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ABSTRACT - The shielding ability and other properties of new high performance neutron shielding materials
from the KRAFTON series have been recently published. A comparison of the published experimental and
MCNP results for the two materials of the KRAFTON series, with our own calculations has been done. Two
control modules of the SCALE-4.4 code system have been used, one of them based on one dimensional
radiation transport analysis (SASl) and other based on the three dimensional Monte Carlo method (SAS3). The
comparison of the calculated neutron dose equivalent rates shows a good agreement between experimental and
calculated results for the KRAFTON-N2 material. Our results indicate that the N2-M-N2 sandwich type is
approximately 10% inferior as neutron shield to the KRAFTON-N2 material. All values of neutron dose
equivalent obtained by SASI are approximately 25% lower in comparison with the SAS3 results, which
indicates proportions of discrepancies introduced by one-dimensional geometry approximation.

1. Introduction

Recently, a number of new high performance neutron shielding materials have been
developed, including the KRAFTON series of materials"" 2", like KRAFTON-XP3,
KRAFTON-N5, KRAFTON-N2 and KRAFTON-N2-Mannan-KRAFTON-N2 sandwich type
material. The last two have been the subject of a study presented by K. Ueki et al 21. The
study included experimental measurements and Monte Carlo MCNP13 1 calculations of the
neutron shielding ability of the mentioned materials as well as some other shielding materials.
Our intention was to compare their experimental and calculational results (MCNP4 with our
own results obtained using two control modules of the SCALE-4.4 code system : one of
them (SASI) based on one dimensional radiation transport analysis and the other one (SAS3)
based on the Monte Carlo method.

SAS3 control module performs shielding analysis executing several functional modules:
BONAMI - to correct cross sections with Bondarenko self-shielding factors, NITAWL - to
perform resonance self-shielding correction and MORSE-SGC - the SCALE version of the
MORSE family of Monte Carlo programs for super-group cross-section storage and particle
tracking. Since MORSE-SGC runs in a "fully coupled" mode for neutron-gamma problems,
one should expect calculational results to be comparable to the MCNP calculations.

SASI control module uses the Material Information Processor to enable simplified input
material specification and automate the cross-section processing. The Bondarenko factor
method and the Nordheim integral treatment perform resonance self-shielding. The
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XSDRNPM-S module produces cell weighted cross sections prior to simulation of the
radiation through a slab, sphere or cylindrical shield model. The XSDOSE functional module
uses the surface flux from XSDERNPM-S to generate dose rates at points on, or at some
distance from the shield.

The results of SAS3 and SASI calculations were compared to the experimental results and
MCNP calculational results. Both codes, when applied for shielding problems, have some
advantages over MCNP code, the primary one being speed of the calculation and simplicity
from the user's point of view. Therefore, a good correspondence of the SAS3 and SASI
results with the experimental as well as MCNP results would additionally stimulate their use.

2. Shielding materials

KRAFTON-N2 is a kind of soft ceramics produced by solidifying high hydrogen contained
alloy and hydroxides, such as titanium-, aluminum- and lithium-hydroxide, as fast neutron
shield, besides boron and gadolinium oxides as thermal neutron shield, with epoxy and
thermal setting resin. As shown in Table 1, the KRAFTON-N2 compound contains 15
elements. The weight percent of hydrogen and lithium is 6.3 w/o. However, the content of
hydrogen and lithium in KRAFTON-N2 is less than half of that in polyethylene (14.4 w/o).
Mannan slab is produced by dissolving the Mannan into the water of approximately 70 'C
and gelatinized by adding sodium carbonate water solution. The chemical formula of the
Mannan is C63H104051 and the weight percentage of hydrogen is 6.45% as shown in Table 1.
The Mannan was used as a core between the KRAFTON-N2 slabs in the neutron shielding
experiments. A sandwiched slab was made of 1.1 cm thick KRAFTON-N2, 3.3 cm thick
Mannan and 1.1 cm thick KRAFTON-N2 (N2-M-N2). The horizontal cross section of the
N2-M-N2 shield is depicted in Figure 1. All the materials used in the experiment are
summarized in Table 1.

Mannan 550x550x33 (mm)

Krafton-N2 600X600x55 (mm)

Figure 1. The horizontal cross section of N2-M-N2 shield

3. Experiment

The schematic arrangement of shielding material, neutron source, collimator and detector
location, used for measuring the neutron shielding ability of the KRAFTON-N2 and
N2-Mannan-N2, is depicted in Figure 2. Cf252 was used as the neutron source. The intensity
of that source was 4.05-107 neutrons/second. The source was contained in the collimator of
paraffin with a 450-irradiation cone. The energy spectrum of Cf252 is approximated using:

N(E) = 0.3732. eo sE . sinh( 2.0.E) (1)
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where E is the neutron energy in MeV.

90 20

25 T
Effective center to
detect neutrons

- e I--~~~~~~~~~~~~~~~~~~~. ....-. ...--. ....,. ..-..:|I1 0111

..Rmf-l4 ...... , . . ...... .. .

55~~~~~~~~~~~~~~ W. ~~~~~~~~~~~~~~~~...-,,.,-...... 

Cf 252 80X80 Surface Material

Figure 2. Schematic arrangement of source, shield and detector. The value Tis varying
parameter of a shielding material. Dimensions are all in centimeters.

Table 1 Chemical composition of materials (in w/o)

Element Paraffin Polyethylene KRAFTON-N2 Mannan
.(p= 0.93 f/cm3) p - 0.92 gcm3 ) ( l1 70 /cm3) .. 1.0 /cm3 )

Hydrogen 14.86 14.4 4.21 6.45
Carbon 85.14 85.6 24.07 39.93
Boron - - 7.12 -

Nitrogen - - 0.60 -

Oxygen - - 28.38 52.47
Magnesium - - 6.16 -

Aluminum. - - 3.70
Silicon - - 0.46
Sodium - - - 1.15
Potassium - - 0.52 -

Sulfur - 0.43 -

Nickel - - 4.98 -

Iron - - 6.75 -

Barium - - 4.32 -

Gadolinium -- 3.04 -

Lithium - - 1.82 -

Shielding materials were set between the collimator (paraffin) and the neutron dosimeter. The
thickness of the shield was increased toward the source. Accordingly, the distance between
the rear surface of a shield and the center of the dosimeter was fixed at 20.0 cm. The neutron
dosimeter with a polyethylene cylinder had a 21 cm radius and 23 cm in height. The location
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of the effective center to detect neutrons was uncertain, but it was assumed that the center
was 5 cm inside the dosimeter cylinder.

4. SAS3 (Monte Carlo) calculations

The Monte Carlo calculations were carried out by SAS3 code, which uses discrete (group)
neutron energy spectrum representation. Therefore, it was necessary to collapse the source
continuous neutron energy spectrum represented by Eq. (1) into 27 energy groups. Since the
contribution of energies in the source below the 9kth group is negligible, we have used only the
first nine groups (100 eV-20 MeV). SAS3 performs flux and dose rate calculation at the point
detector location, which should be taken into account when discussing the results,
considering the fact that the MCNP calculations were made by simulating the actual
cylindrical neutron dosimeter.

Results of the SAS3 calculation for KRAFTON-N2 shield are presented in Table 2 and
Figure 3. as well as the experimental and MCNP results. The comparison of the calculated
neutron dose equivalent rates with experimental ones is given for both SAS3 and MCNP
codes, in the last two columns of Table 2. A good agreement between experimental and
calculated results of both codes is evident. The SAS3 results of the neutron dose equivalent
rate for KRAFTON-N2 and N2-M-N2 sandwich type shields are depicted in Fig. 4. The
results show the N2-M-N2 sandwich type to be approximately 10% inferior as neutron shield
to the KRAFTON-N2 shield. A lower density of Mannan, lower hydrogen atom density and
the absence of the prominent neutron absorber in Mannan, are the reason for that.

Table 2 Comparison of neutron dose equivalent rates between experiment, SAS3, and MCNP
calculation for the KRAFTON-N2 shield.

Thickness (cm) Dose Equivalent Rate (IISvh-')

Experiment SAS3 MCNIP C/E C/E
Calculation Calculation (SAS3) (MCNP)

0 524.6 509.83±5.00 491.9+12.8 0.97 0.94

5 290.9 299.85±5.34 293.2±9.35 1.03 1.01

10 151.7 160.77+3.94 148.6±5.1 1.06 0.98

15 81.1 85.48±2.80 81.0±3.3 1.05 1.00

20 41.6 40.00±1.76 43 2+1.75 0.96 1.04

25 22.2 22.81±1.21 22.0±0.95 1.03 0.99

30 12.0 11.41±0.54 11.1±0.4 0.95 0.93

35 6.6 6.34±0.31 5.37±0.23 0.96 0.89

40 3.8 3.80±0.20 3.19±0.13 1.00 0.84

45 2.1 2.12±0.14 1.76±0.09 1.01 0.84

50 1.1 1.02±0.08 1.06±0.06 0.93 0.96
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Figure 3. Experimental, SAS3 and MCNP neutron dose equivalent rates for
KRAFTON-N2
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Figure 4. SAS3 neutron dose equivalent rates for KRAFTON-N2 and N2-M-N2 sandwich
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5. SASi calculations

One should expect SAS 1 calculated neutron dose equivalent rates for the described
experimental arrangement to be lower than the experimental one. Being a one-dimensional
discrete ordinate code, XSDRNPM-S takes into account only neutrons emitted initially
towards detector. In that direction, because of the irradiation cone, there is empty space. That
means that the paraffin collimator in one dimensional transport calculation does not play any
role at all. In reality, it is a "secondary source" of neutrons due to a scattering of the source
neutrons in it. All values of neutron dose equivalent rates obtained by SASi are roughly 25%
lower in comparison with the SAS3 results, which is presented in Figure 5. In order to test the
assumed reason for the lower SASI calculated dose rates; an additional SAS3 calculation
without paraffin collimator was made. The obtained results were close to the SASi ones,
which confirmed our assumption.

-SASI
-SAS3

0 -100

00
0~~~~~~~~~~~~~~~~~
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Figure 5. SASI1 and SAS3 calculated dose equivalent rates for KRAFTON-~N2

6. Conclusion

A series of simple geometry neutron transport (shielding) experimental results, as well as the
MCNP Monte Carlo calculations for the two recently developed neutron shield materials,
were used as a benchmark, in order to validate two control modules of the SCALE-4.4 code
package. The Monte Carlo calculations of neutron dose equivalent rates at the detector
location were carried out by SAS3 control module. The comparison of the calculated neutron
dose equivalent rates with experimental ones for both SAS3 and MCNP codes has shown a
good agreement between experimental and calculated results for the KiRAFTON-N2 material.
The results have shown that N2-M-N2 sandwich is approximately 10% inferior as neutron
shield to the KRAFTON-N2 shield. A lower density of Mannan, lower hydrogen atom
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density and the absence of the prominent neutron absorber in Mannan, are the reasons for
that. One-dimensional discrete ordinates calculation was performed using the SASI control
module. All values of neutron dose equivalent obtained by SASI were approximately 25%
lower in comparison with the SAS3 results. The reason for this discrepancy was proven to be
the inability to model neutron scattering in the collimator in the one dimensional transport
calculation.
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