II (Quasi–Monochromatic Epithermal Neutron Filter) in the FORTRAN language
reported by Morcos & Naguib [11] was adapted to calculate the neutron spectra formed by filters. The filter
components and their amounts are optimized to get the highest possible intensity without disturbed lines of the
main energy line and the lowest one of the parasitic energy lines in filtered neutron spectrum.
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The input preparation contains the total cross-section data for different materials calculated by the PrePro-2010
code [12] using the JENDL-3.3 and ENDF/B-8 libraries. The output results are the transmitted neutron spectrum
through the filter. The transmission T(E), of neutrons through the filter is given by:
(1)
T (E) 
T (E)



i

i

where Ti (E) is the neutron transmission of the i filter component ,given by:
Ti(E) = exp(-ti*N0 *σt(E)/Ai)

(2)

Where ti is the thickness of component filter i in gm/cm2, σt (E) the total neutron cross-section in cm2/atom, N0 –
Avogadro number, Ai -atomic weight in gm and the transmitted neutron spectrum is given by:

(3)
where ф(E) is the incident neutron spectrum.
The purity of the filter P is given by:

(4)

Since the cross section data tables calculated by PrePro-2010 program are not at equal energy steps, so to calculate
the area under curves we use the trapezoidal rule for the area under the curve calculation as:

(5)

Where x0=a, xn=b and N is the total number of tabulated points.
The optimum thickness t of the main filter element is determined at the peak of the rate of change in Purity
ξ(t). Where, ξ(t)is given as :
ξ(t)={P(t+Δt)-P(t)}/Δt

(6)

III. RESULTS AND DISCUSSION
A. 2KeV filters at nuclear reactor
The incident reactor neutron spectrum Φ (E) is taken as function composed of 3 parts: Maxwellian for thermal
neutrons, 1/E - dependence for resonance one and fission spectrum. This spectrum was normalized to unit:
∫Φ(E)dE = 1 in limits from 10-5 eV to 20 MeV[1].
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The filtered beam intensity of main peak (2KeV) of 45Sc and its purity at different thicknesses are calculated
assuming a normalized reactor spectrum [1]. The result of calculation is displayed in Fig.1.

Fig.1. Intensity of main 45Sc peak and its Purity versus thicknesses.

Fig.1 shows that with increasing the thickness of 45Sc the purity is increasing while; the transmitted neutron beam
intensity is decreasing. At 104.6 gm /cm2 thickness the filtered beam intensity is only 0.0064 (a.u.) at purity 43.2
%.
The components of the filter suggested by Gritzay et al. [1] are listed in Table 1. Gritzay et al. [1] reported that the
main peak at 2 KeV with purity ≈ 98% is strongly disturbed by dips at 1.385 KeV and 2.253 KeV. These dips are
caused due to neutron resonances of 59Co and 60Ni respectively. While the two small disturbing dips at 1.06 KeV
and 2.737 KeV are due to the neutron resonances of 45Sc at these energies.
To eliminate such disturbing dips in the main peak Morcos & Adib[9] replaced 60Ni and 59Co by natural vanadium
(filter I) Their filter components are also listed in Table 1.The intensity of the peak at 2 KeV is two and half times
more than that reported by Gritzay et al. [1]. However, its purity is only 80%. Morcos & Adib [9] suggested
another filter (Filter II) by replacing natural V by natural Ti and the amount of 54Fe was taken ten times less than
that given by Gritzay et al. [1]. However, the neutron intensity of their Filter II is increased while; its purity is only
38%.
In these works they selected the same thickness of 45Sc as a main filter material and did not give the basis of
selecting such amount or the additional ones. In the present work, to select the optimum 45Sc thickness the rate of
change in purity ξ(t) at different thicknesses is calculated. The result of calculation is displayed in Fig.2.

Fig.2. Rate of change in Purity at different thicknesses of 45Sc.

Fig.2 shows that the optimum thickness of 45Sc is 90 gm/cm2. At such thickness the intensity is 0.008 (a.u.). The
same producer was used to select the optimum amounts of the additional materials. Using the optimum thickness
of 45Sc, two filters (R1 & R2) are suggested. The selected components of these filters along with those reported by
Gritzay et al. [1] and Morcos&Adib [9] are listed in Table 1.
The filter is usually installed at the exit of the horizontal reactor channel, consequently neutrons emerging from a
steady state reactor with energies less than 1 eV obey the Maxwellian energy distribution and their intensities are
higher than the 1/E spectrum. Such neutrons are parasitic for the filter at 2 KeV. To remove their contribution 10B
(85%) with thickness 0.2 gm/cm2 was added to the filter material. Such addition decreases the intensity of the
main peak by a factor 8%.
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Table 1. Components of 2KeV filters at nuclear reactors.
Thickness (gm/cm2)
Element

Gritzay et al.

Morcos&Adib [9]

Morcos&Adib [9]

Present work

Present work

[1]

Filter I

Filter II

Filter (R1)

Filter (R2)

45

104.6

104.6

104.6

90

90

54

39.35

78.6

3.935

70

70

60

Ni

80.2

ـــــ

ـــــ

80

ـــــ

59

Co

26.7

ـــــ

ـــــ

20

ـــــ

V (natural)

ـــــ

3.48

ـــــ

ـــــ

ـــــ

Ti (natural)

ـــــ

ـــــ

22.7

ـــــ

ـــــ

ـــــ

ـــــ

ـــــ

ـــــ

80

56.0

ـــــ

ـــــ

20

20

0.54

8.1

4.05

10

10

0.2 (85%)

0.2 (85%)

0.2 (85%)

0.2 (85%)

0.2 (85%)

Sc
Fe

64

Zn

S (natural)
27

Al

10

B

The distribution of the filtered beam intensity (R1&R2) was calculated using the components listed in Table 1.
The result is displayed in Fig.3.For comparison the distribution of the filter suggested by Gritzay et al. [1] is also
displayed in Fig.3 as dashed line.

Fig.3. Transmitted Neutrons through filters R1 and R2.

The transmitted filtered beam intensity (R1) was found about 1.6 times higher than that given by Gritzay et al. [1]
at purity about 98.14%. The intensity of such filtered beam is more preferable than the later for BNCT.
However, the FWHM of the filtered beam (RI) as well as the disturbing dips in the peak may limit its use as
mono-energetic beam for high precision measurements of the total and partial cross-sections. Therefore Zn-64
was suggested as additional element for Sc-45 filter (R2).
Fig.3b shows that the filtered beam is almost free from disturbing dips and the FWHM of the peak is only 0.55
KeV at purity 97.9 %.
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As reported by Gritzay et al. [1], the neutron flux in the core of Kyiv research neutron is about 10 14 n/cm2sec and
the flux at the exit of the channel is about 5.109 n/(cm2.s). For comparison, the filtering features of the 2 KeV
mono-energetic neutrons along with the purity for different filters are listed in Table 2.
Since the filter is usually installed at the exit of the horizontal reactor channel, consequently the accompanying
γ-rays may limit its use for BNCT. The absorption coefficient of γ-rays with average energy 2 MeV was calculated
for each filter. The calculated absorption coefficients are also listed in Table 2.
Table 2. The filtering features of the 2 KeV at nuclear reactor.
Gamma attenuation factor
Filter

Energy

FWHM

Neutron flux density

KeV

KeV

x106 (n/cm2.s)

Purity %
At Eγ ≈ 2 MeV

Gritzay et al. [1]
Morcos&Adib [9]
filter I
Morcos&Adib [9]
filter II
Present work
filter R1
Present work
filter R2

2.029

1.04

2.8

98.03

11.23

2.029

1.05

7.6

81.28

6.19

1.87

1.11

4.9

38.86

6.30

2.03

1.045

4.5

98.14

10.60

2.081

0.55

3.1

97.90

8.80

Table 2 shows that the suggested filters in the present work are more preferable than the others for applications.
However, the low flux density and the high accompanying gamma rays may limit their use for BNCT.
B. 2KeV filters at accelerator beam port
In fact compared to nuclear reactors, accelerator-based sources may allow producing epithermal neutron beams
with high spectral purity and lower contamination of γ-rays. Moreover, the use of the lower energy accelerator
may enable the operation of BNCT facilities in metropolitan areas [6].
The emitted neutron spectrum from the reaction of 2.6 MeV protons on a lithium fluoride target is used for
simulation. The energy spectrum at the accelerator beam port reported by Minsky et al.[13] is displayed in Fig.4.

Fig.4. Energy Spectrum simulated at the beam port [13].
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Fig.4 shows that the neutron flux intensity is higher than that from a nuclear reactor at lower contamination of
γ-rays. Moreover, the neutron spectrum with energies centered on 10 KeV is considered the ideal spectrum for
deep seated tumors. Such facility can treat tumors in less than 60 minutes.
Morcos & Naguib [10] suggested two filters with average energy 2.15 KeV to be installed at accelerator beam
port. The main element of the two filters was Sc-45 and the secondary elements were either Ni-60 & Zn-64 or
Ge-76 respectively. The components and amounts of elements for both filters are listed in Table 3.
Table 3. Components of 2KeV filters at accelerator beam port.
Thickness (gm/cm2)
Element

Morcos& Naguib [10]
Filter (2-a)

Morcos & Naguib [10]
Filter (2-b)

Present work

Present work

Filter Acc1

Filter Acc2

45

2.989

110.593

90

10.0

54

ــــــــ

ــــــــ

70

ــــــــ

60

Ni

62.314

ــــــــ

50

50

64

Zn

356.65

ــــــــ

150

250

74

Ge

ــــــــ

61.2145

ــــــــ

ــــــــ

Sc
Fe

The purity of filter (2-a) is 94% while filter (2-b) is only 79.5%. Moreover, Morcos & Naguib [10], used a large
amounts of enriched isotopes as filter components. Consequently, the cost of such filters may limit their
applications.
In the present work two filters Acc1 and Acc2 are suggested taking into consideration their high performance at
reasonable price.
Since the contribution of neutrons with energies less than 1 eV is too small, therefore 10B (85%) was not added as
a filter component. Moreover the contribution of neutrons with energies more than 100 KeV is also too small.
Consequently, natural sulfur is also omitted as a filter component.
The composition of Acc1 filter is similar to R2 one, without addition of 10B and Sulfur. Nickel-60 is added to
reject neutrons with energies higher than 3 KeV. The distribution of the filtered beam intensity was calculated
using the components listed in Table 3. The result is displayed in Fig.5.

Fig.5. Transmitted Neutrons through filterAcc1.

Fig.5 shows that neutron flux density through filter Acc1 has the same value as reported by Morcos & Naguib [10]
however; the purity is higher than the later. To increase the neutron flux density and resolution, filter Acc2 is also
suggested. The calculated distribution of filtered beam through filter Acc2 is displayed in Fig.6.
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Fig.6. Transmitted Neutrons through filterAcc2.

For comparison the filtering features of the 2 KeV mono-energetic neutrons at the accelerator beam port along
with the purity of different filters are listed in Table 4.
Table 4. The filtering features of the 2 KeV at accelerator beam port.
Energy
Filter
Morcos& Naguib [10] filter
(2-a)

Morcos& Naguib [10] filter
(2-b)
Present work
Acc1
Present work
Acc2

FWHM

Main peak intensity
6

2

Neutron flux density

Purity %

KeV

KeV

x10 (n/cm .s)

x109 (n/cm2.s)

2.12

0.22

20.60

4.98

94.5

2.18

1.17

5.46

5.81

79.5

2.103

0.339

6.2

4.68

99.8

2.10

0.282

20.5

6.56

95

Table 4 shows that the suggested filters are more preferable than that given by Morcos & Naguib [10] for
applications. Their high flux density and purity are appreciated for their use for BNCT.
IV. CONCLUSION
The adapted computer code was found to be sufficient for calculating the optimum component amounts of a
quasi-mono-energetic neutron beam at 2 KeV.
The method used to select the optimum 45Sc thickness as the maximum of the rate of change in purity is proved to
be useful and economic for filtering composition. Based on Sc-45 and Zn-64 as an additional element the obtained
quasi-mono-energetic beams were found free from the disturbing dips.
The high flux density and purity of the suggested filters at the accelerator beam port are appreciated for the use for
BNCT.
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