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Abstract—We are preparing to return humans to the Moon 
and setting the stage for exploration to Mars and beyond. 
However, it is unclear if long missions outside of Low-Earth 
Orbit (LEO) can be accomplished with acceptable risk. The 
central objective of our project, the Earth-Moon-Mars 
Radiation Exposure Module (EMMREM), is to develop and 
validate a numerical module for completely characterizing 
time-dependent radiation exposure in the Earth-Moon-Mars 
and Interplanetary space environments. EMMREM will 
provide the ability to predict radiation exposure on the 
surface or atmosphere of Earth, on the Moon, Mars, and in 
interplanetary space between Earth and Mars. EMMREM is 
being designed for broad use by researchers to predict 
radiation exposure by integrating over almost any incident 
particle distribution from interplanetary space. EMMREM 
is being developed using contemporary state-of-the-art 
particle radiation models. Beyond this, it will have the 
capability to incorporate new and improving models, as they 
become available, to give continually improved estimates of 
radiation hazards and effects. EMMREM will be 
comprehensively validated using direct and 
contemporaneous measurements near Earth, at the Moon 
and Mars to significantly reduce uncertainties in radiation 
exposure predictions. EMMREM will characterize the 
extremes, statistics, and variations over time of radiation 
exposure caused by solar energetic particles and cosmic 
rays. The results of EMMREM will improve risk 
assessment models so that future human exploration 
missions can be adequately planned for. This makes 
EMMREM highly relevant to NASA’s Vision for Space 
Exploration and the Living With a Star Programs. 1 2  
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1. INTRODUCTION 

Space radiation hazards (Figure 1) pose one of the most 
serious issues to future human and robotic exploration to the 
Moon and beyond:  
• Galactic Cosmic Rays (GCRs) are an ever-present 

background radiation that originate from outside our solar 
system and produce chronic but not acute exposures. 
GCRs are extremely difficult to shield against outside the 
protection of Earth’s atmosphere and magnetosphere. 
Astronauts under nominal shielding (e.g., a few gm/cm2 of 
aluminum) could accumulate a career limit due to GCRs 
in roughly 3 years. We need to understand the current 
constraints imposed by GCRs as a function of mission 
transit time, shielding materials and thickness, and 
develop better techniques to shield them.  
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• Large Solar Energetic Particle events (SEP events, 
defined here to include ions; also referred to as Solar 
Particle Events, SPEs) are also extremely dangerous to 
astronauts outside Earth’s atmosphere and magnetosphere. 
To mitigate the hazard SEPs pose, we must develop the 
ability to predict when and where they will occur, and we 
must provide adequate shielding against them. 

• There are unique radiation environments at each planet 
or satellite. At Earth, we have thoroughly characterized 
locations of the radiation belts, which allows us to 
mitigate the hazard they pose by transiting them rapidly. 
For future human and robotic exploration of other planets 
and satellites, we must characterize the planetary radiation 
environments so that appropriate mitigation strategies and 
adequate shielding are designed. 

     Shielding is often considered the answer to space 
radiation hazards. However, for very high-energy radiation 
(> 100 MeV), shielding may make matters worse by 
producing secondary, penetrating particles, such as neutrons 
and nuclear fragments, that, for some types of shields, 
increase the hazard [1]. 
     The radiation hazard is potentially severe, but not 
sufficiently well characterized to determine if long missions 
outside of Low-Earth Orbit (LEO) can be accomplished 

with acceptable risk [2]. Radiation hazards may be over- or 
under-stated through incomplete characterization in terms of 
net quantities such as accumulated dose. Time-dependent 
characterization often changes acute risk estimates [3, 4, 5, 
6]. For example, events with high accumulated doses, but 
sufficiently low dose-rates (<30 rad/hr) pose significantly 
reduced risks. More complete characterization depends on 
models that take into account time-dependent radiation 
effects according to organ type, primary and secondary 
radiation composition, and acute effects (vomiting, sickness 
and, at high exposures, death) versus chronic effects (such 
as cancer). To reduce uncertainties in predictions, radiation 
exposure models must be tested with direct observations. 
This requires detailed knowledge of radiation detectors and 
accurate detector response models [7]. 

2. THE EMMREM PROJECT 

The EMMREM project (Figure 2) will be carried out 
through three primary activities:  
1. Development of EMMREM’s central Time-

dependent Radiation Exposure Module. Our module 
for predicting time-dependent radiation exposure 
(Linear-Energy-Transfer, LET, spectra and dose-related 
quantities) is being designed with well-established, 
working codes including the BRYNTRN and HZETRN 
code developed at NASA Langley [8] and the HETC-
HEDS Monte Carlo code developed at Oak Ridge 
National Laboratory and the University of Tennessee 
[9]. Development of these codes is currently under the 
auspices of the NASA Space Radiation Transport Code 
Development Consortium (NASA NRA-01-OBPR-05). 
NASAs Exploration Systems Management Directorate 
(ESMD) is making a large investment in biologically 
based risk assessment models that will replace 
inaccurate organ dose equivalent models of risk. The 
development of these models will evolve well beyond 
the time frame of this project. In EMMREM, we focus 
on coupling advanced models of SEPs to the ESMD's 
models of acute radiation sickness and acute lethality 
from SEPs to provide biologically based risk 
assessments. 

2. Development of EMMREM’s Interface with Particle 
Radiation Observations: Direct observations of 
particle radiation (SOHO, ACE, Wind, STEREO, 
SAMPEX, NOAA-GOES and Ulysses) and selected 
simulations will be used as direct input to predict 
radiation exposure. The 3-D observations by STEREO 
will be used fully to characterize and predict radiation 
exposure in events contemporaneously observed at the 
Moon and Mars by LRO/CRaTER and MSL/RAD. 
Observations and simulations will be studied to 
characterize the extremes, statistics, and time variations 
of radiation exposure caused by SEPs  and CRs. 

3. Significant Uncertainty Reduction through 
Comprehensive Radiation Exposure Validation. 
EMMREM will be validated extensively to reduce and 
understand its uncertainties. For this purpose, we will 

 Figure 1: EMMREM will provide a numerical module to 
completely characterize time-dependent radiation exposure 
from the hazards posed by space radiation: galactic cosmic 
rays from outside our solar system (top), from flares 
(bottom left) and shocks (middle) often driven by coronal 
mass ejections (bottom right). 
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use previous measurements from the International 
Space Station (ISS) and the Space Shuttle; LET spectra 
observed by LRO/CRaTER for Lunar scenarios; 
observations from MSL/RAD and MARIE on Odyssey 
for Mars scenarios; and an extensive data-base of 
Accelerator Beam Measurements. Detailed detector 
response models will be developed to support these 
extensive validation efforts. 

3. RELEVANCE AND URGENCY 

We are preparing to return humans to the Moon and 
setting the stage for exploration to Mars and beyond. These 
ambitious goals create new urgency for the LWS Program 
and the National Space Weather Program to develop 
predictive capabilities for radiation hazards that pose among 
the most significant risks to future human exploration. 
EMMREM is urgently needed to reduce uncertainties in  
current human risk assessment models. EMMREM is broad 
and deeply relevant to National, NASA, NSF and LWS 
objectives. Further, the scientific depth of the project 
advances prediction, characterization, and ESMD leveraged 
assessment capabilities while also advancing exploration 
and understanding of energetic particle acceleration in 
evolving space plasmas.  

EMMREM is urgent for the following National, NASA, NSF 
and LWS Objectives 
 Our objective is vital to “Implement a sustained and 

affordable human and robotic program to …, and prepare for 
human exploration” (a vision established by the President’s 
Space Exploration Policy Directive, NPSD31) and directly 
relevant to the LWS program strategic goal 3: “The need for a 

predictive model for radiation exposure anywhere on the 
surface or in the atmosphere of Earth, on the Moon, on Mars, 
and in interplanetary space between Earth and Mars” (in sec 
1.1of the NRA).  

 EMMREM is an innovative software technology that 
provides critical knowledge of radiation exposure in support 
of human and robotic exploration and thus a key element of 
the National Objective to “Develop innovative technologies, 
knowledge, and infrastructures both to explore and to support 
decisions about the destinations for human exploration” and 
NASA’s objective to “Develop and demonstrate … other key 
capabilities required to support more distant, more capable, 
and/or longer duration human and robotic exploration of 
Mars and other destinations”.  

 EMMREM makes the connection from Sun-Solar System 
Connection science and LWS’s advancing enterprise of 
scientific exploration and discovery to a practical module to 
understand the space environmental conditions experienced 
by future human explorers. EMMREM is thus important to 
NASA’s objective to “Explore the Sun-Earth system to 
understand the Sun and its effects on Earth, the Solar System, 
and the space environmental conditions that will be 
experienced by human explorers …”. 

 Our project is also relevant to the National Space Weather 
program’s goal to “validate and enhance space weather 
models to improve specification and prediction 
capabilities,…”. Energetic particle models run as part of this 
effort are validated with observations from the network of 
solar-heliospheric missions. In addition, we provide a 
framework to inter-compare and validate new models of the 
radiation environment as they become available. 

 EMMREM complements and enhances NSF’s Science and 
Technology Center for Integrated Spaceweather 
Modeling (CISM) by predicting radiation exposure from the 
large-scale space weather events simulated as a part of CISM. 
EMMREM leverages research at the heart of National space 
weather program for the development of a module important 
for NASA’s Vision for Exploration Program.  

4. EMMREM FRAMEWORK 

The EMMREM framework (Figure 3) consists of four 
pieces:  
 The interplanetary source input provides the 

interplanetary energy spectrum, composition and 
angular distributions (SEPs, ACRs and GCRs) based on 
select simulations, observed events and interplanetary 
conditions, or user-specified input. We will develop a 
database (available online) of simulated and observed 
events and time-series. 

 The Scenario/Environment sub-module transforms the 
interplanetary source energy spectra, composition and 
angular distributions based on shadowing by the 
planetary body and deflection/trapping by planetary 
magnetic fields.   

 The Radiation Transport sub-module describes the 
interaction of incident ionized particles with 
atmospheres, shielding material and tissue, including 
production of secondary forms of radiation, utilizing 
output from the Scenario sub-module. Users may 
specify a variety of shielding materials, 
habitat/spacecraft/spacesuit and human geometries 

 
Figure 2: EMMREM will provide an important link from 
Space Science to Space Exploration Programs by 
characterizing time-dependent radiation exposure from 
simulated and observed particle radiation. EMMREM 
will significantly reduce current uncertainties in radiation 
exposure through comprehensive validation. 
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including the Computerized Anatomic Female/Male 
(CAF/CAM) models. 

 EMMREM output include time-dependent dose-related 
quantities and Linear Energy Transfer (LET) spectra. 
Events, time-series, and case-studies for validation are 
also collected into the online data-base. 

 
Website and on-line functionality.  The framework in Figure 
3, will provide the basis for a web-page providing the public 
and scientific community access to the functionality of 
EMMREM. The web-page will provide links for users to 
choose specific simulated events and time-series, observed 
events and time-series, or user-specified input for the energy 
and angular distributions incident from interplanetary space. 
Users specify: (1) LEO, Moon, and Mars scenarios 
including altitudes and/or orbits; (2)  shielding materials, 
optional spacecraft, habitat,  spacesuit, human CAF/CAM 
models,  and optional surface (albedo) effects.  Module 
output are retrievable as time-series and time-averages. 
These may be compared to observed events (LRO/CRaTER, 
MSL/RAD, MARIE, ISS, Space Shuttle) or accelerator 
measurement case studies.  

5. EMMREM COMPONENTS 

The core sub-modules of EMMREM for computing time-
dependent radiation exposure are broken up into a Scenario 
Sub-Module that specifies the environmental factors 

introduced by planetary/satellite bodies and a Transport 
Sub-Module describing the interactions in 
atmospheres/shielding/tissue and production of secondary 
radiation. 
       The Scenario Sub-Module (SSM) includes all relevant 
databases and models necessary for full and accurate 
depiction of ambient radiation environments, both in deep 
space and planetary surfaces. These include models of (1) 
Earth’s atmosphere and magnetic fields, (2) the atmosphere, 
weak magnetic field and regolith composition of Mars, and 
(3) lunar regolith composition.  For operations on planetary 
surfaces  (Earth, Moon, and Mars) or in orbits around them, 
the effects of shadow shielding provided by the planetary 
mass are accounted for. We account for neutron albedo 
resulting from particle interactions with the underlying 
planetary surfaces.  For operations in deep space, such as 
transits to the Moon or Mars, updated models and databases 
necessary to develop the scenario sub-module are currently 
available to the Radiation Transport Code Development 
Consortium (lead by CoI, L. Townsend) and have received 
extensive use in previous, related analyses by consortium 
members [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 
23, 24]. 
  EMMREM’s Transport Sub-Module (TSM) 
utilizes both the 1-D deterministic HZETRN transport code 
[25] or BRYNTRN for SEPs and the 3-D, Monte Carlo 
HETC-HEDS transport code [9].   
     The HZETRN (High Z and Energy TRaNsport) code is 

Figure 3: EMMREM is a flexible module with well-defined interfaces for predicting radiation exposure in the Earth, Moon, 
Mars and interplanetary space environments based on input of an energy spectrum, composition and angular distribution of 
energetic particles and cosmic rays. 
 



 5 

being developed at NASA Langley Research Center as a 
science application and engineering design tool for radiation 
shielding studies.  HZETRN can be used to predict LET 
spectra and dose related quantities (absorbed dose, dose 
equivalent) for a wide variety of space radiation protection 
scenarios.  Comparisons of HZETRN predictions of dose 
and dose equivalent behind various materials in space agree 
to within 20% of the measured values on several space 
missions in low Earth orbit [26, 27, 28, 29]. The HZETRN 
code grew from a 29-ion isotopic grid used in the 1980’s 
and early 1990’s [25] to a 32-ion isotopic grid to include all 
light ions several years later [31]. The HZETRN code has 
recently been extended to include the full isotopic 
dependence of the primary GCR [27]. The present code 
includes all of the abundant nuclei in the GCR environment 
with fluxes greater than about 102/(cm2 yr) and nuclei 
produced in fragmentation events with production cross-
sections greater than about 1 mb.  Several nuclei with 
smaller primary abundances or production cross-sections of 
scientific interest are also included in the expanded 
HZETRN code. More recently, HZETRN has been extended 
to include angular deflection of heavy ions through multiple 
scattering [32] and bi-directional neutron transport [33]. The 
ESMD is making a large investment in HZETRN 
developments for engineering shielding analysis 
applications. The EMMREM code will follow a modular 
design allowing for inclusion of updated versions of 
HZETRN as they are released by ESMD.   
 The BRYNTRN (BaRYoN TRaNsport) code is a 
deterministic, coupled proton-neutron space radiation 
transport model that transports incident protons and their 
secondary products (protons, neutrons, deuterons, tritons, 
helions, and alphas) through shields of arbitrary 
composition and thickness [25]. EMMREM uses 
BRYNTRN to compute transport effects primarily due to 
SEPs. 
       The 3-D, Monte Carlo, radiation transport code HETC 
(High Energy Transport Code), originally developed at Oak 
Ridge National Laboratory (ORNL), was recently extended 
to include transport of energetic heavy ions (found in the 
GCR, ACR and SEP distributions) by developing and 
incorporating an HZE particle event generator capable of 
providing nuclear interaction data for use in HETC [34].  
The extended code is now called HETC-HEDS (HETC- 
Human Exploration and Development of Space) [9]. The 
event generator predicts the interaction product yields, 
production angles and energies using nuclear models and 
Monte Carlo techniques. HETC-HEDS simulates the 
particle cascade, computing the trajectories of the primary 
particles and all secondary particles generated during 
nuclear collisions. The particles considered by HETC-
HEDS may be arbitrarily distributed in angle, energy, and 
space. HETC-HEDS uses a combinatorial geometry package 
so almost arbitrary geometries are allowed. Each particle in 
the cascade (heavy ions, protons, neutrons, π+, π-, µ+, or µ-) 
is followed until it escapes from the geometric boundaries, 
undergoes nuclear collision or absorption, comes to rest due 
to energy losses, or decays. Neutrons produced below a 
given cutoff, usually 20 MeV, and photons produced in the 

cascade or from de-excitation gammas are not transported. 
Instead, the information is stored for transport by other 
codes such as MORSE [35] or MCNP [36] and EGS [37]. 
HETC-HEDS provides a complete cascade history. 
     The EMMREM Transport Sub-Module will be 
developed along three parallel paths: (1) using only 
HZETRN for GCRs or BRYNTRN for SEPs; (2) using only 
HETC-HEDS; and (3) using a combination of the two codes 
where the primary and secondary HZE (High Z) particles 
are transported by HZETRN and the primary light ions and 
secondary light ions and neutrons are transported by HETC-
HEDS. The advantage of using the HZETRN or BRYTNRN 
is computational speed.  Although transport of the HZE 
particle components are well represented by the 1-D or 
deterministic 3-D approximations, stochastic 3-D treatments 
(provided by 3-D Monte-Carlo codes such as HETC-HEDS) 
are necessary to accurately describe transport of light ions 
and neutrons. We investigate methods of combining these 
codes, using the faster HZETRN or BRYNTRYN code to 
transport heavy ions, and using the more accurate HETC-
HEDS code to transport light ions and neutrons. Radiation 
exposures to human crews are computed using the 
Computerized Anatomic Female/Male (CAF/CAM) models 
[38], which NASA currently employs for estimating 
radiation exposures and associated risk. 

6. ENERGETIC PARTICLE OBSERVATIONS 

      
     We will utilize energetic particle, solar wind plasma, and 
magnetic field measurements obtained by the fleet of 
currently operating and future spacecraft comprising the 

Table 1: Instruments and Energy Coverage 
  Energy Range  

(MeV or MeV/nucleon) 
S/C Instr. Ions 

(H/He – Fe) 
Electrons 

ACE ULEIS [39] 0.04 – 9.7 … 
ACE SIS [40] 7.0 –90 … 

SAMPEX PET [41] 19 – 400 1.2 – 8.0 
GOES EPS [42] 0.8– 500 0.6 - >2 
Wind STICS [43] 0.006 – 0.2 … 
Wind STEP [44] 0.02 – 2 … 
SoHO COSTEP 

[45,46] 
4 – 150 0.2 – 15 

STEREO SEPT [47] 0.02 – 7.0 0.02 – 0.4 
STEREO SIT [47] 0.03 – 2.0 … 
STEREO LET [47] 1.5 – 30 … 
STEREO HET [47] – 100 – 5.0 
Ulysses KET [48] 4 to >2000 2 to >10 

LRO CRaTER 
[49] 

LET 
(~1 to >100) 

 

MSL RAD ~2-200 0.15-15 
Odyssey MARIE 

[50] 
LET  

(1-30 keV/µm) 
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Heliophysics Great Observatory (e.g., ACE, Wind, 
SAMPEX, SoHO, Ulysses, STEREO, and EPS on NOAA-
GOES) to measure key properties of large SEP events, ESP 
events, and the trends/variations of GCRs. Table 1 
summarizes the energy coverage of various instruments that 
will be used in this study.  High quality data for many of 
these instruments during several large SEP/ESP events of 
cycle 23 are or will be made available to the public via the 
ACE Science Center by R. A. Mewaldt. 

7. VALIDATION AND UNCERTAINTY REDUCTION 

    Validation will be a critical component of the EMMREM 
project, providing significant uncertainty reduction and 
quantification. Rigorous and comprehensive validation 
studies are conducted in the environments where risks need 
to be assessed: in LEO (ISS and Shuttle measurements), in 
the lunar environment (LRO/CRaTER), and in the Mars 
environment (MSL/RAD and MARIE/Odyssey). Detailed 
detector response models are developed to support 
validation studies and a final EMMREM validation & 
uncertainty document is prepared.  
     Low Earth Orbit: ISS and Space Shuttle Measurements. 
We will validate EMMREM by comparing model output 
with time-dependent measurements on the Space Shuttle 
beginning with STS-34 in 1990 made with tissue equivalent 
proportional counters (TEPC's) and other measurements 
made on the Russian space station Mir and International 
Space Station [28, 29]. The TEPC measurements, extending 
for more than a solar cycle, provide time resolved data of 
the GCR and trapped protons in LEO of dose, dose 
equivalent and lineal energy spectra. TEPC's do not measure 
LET directly and instead measure the surrogate quantity 
lineal energy (y) where y is related to the energy deposited 
in a 1-micron diameter volume. Detailed Monte-Carlo 
simulations using microdosimetric and track structure 
computational approaches [51, 52, 53] are needed to make a 
comprehensive comparison to flight measurements with 
TEPCs in LEO or future exploration missions.  
     The Moon: LRO/CRaTER. EMMREM will be validated 
by comparing predictions based on contemporaneously 
observed and simulated GCR and SEPs spectra with LET 
spectra measured by CRaTER. CRaTER is a part of the 
Lunar Reconnaissance Orbiter (LRO) mission, which will 
be launched late in 2008. CRaTER 
- measures and characterizes LET spectra of GCRs and 

SEPs (particularly above 10 MeV); 
- investigates the effects of shielding by measuring LET 

spectra behind different amounts and types of areal 
density, including tissue-equivalent plastic. 

Contemporaneous measurements by ongoing/planned 
missions (ACE, STEREO, SOHO, Wind, SAMPEX, 
Ulysses, NOAA-GOES) are used to specify GCR and SEP 
spectra. EMMREM outputs are directly compared to the 
LET spectra observed by CRaTER. Any disagreement 
between observations and model results elucidate 
weaknesses in the model physics, or the understanding of 
the modelled interactions, and will be used as feedback for 

improvement. CRaTER will provide unprecedented 
GCR/SEP LET spectra. Every event above 10 MeV will be 
analyzed, allowing unprecedented tests of particle 
simulations, and the mapping of particle observations 
through EMMREM to predict radiation exposure. 
Ultimately, these validation efforts will constrain models 
and radiation exposure characterization to Mars and 
throughout the inner heliosphere.  
      We will explore the use of near-real-time energetic 
particle measurements to drive simulations, and provide 
predictions of radiation exposure. A near-real-time pipeline 
into EMMREM for radiation exposure diagnostics provides 
a tool to evaluate mitigation strategies, and derive 
requirements for missions that must provide operational 
systems in future human exploration.  
      Mars: MARIE. SEP and GCR dose predictions from 
EMMREM will be validated against dose measurements 
from the Martian Radiation Environment Experiment 
(MARIE) on the 2000 Mars Odyssey Orbiter (launched 
April, 2000).  These measurements will provide EMMREM 
validation near Mars, on its surface, and in the 
interplanetary space between the Earth and Mars. 
     Mars: MSL/RAD. EMMREM predictions will be 
compared to observations of the Radiation Assessment 
Detector (RAD) on the Mars Science Laboratory (MSL) 
mission (launch Dec, 2009). RAD is an energetic particle 
spectrometer consisting of a solid-state detector stack and 
CsI calorimeter. RAD uses the dE/dx vs E method to 
measure energetic ions (2≤Z≤26), protons, and helium in the 
range of ~2-200 MeV/nuc (energy ranges depend slightly on 
species). RAD also measures electrons (150 keV-15 MeV) 
and includes separate plastic and CsI scintillators to detect 
neutrons and gamma rays. Validation of EMMREM’s Mars 
atmospheric transmission and radiation transport is a key 
element of the project. RAD measurements provide 
comprehensive validation of EMMREM predictions of light 
ions, heavy ions, and neutrons.  
    Large SEP events may contribute significantly to the total 
dose (perhaps as much 0.6 Sv) at the Martian surface, 
largely due to secondaries. These radiation exposures 
approach, and in some cases exceed, career limits for LEO 
operations. As such, validating EMMREM’s SEP radiation 
exposure predictions at the Martian surface is an extremely 
important effort. The validation of EMMREM by RAD will 
provide critical insight to improve SEP models and radiation 
exposure predictions used for future risk assessment models. 
          
      Accelerator Beam Measurements. EMMREM case 
studies are performed using particle projectiles incident on 
thick targets and resulting in nuclear fragments, secondary 
neutrons and other particle production. These EMMREM 
case studies are validated against data from comparable 
experiments accumulated by the Measurements Consortium 
of the NASA SRSP for a wide range of projectile and target 
nuclei at a range of energies spanning the peak of the GCR 
spectrum.  Particle production has been measured as a 
function of fragment charge and energy (from which LET, 
dose and dose equivalent are calculated) for thin elemental 
targets and thick materials.  The thin elemental target data 
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are used to validate EMMREM’s fragmentation model 
source terms; the thick target data are used to validate 
EMMREM and provide direct tests of shielding 
effectiveness.  

8. SUMMARY  

The central objective of EMMREM is to develop and 
validate a numerical module for completely characterizing 
time-dependent radiation exposure in the Earth-Moon-Mars 
and Interplanetary space environments. EMMREM will 
provide the ability to predict radiation exposure on the 
surface or atmosphere of Earth, the Moon, or Mars, and in 
interplanetary space between Earth and Mars. EMMREM 
will make these predictions given the energy spectrum, 
angular distribution, and elemental composition of particle 
radiation incident from interplanetary space. EMMREM 
will be comprehensively validated to significantly reduce 
uncertainties in radiation exposure predictions. The results 
of EMMREM will improve risk assessment models so that 
future human exploration missions can be adequately 
planned for.  

REFERENCES 

[1] Wilson, J. W., F. A. Cuccinotta, J. Miller, J. L. Shinn, S. 
A. Thibeault, R. C. Singleterry, L. C. Simonsen, and M. H. 
Kim, Materials for Shielding Astronauts from the Hazards 
of Space Radiations, Mat. Res. Soc.  Symp. Proc. 551, 1999, 
pp. 3-15 
 
[2] Cucinotta, F.A., Schimmerling, W., Wilson, J.W., 
Peterson, L.E., Saganti, P., Badhwar, G.D., and `Dicello, 
J.F.: Space Radiation Cancer Risks and Uncertainties for 
Mars Missions. Radiation `Research 156, 682-688, 2001. 
 
[3] National Council on Radiation Protection and 
Measurements, NCRP. Guidance on Radiation Received in 
Space Activities,  NCRP Report 98, NCRP, Bethesda (MD), 
1989.  
 
[4] Cucinotta, F.A.: Issues in Risk Assessment From Solar 
Particle Events.  Radiation Measurements 30, 261-268, 
1999.  
 
[5] Cucinotta, F. A.; Wilson, J. W.; Williams, J. R.; and 
Dicello, J. F.: Analysis of MIR-18 Results for Physical and 
Biological Dosimetry: Radiation Shielding Effectiveness in 
LEO. Radiation Measurements, Vol. 132, 2000, pp. 181-
191. 
 
[6] George, K., Willingham, V., Wu, H., Gridley, D., 
Nelson, G., and Cucinotta, F.A.:  Chromosome Aberrations 
in Human Lymphocytes Induced By 250 MeV Protons:  
Effects of Dose, Dose Rate and Shielding.  Advances in 
Space Research 30(4), 891-899, 2002. 
 
[7] Nikjoo, H., Khvostunov, I.K., and Cucinotta, F.A.: The 

Response of (TEPC) Proportional Counters to Heavy Ions.  
Radiation Research 157, 435-445, 2002. 
 
[8] Wilson, J.W.; Badavi, F.F.; Cucinotta, F.A.; Shinn, J.L.; 
Badhwar, G.D.; Silberberg, R.; Tsao, C.H.; Townsend, 
L.W.; and Tripathi, R.K.: HZETRN: Description of a Free-
Space Ion and Nucleon Transport and Shielding Computer 
Program. NASA TP 3495, May 1995. 
 
[9] Townsend, L. W.; Miller, T. M.; and Gabriel, T. A. 
(2005a):  HETC Radiation Transport Code Development for 
Cosmic Ray Shielding Applications in Space. Radiation 
Protection Dosimetry (2005, in press). 
 
[10] Townsend, L. W.; Stephens, D. L., Jr.; Hoff, J. L.; 
Zapp, E. N.;  Moussa, H. M.; Miller, T. M.; and Campbell, 
C. E. (2005b): The Carrington Event:  Possible Doses to 
Crews in Space from a Comparable Event. Advances in 
Space Research (2005, in press). 
 
[11] Townsend, L. W.; Bowling, J.; Miller, T. M.; 
Campbell, C. E.; Nichols, T. F.; and Williamson, M. R. 
(2004): The Effects of Orbit Altitude and Inclination on 
Solar Particle Event Doses in LEO. 55th International 
Astronautical Congress, Vancouver, BC, Canada, October 
4-8, 2004. Proceedings on CD-ROM. 
 
[12] Simonsen, L.C.; Nealy, J.E.; Townsend, L.W.; and 
Wilson, J.W. (1990a):  Radiation Exposure for Manned 
Mars Surface Missions.  NASA TP 2979, March 1990. 
 
[13] Simonsen, L.C.; Nealy, J.E.; Townsend, L.W.; and 
Wilson, J.W. (1990b):  Space Radiation Dose Estimates on 
the Surface of Mars.  Journal of Spacecraft and Rockets, 
Vol. 27, No. 4, July/August 1990, pp. 353-354. 
 
[14] Townsend, L.W.; Cucinotta, F.A.; and Wilson, J.W. 
(1992a):  Interplanetary Crew Exposure Estimates for 
Galactic Cosmic Rays.  Radiation Research, Vol. 129, No. 
1, January 1992, pp. 48-52. 
 
[15] Townsend, L.W.; Cucinotta, F.A.; Shinn, Judy L.; and 
Wilson, J.W. (1992b):  Risk Analyses for the Solar Particle 
Events of August Through December 1989.  Radiation 
Research, Vol. 130, No. 1, April 1992, pp. 1-6. 
 
[16] Townsend, L. W. (2004): Implications of the Space 
Radiation Environment for Human Exploration in Deep 
Space (Plenary Presentation).  10th International Conference 
on Radiation Shielding/13th ANS Topical Meeting on 
Radiation Protection and Shielding, Funchal, Portugal, May 
9-14, 2004. 
 
[17] Townsend, L. W. (2005): Space Radiation Risks 
During Human Missions to the Moon and Mars (Invited). 
NASA/NSF/NRC Workshop on Solar/Heliospheric Physics 
and the Space Exploration Initiative, Wintergreen, VA, 
October 16-21, 2005. 
 



 8 

[18] Townsend, L. W. (2004b): Space Radiation Hazards on 
Missions to the Moon and Mars (Invited).  2004 AGU 
Winter Meeting, San Francisco, CA, December 12-17, 
2004. 
 
[19] Wilson, J.W.; Townsend, L.W.; and Badavi, F.F.: 
Galactic HZE Propagation through the Earth's Atmosphere. 
 Radiation Research, Vol. 109, No. 2, February 1987, pp. 
173-183. 
 
[20] Parsons, Jennifer L. and Townsend, Lawrence W.: 
Interplanetary Crew Dose Rates for the August 1972 Solar 
Particle Event.  Radiation Research , Vol. 153, June 2000, 
pp. 729-733. 
 
[21] Campbell, C. E.; Miller, T. M.; Nichols, T. F.; 
Edwards, J. R.; Moussa, H. M.; and Townsend, L. W.: 
Sensitivity of Solar Energetic Particle Event Doses to 
Spectral Hardness. 35th International Conference on 
Environmental Systems (ICES), Rome, Italy, July 11-14, 
2005.  SAE Technical Paper No. 2005-01-2830. 
Proceedings on CD-ROM. 
 
[22] Nealy, J.W.; Wilson, J.W.; and Townsend, L.W.:  Solar 
Flare Shielding with Regolith ata Lunar Base Site.  NASA 
TP 2869, December 1988. 
 
[23] Badhwar, G.D., Cucinotta, F.A., and O'Neill, P.M.:  
Depth-Dose Relationships for Cosmic Rays at Various Solar 
Minima.  Radiation Research 134, 9-15, 1993. 
  
[24] Badhwar, G. B.; Cucinotta, F.A., and O'Neill, P. M.: 
An Analysis of Interplanetary Space Radiation Exposure for 
Various Solar Cycles.  Radiation Research 138, 201-208, 
1994b. 
 
[25] Wilson, J.W.; Townsend, L.W.; Schimmerling, W.; 
Nealy, J.E.; Khandelwal, G.S.; Cucinotta, F.A.; Simonsen, 
L.C.; Khan, F.; Shinn, J.L.; and Norbury, J.W.:  Transport 
Methods and Interactions for Space Radiations.  NASA RP 
1257, December 1991. 
 
[26] Cucinotta, F.A., Nikjoo, H., O’Neill, P., and Goodhead, 
D.T.: Kinetics in DSB Rejoining and Formation of Simple 
Chromosome Exchange Aberrations. International Journal 
of Radiation  Biology 76, 1463-1474, 2000a. 
 
[27] Cucinotta, F.A., Saganti, P.B., Hu, X., Kim, M-H. Y., 
Cleghorn, T.F., Wilson, J.W., Tripathi, R.K., and Zeitlin, 
C.J.:  Physics of the Isotopic Dependence of Galactic 
Cosmic Ray Fluence Behind Shielding.  NASA TP-2003-
210792. 
 
[28] Badhwar, G.D. and Cucinotta, F.A.: A Comparison of 
Depth Dependence of Dose and Linear Energy Transfer 
Spectra on Polyethylene and Aluminum. Radiation 
Research, Vol. 153, No. 1, 2000, pp. 1-8. 
 
[29] Badhwar, G.D.; Cucinotta, F. A; Braby, L. A.; and 

Konradi, A. (1994).  “Measurements on the shuttle of the 
LET spectra of galactic cosmic radiation and comparison 
with radiation transport model” Radiation Research, Vol.  
139, pp. 344-351. 
 
[30] Cucinotta, F.A., Ren, L., and Kim, M.H., Managing 
Lunar and Mars Mission Radiation Risks Part I: Cancer 
Risks, Uncertainties and Shielding Effectiveness. 
NASA/TP-2005-213164.Cucinotta, F. A.: Calculations of 
Cosmic Ray Helium Transport in Shielding Materials, 
NASA TP 3354, 1993. 
 
[30] Cucinotta, F.A., Ren, L., and Kim, M.H., Managing 
Lunar and Mars Mission Radiation Risks Part I: Cancer 
Risks, Uncertainties and Shielding Effectiveness. 
NASA/TP-2005-213164. 
 
[31] Cucinotta, F. A.: Calculations of Cosmic Ray Helium 
Transport in Shielding Materials, NASA TP 3354, 1993. 
 
[32] Wilson, J. W., Tripathi, R. K., Badavi, F. F., Cucinotta, 
F. A., Standardized Radiation Shield Design Method: 2005  
HZETRN, 35th International Conference on Environmental 
Systems (ICES), Norfolk, VA, 2005.  
 
[33] Clowdsley, M. S., Wilson, J. W.,  Shinn, J. L., Badavi, 
F. F., Heinbockel, J. H., Atwell, W., Neutron Environment 
Calculations for Low Earth Orbit, 31st International 
Conference on Environmental Systems (ICES) , Orlando, 
Florida, NASA Technical Paper 01ICES-2327, 2001. 
 
[34] Miller, T. M. and Townsend, L. W.: Comprehensive 
Cross Section Database Development for Generalized Three 
Dimensional Radiation Transport Codes.  Nuclear Science 
and Engineering, Vol. 149, No. 1, January 2005, pp. 65-73. 
 
[35] Emmett, M. B.: MORSE-CGA, a Monte Carlo 
radiation transport code with array geometry capability. 
ORNL-6174 (April 1985). 
 
[36] X-5 Data Team. CCC-710/MCNP: data libraries for 
MCNP. [file CCC-710_DATA.pdf] (May 2003).  
 
[37] Bielajew, A. F.; Hirayama, H.; Nelson, W. R.; and 
Rogers, D. W. O.: History, overview and recent 
improvements of EGS4. SLAC-PUB-6499 (NRC-PIRS-
0436, KEK Internal 94-4) (Revised June 1, 1994). 
 
[38] Billings, M.P. and Yucker, W. R.: The computerized 
anatomical man (CAM) model. NASA CR-134043 (1973). 
 
[39] Mason, G. M., et al., The Ultra Low Energy Isotope 
Spectrometer (ULEIS) for the ACE spacecraft, Space 
Science Review, 86, 409-448 (1998). 
 
[40] Stone, E. C., et al., The Solar Isotope Spectrometer 
(SIS) for the Advanced Composition Explorer, Space 
Science Reviews, 86, 357-408, (1998).  
 



 9 

[41] Cook, W. R., et al., PET: A Proton/Electron Telescope 
for Studies of Magnetospheric, Solar, and Galactic Particles, 
IEEE Trans. Geoscience and Remote Sensing, 31, 5 , 
(1993). 
 
[42] Onsager, T. G., et al., Operational uses of the GOES 
energetic particle detectors, in GOES-8 and Beyond, E. R. 
Washwell, ed., SPIE Conference Proceedings 2812, 281-
290, (1996). 
 
[43] ��Gloeckler, G.; Balsiger, H.; Buergi, A.; Bochsler, P.; 
Fisk, L. A.; Galvin, A. B.; Geiss, J.; Gliem, F.; Hamilton, D. 
C.; Holzer, T. E.; Hovestadt, D.; Ipavich, F. M.; Kirsch, E.; 
Lundgren, R. A.; Ogilvie, K. W.; Sheldon, R. B.; Wilken, 
B., The Solar Wind and Suprathermal Ion Composition 
Investigation on the Wind Spacecraft, Space Science 
Reviews, v. 71, p. 79-124, (1995).� 
 
[44] von Rosenvinge, T. T., et al., The energetic particles: 
Acceleration, composition, and transport (EPACT) 
investigations on the Wind spacecraft, Space Sci. Rev., 71, 
155, (1995). 
 
[45] Mueller-Mellin, R.; Kunow, H.; Fleissner, V.; Pehlke, 
E.; Rode, E.; Roeschmann, N.; Scharmberg, C.; Sierks, H.; 
Rusznyak, P.; McKenna-Lawlor, S.; Elendt, I.; Sequeiros, 
J.; Meziat, D.; Sanchez, S.; Medina, J.; del Peral, L.; Witte, 
M.; Marsden, R.; Henrion, J., COSTEP - Comprehensive 
Suprathermal and Energetic Particle Analyser, Solar 
Physics, v. 162, p. 483-504, (1995).� 
 
[46] M ̈uller-Mellin, R., et al., COSTEP–comprehensive 
suprathermal and energetic particle analyser, in The SOHO 
Mission, pp. 483–504, Kluwer Academic Publishers. (Edts: 
B. Fleck, V. Domingo, A. Poland), (1995).  
 
[47] Luhmann, J. G., et al., IMPACT: Science Goals and 
Firsts with STEREO, Adv. Space Res., 36(8), 1534-1543, 
(2005). 
 
[48] Simpson, J., et al., The ULYSSES cosmic-ray and solar 
particle investigation, Astron. Astrophys. Suppl., 92 (2), 
365–399,  (1992). 
 
[49] Chin, G., S. Brylow, M. Foote, J. Garvin, J. Kasper, J. 
Keller, M. Litvak, I. Mitrofanov, D. Paige, K. Raney, M. 
Robinson, A. Sanin, D. Smith, H. Spence, P. Spudis, S. A. 
Stern, M. Zuber, Lunar Reconnaissance Orbiter Overview: 
The Instrument Suite and Mission, Space Sci. Rev., in final 
review, 2006. 
 
[50] Zeitlin, C., T. Cleghorn, F. Cucinotta, P. Saganti, W. 
Atwell, V. Andersen, K. Lee, and L. Pinsky. "Overview of 
the Martian Radiation Environment Experiment (MARIE)," 
Advances in Space Research, Proc. 34th COSPAR 
Scientific Assembly, Houston, TX, Oct. 10-19, 2002. 
 
[51] Cucinotta, F.A., Katz, R., and Wilson, J.W.: Radial 
Distributions of Electron Spectra from High-Energy Ions. 

Radiation Environmental Biophysics 37, 259-265, 1998. 
 
[52] Cucinotta, F.A., Nikjoo, H., and Goodhead, D.T.:  
Model of The Radial Distribution of Energy Imparted in 
Nanometer Volumes From HZE Particle.  Radiation 
Research 153, 459-468, 2000c. 
 
[53] Nikjoo, H., Uehara, S., Khvostunov, I.K., and 
Cucinotta, F.A.: Track Structure in Molecular Biology. In 
Advances in Monte Carlo for Radiation Physics, Particle 
Transport Simulations and Application.  Proceedings of the 
Monte Carlo 2000 Conference, Lisbon, Editors, A. Kling, F. 
Barao, M. Nakagawa, and L. Tavora, and P. Vaz, 23-26, 
2001. 

BIOGRAPHY 

 
Nathan Schwadron is professor of astronomy at Boston 

University. He works on a broad 
range of theoretical problems 
including the solar wind, the 
heliospheric magnetic field, pickup 
ions, cometary X-rays, energetic 
particles, and cosmic rays. Recent 
work includes: the Solar Wind 
Scaling Law that provides a natural 
explanation for slow solar wind 
from hotter, more radiative sources 
at the Sun; the Outer Source of 
pickup ions and Anomalous 
Cosmic Rays from Kuiper-Belt 

grains sputtered by the solar wind; a natural explanation for 
the common occurrence of quasi-radial magnetic fields in 
the heliosphere based on footpoint motions at the Sun; 
Heliospheric FALTS (Favored Acceleration Locations at the 
Termination Shock) that facilitate strong particle 
acceleration at the Termination Shock through large-
distortions of the outer heliospheric magnetic field due to 
footpoint motions at the Sun; a model for the Inner Source 
of pickup ions based on neutralization by a large population 
near-solar grains; a theory for the compositional 
enhancements observed in slow solar wind based on the 
heating of large-loops in the corona; and an important 
source of variability in cometary X-rays that potentiates 
their use to remotely probe solar wind composition.  Dr. 
Schwadron is a team member of the Ulysses, and the 
Advanced Composition Explorer (ACE) solar wind teams, 
participating in interpretation and analysis of these data as 
well as observations from Wind and the Cassini mission to 
Saturn. Dr. Schwadron is a co-Investigor on the Interstellar 
Boundary Explorer Mission, a lead organizer for the New 
England Space Science Consortium, and the principal 
investigator on the Earth Moon Mars Radiation 
Environment Module.  Dr. Schwadron has a PhD in Physics 
from the University of Michigan (1996). 

 



 10 

 


