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ABSTRACT

Precise estimation of production of secondary neutrons from space radiation particles in the thick shield is

very important to define dose rate inside the lunar base. NASA has developed one-dimensional baryon

transport code BRYNTRN, which requires only a very small fraction of computer resources. However, for

neutrons, backward production and scattering are not modeled in BRYNTRN. Comparisons of the calculated

secondary particle spectra in lunar concrete and regolith at the depth of 10, 50,100, and 200glcm^ between

BRYNTRN and Monte-Carlo calculation code system HETC-MCNP were performed. From the comparison,

large underestimation of the calculated result of BRYNTRN in the lower neutron energy region, En<10MeV,

were observed. Verification of nuclear data used in MCNP calculation for low energy neutrons were

performed, and good agreement between experiment and calculation was obtained. It is concluded that

careful consideration for the lower energy neutrons will be required by using BRYNTRN transport code

system.

I. INTRODUCTION

On the 20th anniversary of the lunar landing mission, President Bush outlined a program to

return to the Moon to stay and to land humans on Mars, Space Exploration Initiative (SEI)

program.1 To accomplish this program, lunar base where astronauts stay for long duration is

indispensable. Although this program has been postponed, lunar base will be necessary for the

future programs, such as lunar exploration, lunar based observation, and development of

energy resources to Earth.

Proper lunar base shielding design to reduce exposure to astronauts is one of the most

important issues to be solved as the first step. Several parametric studies for selecting

materials, obtaining the optimum arrangement of the shield, and so forth will be necessary to

accomplish this task. Usually, accelerator shielding calculations in such high energy protons

have been performed by using Monte Carlo calculation codes which need enormous
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computational requirements. For various systematic studies of optimizing shielding design in

the space program, such a calculational method is not appropriate.

NASA has developed a transport calculation code named BRYNTRN2, which is one-

dimensional and makes some simplifying approximations to improve execution speed. Some

verifications on the code have been performed by using Monte Carlo calculation codes and

experiments with mono energy proton sources.3-4 However, from the practical point of view,

verification by using continuous proton spectra like Galactic Cosmic Ray (GCR) is very

important. In this study, comparisons of the calculated proton and neutron spectra by

BRYNTRN and those by HETC5-MCNP6 three dimensional Monte Carlo calculational code

have been performed in order to confirm the validity of BRYNTRN in the practical radiation

field.

II. RADIATION ENVIRONMENT ON THE MOON

There are several types of particle radiations in space shown in Fig. 1. As far as the

radiation shielding for the lunar base is concerned, galactic cosmic rays and solar particle events

contribute as radiation sources.

HA. Galactic Cosmic Ray

Galactic Cosmic Ray (GCR), which irradiates the moon constantly, originates from outside

the solar system. The principle components of GCR are hydrogen (87%), helium (12%), and

heavy ions. The energies of these particles are up to several thousand GeV. The differential

energy spectra, from hydrogen to iron with electron, are shown in Fig. 2.

The intensity of GCR varies in response to solar activity. Since the solar wind moderates

the GCR intensity, it is minimum when the solar activity is maximum.

II.B. Solar Particle Event

Solar Particle Event (SPE) is induced by solar flares and energy of particles varies l~100

MeV. The main component is proton, and it also contains alpha particles of about 3 ~ 20%.

There exists continuous plasma flow from the Sun called solar wind, but its energy is too low

to be a source for radiation shielding. The SPE changes in frequency during 11 year cycle,

reaching a maximum during the periods before and after sunspot maximum. Energy spectra

from two large historical SPE, those of February 1956 and August 1972, are shown in Fig. 3.

- 1 2 6 -



JAERI-Conf 95-016

III. NASA's CALCULATION FOR LUNAR BASE SHIELDING

NASA Langley Research Center has developed baryon transport code system BRYNTRN.

This code solves the fundamental Boltzmann transport equation in the one dimensional form

(straight ahead approximation):

^ j
where (J)j: quantity to be evaluated, type j with having energy E at spatial location x,

Sj: stopping power in various media,

Oj: macroscopic total nuclear cross section,

ojk: differential nuclear interaction cross section, the production of type j particles

with energy E by type k particles of energies E1 (>E).

The solution methodology in detail, as a combined analytical-numerical technique, is found

in reference 2.

John E. Nealy et al.7 have calculated penetration spectra of GCR through lunar regolith by

using BRYNTRN. The composition of lunar regolith is SiO2, MgO A12O3, and FeO. The

relative atomic densities for O, Al, Mg, Si, and Fe are 61.5, 7.5, 5.5, 19.3, and 6.1%,

respectively. Ths cosmic ray environment used is for solar minimum, shown in Fig. 4. Figure

5 shows a calculated spectrum at 50 cm depth in regolith. In the depth, it is notable that the

population of the secondary neutrons, which were produced by the interaction between induced

particles and nuclei of regolith components, became very large especially in the lower neutron

energy region. Figure 6 shows the variation of the total flux of several particles resulting from

incident GCR vs. regolith thickness. Alphas and heavy ions decrease rapidly as the depth of

regolith increases. On the contrary, secondary neutron component became evident, and for

layers thicker than about 25 cm, the neutron flux exceed that for protons. They have also

calculated the dose rate and blood forming organ (BFO) dose equivalent at 5cm depth from the

calculated spectra. The result of BFO dose vs. regolith thickness is shown in Fig. 7. From the

result it is concluded that, in the depth of the shield, secondary neutrons and protons contribute

over 90 % to the total dose equivalent.

IV. COMPARISON OF CALCULATED SPECTRA BETWEEN BRYNTRN
AND HETC-MCNP

From the result mentioned in section III, the accuracy to obtain the flux of secondary

neutrons and protons is very important to estimate the proper shield thickness of lunar base. In
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this section, the verification of BRYNTRN transport code by HETC-MCNP Monte Carlo

calculation code was performed.

IV.A. Source and Shielding Materials

The incident proton spectrum, shown in Fig. 8, is GCR solar minimum, with energy range

1 x 1O'~6 x 105 MeV. The shielding materials of lunar base examined were lunar regolith and

concrete. The densities of regolith and concrete were 1.3 g/cm3 and 2.3 g/cm3, respectively.

The compositions (atomic densities) of these materials are shown in Table I.

IV.B. Calculational Conditions for HETC-MCNP

The geometry used for HETC-MCNP calculation was a rectangular prism with 10 m x 10 m

and a thickness of t m. The thickness t of the shield was 10, 50, 100, 200 g/cm2. For

obtaining accurate lower energy neutron spectra ( En<15 MeV ), MCNP Monte Carlo

calculation code with its related library based on ENDF/B-IV was also applied. The input

neutron spectra for MCNP calculations were obtained from the results of HETC.

The histories of the calculation were varied from 10,000 to 100,000, according to enough

statistics for each calculated position. Calculation period was up to 1 hour by using CRAY

XMP, though a typical problem for BRYNTRN can be solved within 2 or 3 minutes on a VAX

8800.

IV. C. Results

Calculated Spectrum

The calculated proton and neutron spectra of lunar concrete for 10 and 200 g/cm2 cases are

shown in Figure 9 and 10. Energy spectra 10' ~ 105 MeV and 10-l ~ 105 MeV were obtained

for protons and secondary neutrons, respectively.

The statistics of the HETC calculated results were not enough in the proton energy range Ep

< 102 MeV, but above 102 MeV, statistical errors were less than 20%. The shape of the proton

spectra at the back of the shield did not differ from that of the incident proton spectrum.

However, calculated spectrum by BRYNTRN became softer in the lower energy region

Ep<200MeV, even in the case of 1 Og/cm2. The peak of the proton spectra shifted from 500

MeV to 100 MeV. For neutrons, energy spectra above 10-'MeV were obtained by both

BRYNTRN and HETC-MCNP calculations. Statistical errors for neutrons were less than

10%, except at the higher energy region En>10GeV. Note that the population of the lower

energy neutrons increased as the thickness of the shield increased. The same results were also

obtained in the case of regolith.
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Comparison of the calculated results between the two codes

Figure 11 shows the ratio of integrated spectra calculated by BRYNTRN to those by HETC-

MCNP (B/H) in several energy regions.

For protons, a good agreement from -20% to +20%, within HETC's statistical errors,

between these two codes for both regolith and concrete was obtained, except proton energy

range Ep < 200 MeV. The BRYNTRN's results overestimated HETC's ones in this energy

region, but the HETC's results are not reliable because of its very low statistics.

For neutrons, B/H values varied from 0.3 to 3.0 for the shield thickness t <50 g/cm2,

however for the thicker case, t >80 g/cm2, large underestimation of the BRYNTRN's results to

those of HETC were observed for all energy regions. In the neutron energy range En

<10MeV, all the calculated results by BRYNTRN underestimated those by HETC.

V. DISCUSSION

From the shielding point of view, underestimation by BRYNTRN for lower energy

neutrons is important to be investigated, because the population of these neutrons became larger

abruptly as the shield thickness increased. The main difference between BRYNTRN and

HETC-MCNP calculations for obtaining lower energy neutrons, En<15.85 MeV, is that the

ENDF-B/IV nuclear data library was applied in the case of HETC-MCNP calculation.

Measurement of neutron spectra in a concrete assembly was performed in order to verify

nuclear data library used for calculation by using Fusion Neutronics Source at the Japan Atomic

Energy Research Institute8. The source neutron was produced by deuterium- tritium reaction

and the energy was 15MeV.

The calculated results by using ENDF-B/IV library, which was applied for the HETC-

MCNP calculation, were compared to the experimental results. Figure 12 shows the

calculational to experimental ratios (C/E) in the several neutron energy region. Very good

agreement between experiment and calculation was obtained within 20%. From the

comparison between experiment and calculation, the nuclear data library used by the HETC-

MCNP calculation was verified for the lower energy neutron transport calculation, En<I5MeV,

through concrete assembly.

To improve the BRYNTRN's results, reevaluation of the approximation of the transport

cross sections for lower energy neutrons will be needed. However, from the practical point of

view, it is very useful to prepare the adjustment factor to the HETC results, which will be

obtained from a parametric study of the B/H values vs. thickness of the shielding materials.
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VI. CONCLUDING REMARKS

Verification of a baryon transport code BRYNTRN was performed by using Monte Carlo

calculation code HETC-MCNP for the lunar regolith and concrete shielding materials in a

practical radiation field. In the present calculational conditions, BRYNTRN overestimated

HETC-MCNP for proton spectra, Ep<200MeV, and underestimated neutron spectra

En<10MeV and En>500MeV.

The reason of the underestimation for the neutron spectra, En<10 MeV, calculated by

BRYNTRN was clarified through the investigations of the concrete shielding experimental

results. It was concluded that the BRYNTRN is very effective for the basic study of the lunar

base shielding which needs enormous computation time, provided that these underestimations

are carefully treated.
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TABLE I

Compositions of the Shielding Materials Used for Calculations

Element Regolith Concrete

H 1.93E+21*
0 1.75E+22 1.74E+22

Mg 7.73E+20
Al 4.02E+21 3.54E+21
Si 4.01E+21 4.74E+2]
Ca 2.47E+21 1.91E+21

* Read as 1.93x1021
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