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The On-Line Tool for the Assessment of Radiation In Space (OLTARIS) is a World
Wide Web based tool that assesses the effects of space radiation to humans in items such
as spacecraft, habitats, rovers, and spacesuits. This document explains the basis behind
the interface and framework used to input the data, perform the assessment, and output
the results to the user as well as the physics, engineering, and computer science used to
develop OLTARIS. The physics is based on the HZETRN2005 and NUCFRG2 research
codes. The OLTARIS website is the successor to the SIREST website from the early
2000’s. Modifications have been made to the code to enable easy maintenance, additions,
and configuration management along with a more modern web interface. Over all, the code
has been verified, tested, and modified to enable faster and more accurate assessments. The
next major areas of modification are more accurate transport algorithms, better uncertainty
estimates, and electronic response functions. Improvements in the existing algorithms and
data occur continuously and are logged in the change log section of the website.

I. Introduction and Background

Particle transport algorithms and methods needed to assess the radiation shielding in spacecraft are
difficult to solve and master. When non-experts are asked to utilize them in their normal work flow, the
functionality of these algorithms and methods needs to be simple, clear, and straight forward. The answers
that they give need to be accurate, characterized by an uncertainty, and reproducible.!'? Achieving these
goals entails numerous characteristics: modularity, version control, modern user interface, maintainability,
verification, and validation. Data interfaces and formats need to be established between modules, clear paths
need to be established for data flow, and user interfaces need to feed the proper data into and out of the
system so that a non-expert user can understand the input and results.

A first attempt at this type of functionality for space radiation was achieved with the SIREST website.3
OLTARIS is its successor, as the problems SIREST faced to meet modeling and simulation requirements
were overwhelming,.

The first task was to establish acceptable user interactions with the website. This was achieved through
interviewing potential users about how they envisioned working with this type of data. Use cases were gener-
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ated to capture this desired work flow and functionality. From these initial use cases and other programmatic
requirements, an initial capability was defined.

Current, state-of-the-art, research-based radiation analysis tools were identified and utilized in the con-
struction of OLTARIS. The research-based particle radiation transport code HZETRN2005%5 is the basis
for OLTARIS. HZETRN2005 has embedded response functions that were greatly expanded in OLTARIS.
New response functions not in HZETRN2005 were also added. The NUCFRG252® code was used for heavy
ion cross sections with HZETRN2005 embedded light ion cross sections.?

As OLTARIS becomes more robust and able to solve a broader range of space radiation problems, its
applicability to other space design, simulation, and operations communities grows. Therefore, it is incumbent
upon the developer group to introduce it to a broader range of potential users.

The rest of the paper will describe in detail the current capability and how that capability was imple-
mented on OLTARIS.

II. OLTARIS Description and Functionality

The OLTARIS architecture is divided into two main parts, the website, in which users interact through a
browser, and the execution environment, where the computations are performed. This architecture enables
maximum flexibility and is scalable as demand increases. The website is built primarily with standard open
source components. The core is Ruby on Rails'® with a MySQL!! database running on an Apache!? web
server. The only licensed, server-side component is an Adobe Flash plugin which allows the users to plot
and examine results using a standard, free plugin that most browsers already have.

The execution environment is primarily FORTRAN executables tied together with some Perl and Ruby
scripts running on a computational cluster. Data is passed between the web server and the cluster using
XML files. Jobs are managed with the open-source Sun Grid Engine (SGE).!® There are benefits to having
SGE serve as a mediator between the user interface and the computations. First, additional nodes or clusters
can be easily added as demand increases. Also, we can easily replace the web interface with a desktop client
sometime in the future, if requirements dictate.

Figure 1 shows the program and data flow for OLTARIS. The boxes indicate different components or
modules of the system. This modular system makes it easy to maintain and upgrade as new algorithms,
methods, and capabilities are developed. Each module has a clearly defined input and output data format
so that the individual module developers don’t have to know about the details of the other modules. For
example, if requirements dictate the development of another radiation environment, the new radiation en-
vironment will plug in to the process cleanly, as long as its outputs are in the same format as every other
environment model.

The green boxes indicate the data that the user needs to supply: a slab definition or a thickness dis-
tribution of their vehicle (see Section II.B), and mission parameters that will determine how the external
radiation environment is computed. The blue boxes indicate data that the user can either download from
the web server or data used in the calculations and stored on the execution host. This includes material
data with associated cross section databases (see Section III) and body-thickness distributions used in the
calculation of whole-body effective dose equivalent. The downloadable content includes ray distributions and
a phantom human CAD (Computer Aided Design) object that can be used to prepare the vehicle thickness
distributions. The gold boxes represent the computations which are performed on the execution host and
consist of three modules: the environmental model, the particle transport, and the response functions.

The environment module is where the external radiation environment is computed. The user can cur-
rently choose from three different types of environments: an historic Solar Particle Event (SPE) or a linear
combination of events, free-space Galactic Cosmic Rays (GCR), or Low Earth Orbit (LEO). The output of
these environments is a spectral flux or fluence (in units of %, where time is given in events for
SPE - fluence and days for GCR and LEO - flux). This flux/fluence is then used as the boundary condition
for the transport. More details about the environments can be found in Section IV.

The transport module is composed of two paths depending on the type of geometry the user selects, either
slab or thickness distribution. Both paths use nuclear transport methods based on HZETRN2005, which have
been greatly improved, verified, and validated. The slab computation transports particles from the chosen
boundary condition, through user defined materials, to generate fluxes/fluences at the material interfaces
and at the end boundary. The computation for the case of a thickness distribution is a series of transport
runs for an array of depths for each material that the user needs. OLTARIS currently supports aluminum,
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Figure 1. Program Flow for OLTARIS

polyethylene, and tissue for vehicle thicknesses. The output is an array of flux/fluence versus energy and
thickness for every combination of material thicknesses. The selection of the spatial grid (thickness intervals)
and the energy grid is dependent on the boundary condition and is not user selectable at this time. Further
details about the transport method can be found in Section V.

The response function module takes the resulting flux/fluence calculated with the transport module and
computes selected responses for each depth of the various materials and the total responses at the end
of the slab or at the selected vehicle location. For thickness distributions, an array of response function
versus depth curves are computed for the same set of material spatial grids selected for the flux/fluence
transport. Total quantities along each ray in the thickness distribution are calculated by interpolating over
the response function versus depth database just computed, and then integrating over all of the rays. In the
case of whole body effective dose equivalent (or effective dose), an added step is performed to combine the
vehicle thicknesses with the body thicknesses at the organ points for the Computerized Anatomical Female
(CAF),'415 Computerized Anatomical Man (CAM),'6 Male Adult voXel model (MAX),!” and Female Adult
voXel model (FAX).1® Details about all the possible responses can be found in Section VI.

Finally, all the results are transferred back to the user’s account on the website for viewing, plotting, or
download.

A. Web interface

Users need to register on OLTARIS and get approval before they can enter the website. This is required be-
cause some of the content falls under the purview of the International Traffic in Arms Regulations (ITAR),'®
but it also allows for regulating and maintaining limited computer resources by permitting only those with a
real need and knowledge to access the site. Once the user account has been activated by a site administrator,
the user can login and start using the tools.

The first page the user sees after login is the Projects page. Each project is the complete encapsulation of
a calculation; it includes the definition of the radiation environment, the selection of a thickness distribution
or slab, and a selection of desired responses. This page allows the user to create new projects, edit existing
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projects, submit new jobs to the compute cluster, and access the results of previous jobs. A job is an
instantiation of a project that is packaged for processing. When a new project is created, the user is stepped
through a series of pages that allows them to define the different aspects of the problem. Help pages are
available at any point in the process if the user needs more information. Once the project is saved, the user
is returned to the Projects page and can submit a job to the compute cluster. A project can include multiple
jobs so that if the user wants to change particular elements of the project, say select a different environment
or response, the user can do so and create an additional job that can be submitted under that same project.

Once a job is submitted, the user can check on the status of the job from the Jobs page for the project.
Also, when a job is complete, an email will be sent to the user from the grid scheduler (SGE). Once the job
is complete, the user can view the results by selecting Display/Download Results for the completed job on
the Jobs page. The results page will list some of the results directly in tabular form and allow the user to
plot data such as dose versus depth curves and flux/fluence data. The plot page has the option to copy the
plotted data to the user’s clipboard so that it can then be pasted into various local applications on their
computer. The user also has the option to download the data to their desktop computer in the form of an
ASCII compatible file.

Another section of the website is the Thickness Distributions page which is selected from one of the main
tabs across the top of the page. This page presents a list of the user’s current thickness distributions and
allows the user to upload new ones. Once a thickness distribution is uploaded to the site, it is available
for selection from a project page. Thickness distributions are uploaded to the site in the form of an XML
file. A document describing the format of the file and sample files can be downloaded from the Thickness
Distributions page. The user can also download a phantom CAD object that represents a human geometry.
This can be positioned and oriented in the user’s CAD software to help select the proper target points in
their vehicle geometry and compute effective dose responses. The next section of this paper describes this
process in more detail.

The Slabs and Materials sections, selected from the tabs at the top of each page, are used to create
user-defined slabs of any material the user desires. The user first defines the materials they want to use
at the Materials tab by entering the material’s elemental mass percentage, its molecular mass percentage,
or its chemical formula. Once the material is defined, the user can submit the material definition to the
computational grid so that the material cross sections (see Section III) can be computed for later use. Once
the cross section database is available, the user can then go to the Slabs tab and define a layup of any
thickness of material, in any order they choose. This capability is useful for comparing new material or
structural concepts. Once a slab is created, it can be selected for a project from the Projects page.

B. Thickness Distributions

In order to compute a response in a realistic vehicle geometry, a representation of the vehicle geometry, in
the form of a material thickness distribution, is required. This thickness distribution is computed using a
process called ray tracing. Ray tracing uses a directionally distributed set of rays emanating from the same
point to determine how much material is surrounding that point in each ray direction. The point source of
the rays is commonly called a Target Point. The intersections of the rays and the various components of
the vehicle CAD model are used to determine the along-ray thicknesses of the components, which are stored
along with their associated material types.

OLTARIS currently supports only three materials - aluminum, polyethylene, and human tissue, as men-
tioned previously. For example, one ray could intersect a human being, which would be a thickness of tissue,
followed by some shielding material, which could be polyethylene, and then the vehicle structural compo-
nents, which could be a thickness of aluminum. Rays typically intersect multiple objects, so there can be
many separate material thicknesses along each ray. The current version of OLTARIS will sort and combine
these thicknesses so that the outermost layer of shielding is composed of all the collected aluminum thick-
nesses along that ray, the next layer of shielding represents the total thickness of polyethylene along that
ray and the innermost layer represents the total amount of tissue along that ray.

Any angular distribution of rays may be used, as long as they are distributed evenly enough that each
ray can be considered to represent an equal solid angle of shielding surrounding its target point. However, to
compute an effective whole-body dose equivalent using OLTARIS, the user will need to use one of the many
ray distributions that are available for download from the Thickness Distributions page. Those currently
available include distributions with 42, 492, 512, 968, 1002, 4002, 9002, or 10,000 rays. If the user needs to

4 of 17

American Institute of Aeronautics and Astronautics



IGES Target
Phantom ; iti
ant Boints Zone Deﬁnm;pns
i . = ] v Zone 1
A (Head)
#
B
/ L ‘
g z Zone 2 |
4 R i AP i i c"\ " (Chest)
ﬁ‘f’?«ﬂm e —
é - — =
T e = m—Rr— v * .r'\ ¥ ztg:rvi:s
Reference —
points for E R —
transformation g " f" . zn?hﬂs:uf
of ray —
distribution S —
_'_ Zone 5
e AT R | 8
— I rﬁi-'@n!,ri.

Figure 2. Body Phantom Zone Points

take into account a specific body phantom orientation with respect to their vehicle, OLTARIS provides a
process that makes this possible.

To calculate an effective dose, OLTARIS combines uploaded vehicle thickness distributions with pre-
computed body phantom thickness distributions. The process used to combine these distributions provides
the ability to analyze a specific body orientation relative to a vehicle shielding model and the ability to
capture the local variation of radiation intensity inside the vehicle. This local variation could be due to
variations in the amount of shielding surrounding different regions of the vehicle interior and might, for
example, yield a situation in which the phantom’s head was more lightly shielded than its feet.

In order to accurately represent the user’s desired phantom orientation within a vehicle model, the user
will need to download one of two specially developed CAD models from the OLTARIS web site. These CAD
models are proxies for the male and female body phantoms that are available for use in OLTARIS. The user
will need to load this model into their CAD software, as a new component in their shielding model. The
models have been made available in an IGES file format to gain broad compatibility with the widest possible
array of CAD software. Each body phantom proxy CAD model includes eight reference points.

The three points used to establish the phantom orientation have been colored green and labeled “A”,
“B”, and “C” (see Figure 2). Once oriented, the user will record the (x,y,z) coordinates of these three points,
taking care to use the same reference coordinate system that will be used for ray tracing. The coordinates of
these three points can be entered into a form on the OLTARIS website to generate a custom ray distribution,
rotated to take the phantom orientation into account. The form used to create these ray distributions can
be accessed from the Thickness Distributions page. The user should use this ray distribution to ray trace
vehicle thickness distributions that correspond to that phantom orientation.

The other five reference points included with each IGES phantom proxy are colored red and are used
to capture the effects of shielding variation within the vehicle interior. These five points correspond to five
body zones, as shown in Figure 2. To use this feature, the user will need to perform five separate vehicle
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ray traces and calculate five separate vehicle thickness distributions, each centered on one of the red zone
target points. The effective whole-body dose equivalent calculation (See Section VI.E) within OLTARIS
uses tissue thickness distributions based upon hundreds of target points that are distributed throughout the
body phantom in specific tissues. OLTARIS will add the vehicle thickness distribution closest to each of the
zone’s tissue thickness distributions to get the total shielding around each body point. The user does not
have to use the five target points, as one target point can be used in which all of the body points are added
to the single vehicle thickness distribution. However, a single target point will be less accurate than the five
target point case, as the local variations in the vehicle shielding may be significant.

C. Verification

Users expect to get reliable and accurate results from the tools that they use; therefore, OLTARIS has
implemented several levels of verification to ensure consistent and accurate results. The OLTARIS system
consists of thousands of lines of code, hundreds of files, and megabytes of data. All of the source code and
data are stored in a version-control repository that all of the developers can access. This way, all changes
are tracked and everyone can have access to the same code base. The source repository is organized along
the lines of Figure 1 and each box has a specific developer who is responsible for, or owns, that module.
Before any new methods or techniques are stored in the repository, the developer must ensure the accuracy
of the method and write corresponding test cases that are also entered into the repository. These test cases
are referred to as module tests. Test cases are also developed that test the interaction between modules
or complete runs through the system; these are called functional tests. The combination of module and
functional tests are intended to verify that the code base and data are generating consistent results. This
suite of tests is automatically re-run periodically to make sure that any changes entered into the repository
do not break the system somewhere else. If a discrepancy is found, the responsible developer is notified so
they can fix the problem. Once the code has been sufficiently tested and is ready to be deployed, it is tagged
or labeled for reference. This tagged version is a snapshot of the code base and is also noted at the bottom
of every page on OLTARIS.

Verification through the web is not as automated as with the FORTRAN modules. The web code is
maintained under version control, but the testing is manual. There is both a test website and a production
website. The test site has its own server, database, and execution environment on the compute cluster, but
it is only used by the developers. Projects can be set up and run on the test website and compared to
runs made behind the scenes without the web code. Several developers test different paths in order to be
sure everything is working properly. Once everything is working properly on the test system, the codes are
deployed to the production site. There is also a change log on OLTARIS so that users can see when changes
and updates are made that may change their results.

III. Material Properties

Material properties are an important part of the HZETRN2005 transport algorithm. Material dependent
cross sections are used to predict the ways in which neutrons and charged ions will interact with shielding
material. For vehicle thickness distributions, three materials (currently aluminum, polyethylene, and tissue)
are used and their cross sections are pre-calculated. For slab based calculations, the user can input materials
in numerous ways. These materials are then available for use in a pull-down list when defining slabs.

A material cross section is the probability of interaction between a particle projectile and the target
nucleus with a particular outcome of that interaction. This probability is represented as the effective cross
sectional area of the target nucleus as a function of the projectile energy and particle type. The unit is cm?
and is usually represented as a barn or 1072*cm?. An example of an interaction would be:

FeX %+ 417 — Cc?2 ¢ Xé‘
where Fe’% is the projectile, A/%7 is the target, and X are the left over projectile and target fragments. The
mass number, 4, and the atomic number, Z, must add up to 71 and 33, respectively.
A. Heavy JIon Based Nuclear Cross Sections

It is important for OLTARIS to contain an analysis path that runs quickly and is fairly accurate. For
transport algorithms, HZETRN2005, with NUCFRG2, satisfies this criterion. Monte Carlo codes, such as
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FLUKA,?° MCNPX,2! GEANT,?? PHITS,?? HETC,?* and MARS?® may require shorter or longer running
times in comparison to OLTARIS depending on the geometry input and the response wanted. In order to
decrease the run time of nuclear physics codes, an interpolation scheme is used instead of running the codes
for every interaction. Nevertheless, NUCFRG2 is able to run faster than nuclear physics models embedded
in Monte Carlo simulations.

NUCFRG?2 is a classical, geometric model based on the abrasion - ablation concept,26 whereby a piece
of the incoming projectile nucleus is sheared off (abraded) by collision with the target. The abraded piece
is formed in a highly excited state, which subsequently decays (ablates) by energetic particle emission. The
model is geometric in the sense that the entire abrasion - ablation process is determined by considering the
relative impact parameter of colliding spherical nuclei. NUCFRG2 neglects quantum mechanical effects and
does not include important shell structure information. Therefore, its most serious weakness is the inability
to account for the odd - even effect observed in experimental data, where cross sections for fragments with
an even number of nucleons are systematically larger than cross sections for fragments with an odd number
of nucleons. This phenomenon is clearly related to the nuclear pairing interaction. Efforts are currently
underway?” to upgrade NUCFRG2 to include this effect, as well as to describe light ion production via
coalescence.

B. Nucleon and Light Ion Based Nuclear Cross Sections

Total and differential energy cross sections for nucleon and light ion projectiles are handled outside of the
NUCFRG2 model by a set of subroutines within OLTARIS. Processes relevant to the nuclear interactions
of nucleons and light ions are utilized and include elastic scattering, light ion knockout and pickup, light
ion projectile fragmentation, and target fragmentation. The cross sections for these processes are largely
modeled by empirical and semi-empirical parameterizations.* 9>28-34

C. Atomic Based Cross Sections or Stopping Powers

The HZETRN2005 core routines solves the Boltzmann equation using the continuous slowing down approxi-
mation (CDSA) with stopping powers and residual ranges calculated using Bethe theory with corrections.* 35
The transport solution uses scaled proton stopping power and ranges for all ions but directly calculates stop-
ping power individually for each isotope when calculating some response functions.

IV. Radiation Environment or Boundary Conditions

The radiation environments within OLTARIS are computed in a modular fashion, whereby for a given
spacecraft flight condition, the input particle(s) spectrum on the external boundary of the spacecraft has to
be defined to initiate the transport through bulk matter. The input boundaries can be Galactic Cosmic Rays
(GCR),36:37 Solar Particle Events (SPE),%38 4! trapped proton/electron within the Earth’s geomagnetic
field,*?43 and albedo neutrons from the Earth’s atmosphere.4446 An energy spectrum for the particle
field(s) with individual or combinations of these spectra, following a pre-determined I/O format to make
them compatible with the transport as described in Section V, is generated. The following sections describe
the possible boundary conditions.

A. Solar Particle Event Spectra

A solar particle event (SPE) is a large number of protons accelerated by the sun’s magnetic fields towards a
target, Earth in this case. The historical SPE events and their corresponding explicit differential formulas
used in OLTARIS include®:

February 1956 Webber, with 100 MV rigidity:38

E+m oo | 2391- VEE +2m)
VE(E +2m) P 100

2m is the mass of the proton and is approximately 938 MeV

P(E) =1.0 x 107[
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February 1956 LaRC:*

—F

320

100 — E
) +9.375 x 10° exp (L)

1
P(E) = 6.0 x 107 exp ( 0

November 1960:4
- F

10
$(E) = 6.33 x 10% exp (

100 — E
) +4.88 x 108 exp (L)

80

August 1972 King:3?

30— E
E) =2.98 x 108
B(E) = 298 exp( . )

August 1972 LaRC:*

IOO—E)

E)=2.2x 107
$(8) =22 x 107 exp (10

September 1989:40 b

E _JEE+2
S(E < 10MeV) = 1446 x 108 — L™ oy | ZVEE +2m)
JE(E +2m) 102,118

$(10MeV < E < 30MeV) = [—0.0015E2 + 0.07184E + 0.4304] ¢ (E < 10MeV)

—4.5
2.034 x 107 E(E+2
$(E z 30MeV) = (X )2 [V 3o§301 2':1))]
1— (2

E+4m

October 1989:40

P(E) = 6.104 x 108 [

E+m —VE(E+2m)
JEE +2m) |0 92469

Carrington 1859, with 1989 fit:4!

$(E) =0.877 x 0.3841 E*3341=1 4,79 x 10" exp (—0.877E%3%41)
Carrington 1859, with 1991 fit:4!

¢(E) = 0.972 x 0.441 E®*1=1 5 1.47 x 10"% exp (—0.972 E%41)

The boundary condition defines the units used in the rest of the OLTARIS processes. The units for all

of the differential SPE spectra defined above are ——EL9(0H

b A smoothing functions has been added in the 10 to 30 MeV range and ¢ (E < 10MeV) in the smoothed equation is evaluated
at the input energy range between 10 MeV and 30 MeV
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B. Galactic Cosmic Rays

The model developed by O’Neill®® is used as GCR input for OLTARIS. This GCR model is based on fitting the
existing balloon and satellite measured energy spectra from 1954 to 1992 with more recent measurements from
the Advanced Composition Explorer (ACE) satellite from 1997 to 2002 with the stationary Fokker-Planck
equation. This fit solves the diffusion, convection, and energy loss boundary value problem and obtains an
estimate of the appropriate diffusion coefficient. In addition, correlation of the diffusion coefficient with the
Climax neutron monitor data, which exhibits an odd-even cycle with a 22 year period, enables the estimation
of the diffusion coefficient at times when direct observational data are not available. The implementation of
this GCR model accurately accounts for the solar modulation of hydrogen through nickel by propagating the
Local Interplanetary Spectrum (LIS) of each element through the heliosphere. The model provides a single
value of the deceleration parameter ¢(f) describing the level of solar cycle modulation and determines the
GCR differential energy spectrum for elements hydrogen to nickel at any given radial distance from the sun.

The earliest date available for input into the system is 01-Jan-1951. The latest date is variable and is
controlled by the OLTARIS user interface. Please check the website for the latest date available. The user
has three input methods:

1. Start and end dates from pull-down lists of the day, month, and year.
2. Start date from pull-down lists of the day, month, and year and the mission duration in days.
3. Preset scenarios with mission duration in days.

There are currently eleven preset scenarios available for user selections. Table 1 outlines the deceleration
parameter for each of the scenarios. The boundary condition defines the units used in the rest of the

. particles
OLTARIS processes. The units for GCR defined above are oI AM eV —day

Table 1. Deceleration Parameters for Preset OLTARIS GCR Scenarios

Scenario Deceleration Parameter

1956 Solar Min 401
1959 Solar Max 1986
1965 Solar Min 510
1970 Solar Max 1293
1977 Solar Min (DSNE®) 474
1982 Solar Max 1924
1987 Solar Min 467
1991 Solar Max 2525
1997 Solar Min 467
2000 Solar Max 1674
2007 Solar Min (predicted) 490

°DSNE - Constellation Program Design Specification for Natural Environments3”

C. Low Earth Orbit

The LEO boundary condition consists of three components: GCR, omni-directional trapped protons and
electrons, and atmospheric albedo neutrons. Currently, OLTARIS does not transport the electrons and their
flux is not accessible from the interface.

There are several options for specifying a LEO environment on OLTARIS. The user can input mission
dates with altitude and inclination or select the DSNE environment (Constellation Program Design Speci-
fication for Natural Environments®”), which will fix the dates, altitude, and inclination. The user can also
select which of the three components are to be included.
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1. Galactic Cosmic Rays

The GCR model of Section IV.B is modulated by a direction averaged geomagnetic transmission coefficient
scaled by global vertical cutoff data using the model in references?”~4° to produce charge and energy depen-
dent differential spectra. The acceptable altitude range for input is 200 to 20,000 km. The units of this
boundary condition are in —2articles

cm2—AMeV —day

2. Omni-directional Trapped Protons and Electrons

The trapped proton model is calculated using APSMIN and APSMAX proton flux models based on the Vette
reduction of satellite data.443 APS8MIN is interpolated on the Jenson and Cain®® geomagnetic field model
and APSMAX is interpolated on the Cain®' geomagnetic field model extrapolated forward in time to 1970.
As a side note, within the South Atlantic Anomaly (SAA) region, the trapped proton field dips down to about
200 km, which is well within the orbits of the STS and ISS missions. The acceptable altitude range for input

is 200 to 20,000 km. The units of the omni-directional trapped proton and electron flux are %.

3.  Atmospheric Albedo Neutrons

Atmospheric albedo neutrons result from the interaction of GCR with the Earth’s atmosphere. As the
GCR intensities are modulated by solar activity so are the atmospheric neutrons modulated with time.
The atmospheric neutron model®d is a parametric fit to data gathered by NASA Langley Research Center’s
studies of the radiations at Supersonic Transport altitudes in the years 1965 to 1971. It covers the rise and
decline of solar cycle 20. Scaling of the data with respect to geomagnetic cutoff, altitude, and modulation
of the Deep River Neutron Monitor (DRNM) was found to allow for mapping of the environment to all
locations at all times. This results in an empirically based model for the atmospheric albedo neutrons used

in OLTARIS. The units of the atmospheric albedo neutrons flux are —%e¥trons
cm2—AMeV —day

D. Lunar Surface

The lunar surface environment is currently implemented on OLTARIS in a simplified manner. The user can
select either a lunar SPE or a lunar GCR environment. In each case, the corresponding free-space spectrum
is computed and then applied to all of the rays in the vehicle thickness distribution not pointing toward the
lunar surface. The surface pointing rays, which must be indicated in the thickness distribution, will have a
zero boundary applied, which is an approximation since there is a neutron albedo spectrum coming from the
surface. At this time, a lunar neutron albedo spectrum has not been implemented, so this zero-contribution
from the surface is an approximation. The lunar albedo will be added as a future enhancement to OLTARIS.

V. Particle Transport

The particle transport module in OLTARIS currently uses HZETRN2005 core routines with NUCFRG2
as the heavy ion interaction cross sections and the HZETRN2005 embedded light ion cross sections. It is
used to propagate particles of an ambient space radiation environment (See Section IV) through a combina-
tion of vehicle, shielding, and/or tissue. HZETRN2005 and NUCFRG2 were developed by Wilson et al.%9,52
and Cucinotta’3 with recent modifications and improvements provided by Slaba et al.>* The HZETRN2005
transport algorithms provide approximate numerical solutions to the linearized Boltzmann transport equa-
tion with the Continuous Slowing Down Approximation (CSDA) and the straight ahead approximation? to
yield:

d 1 4d * 4 ! 4
5~ 2 a5 @+ 0B |8y, = ) [ 4" o (B> By ) )

with the boundary condition

$; (0, E) = fi(E),

where ¢;(x, E) is the flux or fluence of type j particles at depth x with kinetic energy E. In equation 1,
Aj; is the atomic mass number of a type j particle, Sj(E) is the stopping power of a type j ion with kinetic
energy E, 0j(E) is the total macroscopic cross section for a type j particle with kinetic energy E, and

10 of 17

American Institute of Aeronautics and Astronautics



0k—j(E’ — E) is the macroscopic production cross section for interactions in which a type k particle with
kinetic energy E’ produce a type j particle with kinetic energy E. The summation limits in equation 1 will
be discussed shortly. The boundary condition spectrum, f;(E), is considered to be a known function over a
broad energy spectrum and has been discussed in Section IV.

The left hand side is known as the Boltzmann operator, and the right hand side is the scattering kernel
or collision operator. The Boltzmann operator in equation 1 consists of a streaming term in one dimension
of space and no dimensions of angle, the CSDA term in energy, and the total interaction probability. The
scattering kernel sums and integrates over all particles and energies to represent the source of secondary
particles produced through fragmentation and elastic interactions.

The CSDA is based on the assumption that sufficiently many atomic interactions occur per unit path
length to allow them to be expressed as a continuous process. The straight ahead approximation is based
on the assumption that all primary and secondary particles propagate in the same direction and reduces the
transport equation to one spatial dimension and no angular dimensions. The particle source is the boundary
condition; therefore, a marching algorithm can be used to solve the equations in the direction of interest.

Transport solutions for light ions (A<4) (including neutrons) and heavy ions (A>4) are obtained sepa-
rately as demanded by the treatment of the nuclear cross sections and external space radiation environments.
For heavy ions, it is known that prompt projectile fragments have a velocity, or energy per mass unit, very
near that of the projectile (the constant velocity approximation), while de-excitation particles from the pro-
jectile fragments are produced nearly isotropically with lower energy.? The heavy ion projectile’s target
nuclei’s fragments are neglected in the transport procedure due to their low energy and hence range. These
approximations greatly simplify the transport equation (equation 1). If all transported heavy ions are or-
dered according to mass, then the heavy ion (4>4 & Z>2) transport equation can be succinctly written as

[~ 135S B + 0B #1655 = T o1css O3, ), ©)
X Aj 0E Py
>j

where ox_, j(E) is the production cross section for interactions in which a type k particle with energy E
produces a type j particle with energy E. The upper summation limit in equation 2 can vary, and OLTARIS
currently uses 59 ions (See Table 2). For light particles, the equal velocity approximation is not valid and
both the light projectile and the target fragments are included in the transport procedure. In this case,
equation 1 is solved, and the summation is taken over all light particles: the first six particles in Table 2.

The light ion and heavy ion transport solution methodology is expressed in marching algorithms and
have been analytically shown to be accurate to O(h2) where # is the step-size in units of aﬁ%.‘l Slaba et al.>4
have also controlled the energy discretization error through various modifications to the light ion transport
algorithm. An extensive review of the verification and validation efforts associated with the HZETRN2005
marching algorithms can be found in Wilson et al.> A detailed derivation of the marching algorithms
including the recent updates, can be found in Slaba et al.5*

In the current OLTARIS implementation, two transport scenarios are used:

1. Three material layer database for interpolation currently set to aluminum, polyethylene, and tissue.

2. Multiple layer slab with coupled bi-directional neutron transport.

Item 1 generates a database of every combination of the three materials from 0.050;%2 for SPE and LEO
and 0.1-2; for GCR to 100-£; with a spatial grid created to ensure spatial convergence of the marching
algorithm. The slab solution allows the user to create materials and layer them so that a response function
can be generated at the end of the slab and at each user defined thickness in the slab. The slab solution also
allows a backward solution for neutrons.

VI. Response Functions

Once a flux or fluence spectrum over particles and energies is calculated from the Boltzmann equation,
equation 1, then that flux has to be modified to represent the response wanted by the user. Currently,
OLTARIS determines dose (D), dose equivalent (H), thermo-luminescence detector (TLD), Linear Energy
Transfer (LET), and effective whole body dose equivalent (ED) for the interpolation transport scheme ex-
plained in Section V. Therefore, D, H, TLD, and LET are determined at each of the interpolation edit
points and are interpolated over a thickness file described in Section II.B to get the values at a point inside
a geometry. Each of these responses is discussed in detail below.
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Table 2. HZETRN2005 Transported Isotopes

H Isotope ‘ A ‘ Z H Isotope‘ A ‘ Z H Isotope‘ A ‘ Z H

Neutron | 1 | 0 H! 1|1 H? 2 |1
H3 3|1 He3 3|2 He* 4 | 2
Li® 6 | 3 Li? 713 Be? 8 | 4
Be® 9 | 4 B0 10| 5 B! 11| 5
Cc2 12 | 6 c13 13| 6 N14 14| 7
N15 15| 7 ol 16 | 8 o7 17| 8
F18 18| 9 F19 19| 9 Ne?® | 20| 10

Ne?! 21 |10 || Ne*? | 22|10 Na®® |[23]|11
Mg2* |24 |12 || Mg? | 25|12 || Mg?® | 26| 12
A1%7 27 | 13 Si28 28 | 14 p29 29 | 15

g3 30 | 16 g31 31| 16 g32 32| 16
C133 33| 17| Ar** |34 18 C135 | 35| 17
Ar3¢ | 36| 18 K37 | 37|19 Ar*® |38 18
K37 39 |19 || Ca*® |40 |20 Ca*' |41]20
Ca*? | 42|20 St | 43| 21 Ti* | 44 | 22
Ti% 45 | 22 Ti% | 46 | 22 Ti4? | 47 | 22
V48 48 | 23 V4 149 | 23| Cr° |50 24
Cr’! 51 | 24 Cr? | 52|24 | Mn® |53|25
Mn* | 54 | 25 Fe> | 55 | 26 Fe’® | 56 | 26
Co’? |57 | 27| Ni’® |58 28

A. Dose

While the flux of particles is a detailed quantity describing the environment inside a spacecraft, it is of little
use to inform the user about the damage or the risk of this particle environment to humans, material, or
electronics. As a first step, the dose is calculated from the energy deposited along every particle’s track as
it traverses the spacecraft. Therefore, the dose is defined as:

D=Y)Dj,
j
where,
D= [ dE 5800 (E) + a*(B)

with, Sj(E) as the stopping power of a charged particle j at energy E in the material of interest (usually

tissue or silicon) in units of ’:f—,z If the stopping power of a charged particle does not exist, then a scaled

proton stopping power can be used: Sj(E) = %Spmton(E). Of course, the stopping power of neutral
particles does not exist, and the integral term is zero. Since target fragments and recoil nuclei are not
transported, their dose is added by the d*(F) function. The units of Dose are mG'y.

The dose is calculated at all interpolation grid points or slab points and is called the Dose Table or Dose
versus Depth Table. This table can be interpolated over a set of thickness files to obtain a dose at a point
inside a vehicle and/or human.

B. Dose Equivalent

While dose gives the energy deposited by a particle in a material, it does not accurately estimate the
probability of stochastic effects in humans such as cancer mortality. For the “complex mixture of high- and
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low-LET radiation experienced in LEO,”3% the National Council on Radiation Protection and Measurement
(NCRP) endorses the use of dose equivalent calculated with the ICRP-60%¢ quality factor, Qicrp—60, for
this purpose.?®3758 As yet, the NCRP has not made a recommendation for space environments beyond
LEO,%® but NASA has adopted the approach of using dose equivalent for Constellation vehicles as well.59
Dose Equivalent is defined as:

H= Z H;,
J
where,
"= fo dE Qronp—oo (S1(E)) S (E)gy (E) + h*(E).

The quality factor Qicrp_so is defined as®®

0<Sj(E)<10 = 1
Orcrp—oo (S(E)) = { 10<S;(E) <100 = 0.328;(E) - 2.2 |
; - 300
100 > S;(E) = NG

where S;(E) is the stopping power of a charged particle j at energy E in the material, tissue, or organ of
interest in units of ’:f—: If the stopping power of a charged particle does not exist, then a scaled proton

stopping power can be used: S;(E) = %Spmton(E ). Of course, the stopping power of neutral particles does
not exist and the integral term is zero. Since target fragments and recoil nuclei are not transported, their
dose equivalent is added by the A*(E) function. The units of Dose Equivalent are mSwv.

The dose equivalent is calculated at all interpolation grid points or slab points and is called the Dose
Equivalent Table or Dose Equivalent versus Depth Table. This table can be interpolated over a set of
thickness files to obtain a dose equivalent value at a point inside a vehicle and/or human.

C. TLD-100

For dosimetry measurement purposes, one of the most widely used phosphors based instruments is the
Lithium-Fluoride thermo-luminescence detector (TLD-100). These instruments are routinely flown on ISS
and STS missions and were used for validation of OLTARIS. Within OLTARIS, the flux response function
for the TLD-100 sensitivity to an incoming ion of charge Z and energy E is modeled by the functional fit:59

(Z)
Frio(E, Z) = 0.2418 +0.8205 x e~ *0PGE),

where

2
§2) =z [1- e,

[ 1
E)y= [1- ————.
y(E) U+ &)

The non-dimensional quantity Frpp(E, Z) then scales the appropriate flux values at a given depth,
energy, and charge. Finally, the scaled fluxes are integrated over energy and summed over charge to get the
TLD-100 response to the particle field.

The TLD-100 response is calculated at all interpolation grid points or slab points and is called the TLD-
100 Table or TLD-100 versus Depth Table. This table can be interpolated over a set of thickness files to
obtain a TLD-100 value at a point inside a vehicle and/or human.

and
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D. Integral and Differential Linear Energy Transfer (LET)

In analyzing charged particle spectra in space due to GCR, SPE, and trapped protons, the conversion or
mapping of particle energy spectra into LET distributions is a convenient guide in assessing biologically
significant components of these spectra. The mapping of LET to energy is a triple valued function and
can be defined only on open energy subintervals where the derivative of LET with respect to energy is not
zero. OLTARIS uses a well-defined numerical procedure which allows for the generation of LET spectra on
the open energy subintervals that are integrable in spite of their singular nature.62:62 Due to the biological
significance of tissue, all LET related calculations use tissue as the target material at this time. However,
the numerical algorithms are identically applicable to the silicon based materials for the study of electronics
and other materials for other studies. This capability will be implemented soon.

Currently, no heavy target fragments or recoils are included in the LET calculation, but they are included
for the light ion (A<4) calculation.

The differential and integral LET distributions are calculated at all interpolation grid points or slab
points and are called the LET Distributions or LET versus Depth Distributions. These distributions can
be interpolated over a set of thickness files to obtain a differential and integral LET distribution at a point
inside a vehicle and/or human.

The units of differential LET based flux are —;Z2articles . The units of integral or cumulative LET
cm u—mday—ar—event

particles : keV
based flux are __>— day—or—event” LET has units of 2.

E. Effective and Organ Averaged Dose Equivalent

As is recommended in NCRP-132 and NCRP-142,55:57 effective dose equivalent is calculated by first calcu-
lating the averaged dose equivalent for the organs and tissues listed in Table 3. A weighted average of these
organ or tissue dose equivalent values, as defined in equation 3, is then calculated using the NCRP-132 tissue
weighting factors given in the top row of Table 3.

ED = ZwTI'_IT, (3)
T

where wr are the NCRP-132 tissue weighting factors in Table 3 and Hy are the organ or tissue averaged
dose equivalents as calculated by OLTARIS.

Table 3. NCRP 132 Organs and their weights

Tissue Weights 0.01 0.05 0.12 0.20
Tissue Types | Bone Surface | Bladder | Bone Marrow | Gonads
Skin Breast Colon
Liver Lung
Esophagus Stomach
Thyroid
Remainder

The remainder organs are listed in NCRP-132 as: adrenals, brain, small intestine, large intestine, kidneys,
muscle, pancreas, spleen, thymus, and uterus. OLTARIS also computes organ averaged dose equivalents for
the following tissues (these are not included in te effective dose equivalent calculation): heart, hippocampus,
lens, and salivary glands. Currently, the user can select either CAM, CAF, MAX, or FAX to compute
effective dose equivalent. See reference®® for a more detailed discussion of the methods used to analyze
tissues in these human phantoms.

VII. Summary and Future Work

The OLTARIS website is a very versatile tool in the analysis of spacecraft for use with human space flight
that enables the designers to meet NASA’s requirements for space radiation protection throughout all stages
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of vehicle design. The tools within OLTARIS are securely managed, have undergone a rigorous verification
and validation process, and are presented to the user in an easy to follow format that mimics how the user
wants to operate. This is achieved with modern tools, a modern understanding of how user’s operate, and
with many people thinking through this problem to get a solution that best fits the tools available and the
user’s needs and wants.

Tools are available to the materials and spacecraft design community on the OLTARIS website. A user
can define their own material and transport any available space environment through it or through multiple
slabs of any reasonable thickness.

OLTARIS can be easily modified to accommodate new user needs and wants. Adding new features is
straight forward because of the nature of the web interface. Adding new calculations is also straight forward
due to the modularity of the computational engine behind the website. The connection of the website
interface to the analysis modules with the Sun Grid Engine allows external sites to be incorporated, with
appropriate security issues resolved, to execute new models without giving control of those calculations to
the OLTARIS team. Interface file formats are clearly defined and can be used to connect new parts with old
parts to create new calculations. All of these functions are connected through use cases.

For the near future, use cases will be generated for the STS Tissue Equivalent Proportional Counter
(STS-TEPC), electronic response functions either within OLTARIS or in conjunction with other sites, and
new transport algorithms. The near term transport algorithm addition will be a ray-by-ray transport where
the HZETRN2005 transport algorithm is executed along each ray in the spacecraft’s thickness file. Each
ray will have a complete slab based transport calculation performed. The results for each ray will then be
integrated together to obtain the response wanted by the user.

Longer term projects include Monte Carlo solutions for slab geometries, more user control of the existing
HZETRN2005 transport algorithms, new tracked particles in the HZETRN2005 marching algorithm like
electrons and pions, and better and more accurate interaction cross sections to replace NUCFRG2. Of course,
as this tool becomes more mature and gains users, the users will drive future improvements and priorities.
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