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The completion of the international space station (ISS) in 2011 has provided the space research 

community an ideal proving ground for future long duration human activities in space. Ionizing 

radiation measurements in ISS form the ideal tool for the validation of radiation environmental models, 

nuclear transport codes and nuclear reaction cross sections. Indeed, prior measurements on the space 

transportation system (STS; shuttle) provided vital information impacting both the environmental 

models and the nuclear transport code developments by indicating the need for an improved dynamic 

model of the low Earth orbit (LEO) trapped environment. Additional studies using thermo-luminescent 

detector (TLD), tissue equivalent proportional counter (TEPC) area monitors, and computer aided 

design (CAD) model of earlier ISS configurations, confirmed STS observations that, as input, 

computational dosimetry requires an environmental model with dynamic and directional (anisotropic) 

behavior, as well as an accurate six degree of freedom (DOF) definition of the vehicle attitude and 

orientation along the orbit of ISS.  

At LEO, a vehicle encounters exposure from trapped particles and attenuated galactic cosmic 

rays (GCR). Within the trapped field, a challenge arises from properly estimating the amount of 

exposure acquired. There exist a number of models to define the intensities of the trapped particles 

during the solar quiet and active times. At active times, solar energetic particles (SEP) generated by 

solar flare or coronal mass ejection (CME) also contribute to the exposure at high northern and 

southern latitudes. Among the more established trapped models are the historic and popular AE8/AP8, 

dating back to the 1980s, the historic and less popular CRRES electron/proton, dating back to 1990s and 

the recently released AE9/AP9/SPM.  The AE9/AP9/SPM model is a major improvement over the older 

AE8/AP8 and CRRES models.  This model is derived from numerous measurements acquired over four 

solar cycles dating back to the 1970s, roughly representing 40 years of data collection.  In contrast, the 

older AE8/AP8 and CRRES models were limited to only a few months of measurements taken 

during the prior solar minima and maxima.  

The dual goal of this paper is to first validate the AE8/AP8 and AE9/AP9/SPM trapped models 

against ISS dosemetric measurements for a silicon based detector, to assess the improvements in the 

AE9/AP9/SPM model as compared to AE8/AP8 model. The validation is done at selected target points 

within ISS-6A configuration during its passage through the south Atlantic anomaly (SAA). For such 

validation, only the isotropic spectrum of either model is needed.  

As a second goal, the isotropic spectra of both trapped models are re-casted into anisotropic 

spectra by modulating them with a measurement derived angular formalism which is applicable to 

trapped protons. Since at LEO electrons have minimal exposure contribution, the paper ignores the AE8 

and AE9 component of the models and presents the angular validation of AP8 and AP9 against 

measurements from the compact environment anomaly sensor (CEASE) science instrument package, 

flown onboard the tri-service experiment-5 (TSX-5) satellite during the period of June 2000 - July 2006. 

The spin stabilized satellite was flown in a 410x1710 km, 69  inclination orbit, allowing it to be exposed to 

a broad range of LEO regime. Particular emphasize is put on the validation of proton flux profiles at 

differential 40 MeV and integral > 40 MeV, in the vicinity of SAA where protons exhibit east-west (EW) 

anisotropy and have a relatively narrow pitch angle distribution. Within SAA, the EW anisotropy results 

in different level of exposure to each side of CEASE instrument package, allowing the extraction of 

anisotropic proton spectra from the measurements. While the magnitude of the EW effect at LEO 

depends on a multitude of factors such as trapped proton energy, orientation of the spacecraft along the 

velocity vector and altitude of the spacecraft, for this part, the paper draws quantitative conclusions on 

the combined effect of proton pitch angle and EW anomaly. 
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I.   Introduction 
Space mission planners continue to experience challenges associated with human space flight.  Concerned 

with the omni-presence of harmful ionizing radiation in space, at the mission design stage, planners for a low Earth 

orbit (LEO) mission must evaluate the amount of radiation the crew of a spacecraft is subjected to.  The Earth’s 

geomagnetic field which depending on latitude extends out some 40,000 - 60,000 km, contains the Van Allen 

trapped electrons, protons, and low energy plasmas such as the nuclei of hydrogen, helium, oxygen and to a lesser 

degree other atoms. In addition, there exist the geomagnetically attenuated energetic galactic cosmic rays (GCR).  

These particles are potentially harmful to an improperly shielded spacecraft crew and onboard subsystems. At LEO, 

a challenge arises from properly calculating the amount of exposure acquired, as within this field, in the absence of 

solar energetic particles (SEP) such as flare or coronal mass ejection (CME), a vehicle has to transit through a weak 

trapped inner electron belt, a proton belt and an attenuated GCR field.  

At LEO, the commitment of astronauts to the long term exposure of the space environment in the 

international space station (ISS) requires resolution of health issues directly related to the effects of ionizing 

radiation on the crew. For the high inclination of ISS (51.6), prior computational dosimetry using thermo-

luminescent detector (TLD), tissue equivalent proportional counter (TEPC) area monitors, and computer aided 

design (CAD) model of earlier ISS configurations, has indicated that about half of the ionizing radiation exposure 

near solar minimum results from GCR at about 233 μSv/day, and the bulk of the remainder from trapped particles at 

about 166 μSv/day (Wu 1996). For lightly shielded regions within ISS, the trapped particle exposure increases 

relative to GCR as the altitude of the completed ISS is increased to reduce the residual atmospheric drag within the 

thermosphere layer of upper atmosphere.  Excluding the effects of the intervening materials, there is also 

contribution from the neutron albedo of about 25 - 54 μSv/day, subjected to the variation of solar cycle (Wilson 

1989). 

Within the structure of ISS, the ionizing radiation environment is a complex mixture of surviving primary 

and secondary radiations.  Various arrangements of detectors have been used to study the composition of the internal 

radiation field within ISS which needs to be understood to allow a more comprehensive modeling of the effects of 

the local radiation environment on the crews’ critical tissues. Therefore, an accurate ISS computational dosimetry 

requires an environmental model with dynamic and directional (anisotropic) behavior, as well as an accurate six 

degree of freedom (DOF) definition of the vehicle attitude and orientation along the orbit of ISS.  

 A prior report by the author (Badavi 2011a) used a relatively complete dynamic model based on scaling 

relations of the LEO environment as related to the solar activity cycle, to compute the isotropic flux of particles for 

trapped particles, GCR and albedo neutrons within ISS.  In addition, a measurement derived angular formalism was 

presented which allowed the anisotropic component of the trapped protons and electrons to be studied. 

The dual goal behind this work is to first evaluate and more importantly validate the existing isotropic 

trapped models. Such validation provides analytical tools to study the ionizing radiation exposure aspects of the ISS 

crew health and safety, to determine ionizing radiation dose rates with a view toward implementation as an analysis 

tool, and to facilitate the evaluation of potential shield augmentation for the habitation modules within ISS. A 

computer aided design (CAD) model of ISS-6A configuration, specifically dedicated to exposure analysis was 

developed as part of this study. The validation is done at selected target points within ISS-6A configuration during 

its passage through the south Atlantic anomaly (SAA). For such validation, only the isotropic spectrum of a trapped 

model is needed.  

As a second goal, the isotropic spectra of the existing trapped models are re-casted into anisotropic spectra 

by modulating them with a measurement derived angular formalism which is applicable to trapped protons. Since at 

LEO electrons have minimal exposure contribution, the paper ignores electron models. For the anisotropic 

validation, the paper presents the validation of available trapped proton models against measurement from the 

compact environment anomaly sensor (CEASE) science instrument package, flown onboard the tri-service 

experiment-5 (TSX-5) satellite during the period of June 2000 - July 2006. The spin stabilized satellite was flown in 

a 410x1710 km, 69  inclination orbit, allowing it to be exposed to a broad range of the LEO regime. Particular 

emphasize is put on the validation of proton flux profile at differential 40 MeV and integral > 40 MeV, in the 

vicinity of SAA where protons exhibit east-west (EW) anisotropy and have a relatively narrow pitch angle 

distribution. Within SAA, the EW anisotropy results in different level of exposure to each side of CEASE 

instrument package, allowing the extraction of anisotropic proton spectra from the measurements. While the 

magnitude of the EW effect at LEO depends on a multitude of factors such as trapped proton energy, orientation of 

the spacecraft along the velocity vector and altitude of the spacecraft, for this part, the paper draws quantitative 

conclusions on the combined effect of proton pitch angle and EW anomaly. 

 The first step in the analytical process begins with the establishment of an appropriate environmental 

model.  For the LEO environment as applied to a pressurized vehicle, the most important contributors to the 



46th International Conference on Environmental Systems                                                                                          ICES-2016-29 
10-14 July 2016, Vienna, Austria       

                                                                                           3 

                                               International Conference on Environmental Systems 

deposition of ionized radiation energy are the trapped protons and GCR.  This study first addresses the highly 

anisotropic proton flux, which roughly constitutes half of the total cumulative exposure for long duration missions.  

However, instantaneous dose rates are much higher during the approximately 10 - 15 minutes of the SAA transits, 

for which most of the trapped proton exposure occurs.  During the transits, both isotropic and anisotropic proton flux 

vary from near zero to maximum values, and directionality is controlled by the vehicle orientation with respect to 

the magnetic field vector components.  Consequently, an added degree of complexity is introduced with the time 

variation of proton flux spectrum along the orbit, for which individual transport properties through the shield 

medium must be taken into account. 

There exist a number of models to define the intensities of the trapped particles during the quiet and active 

SEP. Among the more established trapped models are the historic and popular AE8/AP8 (Vette 1991, McCormack 

1988, Jensen 1962, Sawyer 1976, Cain 1967), dating back to the 1980s, the historic and less popular CRRES 

electron/proton (Brautigam 1992, 1995, 2002), dating back to 1990s and the recently released AE9/AP9/SPM (Ginet 

2013).  The AE9/AP9/SPM model is a major improvement over the older AE8/AP8 and CRRES models. This 

model is derived from numerous measurements acquired over four solar cycles dating back to the 1970s, roughly 

representing 40 years of data collection.  In contrast, the older AE8/AP8 and CRRES models are limited to only a 

few months of measurements taken during the prior solar minima and maxima. In this work, within the LEO 

environment, along the trajectories of ISS and TSX-5, AE9/AP9/SPM model is evaluated against the older AE8/AP8 

model during solar quiet times.  

The rest of this work is organized in the following manner. First, the implemented environmental models 

AE8/AP8 and AE9/AP9/SPM in isotropic and anisotropic modes are briefly described. This is followed by 

discussions on particle transport algorithm, ISS-6A vehicle geometry definition, specification of target points within 

ISS-6A, description of boundary condition inputs into transport code and presentation of validation isotropic results 

for ISS-6A and anisotropic results for TSX-5. 

 

II. Space Radiation Environment 
The space radiation environment is constituted of three basic components; trapped radiation belts within the 

Earth geomagnetic field, GCR and SEP. Prior work by the author has reviewed GCR and SEP (Badavi 2011a) in 

some detail. Here, only an outline of the available trapped models as applied to this work is presented. 

 
II.1 Trapped Radiation Belts 

The physical dynamic of the geomagnetic belts have puzzled researchers since their discovery in the late 

1950s. For instance, the mechanism that allows a disturbed magnetosphere to deform and accelerate the trapped 

electrons with kinetic energy (EKE) from eV to multiple MeV has not been fully answered. However, there exist a 

number of pseudo-theories, which attempt to explain that a trapped particle can be energized through radial diffusion 

when influenced by large scale fluctuations of electric and magnetic fields. What is clear is that the deformation of 

the magnetosphere during a solar storm and acceleration or deceleration of trapped particles hint at the existence of 

poorly understood gain or loss physical mechanism within the structure of magnetosphere. Therefore, from a shield 

design point of view, unless statistical models with their inherent uncertainties are used, exposure limits within the 

trapped field with acceptable accuracy can only be estimated during the times when solar activity is low (i.e., quiet 

times). In the absence of a solar originated storm, the belts contain energetic protons, electrons and low energy 

plasmas of different ions, all trapped along magnetic field lines.  

For an energetic proton (EKE > 10 MeV) at the equatorial plane (0 inclination), the dense proton belt peaks 

at nearly 5000 km. However, even at medium Earth orbit (MEO), there exists large population of low energy 

protons capable of producing damaging dose in a thinly shielded vehicle or subsystem. At geosynchronous or 

geostationary (GEO, GSO) orbit and beyond, the population density of proton is low enough that for shield design 

purposes, proton contribution to the exposure can be ignored. For energetic electrons (EKE > 1 MeV), the inner belt 

peaks around 3000 km. However, the damaging electron belt is the outer belt where depending on latitude the 

electron density peaks around 20,000 km or so. During solar quiet times, the empty space between the belts 

is basically devoid of protons and electrons and can be used as the preferred operational orbit for some of the MEO 

satellites. These favorable void zones are shown as dark blue colored valleys in figure 1, where along the equatorial 

plane, differential flux rates for protons and electrons as a function of particle EKE and altitude are plotted (Badavi 

2013). 
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Figure 1. Trapped flux rates for proton (left) and electron (right) at the equatorial plane 

 

Traditionally, the radiation exposure estimates within the geomagnetic field are computed using NASA 

trapped radiation model AE8/AP8 (Vette 1991, McCormack 1988, Jensen 1962, Sawyer 1976, Cain 1967), to obtain 

estimates of trapped protons and electrons populations. These models were developed in the 1970s and 1980s during 

solar quiet times and provide sufficient information for the shield design of a spacecraft.  

There are however well known limitations on the validity of AE8/AP8 and over the past few years, in the 

space radiation community, a broad consensus was built that the trapped environment as quantified by AE8/AP8 

model requires a more accurate, comprehensive and up-to-date standard. This is due to the fact that modern design 

and systems engineering techniques require models with finite time duration probability distributions, error bar 

markers, inclusion of a broader spectral (i.e. energy) range to account for low EKE hot plasma and high EKE protons, 

and most importantly a more complete spatial coverage, as increasingly complex technologies are flown into the 

trapped regions with consideration for missions in non-traditional orbit regimes.  

To meet the design criteria of future satellites, Aerospace Corporation, Los Alamos National Laboratory 

(LANL), National Reconnaissance Office (NRO) and Air Force Research Laboratory (AFRL) embarked on a project 

to produce the next generation trapped radiation belt model, namely the AE9/AP9/SPM (Ginet 2013). This model 

upgrade offers major improvements in terms of specified radiation hazards, spectral and spatial coverage definition 

and time correlated probability of occurrence definition, statistics accuracy and uncertainty quantification.  

This work uses proton component of AE8/AP8 and AE9/AP9/SPM models to evaluate the exposure at LEO 

for ISS in isotropic and TSX-5 in anisotropic modes. Besides ignoring the trapped electrons, the space plasma model 

(SPM) component of AE9/AP9/SPM is also ignored as it represents the low energy plasma particles which are not a 

concern within a shielded vehicle. 

 
II.1.1 Analytical Description of Anisotropic Flux in LEO 

  Practically all of the trapped proton flux in LEO region is encountered in the SAA. The flux exhibits 

pronounced anisotropic characteristics, since this is a region close to a “mirror point” where the proton pitch angle 

with respect to the magnetic field vector is close to 90. Within SAA, trapped protons attain their minimum mirror 

point altitudes, displaying planar geometry as their dominant feature. Therefore, proton flux is maximized in the 

plane normal to the local magnetic field, implying that at the point of observation, protons that are not normal to the 

magnetic field are mirrored at lower altitudes while being heavily attenuated due to the increased interaction with 

the upper atmosphere.  

 The theoretical basis for the trapped flux anisotropy was initially developed by Heckman (Heckman 1969) 

who had studied the angular distribution of trapped protons with nuclear emulsion on rockets earlier and presented a 

simple model of the pitch angle distribution about the geomagnetic field lines as related to the lifetimes of particles 

with guiding centers on different field lines (Heckman 1963).  Protons velocity vector approximately lie within 15 

of a plane perpendicular to the geomagnetic field line. Thus, those protons arriving from east or west differ in 

intensity according to the atmospheric scale height as related to the differences in population lifetime.  This so called 

EW effect, by which more protons arrive from the west direction than east direction, is primarily due to the energy 
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loss in the residual high altitude atmosphere. That is protons arriving from west have trajectories with gyration about 

a point located above the reference observation point, and hence encounter less residual atmosphere. On the other 

hand, protons arriving from east have trajectories with gyration about a point located below the reference 

observation point, and hence encounter more residual atmosphere. It is also observed that proton anisotropy is more 

pronounced at higher energies, where protons have a larger radius of gyration and thus can traverse through larger 

ranges of atmospheric densities. Limited measurements and models seem to indicate that proton anisotropy is 

inversely proportional to the altitude, as atmospheric density gradients gradually diminish at higher altitudes. 

 After Heckman’s initial work, some computational models were developed to analyze the effects of 

directionality (Watts 1989, Kern 1994).  Using assumptions and approximations of Heckman (1969), an expression 

for the anisotropic flux J, can be expressed in terms of local magnetic field vector B, altitude h, thermosphere scale 

height dS, and pitch and azimuth angles ( and , respectively). That is, for the direction of arrival, the anisotropic 

intensity can be defined by the local pitch and azimuth angle pair, ψ. This formula, in the nomenclature of Kern 

(1994), is expressed as a ratio of the anisotropic flux to isotropic flux value J4 as  
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with proton kinetic energy E, in MeV and magnetic field strength B, in gauss.  The standard deviation of pitch angle 
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with rE as the Earth radius and h the altitude of the spacecraft. In equation 1, FN is a normalization factor in 

steradian-1, parameterized by Kern (1994) as  
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 When the isotropic flux J4 is redistributed according to the distribution function of equation 1, a pattern 

emerges in which most particles are directed in a very pronounced band of azimuth and zenith angles. Within SAA, 

this pattern is concentrated around pitch angles near 90 and exhibits the EW asymmetry. 

 It was shown by Heckman (1969) that  as defined in equation 3 depends on atmospheric scale height, 

altitude, and dip angle so that pitch angle distributions are nearly independent of particle energy.  In distinction, the 

EW asymmetry depends on the particle gyro-radius, displaying marked energy dependency in azimuth. Figure 2, 

demonstrates the EW asymmetry for 5 and 500 MeV protons. Due to the dependence of the asymmetry on the 

particle gyro-radius, the asymmetry is noticeably pronounced for 500 MeV protons, while it is less pronounced for 

the 5 MeV protons. The width of the band shown in the figure is determined by the pitch angle distribution. 
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Figure 2. Anisotropic trapped proton profiles at 5 MeV (left), and 500 MeV (right) as viewed in the center of SAA at 

400 km. Contour unit is in (MeV-cm2-sr-s)-1  

  
 Due to orbital precession, the trapped protons as encountered by ISS during their 10 - 15 minutes passage 

through the SAA, encounter this region from both ascending node (S - N) and descending node (N - S) directions. 

Because the radiation incident on the outer surface of the spacecraft is required for shield evaluation, and the attitude 

of the spacecraft is never fixed but has limited cycles due to the required reorientation maneuvers, the angular 

distribution averaged over spacecraft attitude in the region of radiation encounter needs to be evaluated.  This is 

accomplished by relating the orientations in the spacecraft frame through yaw, pitch, and roll, to the local vertical 

reference frame where the radiation environment is evaluated.  In this work, 970 ray directions are used to evaluate 

the ISS boundary condition for shield evaluation.  

 
III. Particle Transport Algorithm 

The long standing concept of developing rapid analysis electron, proton and heavy ions transport codes 

arose from a desire to have a series of codes to assist the spacecraft design community to rapidly perform numerous 

repetitive calculations essential for exposure assessment in a complex space structure. The first particle transport 

product was a light-heavy ions and neutron code named high charge and energy transport (HZETRN) (Wilson 1995, 

Slaba 2010a, 2010b) which describes the propagation of light and heavy ions and neutrons in condensed media 

through the solution of the time independent linear Boltzmann transport equation, employing the continuous slowing 

down (CSDA) and straight ahead approximation. In this work, in order to estimate exposure bounds within selected 

ISS-6A target points, HZETRN transport code is used to propagate the trapped protons and attenuated GCR 

radiation environments within the bulk of the ISS. The dosemetric quantities are then extracted (i.e. interpolated) 

along 970 rays directions for validation purpose. For the TSX-5 CEASE measurements, no particle transport is 

performed as validation is done at the space boundary of the instrument package. 

In defining the dosemetric quantities of interest for a point within a silicon based detector, a database 

composed of vehicle (v) thickness definition (aluminum or its derivatives), detector (d) thickness definition (silicon 

or its derivatives) in unit of g/cm2 and the corresponding particle flux of ion type j denoted by φj(E,v,d) in 

ions/(MeV-cm2) is built. The total ionizing dose (TID) in silicon, D, is then extracted (i.e. interpolated) from the 

database according to expression 

( , ) ( , , ) ( , )jj

dE
D v d C E v d E j dE

dx
                            (7) 

with 
dE

dx
in MeV/g/cm2 and C=1.602E-8 in rad-g/MeV.  

In order to account for the presence of a detector within an instrument package, surrounded by the vehicle, 

equation 7 must be modified as it requires additional summations to account for the vehicle location x of the 

instrument package, and detector location s within the instrument package, according to 
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dE
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In above, for a specific detector and vehicle, coefficients Ps and Qv represent shield fractions of instrument 

box and vehicle. Equations 7 and 8 are used for the ISS dosemetric evaluation. 

 

IV. Vehicle Geometry and Target point Thickness 
Prior to computing TID or its’ derivatives as the primary quantity of interest along different segments of a 

trajectory for exposure estimates, it is necessary to define the geometrical relationship between the target point(s) of 

interest within the vehicle and the entire spacecraft. This is accomplished by using CAD techniques to build a model 

of the vehicle, followed by application of ray-tracing methods to produce thickness distribution profiles around 

target points (i.e. detector locations) within the vehicle. In this work, vehicles are ISS-6A and TSX-5, target points 

are four silicon based TLDs within ISS-6A US lab. module, and one within TSX-5 CEASE detector. In 2006, an in 

house CAD model of ISS-6A and corresponding ray-traced files defining the locations of TLDs was developed. The 

ray-traced files provided a baseline ISS configuration definition for multiple targets, suitable for numerical 

dosemetric studies. Figure 3 represents the external view of the US lab. module of ISS-6A CAD model and locations 

of four TLDs as used in this work.  

 

 
Figure 3. External CAD view of ISS-6A US lab. module and location of four TLDs 

 

The TLD locations in figure 3 are ray-traced to define the thickness surrounding each detector. The ray-

traced files are then sorted to produce a cumulative thickness distribution (CDF) file of 970 rays for each TLD (in 

g/cm2). Figure 4 represents the CDFs for the four TLDs within ISS-6A US lab. module. Note that the 50% percentile 

thickness for TLDs is in the range of 50 - 100 g/cm2. 

 

Figure 4. CDF distribution of four TLDs within the ISS-6A US Lab. module 
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V. Validation of Trapped Environments at LEO 
In this work, the validation of AE8/AP8 and AE9/AP9/SPM trapped proton models against available 

measurements is performed for the isotropic trapped environment of ISS, and anisotropic trapped environment of 

TSX-5. That is, ISS analysis is limited to isotropic validation only as the existing reduced ISS measurements thus far 

have essentially been isotropic.  This is not the case for the spin stabilized orbit of the TSX-5 which for a particular 

region of space maintained a specific look direction. That is, for a N - S node, the CEASE telescope measured 

eastward traveling protons by maintaining a westward look direction, while on a S - N node, measurements of 

westward traveling protons were obtained. This allowed the extraction of anisotropic trapped proton flux from the 

telescope measurements. 

 
V.1 ISS Isotropic Measurements within SAA 

In order to validate the trapped proton models against measurement, the available isotropic data collected at 

multiple locations within ISS is used. The detector of choice was four Liulin-E094 active dosimeters (Reitz 2005, 

Dachev 2006), identified with a mobile dosimeter unit (MDU) numbers1 - 4.  The detectors were located in the US 

lab. module and data were recorded at 30 s intervals in the May - August 2001 timeframe. The available dataset for 

this study was 66,752 points (16,688 time increments x 4 detectors), covering the time period from July 6 - 13, 2001. 

The week long dataset was searched for a given day (1440 minutes) that ISS traversed the SAA the maximum 

number of times, which turned out to be July 6. Additional search indicated that on July 6, there were 6 SAA 

transits, three S - N nodes, followed by three N - S nodes passes. The July 6 single day trajectory information was 

then reduced to six 15 minutes long SAA transit trajectories where the two trapped proton models were validated 

against the measurements. Figure 5, represents the silicon dose measurements (in μGy/min) as a function of time in 

minutes for MDUs 1 - 4. The spikes represent dose build up as ISS enters/leaves the SAA. The transits are S - N 

nodes for the first three and N - S nodes for the second three passes. In addition, the continuous small wiggles are 

the TLDs GCR dose measurements. 

 
Figure 5.  July 6, 2001, silicon dose as recorded by the ISS Liulin detectors MDU 1 - 4 

 
V.2 ISS Trapped Proton Boundary Condition within SAA 

Using AP8max and AP9 trapped models, for the six ISS trajectories during the SAA transits, differential 

trapped proton spectra were generated. Proton flux in #/(MeV-cm2-s) for AP8max (solar maximum) and AP9 are 

compared in figures  6 and 7. In the figures, x-axis is EKE and y-axis is the SAA transit interval.  

 



46th International Conference on Environmental Systems                                                                                          ICES-2016-29 
10-14 July 2016, Vienna, Austria       

                                                                                           9 

                                               International Conference on Environmental Systems 

 
 

Figure 6.  July 6, 2001, S - N nodes ISS flux comparison between AP8max and AP9 

 

 

 

Figure 7.  July 6, 2001, N - S nodes ISS flux comparison between AP8max and AP9 

 
Both figures for all transits indicate that AP8max generates considerably lower flux than AP9. In fact for 

pass three in figure 6, AP8max does not generate any flux. The higher flux density of the AP9 points to the fact that 

using AP9 model flux to transport protons to the MDU 1 - 4 detector locations, would result in higher level of 

calculated dose at those locations.  
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V.3 ISS Validation of AP8max and AP9 within SAA 
 The proton boundary conditions of figures 6 and 7 are transported through HZETRN to extract dosemetric 

results at MDU 1 - 4 detector locations. The computed results are then compared with the measured values to 

validate AP8max and AP9 against measurements. Figures 8 - 10 are the validation comparisons covering six SAA 

passes and four detectors for each pass. 

      
Figure 8. Validation of AP8max and AP9 for SAA passes one (left) and two (right)  

 

 

  
Figure 9. Validation of AP8max and AP9 for SAA passes three (left) and four (right)  
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Figure 10. Validation of AP8max and AP9 for SAA passes five (left) and six (right) 

 
Figures 8 - 10 indicate that for all six SAA transits and four detectors, AP9 (blue) correlates considerably 

better than AP8max (red) with measurements. In fact, for pass three, AP8max proton boundary condition did not 

produce sufficient population as input into the transport code which resulted in very low computed dose values for 

all four TLDs for this pass. 

The above validation study covered only one day of measurements and is the starting point for future 

validation work. For the ISS, due to the availability of various isotropic data for the past decade or so, a more 

comprehensive validation analysis with error bars, probability distribution and uncertainty quantifications is 

underway. Such statistical requirement, mandate the inclusion of at least half a solar cycle worth of data into the 

analysis, to reflect the change of the trapped environment from solar maximum to solar minimum.  Since particle 

transport for trapped particles and GCR has to be carried out every 30 seconds to one minute to match the frequency 

of data collection, such analysis while straight forward in nature, is fairly time consuming. 

   
V.4 Correlation of Anisotropic Model with TSX-5 CEASE Measurements at LEO 

The detailed validation of the TSX-5 CEASE detector against AP8 model was reported in a prior article by 

the author (Badavi 2011b). At that time, AP9 trapped model was still in the development stage and the reported 

validation was limited to comparison of AP8 anisotropic simulations with measurements. Reported here are 

anisotropic validations based on extracted spectra from both AP8 and AP9 models. The inclusion of AP9 differential 

spectra validation at 40 MeV and AP9 integral spectra at > 40 MeV reflects the progress of trapped environment 

model development for the past few years. 

 In order to validate the anisotropic capability of the current trapped proton model (equations 1 - 6) in 

differential and integral forms, an altitude dependent comparison of measured and computed EW effect, for three 

geographic locations within SAA is presented first. These three locations are defined by the geographical 

coordinates (18º S, 300º E), (9º S, 309º E) and (0º S, 315º E) respectively. 

 For the validation of the LEO trapped proton model, the averaged values of anisotropic proton differential 

flux at 40 MeV and integral flux at >40 MeV from AP8 and AP9 models, in the range of 400 - 1800 km, for the six 

years mission of CEASE were computed. These values were used to find the ratio of anisotropic protons in the 

east/west look directions. The computed differential and integral east/west flux ratios of the three geographic 

locations within SAA were then compared with the corresponding reported measured ratios of the CEASE detector 

(Ginet 2007a). 

             For the three geographic locations within SAA, as a function of altitude range of 400 - 1800 km, figures 11 

and 12 are the results of such differential and integral east/west ratio comparison. In the figures east (west) indicate 

the direction of eastward (westward) proton travel. The figures indicate that for all three locations, the east/west ratio 

compares well between measured and AP8/AP9 models, giving validity to the accuracy of the anisotropic model. 

Both measured and computed ratios indicate that only at an altitude below 700 km or so where atmospheric density 

plays a role in deciding the magnitude of proton gyro-radius, the east/west ratio deviates substantially from one. In 
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the figures, note that for geographic locations (9º S, 309º E) and (0º S, 315º E), no measured ratios are given below 

700 and 850 km respectively, as these locations defined the lower boundary of the SAA anomaly at those 

latitudes/longitudes (Ginet 2007b). 
 

         
Figure 11. Altitude dependent, east/west traveling differential proton (40 MeV) flux ratios at geographic coordinates 

18º S, 300º E (top left), 9º S, 309º E (top right) and 0º S, 315º E (bottom) 

 

 

       
  
Figure 12. Altitude dependent, east/west traveling integral proton (>40 MeV) flux ratios at geographic coordinates 

18º S, 300º E (top left), 9º S, 309º E (top right) and 0º S, 315º E (bottom) 

 
Another area of validation for the anisotropic model is the direct comparison of measured and computed 

differential flux at 40 MeV, where in the altitude range of 500 - 1700 km, there exist a limited set of reported 

measurements from the CEASE detector. For the differential flux at 40 MeV, as a function of altitude and 

geographic location of 18º S, 300º E, this comparison is shown in figure 13. CEASE reported measurements 

corresponding to the two characteristic look angles are plotted as squares (eastward particles) and circles (westward 

particles).  These measurements are plotted against simulation spectra from six years averaged differential flux for 

AP8/AP9 as well as static AP8min (1965) and AP8max (1970) spectra.  

 Figure 13 indicates that within SAA, due to the six years temporal variation of the proton field (2000 - 

2006), use of either static AP8 models dating back to the solar cycle 20 is not an accurate representation of the 

trapped proton environment experienced by CEASE (solar cycle 23). For a given altitude, the six years averaged 

AP8 (black solid) and AP9 (black dashed) fields are at higher flux than either AP8 static fields and the six years 

averaged AP9 flux tracks the measurements considerably better than AP8. 
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Figure 13. Altitude dependent comparison of the AP8min, AP8max and six years (2000 - 2006) averaged AP8 and 

AP9 models with westward/eastward differential proton (40 MeV) measurements at geographic coordinate 18º S, 

300º E 

 
VI. Concluding Remarks and Future Work 

 The development of the new trapped environment definition AE9/AP9/SPM as compared to the older 

AE8/AP8 has proven very promising as an accurate tool for providing input into particle transport procedures.  The 

addition of angular formalism (anisotropy) as a post processing procedure to the new trapped model further 

increases the usefulness of the model.  Such trapped model development is of importance due to the increased 

manned or robotic activity in LEO and a necessary development for further infrastructure deployment in the Earth’s 

neighborhood.   

 Within the trapped environment, regardless of what the next generation piloted or robotic spacecraft will 

look like, even early preliminary designs of such a craft will require considerable configuration details as well as 

definition of likely mission scenarios and timelines.  It is important that radiation exposure analysis is incorporated 

into the early design phase for several reasons.  For example, if such a craft is temporarily docked at ISS, it would 

spend most of its time in a fixed orientation, for which knowledge of the anisotropic flux environment is a factor.  

The escape trajectory definition is important as well, since passage through the high intensity belt regions may be 

involved.  Radiation protection “fixes” in later stages of the design process are likely to have adverse effects on both 

budgetary and schedule constraints. It is felt that the new trapped environment definition AE9/AP9/SPM coupled 

with a fast particle transport package such as HZETRN can be a quick and useful tool to validate future 

measurements. Furthermore, such a tool offers an efficient radiation analysis capability to shield designers of the 

next generation manned or robotic interplanetary spacecraft in the earliest design phase.  

 For ISS, this work provided limited temporal validation of AP9. Work is underway to validate the new 

trapped model against available isotropic measurements covering half a solar cycle. Such analysis allows the 

inclusion of sufficient statistics into potential mission planning. 

 Besides ISS isotropic validation for which there is an abundance of available data, the existing 

measurement derived anisotropic models which for input depend on isotropic models such as AE9/AP9/SPM, can be 

used to validate measurements by a new class of three dimensional (3D) detectors such as TRITEL (Zábori 2012), 

ALTEA (Di Fino 2011) and others. Such 3D detectors have started collecting anisotropic data onboard ISS and will 

provide a more accurate understanding of spatial distribution of radiation environment at LEO. 
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