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Currently, the deterministic space radiation transport code HZETRN (High charge (Z) and Energy TRaNsport), is the
major tool used by NASA to evaluate radiation environments inside spacecraft. Deterministic codes have been shown to
be superior to Monte Carlo transport for engineering studies. However HZETRN is a one dimensional transport code.
The transport of heavy ions (Z > 2) has been shown to be valid in the one dimensional approximation because the
relativistic heavy ions found in the space radiation spectrum pass through materials relatively un-deflected from their
initial trajectories. The cross sections required for one dimensional transport are total absorption and spectral
distributions. Meson production and the associated electromagnetic cascade have not yet been incorporated into
HZETRN. Phase 1 studies have shown the importance of these processes, which must be included in Phase 2. This
project implements the recommendations of several workshops by emphasizing the development of a more accurate
description of neutron and light ion transport. Neutrons and light ions scatter at large angles and the one dimensional
approximation is no longer valid. Therefore, the one dimensional code HZETRN must begin to include the three
dimensional transport of light ions and neutrons to more accurately quantify secondary radiation environments in tissue
while maintaining computational speed and efficiency. Such a three dimensional transport code in turn requires fully
double differential cross sections as input.

Phase II Measurements and Physics Project focuses on light ion production and transport to develop space radiation
transport codes capable of predicting primary and secondary spectra of space radiation environment interaction behind
typical spacecraft shielding, planetary surfaces, and atmospheres with increased accuracy. Configuration managed
V&V'ed source codes are released to the radiation user community including Exploration, RHO (radiation health
officer), and Operations as well as industry partners or commercial entities. Current exploration vehicle requirements
specify that HZETRN shall be utilized by the government for radiation requirement verification. Transport codes
directly support verification of NASA STD 3001 Vol. 2 requirements.

Phase 2 focus:

* Current focus is on light ion and neutron transport and production including 3-D effects of neutron backscattered and
inclusion of dose received from pion production

* Future nuclear physics improvements will focus on improved models needed for definition of Mars Surface
Environment

Implementation of Phase 2 Physics supports closing the following gaps,
* Cancer - 11: What are the most effective shielding approaches to mitigate cancer risks?

* Cancer - 12: What level of accuracy do NASA’s space environment, transport code and cross sections describe
radiation environments in space (International Space Station-ISS, Lunar, or Mars)? Pion production models are also
being worked on.

The radiation transport codes developed at NASA Langley Research Center can potentially be used in other applications
such as proton and heavy ion therapy treatments for cancer.

Galactic cosmic ray (GCR) simulation has been studied for development at the NASA Space Radiation Laboratory
(NSRL) at Brookhaven National Laboratory (BNL) on Long Island, New York. The space radiation environment
consists of a wide variety of ion species with a continuous range of energies. However, most accelerator-based space
radiation experiments have been performed with single ion beams at fixed energies. Thanks to recent developments in
beam switching technology implemented at NSRL, it is now possible to rapidly switch ion species and energies,
allowing for the possibility to more realistically simulate the actual radiation environment found in space. A variety of
issues related to implementation of GCR simulation at NSRL, especially for experiments in radiobiology, have been
studied. Reference field specification and beam selection strategies at NSRL have been examined and a recommended
GCR simulation strategy at NSRL has been outlined. Comparisons have been made between direct simulation of the
external, free space GCR field and simulation of the induced tissue field behind shielding. It was found that upper
energy constraints at NSRL limit the ability to simulate the external, free space field directly (i.e., shielding placed in the
beam line in front of a biological target and exposed to a free space spectrum). Also, variation in the induced tissue field
associated with shielding configuration and solar activity has been addressed. It was found that the observed variation is
likely within the uncertainty associated with representing any GCR reference field with discrete ion beams in the
laboratory, given current facility constraints. An approach for selecting beams at NSRL to simulate the designated
reference field has been worked out. This represents the first important step in the full development of GCR simulation
at NSRL.

The effects of relativistic kinematics have been studied for general nuclear collisions between a projectile and target
nucleus. Relativistic effects are seen to come into play at high energies for non-equal mass nuclei. However, a very
surprising result was found. When the mass of the projectile and target are the same, then relativistic kinematic effects
disappear! The Lippman-Schwinger equation with the first order optical potential was analysed and the resulting
differential cross sections calculated with and without relativistic effects become indistinguishable because the
relativistic and non-relativistic elastic scattering amplitudes are essentially indistinguishable.

The 3-Dimensional High charge (Z) and Energy TRaNsport (3DHZETRN) formalism was developed as an extension to
HZETRN with an emphasis on 3D corrections for neutrons and light ions. Comparisons to Monte Carlo (MC)
simulations were used to verify the 3DHZETRN methodology in slab and spherical geometry, and it was shown that
3DHZETRN agrees with MC codes to the degree that various MC codes agree among themselves. One limitation of such
comparisons is that all of the codes (3DHZETRN and three MC codes) utilize different nuclear models/databases;
additionally, using a common nuclear model is impractical due to the complexity of the software. It was therefore
difficult to ascertain if observed discrepancies are caused by transport code approximations or nuclear model
differences. Previous transport model results in specific geometries have now been combined with additional results in
related geometries to study neutron leakage using the Webber 1956 solar particle event as a source boundary condition.
It has been found that although the current version of 3DHZETRN is reasonably accurate compared to MC simulations,
improved leakage estimates can be obtained by replacing the isotropic/straight-ahead approximation with more detailed
descriptions.
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