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PREFACE

On December 6-8, 1995, a group of twenty-nine scientists and engineers representing four NASA centers ad
Headquarters, DOE Lawrence Berkeley Laboratory, NOAA Space Environment Laboratory, the National Academy of
Science Space Science Board, aerospace industries, and several universities convened a “Workshop on Shielding
Strategies for Human Space Exploration” at the Johnson Space Center in Houston, Texas. The provision of
shielding for a Mars mission or a Lunar base from the hazards of space radiations is a critical technology since
astronaut radiation safety depends on it and shielding safety factors to control risk uncertainty appear large. The
purpose of the workshop was to define requirements for the development and evaluation of high performance shield
materials and designs and to devel op ideas regarding approaches to radiation shielding. The workshop was organized
to review the recent experience on shielding strategies gained in studies of the “ Space Exploration Initiative (SEI),”
to review the current knowledge base for making shield assessment, to examine a basis for new shielding strategies,
and to recommend a strategy for developing the required technologies for a return to the Moon or for Mars

exploration.

The uniqueness of the current workshop arises from the expected long duration of the missions without the
protective cover of the geomagnetic field in which the usualy small and even neglected effects of the Galactic
Cosmic Rays (GCR) can no longer be ignored. It is the peculiarity of these radiations for which the interaction
physicsis yet to be fully understood and for which the biological action is not yet quantified. In thislight the shield
characteristics in terms of their protective qualities are uncertain (or even unknown) at this time and the challenge is
to provide a basis for guidance to the materials engineer in determining or developing shield materials. Other unique
aspects of the workshop come from the fuller realization that the high launch cost and the resultant complexity
associated with parasitic shielding require efficient use of the main architectural structure as shielding and that the
factors defining that structure and the associated materials are essential knowledge elements in protecting the
astronaut. Clearly, the shield design process is a multidisciplinary venture, and this diverse nature is noteworthy in

the workshop attendance and content.

The backdrop for the workshop was provided by the seven papers of the first session, including an introduction
to the special considerations of deep space missions, the current status of environmental knowledge, review of design
studies for the SEI, review of the current uncertainties in astronaut health risks from the GCR exposures and the
resultant biological response to GCR radiation components, and a review of the impact of current uncertainties on
the specification of shield protective characteristics. The available GCR environmental models have greatly
improved with estimated uncertainties on the order of 10 to 15 percent for the most important components, but

lesser components need better definition, and the time dependence is only characterized asthe intensities at successive



solar minimaand maxima. Furthermore, the anomalous component is not yet included in the most recent model but
will have minimal impact on shield design. Solar particle events remain problematic in the sense that the
appropriate event intensity to which design should be made and the corresponding probability of occurrence are
uncertain. The SEI studies have shown that shield requirements for protection against GCR in a Mars or long
duration lunar mission are sufficient to protect against the historical solar events of cycles 19 through 22. Although
sufficient shielding can be provided, there is still the possibility of an accidentally high exposure to a solar event
during surface operations or Extra Vehicular Activity (EVA) which is more in the domain of medical practice than
shielding per se. Further analysis of the GCR shield requirements demonstrate that uncertainty in the shield
properties and biological response to GCR are sufficiently large that the introduction of safety factors results in
unacceptably high mission costs. A focus of the workshop was the problem of making useful specific

recommendations in the light of these uncertainties.

The second session of eleven papers covered the multidisciplinary database and computational procedures for
shield design and the methods used in integration of the diverse databases into a workable design methodology. The
required physical databases and the methods of development were covered in the first four papers of that session. The
related factors which impact shielding in the domain of human operations and reguirements were covered in three
papers including the construction and materials in habitats, hardsuits, and rovers. Specific habitat construction
technologies for alunar base and the equipment requirements for use of in situ materials were covered in two papers.
The methods of handling the complex geometries, including the human geometric factors and the final integration

into design software for specific missions, are covered by the final two papers of the session.

Thefinal session of four papers covered materials devel opment, including testing issues and the validation of the
design process. The use of laboratory ion beams for validation of shield material concepts and space flight validation
of the design process are discussed. An assessment of the current state of knowledge and current shield issues are

discussed in the final paper.

The working sessions were divided into two groups. Group A makes recommendations concerning the
development of shield materials and concepts. Group B recommends a program for evaluation of shield performance
and testing.
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EXECUTIVE SUMMARY

The Human Exploration and Development of Space Enterprise calls for the development of space operations at
costs comparable to the cost of corresponding terrestrial technologies to allow the effective exploitation of space. A
critical issue is the mitigation of space related environmental hazards by means that have limited impact on
developmental and operational costs. Among those environmental hazards is the exposure to space radiation which
is a primary limiting factor to the duration of time allowable to any individua in the space environment. The

radiation exposure health risks to the astronaut must be maintained at acceptable levels currently taken as

*  Not more than 3 percent lifetime excess fatal cancer risks

*  Prevention of radiation sickness which may impact mission safety (lethality, vomiting, nausea,..)

Other radiation related health risk limitations may be added as they become known. For example, functional
impairment of the central nervous system may be a limiting health factor. Exposure limitation requirements to
maintain acceptable levels of risk are most uncertain because there is little experience in human exposure or even
animal exposure for these types of radiations on which to base such exposure limits. Current estimates on limits for
whole body exposure in the LEO environment (assumed to be mainly proton exposure) are 25 cSv in any 30 day
period, 50 cSv within any year, and 100 - 400 cSv within a career depending on age at exposure and gender. The 30
day exposure limit isto control early responses which may impact mission safety, while the annual and career limits
areto control the cancer risks later in life and depends on the latency period for tumor development and differences in
male and femal e sensitivity. These limits are assumed adequate for the LEO environment when protons are the main

source of exposure but are not applicable when significant contributions come from the galactic cosmic rays (GCR).

Exposure limits have not been established for GCR exposures since the biological risks to the ions of high
charge and energy (HZE) are not known. Using LEO exposure limits asa'guide' to controlling health risks in degp
space operations, the National Council on Radiation Protection (NCRP) estimated in their report 98 (1989) on
'Guidance on Radiation Exposures in Space' that 2.5 g/cm?2 of aluminum would be required to meet the 50 mSv
annual exposure limit (used for LEO operations) based on the calculations of the Naval Research Laboratory (NRL)
cosmic ray shielding code. Furthermore, the particles of high charge and energy (HZE) dominate the exposures for
which the LEO exposure limitations are not applicable, resulting in large uncertainty in shield requirements since
cancer induction rates from HZE particles are unknown. Aside from the uncertainty in cancer induction rates,
uncertainty in shield transmission properties also limit shield design. For example, the NASA Langley Research
Center HZETRN code with the first nuclear fragmentation database NUCFRG1 required 17.5 g/cm?2 of aluminum
(seven times that estimated by NRL) to achieve the same annual exposure limitation. Since the Fe ions of the degp

space environment contributed up to 30 percent of the estimated health risk, aluminum shield transmission



measurements were made for Feions at the LBL Bevalac and BNL AGS facilities resulting in the improved nuclear
fragmentation database NUCFRG2. The most current estimates of shielding required to achieve the LEO exposure
limitsisin excess of 50 g/cm? of aluminum resulting in an enormously negative impact on mission developmental
cost. This recent history in shield code development emphasizes the uncertainty in shield transmission factors
according to current technology and the need for further study of material transmission properties at HZE accelerator

facilities for not only Fe ions but the many other HZE ions found in the deep space environment.

UNCERTAINTY IN RADIATION PROTECTION

A guiding principle in radiation protection (as well as in other safety matters) is that if errors in estimating
safety related factors are made they must be made in favor of the health of the astronaut. For this reason it is
important to understand the sources of uncertainty and their relative magnitude. These uncertainties have a large
negative impact on mission design costs and current estimates of excess design cost is over $10B for a Mars
mission. An incentive in reducing shield design uncertainty is to reduce mission costs. The uncertainty in
estimating the astronaut risk on a given mission within a given structure is given by lack of knowledge in three

factors:

»  Knowledge of the externa environment
*  Understanding the modifications of the external environment in reaching the spacecraft interior

»  The added risk to the astronaut by exposure to the interior environment

External Environment. The uncertainty in the GCR environment near Earth (1 AU) is about 15 percent for
3 to 9 month projections and about 25 percent in long-term projections based on a solar modulation model assuming
an isotropic diffusion coefficient within the solar system. The GCR intensities will increase with increasing
distance from the sun as the diffusion coefficient increases approximately with the square root of the radia distance,
and these effects are not defined by current models. The greatest environmental uncertainty for deep space missions
isthe solar event exposure. Unlike the GCR which are ever present and vary slowly over the solar cycle, the solar
particle events (SPE) appear randomly within the cycle with intensities and spectral content which differ greatly from
event to event. Statistical models have been developed for the low energy (10 and 30 MeV) event fluence levels near
Earth and the radial gradient in approaching Mars orbit are uncertain but appear to decline as radia distance to the
third power (1/r3). Statistical models in the range of 50 to 100 MeV are required but unavailable for manned

mission design. A design criteria based on improved environmental models needs to be defined.

Internal Environment. Understanding the modification of the external environment by the spacecraft
structure  requires transport codes and adequate nuclear databases. The predicted integral LET spectra of the
environment within the shuttle (alargely aluminum structure) differ from measurement by as much as 1.5-2.7 over
the spectral range of 7 to 40 keV/micron with an rms error over the whole spectra range of 43 percent. Messured
secondary light ion spectra differ by 30 percent for hydrogen isotopes and about a factor of 2 for helium isotopes.

Measurements for materials other than aluminum (the shuttle primary material) are not available. There are no

viii



reliable measurements of the neutron component. A primary limitation on the estimation of the interior
environment within a spacecraft is the adequacy of the nuclear database defining the cross sections for the
fragmentation of the incident HZE ions and the production of secondary light ions and neutrons. Systematic errors
in current experimental fragmentation data will not allow the unambiguous testing of nuclear fragmentation models,
and light ion production measured in shuttle measurements demonstrate the need for introducing cluster wave
functions into particle knockout processes. Furthermore, the excitation energies for few nucleon removal in heavy
ion fragmentation events are expected to be controlled by the nuclear core states and clustering in the outer shells of
the nucleus and will strongly affect the final fragment distribution for small mass removal. The development of a
nuclear structure database as input to the fragmentation models is a high priority, and experimental guidance on
nuclear structure parametersis required in model validation. These structure parameters would be best evaluated in
proton beam experiments where cluster knockout is observed directly, from which state parentage ratios are extracted.
Thefinal test of the fragmentation database will require systematic testing with the major components of the GCR
environment with appropriate shield materials in precision laboratory measurements. As fragmentation models
improve, other physical processes need to be included in the transport codes such as meson production and transport
of their secondary products. Additional testing of the transport procedures and environmental models will require

further experiments in space exposures with appropriate instrumentation.

Astronaut Risks. The specification of astronaut health risks requires the evaluation of the radiation fields at
the specific tissues and the resulting response of those tissues to the physical insult. Use of NIH computerized
anatomical data sets could improve the geometry definition of the human body and resulting estimates of the interior
radiation fields at specific tissue sites. Given the radiation fields present at specific tissues, adeguate tissue response
models are required to estimate the health risks. It is generally regarded that space proton exposure risks are
adequately represented by conventional dosimetric relationships with alinear energy transfer (LET) dependent quality
factor. The uncertainty in resulting health risks are associated with a factor of 2 to 3 uncertainty in the low LET risk
coefficient and a factor of 2 to 5 in the high LET risk coefficients (quality factor). Risk coefficients for HZE
components are yet undefined for human risks, although data on mammalian cell mutations and neoplastic
transformations and animal experiments on harderian gland tumor formation show a more complicated dependence
on radiation quality than that given by a simple LET dependence. Clear evidence on biological response indicates
that the energy deposited in biological tissues per unit particle path isinsufficient data to define biological risks but
must include the lateral spread of the energy deposit into the surrounding tissues. Such human risk models are as yet

undefined and risk model development is hampered by the paucity of biologica data.

Shield effectiveness. The particles transmitted through a shield material depend on the appropriate atomic
and nuclear cross sections, but the effectiveness of the shield for reducing the risk to the astronaut depends on the
relative contribution of those transmitted particles to the health risk. The effectiveness of a shield material is known
to depend on the assumptions within the biological risk model. Even the biologica endpoints within the same
biological system show differing shield effectiveness for different materials. Although as a genera rule, low



atomic number materials with high hydrogen content are most effective, the shield design cannot be specified until
the biological response to specific ion typesis fully understood.

Other factors will affect material choices, among them are structural requirements and design costs. Polymers
and polymeric composites are attractive and have good structural properties. Their developmental use in the aircraft
industry will provide the needed construction techniques at competitive costs. Development of specific polymeric
systems for maximum shield effectiveness would be one direction of investigation for future exploration missions.
Other onboard materials such as food and bio-waste can provide a protection advantage by integration into the shield
design. Loca materials on the lunar and Mars surfaces may likewise alow cost advantage in developing surface
habitation module shielding using local materials. An adeguate understanding of these materials protective

properties is anecessary prerequisite.

RECOMMENDATIONS OF THE WORKSHOP

The recommendations of the workshop were of two types. the first recommendations concerned engineering
design related issues, and the second concerned the physics of the interactions. Five categories of shielding
materia s'concepts were recommended for further study including (1) new materials currently under development for
space applications need evaluation as to their radiation transmission properties, (2) high performance shield materials
need to be identified and new materias developed, (3) utilization of in-situ materials requires knowledge of their
properties requiring reconnaissance and testing to design equipment for processing, (4) combinations of materials to
selectively filter specific components such as boron to absorb low energy neutrons, and (5) dynamic shielding
concepts including movable and active shielding components as magnetic shields and plasmas. Shield properties
should be tested in laboratory experiments and in space flight. Mission impact evaluation requires a basdine
mission definition and trade studies to evaluate the advantage of specific materials. It was concluded by the
workshop that additional laboratory testing of transport methods and databases is required to assure accurate
evaluation of shield properties. It was also agreed that sufficient accelerator time is not currently available for the
task and that a means to expand the beam time available needs to be found. Environmental models for SPE events
need expansion to include He ions, HZE ions, and high energy components. Uncertainties in shield effectiveness due
to uncertainties in risk models need evaluation and knowledge of how those uncertainties affect shield design is
needed. The track structure about specific ion tracks has not been measured, and spectral distributions about the
tracks of 0.1 GeV protons and 0.6 GeV/nucleon iron ions would be a critical test of current models. Finaly, the
overall design codes for shields should be tested in spaceflight experiments with adequate diagnostic instrumentation

before commitment to afinal Mars design.
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Chapter 1

PRELIMINARY CONSIDERATIONS

INTRODUCTION

The radiations in space are of three sources consisting of every known particle including energetic ions formed
from stripping the electrons from all of the natural elements. The radiations are described by field functions for each
particle type over some spatial domain as a function of time. The three sources of radiations are associated with
different origins identified as those of galactic origin (Galactic Cosmic Rays, GCR), particles produced by the
acceleration of the solar plasma by strong electromotive forces in the solar surface and acceleration across the
transition shock in a propagating coronal mass gjection (Solar Energetic Particles, SEP), and particles trapped within
the confines of the geomagnetic field. The GCR constitutes alow level background which is constant outside the
solar system but is modulated over the solar cycle according to changes in the interplanetary plasma which excludes
the lower energy galactic ions from the region within several AU of the sun [1]. The SEP are associated with some
solar flares which produce intense burst of high energy plasma propagating into the solar system along the confines
of the sectored interplanetary magnetic field [2] producing a transition region in which the SEP are accelerated. The
trapped radiations consist mainly of protons and electrons within two bands centered on the geomagnetic equator
reaching a maximum at 3,600 km followed by a minimum at 7,000 km and a second very broad maximum at 10,000
km [3]. The trapped radiations are experienced in passage of a spacecraft from Low Earth Orbit (LEO) to
interplanetary space and can be of some importance if the passage time is more than several minutes. The main
focus of the workshop is on the long time spent outside the earth's magnetic field where exposures of concern are the
SEP and the GCR.

In prior manned space missions, the GCR have been considered negligible since the mission times were
relatively short and the main radiation concern was the very intense SEP events which can rise unexpectedly to high
levels, delivering a potentially lethal dose in a few to several hours which could cause death or serious radiation
illness over the following few days to few weeks if precautions are not taken [4]. The most intense such event
known occurred on August 4-5, 1972 between the Apollo 16 and Apollo 17 missions [5]. The potential effects of
this event on alunar landing has been a source of popular speculation [6]. Such events continue to be a concern to

Space operations.



14 SHIELDING STRATEGIES FOR HUMAN SPACE EXPLORATION

Deep space missions introduce a new challenge to astronaut protection as the accumulation of exposures to
GCR ions can significantly increase the risks of cancer to the astronaut [7]. It isinteresting to note that limitation of
GCR cancer induction in long-term deep space missions provides sufficient protection against the early effects of
SEP events unless the astronaut is away from his ordinary protective quarters as he would be on EVA or surface
exploration in an unshielded or lightly shielded rover [8]. A large contribution of the exposure to astronauts is
contributed by the ions of high charge and energy (HZE) for which there is little experience on the examination of
shield properties [8] or biological response [9]. Studies have been made on the physical processes by which HZE
ions interact with other nuclei in the search for unique states of nuclear matter [10], but little work has been done for
high accuracy cross sections and particle yields necessary as a database for shield evaluation [11, 12]. In order to
develop shielding technology, we have had to rely on nuclear model calculations which are evaluated by comparison
with the limited available experimental data [13, 14]. Of the cross section and yield measurements that have been

made, the experimental systematic errors are sufficiently large to limit model evaluation [15, 16].

The unusual character of the HZE ions [17] isillustrated in figure 1. In the figure are tracks of cosmic ions as
seen in nuclear emulsion. The energy deposited in the emulsion is mediated by secondary electrons produced by the
interaction of the passing ion with the atomic electrons of the emulsion. The proton on the left is losing energy at
the rate (Linear Energy Transfer, LET) of 2-3 keV/micron compared to the Fe ion of 1,200-1,900 keV/micron. The
electrons recoil from the ion impact at up to twice the speed of the passing ion and propagate the energy tens of
microns from the ion path, giving width to the track as shown in the figure [18]. A mammalian cell is on the order
of several tens of microns with a nucleus on the order of 10 microns containing most of the encoded DNA required
for cell function and replication. A single Fe ion will deposit a significant amount of its energy in passing through
the cell. An equal amount of energy (same dose) would require several hundred protons, which would be randomly
distributed over the cell interior in distinction to the Fe ion, which if passing through the nucleus, is a devastating
event. Vast differences in biological response are expected and are in fact observed, as will be discussed by
Drs. Stan Curtis and Tracy Yang. It will become apparent that the lateral extent of the track will be an important
parameter in predicting biological action in addition to the usual parameter of LET [19]. As yet a clear

understanding of the risks to the astronaut from such ionsislacking [7].

In view of the lack of understanding the biological effects and the corresponding dosimetry of such ions, the
astronauts exposure risk might best be placed on arisk basis as opposed to limiting dose equivalent as is done in
terrestrial exposures [20]. It has been recommended that a three percent risk of excess fatal cancer for a career
exposure of the astronaut would be acceptable [7]. This is about the same as the risk currently recommended for a
terrestrial radiation worker earning aliving at an industrial, medical, or research facility—estimated as about three to
four percent [21]. A second risk limit isimposed on the astronaut due to the potential exposure to SEP, for which
any effects of early radiation illness (lethality, vomiting, nauses, ...) is to be prevented [7]. Of course the means of
predicting astronaut risks are limited by the lack of understanding of the biological action of the HZE ions, which is
atopic of intense interest to the NASA Radiation Health Program [22].
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Shield design

The shield design problem consists of three parts. The first step is to predict the astronaut risk for a given
mission scenario and corresponding design architecture to accomplish the mission. If the astronaut’s risk is higher
than acceptable limits, then a redesign phase must be attempted until an acceptable risk is achieved [23, 24]. One
must eval uate construction methods for the design in terms of mission objectives and costs before the mission design
is approved. These steps are shown in figure 2. One must then demonstrate that the resulting risk is in accordance

with the protection principle [7] of keeping therisk As Low As Reasonably Achievable (ALARA).

Since the shield encompasses the full spacecraft structure, the architectural design and material choices are
important [23, 24]. The architecture is set by not only the mission objectives but by human related factors such as
efficient human performance [23, 24], living quarters, work areas, other protection and support systems (meteoroid
bumper, hardsuit design, heat shield composition, food and water storage, biowaste management, ...). Even such
factors as to where the astronaut spends his leisure time and work activity are important. The methods of
construction also impact the overall exposure (onsite EVA, local material composition, ...). Mission objectives such
as surface exploration and the need to provide local protection (perhaps using arover vehicle) and the relation of the
mission to the solar cycle are all important mission related factors. The iterative design process shown in figure 2 is
amultidisciplinary activity and requires efficient computational procedures for evaluation of the associated astronaut
risk to allow appropriate trade studies in the design process. This multidisciplinary nature of the design process
became most apparent in the Space Exploration Initiative studies of the recent past, and those studies will be

reviewed by John Nealy and Lisa Simonsen.

Human performance factors and their implications for shielding choices are reviewed by Dr. Barbara Woolford.
Construction technologies for a lunar base in which the issue of using local materials as opposed to prefabricated
structures to be transported to the moon is given by Lisa Simonsen. The equipment needs for excavation of local
materials to be formed into shielding structures, including operational requirements, is reviewed by Dr. Leslie
Gertsch. The development of hardsuits and their inherent shielding materials for lunar construction or exploration is

reviewed by Dr. Bruce Webbon. The rover required for surface operations is reviewed by John Connolly.

Another complicating factor in the shield design process is the possible use of active shield elements such as
magnetic fields [25]. Preliminary analysis on the use of super conducting magnetic technology indicates some
usefulness in reducing the health risk from SEP but little value in protection from GCR. Equivalent protection is
derived for GCR by turning the magnetic field off and allowing the apparatus to act as a passive shield with an
improved mass distribution. Better yet is to replace the apparatus with an equal mass of polyethylene, which
provides more protection at greatly reduced cost and results in a system exhibiting no single point failure mode as
does the cryogenic system of the superconductor magnetic shield system. Although the development of high
temperature superconductors may improve the reliability, the problem of the massive structural elements to support

the field remains problematic.
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Risk estimation

The central element in shield evaluation is the estimation of risk to the astronaut and the control of that risk
through choice of material arrangement and composition. We may ask the question as to the knowledge
requirements to allow such an estimation. The essential features of risk evaluation are shown schematically in
figure 3. First the external environment as the associated particle fields present at the spacecraft location as a
function of time must be given. The most recent environmental models and their associated uncertainty will be
discussed by Dr. Badhwar. The exterior environment interacts with the shield structure, consisting of the full
architecture including equipment and supplies for the mission. The transmission properties of each architectural
element must be known as well as the geometric arrangement in order to evaluate the radiation fields within the
structure to which the astronaut is exposed. Due to the irregular geometric structure the interior environment is
highly anisotropic with large spatial gradients [23, 24]. The interior environment is furt