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Abstract

Based on results presented at SATIF-6, problemswere revised and sent by the Japanese Working Group to
the participants of this action for re-calculation. To determine their energy dependence, 50 and 100 GeV
neutrons were then added as the source neutrons. The secondary neutron spectrum for 90°, which was
produced by 24 GeV protons on an Hg target, was added as the secondary neutron source. The purpose
was to determine the dependence of the attenuation length of secondary neutrons on their spectra.

This paper presents a comparison of the neutron attenuation length of iron and concrete. Results
reviewed include those recently (April 2004) sent by three groupsto the organiser and those presented at
previous SATIF meetings. The paper also discusses themes evoked from this comparison, which should
be investigated in the future.
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I ntroduction

Neutron attenuation at a high energy (above afew GeVs) is hot supposed to depend on the energy.
Its energy dependence below this energy, especially below 1 GeV, is not well understood. The desireis
to reach a consensus on the behaviours of neutrons inside various materials. Such a consensus is
necessary in order to agree on definitions of the attenuation length, which isvery important for shielding
calculations involving high-energy accelerators. One such attempt was made by Japanese attendants of
SATIF-2, who proposed to compare various computer codes and data on the attenuation of
medium-energy neutrons inside iron and concrete shields (cited as a suitable action for SATIF). From the
results for neutrons below 400 MeV presented at SATIF-3 [1], it has become clear that neutrons above
20 MeV are important for understanding that the attenuation length and the geometry (planar or
spherical) does not substantially affect the results. The attenuation length of neutrons above 20 MeV
was compared with the planer geometry for secondary neutrons produced by medium-energy protons at
SATIF-4[2]. Although attenuation lengths varied, all of the results showed the same tendency for an
attenuation length increase and neutron energy increase up to 10 GeV [2,3,4]. From the results presented
at SATIF-4, SATIF-5and SATIF-6, itisclear that the attenuation length of secondary neutrons depends
strongly on their spectra.

Considering previous SATIF results, problems were revised for re-calculation by the Japanese
Working Group and sent to the participants of this action. To determine their energy dependence, 50 and
100 GeV neutrons were then added as source neutrons. The secondary neutrons emitted at 90° from an
Hg target [4] bombarded by 24 GeV protons, which were calculated by F. Maekawa[5] using
NMTC/JAM [6], were also added as source neutrons.

Results from the three groups were sent to the organiser by the end of April 2004. This paper
presents a comparison of the neutron attenuation lengths of iron and concrete, including the results
presented at previous meetings and the future themes resulting from this comparison.

Problemsinvolving the intercomparison (5)

Considering the results presented at SATIF-6 [4], the following revised problems were proposed for
calculation using various codes and their databases. Secondary neutrons produced from an Hg target by
24 GeV protons at 90° were a so added, which were calculated by F. Maekawausing NMTC/JAM [6].

Attenuation calculation
Source neutron energy

a) Source neutrons are uniformly distributed within the following energy regions: 40-50 MeV,
90-100 MeV, 180-200 MeV, 375-400 MeV, 1 GeV, 1.5 GeV, 3 GeV, 5 GeV, 10 GeV, 50 GeV
and 100 GeV.

b) Secondary neutrons at 90° from an Fe target (5 cm diameter, 5 cm length) and the following:
from 200 MeV protons, from 500 MeV protons, from 1 GeV protons, from 3 GeV protons and
from 5 GeV protons (Figure 1).

€) Secondary neutrons in various directions from an Hg target with a Pb moderator (120 cm
diameter, 120 cm length) are shown in Figure 2 with 3 GeV protons.

d) Secondary neutrons at 90° from an Hg target shown with 24 GeV protonsin Figure 2.

118



Figure 1. Secondary neutrons at 90° from an iron target
bombar ded by protons (FLUKA calculations)
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Figure 2. Secondary neutron spectrum from an Hg target bombar ded by
3 GeV protons (by MCNPX) and 24 GeV protons (by NMTC/JAM)
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Geometry

The geometry used was plane (6 m thick) with normal incident parallel beams.

Shielding material
Astypical shielding materials, iron and concrete were selected. The densities of the two materials

were 7.87 gcm P (iron) and 2.27 gcm P (concrete) [Type 02-a, ANL-5800 and 660 (1963)].
The composition of concreteis givenin Table 1.
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Energy group and fluence-to-dose equivalent conversion factor

The energy group in Table 2 is presented as the standard. If possible, the neutron spectra should be
presented in this energy group.

In dose calculations, use of the neutron flux-to-dose equivalent conversion factor (Table3) is
recommended, thus avoiding any ambiguity due to the conversion factor. The values given in Table 3
are conversion factors for the neutron energy corresponding to that given in Table 2.

Table 1. Composition of concrete

Atomic number Weight Atomic number Weight
Element density Element density

(10P?*#/cmp®y | PEr cent (10P*#jcmp®) | Percent

H 1.3851E-2 1.02 Si 1.6621E-2 34.21

C 1.1542E-4 1.00 K 4.6205E-4 1.32

0] 4 5921E-2 53.85 Ca 1.5025E-3 441

Mg 1.2388E-4 0.22 Fe 3.4510E-4 141

Al 1.7409E-3 3.44 - - -

Table 2. Upper energy of 69 neutron energy groupswith lower limit of 20 MeV (in MeV)
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Table 3.

Neutron flux-to-dose conversion factor [(Sv/hr)/(n/sec/cmP?)] [7]

1.98E-5

1.96E-5

1.93E-5

1.93E-5

1.90E-5

1.85E-5

1.78E5

1.58E-5

1.40E-5

1.35E-5

1.30E-5

1.24E-5

1.17E5

1.09E-5

1.05E-5

1.00E-5

9.55E-6

9.01E-6

8.42E6

8.11E-6

7.77E-6

741E-6

7.02E-6

6.72E6

6.32E6

6.22E-6

6.11E-6

5.98E-6

5.84E-6

5.69E-6

5.52E-6

5.34E-6

5.14E-6

4.94E-6

4.72E-6

4.47E-6

4.18E-6

3.78E-6

3.26E-6

2.72E-6

2.25E6

2.20E-6

2.15E-6

2.10E-6

2.05E-6

1.99E-6

1.93E6

1.86E6

1.82E6

1.79E6

1.77E6

1.74E6

1.72E6

1.70E-6

1.68E6

1.67E-6

1.65E6

1.64E6

1.63E6

1.62E6

1.61E-6

1.60E-6

1.59E-6

1.58E6

1.57E6

1.56E-6

1.55E-6

1.54E6

1.53E-6

1.52E-6

Quantitiesto be calculated

The following quantities must be calculated for the comparison: dose equivalent due to neutrons
above 20 MeV at 50, 100, 150, 200, 250, 300, 350, 400, 450 and 500 cm; and neutron spectrum in
n cm P MeV ™ per source neutron at 100, 200, 300, 400 and 500 cm.
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Summary of contributors
Neutron attenuation calculation

The three groups sent their results to Hideo Hirayamaat KEK before the end of April 2004. Table 4
lists the participants as well as the computer codes used and their corresponding databases.

Table4. Summary of contributors

Database

Computer code used corresponding to the

computer code

H. Nakashima (JAERI) PHITS[8] Library datain PHITS
N. Mokhov (FNAL) MARSI14 [9,10,11] Library datain MARS14

A.M. Voloschenko (Keldysh ) i
Institute of Applied Mathematics) ROZ-65[12,13,14] SADCO-2

Name of participant
and the organisation

Results and discussions

Attenuation length

The attenuation length (A, g cm P®) for each case was obtained by a least-squares fitting at the
region where the dose decreased exponentially. The obtained neutron attenuation lengths for iron and
concrete are shown in Figures 3 and 4, respectively.

In the case of iron, the results for PHITS were calculated for a 300 cm slab, and not a 600 cm slab.
(In addition to these calculations, Figure 3 also shows the results presented at previous SATIF meetings.)
The attenuation lengthsfor iron are scattered around each other below 500 MeV, but arerelatively close
abovethe 1 GeV level, except for the ROZ-6.5 results. Based on the results of MARS14, the attenuation
lengths seem to be almost constant above a few GeV. On the other hand, the results of PHITS and
NMTC/JAM increase as the source neutrons increase, even above 10 GeV. The attenuation lengths of
these results were obtained for the 150 and 300 cm regions. It is assumed that at this depth the neutron
spectrum for a high-energy source does not reach equilibrium. This assumption is confirmed by the
attenuation lengths between 150 and 300 cm for MARS14 (Figure 4), which is similar to the results of
PHITS and NMTC/JAM.

In the case of concrete, the differencesin attenuation lengths for each code are relatively small, and
do not depend on the source neutron energy, except for the results of ROZ-6.5 above 200 MeV. The
attenuation length increases as the source neutrons increase, even at 100 GeV. This tendency can be
explained using the same reason as that mentioned in the iron case for the results of NMTC/JAM and
PHITS. The quantities related to the neutron interaction depend on the depth in g cmi, rather thanin cm.
If we consider the densities of concrete and iron, 600 cm of concrete correspondsto 173 cm of iron. The
neutron spectrum in the 300-500 cm region for concrete is not supposed to reach equilibrium for
high-energy neutrons above GeV.

The results for ROZ-6.5 are less than those produced by other codes when above several hundreds
of MeV. Degspite this fact, the results for ROZ-6.5 are very important in this intercomparison,
considering that most of the results are based on Monte Carlo methods. We hopethat A.M. Voloschenko,
et al., will improve their data and continue to contribute to this intercomparison.
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Figure 3. Comparison of the attenuation length of iron
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Figure 4. Comparison of the attenuation length of concrete
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The attenuation lengths of iron and concrete for secondary neutrons from an Hg target with 3 and
24 GeV protons are shown as a function of the emission angle in Figures 5 and 6, respectively. The
PHITS results show a similar tendency concerning the values of the attenuation length and their
emission angle dependence with those presented at SATIF-6. The results of ROZ-6.5 are smaller than
those of other codes, and show a weak dependence on the emission angle. The results for secondary
neutrons from 24 GeV protons show a larger attenuation length than those from 3 GeV protons,
reflecting the higher energy neutrons shown in Figure 3. The experimental results at ISIS[7] and
LANSCE [8] for 800 MeV protons are shown in Figures 5 and 6.
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Figure 5. Comparison of the neutron attenuation length of iron
for secondary neutronsfrom an Hg target with 3 and 24 GeV protons
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Figure 6. Comparison of the neutron attenuation length of concrete
for secondary neutronsfrom an Hg target with 3 and 24 GeV protons
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The attenuation lengths of iron and concrete for secondary neutrons from an iron target and from
high-energy protons are shown in Figures 7 and 8, respectively. Inthese figures, the experimental results
at ISIS[7] and LANSCE [8] for 800 MeV protons are plotted for comparison. Results of both ROZ-6.5
and PHITS show almost similar valuesto previous results, except for aglightly weak dependence on the
proton energy in the case of ROZ-6.5.

123



Figure 7. Comparison of the neutron attenuation length of iron
for secondary neutronsfrom an iron target with protons
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Figure 8. Comparison of the neutron attenuation length of concrete
for secondary neutronsfrom an iron with protons
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Futurethemes

From the above comparisons, the following activities should be discussed and performed as the
next steps:

A.

Compare with the results of other codes to confirm the tendency shown above. It would be
desirable to receive results from other groups for comparison.

Neutron-dose equivalent attenuation deep inside shields (at 3-5 m for iron and 6-10 m for
concrete) in order to confirm that the attenuation length reaches a constant value.
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C. Select suitable experiments for comparison in order to understand the attenuation length of
secondary neutrons from high-energy protons. The results of AGS shielding experiments
presented by H. Nakashima, et al., are suitable for this purpose.

D. Dose equivdents are different depending on the code used, which was seen in this

intercomparison even for simple problems. Good benchmark experiments are desired to check
the models used in each code system.
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Annex
PROPOSAL BY ANDREI M. VOLOSCHENKO

It is not a simple task to subdivide high-energy neutrons and protons (and maybe pions) transport
when performing target/accel erator radiation shield calculations. The coupled hadron cascade problem
should be solved.

Additiondly, it is difficult to compare the calculation of problems using a high-energy neutron
source only with experimental data, as areal target emits more than just neutrons.

Computerstoday are quite powerful. Asaresult, perhaps more realistic and thus more complicated
intercomparison problems should be developed. | believe that the beam spill and full stop problems
described by H. Handa, et al., in “Deep Penetration Calculations of Neutrons up to 1.5 GeV” from the
SATIF-5 proceedings are quite acceptable for intercomparison.

| sent you some results of the 2-D model for the liquid metal target shield calculations. Charged

components of radiation cannot be neglected in this calculation, and sufficiently high order angular
quadrature and PL approximation of scattering cross-sections should be used to achieve acceptable results.
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