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Radiation may be defined as the emmision of energy energy in form of high-
speed particles and electromagnetic waves. 
 
 
•  Ionizing radiation is radiation with sufficient energy to remove electrons from the 

orbits of atoms resulting in charged particles, and it is this type of radiation that is 
evaluated for purposes of radiation protection( gamma rays, protons, and 
neutrons). 

What is space radiation?

 •  Non-ionizing radiation is radiation 
without sufficient energy to remove 
e l e c t r o n s f r o m t h e i r o r b i t s 
(microwaves, radio waves, and 
visible light). 
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Sunspots are temporary phenomena on the photosphere of the 
Sun that appear as dark spots due to reduced surface 
temperature caused by concentrations of magnetic field flux that 
inhibit convection.

 Sunspots usually appear in pairs of opposite magnetic polarity.

 Most solar flares and coronal mass ejections originate in 
magnetically active regions around visible sunspot groupings.

4 October 2016

Source of radiation: Solar activity

Eleven years in the life of the Sun, spanning most of solar cycle 23, as it progressed from solar 
minimum (upper left) to maximum conditions and back to minimum (upper right) again 4!



Solar Flares

•  Solar flares are characterized by a highly 
concentrated, explosive release of energy, 
usually in the form of X-rays (low flux).

 

Coronal Mass Ejections

These are huge bubbles of plasma (ionized atomic 
matter with high kinetic energy) threaded with 
magnetic field lines that are ejected from the Sun's 
corona (outer atmosphere). 

•  The movement of the shock waves associated with CMEs and solar flares can give rise to 
magnetic storms.

•  The magnetic field generated perturbs the Earth's main magnetic field, allowing particles to 
reach previously unattainable altitudes and inclinations(enhanced displays of the Aurora 
Borealis and Aurora Australis). These  lights are created by collisions between the particles 
and atmospheric gases. 5!
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•  Solar Dynamics Observatory 
captured the flare (teal as that is the 
color typically used to show light in the 
131 angstrom wavelength)!

•   The flare began at 10:38 PM ET on 
Jan. 22 2012, peaked at 10:59 PM and 
ended at 11:34 PM.!

•  The Solar Heliospheric Observatory 
captured the coronal mass ejection 
(CME) in this video (red/orange as that is 
the color typically used to show light in 
the 304 angstrom wavelengt)!

•  Shows the sun's activity from January 19 
to January 23 2012. !



 
•  It compresses and confines the Earth’s 

magnetic field on the side toward the Sun 
and stretches it out into a long tail on the 
night side (magnetosphere).
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 The solar wind is a stream of energized, 
charged particles, primarily electrons and 
protons, flowing outward from the Sun, through 
the solar system.

It differs based on where on the sun ii 
originates:

•  Fast wind originates in coronal holes and 
reaches speeds up to 500 mi/s or 800 km/s.

•  Slow wind originate at the coronal streamer 
belt around the equator, and travels more 
slowly, at around 200 mi/s or 300 km/s.



•  Some particles become trapped in the Earth's 
magnetic field.

•   These particles are contained in one of two 
doughnut-shaped magnetic rings surrounding 
the Earth called the Van Allen radiation belts. 

•  The inner belt contains protons with 
energies exceeding 10 MeV  (400-6000 mi)

•  The outer belt contains mainly electrons 
with energies up to 10 MeV (8400-3600 mi). 

•  There is a dip results from the fact that the magnetic 
axis of the Earth is tilted approximately 11 degrees 
from the spin axis, and the center of the magnetic 
field is offset from the geographical center of the 
Earth by 280 miles(South Atlantic Anomaly Anomaly 
reaching 120 mi).
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Heliophysics Mission Fleet Chart

Focus on :
•  The Sun
•  Space Weather
•  Magnetosphere
•  Heliosphere
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•  Discovered on Aug. 7, 1912, physicist Victor Hess

•  Galactic cosmic radiation is tought to originates outside the 
solar system but whithin the Milky Way. 

•  It consists of ionized atoms ranging from a single proton up to 
an uranium nucleus. 

•  It travel very close to the speed of light, and because it has a 
heavy elements  componentsuch as iron, it produces intense 
ionization as they pass through matter..

Source of radiation: Galactic Cosmic Rays
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Source of radiation: The Big Picture
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Source of radiation
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Source of radiation
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A photon ( few eV) interacts with 
a bound electron in an atom. 

Photoelectric effect Nuclear photoelectric effect

A photon ( few MeV) interacts 
with nucleon in an atom

Compton inelastic  scattering

The Compton effect is essentially a 
collision between a photon and an 
electron

Pair production

In pair-production effect, a high-
energy photon near a nucleus 
gives up its energy to produce 
an electron-positron pair 

Photon interactions
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Annihilation

Thomson elastic scattering

Thomson scattering is the elastic 
scattering of electromagnetic 
radiation by charged particle 

Interaction of particle and 
antiparticle with photon creation



Electrons and ions 
Excitation

A bound electron is promoted from its atomic 
orbital nl  to a less tightly bound orbital n’l’, and 
the incident electron loses energy 

Ionization

A bound electron is ejected from the atom 

Elastic collisions

An electron interacts with the atom or its nucleus as a 
whole. The energy/momentum are redistributed, but 
no ionization or excitation occurs 

Bremsstrahlung

An electron emits radiation as it accelerates/
decelerated within the atom or solid, 
according to the Maxwell equations. 

Cerenkov radiation: electromagnetic radiation emitted when a charged particle passes through an insulator at a 
speed greater than the speed of light in that medium. The characteristic "blue glow" of nuclear reactors is due to 
C ̌erenkov radiation. 
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Neutrons interactions 

Inelastic scattering

The nucleus is excited which is followed by the 
emission of radiation. 

Elastic scattering

No internal excitation of the nucleus occur, takes 
place mostly between fast neutrons and low atomic 
number elements (“billiard ball effect”) 

Radiative capture

The incident neutron is absorbed into the nucleus 

Fission

Dissipation of energy in the fission reaction can 
cause ionization of the medium 
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Radioactive decay
•  The processes described above often leave the atom or ion in an excited state 

•  Radiatiove decay are fluorescence (fast) and phosphorescence (slow), that involve 
relaxation of the excited state by other means, so that the energy of the emitted photon 
can be much smaller than of the primary photon or other ionizing particle 

•  Auger processes release additional electrons from the system. Auger processes can 
occur in cascades, where the system decays step-by-step to lower energy states, in each 
step the inner-shell holes move towards outer shell and additional electrons are emitted. 

18!



1 Absorbed dose is the concentration of energy deposited in tissue as a result of an 
exposure to ionizing radiation

3.  Effective dose is a calculated value, measured in 
mSv, that takes three factors into account:
• the absorbed dose to all organs of the body,
• the relative harm level of the radiation, and
• the sensitivities of each organ to radiation.

Measuring radiation effects : dose 

2.  Equivalent dose is used 
to assess how much 
biological damage is 
expected from the 
absorbed dose. (Different 
types of radiation have 
different damaging 
properties.)

D
•

=
ϕA(−dE / dx)Δx

•

ρAΔx
=ϕ

•

(− dE
ρdx

)
-  D – dose !
-  φ –fluence !
-  ρ- density!
-  A -area!

19!

M. Kroupa et al. / Life Sciences in Space Research 6 (2015) 69–78 71

Fig. 2. These plots present comparisons between the absorbed dose rates (upper plot) and dose equivalent rates (lower plot) for a 9-hour period as measured by the 
NASA Tissue Equivalent Proportional Counter (TEPC) and two Timepix-based REM ISS units onboard the ISS. The REM data have been converted from Silicon to water on a 
track-by-track basis, and those data have been summed into one-minute composite periods to be compared with TEPC data.

addition, data-taking is activated by providing an external gate or 
“shutter” signal. This shutter can be set to a very wide range of 
time values from microseconds to minutes or more. As a practi-
cal matter for measuring the energy deposited by charged parti-
cles, the minimum shutter time should be one to two orders of 
magnitude longer than the longest anticipated digitization time 
using the TOT method; for the most densely ionizing ions ex-
pected to be encountered in space, a minimum shutter time of 
about 10 ms suffices. The Timepix and related devices produced 
by the Medipix2 Collaboration are also capable of being config-
ured to measure the properties of the incident neutron flux (Uher 
et al., 2005; Jakubek et al., 2006, 2009; Greiffenberg et al., 2009;
Vykydal et al., 2006a), but this paper will focus solely on the detec-
tion and measurement of incident charged particles. Each detector 
in use has been individually calibrated pixel-by-pixel to yield an 
accurate correlation between the TOT counts recorded and the en-
ergy deposited in the sensor volume that was responsible for that 
pixel’s response (Fiederle et al., 2008).

2.1. Data processing

The Timepix can be thought of as a digital camera for the 
radiation environment, allowing one to take energy-resolved snap-
shots, called frames (Bouchami et al., 2009; Campbell et al., 2008a, 
2008b; Holy et al., 2008; Jakubek et al., 2008; Vilalta et al., 2011). 
To obtain as much information as possible, the overlap of tracks 
from particles, which each form clusters of pixels in the frame im-
ages, should be minimized. To regulate the occupancy within the 
frames, the shutter time can be adjusted in real-time based on 
a look-back algorithm that continuously analyzes the contents of 
the prior frames. These algorithms analyze frame occupancy, cali-
brate the TOT data to energy pixel by pixel, identify clusters, and 
analyze clusters to produce estimates of the physics properties of 
each track, which in turn allows the conversion of the effects from 
silicon to water. The real-time analysis not only determines the 
absorbed dose rate in water, but also information such as dE/dx, 
direction, projected path length, and an estimate of particle type 
and energy. From this information, any other dosimetric endpoints 
can be calculated. With a selectable shutter time, one can operate 

the device even in very intense radiation environments (mGy/min) 
without loss in resolution.

Presently, the shutter time is automatically adjusted to keep the 
frame occupancy (number of active pixels) below 5%. To account 
for frame length variation and mitigate dead time, the frame data 
are binned in time and rates are calculated in one-minute inter-
vals. The details of the methods used for these calculations in the 
analysis software is documented elsewhere, but a short summary 
is warranted for the quantities discussed in this work (Hoang et 
al., 2012b). The absorbed dose in silicon (Equation (1)) for each 
track, Dt,Si, is determined from the sum of calibrated energy val-
ues E p for each pixel i in the track and the mass of the silicon 
sensor bonded to the Timepix chip. The dose per frame is the sum 
of the track doses within the data frame.

Dt,Si = 1
msensor

·
∑

pi

E pi (1)

The absorbed dose rate is calculated by dividing absorbed dose 
by the acquisition time for the associated data. The dose rate per 
minute is calculated by dividing dose per frame, F , by the acquisi-
tion time, tacq , for the data acquired in one-minute intervals. Any 
frame whose shutter opening time is within a specific clock minute 
is counted as contributing to that the dose rate within that minute. 
The relative significance of the value is weighted by the frame time
(Equation (2)).

Ḋi,Si =
∑

F ,i D F ,Si∑
F ,i tacq

(2)

Note that if the environment is such that even the shortest 
shutter time (typically 10 ms) does not prevent multiple frames 
with a large number of overlaps the data can still be analyzed 
to obtain an accurate value for the absorbed dose rate in sili-
con. An estimate of the absorbed dose rate in water can be made 
by assuming the environmental constituency. Fig. 2 shows a com-
parison of the absorbed dose rates and the dose equivalent rates 
with the ISS Tissue Equivalent Proportional Counter (TEPC) (Rossi 
and Rosenzweig, 1955b; Kliauga et al., 1995; Shinn et al., 1999;
Hooshang Nikjoo et al., 2002; Taddei et al., 2006; Perez-Nunez and 
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Astronauts Protection 

•  Radiation protection for crew members remains one of the key technological 
issues which must be resolved.  

•  Astronauts receive the highest occupational radiation 
exposure

•  Effective protection needed to ensure the safety of the 
astronauts on long duration missions.

•  NASA's manned spaceflight missions have taken place 
within the Earth's magnetosphere(except for the Apollo 
missions to the Moon.

•  Between the Apollo 16 and 17 missions( August 1972 : 
the crew of Apollo 16 had returned to Earth in April 
and the crew of Apollo 17 was preparing for a moon 
landing in December), one of the largest solar proton 
events ever recorded occurred, and it produced 
radiation levels of sufficient energy for the astronauts 
outside of the Earth's magnetosphere to absorb lethal 
doses within 10 hours after the start of the event.
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•  A number of parameters affect astronaut exposure to radiation.

1.   the structure of the spacecraft, 
2.  the materials used to construct the vehicle,
3.  the altitude and inclination of the spacecraft, 
4.  the status of outer zone electron belts,
5.  the interplanetary proton flux, 
6.  geomagnetic field conditions, 
7.  solar cycle position, 
8.   EVA start time and duration.

 SRAG considers all of these parameters in order to ensure that radiation exposures 
received by the astronauts remain below established safety limits. Specific components of 
this responsibility include: 
(Console Operators Group)
• Providing radiological support during missions.
• Projecting pre-flight and extra-vehicular activity (EVA) crew exposures

 • Evaluating radiological safety with respect to exposure to isotopes and radiation 
producing equipment carried on the spacecraft

(Physics Group)
• Maintaining comprehensive crew exposure modeling capability.
• Providing radiation instruments to characterize and quantify the radiation environment 

inside and outside the spacecraft

Astronauts Protection 
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Astronauts Protection 
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Providing radiological support during 
missions:

• Projecting pre-flight and extra-
vehicular act ivi ty (EVA) crew 
exposures

• Evaluating radiological safety with 
respect to exposure to isotopes and 
radiation producing equipment 
carried on the spacecraft

Console Operations Support 
•   24 hours Contingency Support
•   4 hour/day Nominal Support

Radiation Monitoring for Crew and Space 
Vehicle 

¾ Active Radiation Detectors 
� Tissue Equivalent Proportional Counter (TEPC) 
� Charge Particle Directional Spectrometer (CPDS) 
� Intra-Vehicular TEPC( IV-TEPC) 

 

¾ Passive Radiation Detectors 
� Crew Passive Dosimeter (CPD) 
� ISS Radiation Area Monitor (RAM) Dosimeter 

¾ Console Operations Support 
� 24 hours Contingency Support 
� 4 hour/day Nominal Support 



The vehicles
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IV-TEPC: Intra-Vehicle Tissue Equivalent          
Proportional Counter

•   Broad sensitivity micro-dosimeter
•  Made of A150 tissue equivalent plastic spheres(3 

mm) filled with tissue equivalent gas (low density 
propane)

•  Main alerting instrument on ISS

RAM: Radiation Area Monitor 
•  Planned for EM-1, but not for EM-2
•  Each RAM consists of a small Lexan holder 

with 24 wells to accommodate the standard 
commercial TLD chip

CPD: Crew Passive Dosimeter
•   Uses same technology as RAM;
•  Will not be required for low  mass vehicles 
•  May be replaced with CPAD for ISS

CPAD: Crew Personal Active Dosimeter
•  Dose only, will test on ISS and use on EM-2
•  p-n Si junction diode without external bias. 

Radiation creates electron-hole pairs in 
depletion layer 

TECHNOLOGY FOR DOSIMETRY & SPECTROSCOPY
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1) Novel Capabilities in Terrestrial Personal Radiation Dosimeters Yet 
Unused in Space

- Currently used NASA personal dosimeters (ISS): Passive dosimeters
* To be returned to ground upon mission completion for analysis
* No in-flight exposure information
* Integral exposure information over entire mission, no time resolution

- Novel capabilities in terrestrial personal dosimeters:
* Active dosimeters: configurable/autonomous recording of radiation exposure and 

internal storing of data
* Displays for immediate user exposure feedback
* Wireless data transmission

Opportunities to enhance Crew personal dosimetry with new 
features in terrestrial dosimeters

2/9

Crew Passive Dosimeter
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REM: Radiation Event Monitor
•  limited particle + dosimetry
•  uses Medipix technology with the expectations of 

creating the first personal space radiation dosimeter
•  current radiation sensors must be returned to Earth for 

analysis, but the REM could provide dosage data more 
quickly.

•  instruments provide high-spatial/contrast measurements 
for energy deposition along a particle’s track;

BIRD: Battery-operated Independent 
Radiation Detector
•   limited particle + dosimetry;
•  the Timepix assembly is mounted permanently to the 

carrier board
•  first in-house built Timepix-based detector; 
•   successfully flown on EFT-1( december 2014)

!

HERA: Hybrid Electronic Radiation Assessor
•   limited particle + dosimetry
•  based on timepix technology and REM heritage 
•   will be integrated into vehicle
•   will provide real-time data 
 

!

TECHNOLOGY FOR DOSIMETRY & SPECTROSCOPY
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The two identical subsystems are separated by an aluminum partition and
functioned similarly throughout the EFT-1 mission. Each instrument contains
a battery assembly, a processor board, a power board, and a Timepix carrier
board. The processor board consists of a digital signal processor, a Secure
Digital (SD) memory card, an accelerometer, and other supporting electronics
required to receive and store the radiation data from the Timepix assembly. The
Timepix assembly is mounted permanently to the carrier board and connects
to the processor board through a small connector. The serial peripheral bus
provides primary communication between the signal processor and the Timepix
assembly. The power board consists of a voltage boosting regulator and diode
protection circuitry. The regulator receives the dynamic voltage input from the
battery assembly and converts it into a steady and stable power source for all
the other electronics. The carrier board is the interface to the Timepix. It has
a small rear mount connector that plugs into the processor board. This board
allows for easy installation and removal of the Timepix assemblies and serves
as a test interface board, allowing for integration with a Fitpix (a Timepix data
acquisition system developed by the Institute for Experimental and Applied
Physics at Czech Technical University in Prague). Each instrument is equipped
with a Military Specification (MIL spec) circular connector that can be used to
interface with the outside world in order to perform system health and status
checks before the flight. An exploded model of the device is shown in Figure
4.

Figure 4: BIRD schematics.
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RadWorks Project 
ISS REM – to – BIRD – to – HERA: 
The Evolution of a Technology

OVERVIEW 
The advancement of particle detectors based on technologies 
developed for use in high-energy physics applications has enabled 
the development of a completely new generation of compact low-
power active dosimeters and area monitors for use in space 
radiation environments. One such device, the TimePix, is being 
developed at CERN, and is providing the technology basis for the 
most recent line of radiation detection devices being developed by 
the NASA AES RadWorks project. The most fundamental of these 
devices, an ISS-Radiation Environment Monitor (REM), is installed as 
a USB device on ISS where it is monitoring the radiation environment 
on a perpetual basis.  The second generation of this TimePix 
technology, the BIRD (Battery-operated Independent Radiation 
Detector), was flown on the NASA EFT-1 flight in December 2014.  
Data collected by BIRD was the first data made available from the 
Trapped Belt region of the Earth’s atmosphere in over 40 years.  The 
3rd generation of this technology, the HERA (Hybrid Electronic 
Radiation Assessor), is planned to be integrated into the Orion EM-1, 
and EM-2 vehicles where it will monitor the radiation environment.  
For the EM-2 flight, HERA will provide Caution and Warning 
notification for SPEs as well as real time dose measurements for 
crew members. The development of this line of radiation detectors 
provide much greater information and characterization of charged 
particles in the space radiation environment than has been collected 
in the past, and in the process provide greater information to inform 
crew members of radiation related risks, while being very power and 
mass efficient. 

INNOVATION
The ability to provide near-real-time radiation risk assessment 
information for crewed missions is critical to crew health and safety 
and mission planning for all crewed missions, both for LEO and deep 
space destinations.

OUTCOME
Currently flying 6 ISS REM units

EFT-1 BIRD flown December 2014

Completion of Critical Design Review (HERA) January 2016

Delivery of flight hardware to KSC Fall 2016

HAT: 6.5.5.3 TA: 6 - Human Health, Life Support & Habitation Systems, 6.5.5 - Radiation; Monitoring Technology           TRL: 4

2015 IR&D Poster – EISD Technology Showcase

INFUSION
All crewed space craft and surface operations in both LEO and deep 
space.

PAPERS / PRESENTATIONS
Stoffle, N., et al., Timepix-based radiation environment monitor 
measurements aboard the International Space Station, Nuclear 
Instrumentation Methods A.

Kroupa, M., et al., A Semiconductor Radiation Imaging Pixel Detector 
for Space Radiation Dosimetry.

Bahadori, A. A., et al., Battery-operated Independent Radiation 
Detector Data Report from Exploration Flight Test 1. NASA/TP-2015-
218575.

“Space Radiation Dosimetric Applications Using Hybrid Pixel 

Radiation Imaging Detectors (e.g. Medipix),” Mini-Micro-Nano-
Dosimetry Workshop, Port Douglas, Queensland, Australia.

“Past Results and Future Plans for Medipix Detectors in Space,” 
Invited Seminar-Physics Department, University of Wollongong, 
Wollongong, NSW, Australia.

PARTNERSHIPS / COLLABORATIONS
The RadWorks team is working with the ISS community for the 
flight/resupply of ISS-REM units on orbit. The NASA/BIRD element 
worked with NASA and Lockheed Martin for the development and 
integration of the BIRD in the EFT-1 flight. The RadWorks/HERA 
element is currently working with NASA Orion and their prime 
contractor, Lockheed Martin for integration of the HERA system into 
the EM-1 and EM-2 vehicles. In addition, NASA is collaborating with 
the University of Houston and the Medipix Collaboration out of CERN 
for utilization and advancement of the Timepix radiation sensor 
technology being utilized.

PROJECT MANAGEMENT  Catherine D. McLeod – Catherine.d.mcleod@nasa.gov

Trapped particles

Trapped particles

BIRD, as installed in EFT-1 ISS-REM unit

2 Detectors

2.1 Battery-operated Independent Radiation Detector

2.1.1 Overview

Radiation monitoring is critically important for all future NASA crewed mis-
sions. One promising active detection method is the use of the modern semi-
conductor pixel detectors. These “radiation imaging” pixel detectors allow pre-
cise, time-resolved position and energy measurement in each pixel, resulting in
a better understanding of the radiation environment during a mission. They can
also be integrated into low-mass and low-power radiation monitoring systems,
which are required for exploration class missions.

The BIRD is the first in-house developed radiation monitor based on this
technology. It follows the successful REM Technology Demonstration, which
is currently flying six Timepix-based radiation monitors on the ISS. It also
serves as a precursor to the Hybrid Electronic Radiation Assessor (HERA),
which is a distributed radiation monitoring system to be flown on future flights
of the Orion MPCV.

2.1.2 Detector Description

The BIRD system is composed of two completely isolated and identical radia-
tion instruments housed in the same mechanical enclosure (see Figure 3).

Figure 3: BIRD photo.
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VCI-2016 – Medipix In Space 
Pinsky – Feb. 17, 2016 – Vienna 

Timepix-Based HERA on Future Orion 
Manned Spacecraft 

(Hybrid Energetic Radiation Assessor) 

32 

HERA is composed of a!
HERA Power Unit (HPU)!

and!
Several HERA Sensor Units (HSU)!

Future Evolution into Timepix2 Use…!
26!



CPS: Charged Particle Spectrometer
•  current technology is ISS-Radiation Assessment Detector 

(RAD);
•  is heritage-design from Mars Science Lab/RAD

NS: Neutron Spectrometers
•   ISS-RAD:Fast Neutron detector -  FND ( natural boron loaded 

scintilator),
•   Fast Neutron  Spectrometer –FNS (uses special glass fibers loaded 

with Lithium to absorb the slowed neutrons and produce a small flash of 
light unique to the neutron capture process);

•   technology from both will mature for future habitat

MPT: Miniaturized Particle Telescope
•   low mass/power/volume particle spectrometer; 
•  stack of two-sensor TimePix detector capable of:  
detecting protons and higher Z ions at energies from a few to >100 MeV/n 
and measuring the angular dependence of detected ions
•  will fly on ISS as a payload  Q2 FY17;
•   potential to become new CPS

AMS-02: Alpha Magnetic Spectrometer
•  State-of-the-art particle physics detector designed to operate on 

ISS;   
•   performs high-precision measurements of cosmic rays 

composition and flux

TECHNOLOGY FOR DOSIMETRY & SPECTROSCOPY
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Data Usage for Model Improvements
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Game Changing Development 
Thick Galactic Cosmic Rays Shielding 

Galactic and solar radiation pose risks to 
both astronauts and space-based assets. 
Galactic cosmic rays (GCRs) represent an 
ever-present background radiation com pris-
ing energetic protons and heavier ele ments. 
Energetic charged particles can also come 
from periods of increased solar activity, 
coin ed solar energetic proton (SEP) events. 
However, unlike GCRs, SEP events are 
tran  sient, randomly occurring increases in 
the radiation environment. Events can last 
from hours to days with event frequency 

mod u lated by the roughly 11-year solar cy-
cle. SEP intensity levels can be more than a 
million times those during solar quiet times. 
Both radiation sources represent risks to 
humans in space through direct human 
ex posure and also from damage to space-
based equipment and systems. Mitigation 
strategies for SEP events have predomi-
nant ly relied on passive shielding tech niques 
where materials such as aluminum and 
poly  mers are used to ‘absorb’ the incident 
radiation. Passive shielding techniques are 

The experimentalist places a small calibration ion chamber in the center of the NSRL beam. When the beam 
particles hit it, the signal from the ion chamber will be used to calibrate the radiation dose delivered to the targets. 

Data Usage for Model Improvements

NASA Space Radiation Laboratory at 
Brookhaven National Laboratory

mailto:https://srag.jsc.nasa.gov/Publications/TM104782/techmemo.htm!

Several factors make accurate prediction of SPEs difficult. First, solar flares occur without much warning.
The magnitude and intensity of a flare are difficult to determine until the event is in progress. The directional
emission of particles from the sun further complicates predictions. Since SPEs are relatively directional, SPEs
sensed by a terrestrial network may not threaten a Martian transit mission, and conversely, a flare injection of
energetic solar particles that threatens a Martian transit mission may not produce particles at Earth. 

SPEs pose the greatest threat to unprotected crews in polar, geostationary or interplanetary orbits. To date, the
greatest threat to significant exposures to astronauts existed during the Apollo Program. Figure 10. illustrates
the variation in timing and magnitude of SPEs that occurred during the course of the Apollo Program. The
calculated dose for crewmembers within the command module, within the lunar module or in a space suit
performing EVA is represented for each flare. As can be seen in the figure, it is only fortuitous that no
significant SPEs occurred during the lunar missions.

Fortunately, most SPEs are relatively short-lived (less than 1-2 days), which allows for relatively small
volume "storm shelters" to be feasible. To minimize exposure, the crew would be restricted to the storm
shelter during the most intense portion of the SPE, which may last for several hours. Storm shelters with
shielding of approximately with 20 g/cm2 or more of water equivalent material will provide sufficient
shielding to protect the crew.
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There is no single low mass/volume/power instrument that does everything:
•  TEPC and IV-TEPC - They provide dosimetry and measure lineal energy transfer

•  Our newer instruments are developed for particle detection/spectroscopy.
•  Timepix-based -  used for dosimetry and dE/dx.

•  MSL/RAD and ISS-RAD -  The use of energy deposition in different layers can be 
used to provide LET (deposited energy per unit path-length), and dosimetry in 
different layers. 

•               -  Gamma and neutron spectroscopy can be performed by use of detector 
response functions and advanced software;

•   ISS-RAD features an additional neutron detector for lower energy ranges.

•  Shielding in a vehicle especially one as large as ISS is constantly changing and non-
uniform;

•  On ISS, dosimetry can vary by a factor of two over the entire station for a single point in 
time;

•   Flux can vary by more than a factor of two at a single location by just pointing in a different 
direction

Why do we need so many instruments?
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Measurements on Mars and inside ISS identify problems in the models that NASA uses for design 
and ultimately in risk assessment. 

Mars has a thin atmosphere and a thick regolith; 
•  MSL/RAD is minimally shielded by the Curiosity rover.
•  Data-model discrepancies in flux measurements and dosimetry can be caused by the GCR 

model or transport.

ISS has a very complex structure and the environment is composed of GCR and trapped/SAA.
Data-model discrepancies in flux measurements and dosimetry can be caused by the GCR model, 

trapped model, shielding, and/or transport.
•  Minimally obstructed measurements help correct/improve environment models.

AMS-02 data will be used to correct local interstellar spectra in GCR models.

BIRD data will be used to help improve models on the trapped proton/electron models.
This helps understand the LEO environment better.
Measurements from the thick target project help resolve physics issues in transport.

How does data improve modeling? 
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Curiosity Rover 
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Curiosity Rover 
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The Radiation Assessment Detector (RAD) is a particle 
analyzer designed to characterize the full spectrum of 
energetic particle radiation, including galactic cosmic 
rays (GCRs), solar energetic particles (SEPs), 
secondary neutrons and other particles created both in 
the atmosphere and in the Martian regolith. 

MSL-RAD detector 

Detector! Material! Type! Purpose!

A,B1,C!

D!

E1!

F!
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MSL-RAD detector 

Charged Particles Neutral Particles

•  Charged particles entering RAD from the top 
deposit energy in solid-state detectors A, B, 
and C.

•   Valid charged particle events occur in a view 
cone of about 65 degrees (full angle), defined 
by the A and B detector telescope geometry 
(see animation below).

•  Neutral particles are detected when energy is 
deposited only in the D and/or E detectors.

•   An anticoincidence shield (F) surrounds the D and 
E detectors to discriminate valid neutral particle 
events and charged particle events which deposit 
energy in F as well as D and/or E .
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MSL-RAD detector 
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MSL-RAD detector: data vs models

D. Matthiä et al.: The Martian Surface Radiation Environment – Models and Measurements; J. Space Weather Space Clim., 6, A13 (2016) DOI: 10.1051/swsc/2016008 45!

 !

2.3. Martian soil and atmosphere

The atmospheric composition used in the GEANT4 and HZETRN/
OLTARIS simulations is based on the Mars Global Reference
Atmospheric Model 2001 (Mars-GRAM 2001) (Justus & Johnson
2001; Justus et al. 2006), which is an engineering-level atmospheric
model. It utilizes Mars Global Surveyor’s Mars Orbiter Laser Altime-
ter (MOLA; Smith et al. 2001) for surface topography. For atmo-
spheric properties up to 80 km height, it relies on the NASA Ames
Mars General Circulation model (MGCM; Haberle et al. 1993). Above
80 km it uses the Mars Thermospheric General Circulation Model
(MTGCM; Bougher et al. 1990).

The Mars-GRAM 2001 atmospheric model consists of multiple
layers with different mass densities. Each layer consists of 95.7 mass
% CO2, 2.7 mass % N, and 1.6 mass % Ar. Starting at a total atmo-
spheric height of 90 km, we set the soil and detector level at the sur-
face to a depth of 22 g/cm2, corresponding to the mean atmospheric
column density within the comparison time frame from DOY 232
2012 to DOY 48 2013 at the MSL rover. The mean pressure data is
derived from the Mars Climate Database (MCD 5.0). For PHITS a
pure CO2 atmosphere with the same depth was used. Calculations per-
formed with GEANT4 using the two atmospheric compositions did
not result in a significant change in secondary particle intensities
and dose rate.

The Martian soil composition is modeled based on the regolith
definition in OLTARIS. It has a density of 1.7 g/cm3 with molecular
percentages given in Table 1. For all simulations the soil thickness
was at least 20 m.

2.4. Transport environments

2.4.1. GEANT4/PLANETOCOSMICS

GEANT4 (GEometry And Tracking) (Agostinelli et al. 2003; Allison
et al. 2006) is a Monte-Carlo method based toolkit capable of calcu-
lating the transport of particles through matter. PLANETOCOSMICS
(http://cosray.unibe.ch/laurent/planetocosmics/) is a GEANT4 applica-
tion providing geometries and descriptions of planetary atmospheres,
soils, and magnetospheres, for instance for Earth and Mars, and can be
used to calculate the transport of arbitrary primary particles in and
through these planetary environments and the creation of secondary

particles. To obtain the results presented in this work GEANT4 ver-
sion 10.p02 was used. GEANT4 provides a large number of so-called
physics lists describing the interactions of particles with matter. One of
the goals of this work is to investigate the applicability of different
physics lists for the calculation of secondary particle spectra and dose
rates on the Martian surface or on planetary surfaces in general. In the
lower part of Table 2 an overview of the different selections of physics
lists in GEANT4 is given. These lists were selected according to the
recommendations given by the GEANT4 community for such an
application. The different lists are mainly related to inelastic hadronic
(nucleon or nuclear) interactions. For electromagnetic interactions the
most precise standard list (emstandard_opt3) was selected. The appli-
cation of an advanced list for electromagnetic interactions (emstan-
dard_opt4) for one selected hadronic list did not affect the resulting
dose rates or particle spectra. Comparison with these RAD data has
resulted in improved selection of physics lists, and the differences aris-
ing from the selection of physics lists are discussed below. For the cal-
culation with GEANT4 primary nuclei from hydrogen (Z = 1) to
nickel were used (Z = 28).

2.4.2. HZETRN/OLTARIS

HZETRN (Wilson et al. 1991; Slaba et al. 2010a, 2010b, 2013;
Norman et al. 2013) is a deterministic transport code providing numer-
ical solutions to the time-independent, linear Boltzmann equation
(Wilson et al. 1991). The transport formalism allows for a converging
sequence of physical approximations to be considered, allowing highly
efficient computational procedures to be implemented. Typical run
times for full GCR calculations range from seconds to minutes on a
single CPU. The version of the code used herein utilizes a bidirectional
transport approach for neutrons and light ions (Slaba et al. 2010a),
allowing backscattered albedo neutron contributions to be described
in the present comparisons. Heavier ions are treated within the

Z=1, DLR Z=6, DLR
Z=1, BO-10 Z=6, BO-10
Z=2, DLR Z=26, DLR
Z=2, BO-10 Z=26, BO-10

Fig. 2. Primary GCR spectra, exemplarily for hydrogen (Z = 1), helium (Z = 2), carbon (Z = 6), and iron (Z = 26), for the time between
August 2012 and January 2013 as described by the DLR (Matthiä et al. 2013) and Badhwar/O’Neill 2010 (BO-10) (O’Neill 2010) models.
Calculations were performed taking into account all primary nuclei from hydrogen to iron.

Table 1. Martian soil composition from OLTARIS and used in the
simulations (soil density 1.7 g/cm3).

SiO2 Fe2O3 Al2CaK2MgNa2O7 H2O
Molecular
percentage

51.2 9.3 32.1 7.4

J. Space Weather Space Clim., 6, A13 (2016)

A13-p4

Primary GCR spectra, exemplarily for hydrogen (Z = 1), helium (Z = 2), carbon (Z = 6), and iron (Z = 26), 
for the time between August 2012 and January 2013 as described by the DLR (Matthiä et al. 2013) and 
Badhwar/O’Neill 2010 (BO-10) (O’Neill 2010) models. 



MSL-RAD detector: data vs models

transport of particles through matter. PHITS version 2.76 was used in
this study. The intranuclear cascade models JAM (Nara et al. 1999)
and INCL4.6 (Boudard et al. 2013) were employed for simulating
nucleon-nucleus interactions above and below 3 GeV, respectively,
except for neutron interactions below 20 MeV, where the nuclear data
library JENDL-4.0 (Shibata et al. 2011) coupled with the event gener-
ator mode version 2.0 (Ogawa et al. 2014) was adopted in the simu-
lation. The total nucleon-nucleus interaction cross-sections were
calculated by a model specially adjusted for high-energy particle trans-
port simulations (Sato et al. 2014). An updated version of the quantum
molecular dynamics model, JQMD (Niita et al. 1995), was used for
simulating nucleus-nucleus interactions. The charge and energy of pri-
mary particles were determined using the same model employed in the
GEANT4 simulation. In the PHITS simulation, all primary and sec-
ondary particles were traced down to 1 MeV, except for neutrons, elec-
trons, positrons, and photons, where the cut-off energy of neutrons was
set to 0.1 meV and that for the others to 10 keV.

2.5. Calculation of dose rates

Particle spectra calculated with the different transport codes and pri-
mary input spectra were used to estimate the radiation exposure on
Martian ground. The results were compared to the measurements of
MSL-RAD. In order to convert the particle fluxes on ground to the
dose rates, pre-calculated fluence-to-dose conversion factors were
used. These conversion factors were the same for all transport codes
which means that differences in the calculated dose rates originate
in the transport models only. GEANT4 was used to calculate the

conversion factors for different dose quantities: absorbed dose in sili-
con, absorbed dose in tissue, and dose equivalent in tissue. Figure 3a
shows the conversion factors from fluence to dose in tissue and in sil-
icon and to dose equivalent exemplarily for a-particles. The dose
equivalent can be calculated by multiplying the dose in tissue with
the quality factor Q (Fig. 3c) defined by the ICRP (ICRP 1991,
2007). Q is a function of the unrestricted LET in water (Fig. 3b).
The quality factor is used to weight the energy deposition with the
biological impact which is LET dependent.

3. Results

3.1. Neutral particle spectra

Figure 4 shows the calculated and measured neutron (4a) and
photon fluxes (4b). The results of GEANT4 that are shown
here were obtained with physics list setup [1] from Table 2.
The selection of this physics list was guided by comparison
with the RAD data. The measured data is taken from Köhler
et al. (2014). The results of the PHITS, HZETRN/OLTARIS,
and GEANT4 simulations agree reasonably well with each
other over the whole energy range for both neutrons and pho-
tons. Apart from setup [2] from Table 2 the selection of the
physics list in GEANT4 had no significant influence on the
predicted neutron flux. Using the Bertini cascade model, as
in setup [2], however, greatly enhances the calculated neutron

MSL-RAD OLTARIS2013
GEANT4 HZETRN/OLTARIS
PHITS

neutron

photon MSL-RAD HZETRN/OLTARIS
GEANT4
PHITS

(a)

(b)

Fig. 4. Neutral particle spectra (all incident angles) on the Martian surface measured between 19 August 2012 and 17 February 2013 by MSL-
RAD (black, Köhler et al. 2014) and calculated for the same period by different simulation tools: GEANT4 (red), PHITS (blue), OLTARIS2013
(green), HZETRN/OLTARIS (ocher).

D. Matthiä et al.: The Martian Surface Radiation Environment – Models and Measurements
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Neutral particle spectra (all incident angles) on the Martian 
surface measured between 19 August 2012 and 17 February 
2013 compared to different simulation results.

accurate. However, the contribution of these isotopes to the
total dose is small and the effect of the differences in the par-
ticle flux on the total radiation exposure is negligible as will be
shown below.

For the fluxes of heavier nuclei on the surface of Mars
(Figs. 8 and 9) we observe a reasonable agreement between
GEANT4, PHITS, OLTARIS, HZETRN/OLTARIS and the
MSL-RAD data for nuclei up to aluminum (Z = 13) upper
three panels in Figure 8. For the group of silicon to chromium
(Z = 14–24) GEANT4 reveals good agreement with the mea-
surement: OLTARIS2013 and HZETRN/OLTARIS seem to be
compatible and PHITS overestimates the measured data. For
nuclei with Z > 24 all codes seem to underestimate the exper-
imental data. However, the low number of high-Z particles
leads to a comparatively large statistical uncertainty in the
measurement. At higher energies (Fig. 9) GEANT4 data is sig-
nificantly higher than the results of the other models for the
groups of (Li, Be, B), Z = 9–13 and Z > 24.

Figure 10 shows the calculated particle spectra for elec-
trons/positrons (e!, e+), muons (l!, l+), and pions (p!, p+).
For these particles no measurement is currently available.
The comparison of the models providing information about
these particles (GEANT4, PHITS, and HZETRN/OLTARIS)

shows good agreement for electrons and positrons over almost
the whole energy range. For muons, however, agreement is
only observed at energies above 1 GeV and for pions at
energies above 3 GeV. At lower energies the calculated particle
spectra differ by several orders of magnitude.

3.3. Dose rate

Figure 11 and Table 2 summarize the results of the calculation
of dose rates on the Martian surface and the comparison to the
RAD measurements. In Figure 11, the contribution of different
particle species to the total dose rates calculated with the dif-
ferent transport models is illustrated. The results from
GEANT4 shown in Figure 11 were obtained with the physics
list setup [1] for which the best agreement with the measured
particle flux was found. For OLTARIS2013 for which only
downward fluxes were available, it was assumed that these
represent the full radiation field.

The values derived from the different transport models for
the total dose equivalent rates (0.51–0.60 mSv/d) as well as the
dose rate in tissue (0.16–0.20 mGy/d) and the dose rate in sil-
icon (0.13–0.16 mGy/d) agree within 20%. The contributions
of the different particle types to the total dose, however, are

MSL-RAD OLTARIS2013
GEANT4 HZETRN/OLTARIS
PHITS

Fig. 7. Same data as Figures 5 and 6 but for an energy range from 10 MeV/n to 20 GeV/n.
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Data for zenith angles smaller than 30° on the Martian 
surface measured between 19 August 2012 and 17 February 
2013 compared to different simulation results.
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transport of particles through matter. PHITS version 2.76 was used in
this study. The intranuclear cascade models JAM (Nara et al. 1999)
and INCL4.6 (Boudard et al. 2013) were employed for simulating
nucleon-nucleus interactions above and below 3 GeV, respectively,
except for neutron interactions below 20 MeV, where the nuclear data
library JENDL-4.0 (Shibata et al. 2011) coupled with the event gener-
ator mode version 2.0 (Ogawa et al. 2014) was adopted in the simu-
lation. The total nucleon-nucleus interaction cross-sections were
calculated by a model specially adjusted for high-energy particle trans-
port simulations (Sato et al. 2014). An updated version of the quantum
molecular dynamics model, JQMD (Niita et al. 1995), was used for
simulating nucleus-nucleus interactions. The charge and energy of pri-
mary particles were determined using the same model employed in the
GEANT4 simulation. In the PHITS simulation, all primary and sec-
ondary particles were traced down to 1 MeV, except for neutrons, elec-
trons, positrons, and photons, where the cut-off energy of neutrons was
set to 0.1 meV and that for the others to 10 keV.

2.5. Calculation of dose rates

Particle spectra calculated with the different transport codes and pri-
mary input spectra were used to estimate the radiation exposure on
Martian ground. The results were compared to the measurements of
MSL-RAD. In order to convert the particle fluxes on ground to the
dose rates, pre-calculated fluence-to-dose conversion factors were
used. These conversion factors were the same for all transport codes
which means that differences in the calculated dose rates originate
in the transport models only. GEANT4 was used to calculate the

conversion factors for different dose quantities: absorbed dose in sili-
con, absorbed dose in tissue, and dose equivalent in tissue. Figure 3a
shows the conversion factors from fluence to dose in tissue and in sil-
icon and to dose equivalent exemplarily for a-particles. The dose
equivalent can be calculated by multiplying the dose in tissue with
the quality factor Q (Fig. 3c) defined by the ICRP (ICRP 1991,
2007). Q is a function of the unrestricted LET in water (Fig. 3b).
The quality factor is used to weight the energy deposition with the
biological impact which is LET dependent.

3. Results

3.1. Neutral particle spectra

Figure 4 shows the calculated and measured neutron (4a) and
photon fluxes (4b). The results of GEANT4 that are shown
here were obtained with physics list setup [1] from Table 2.
The selection of this physics list was guided by comparison
with the RAD data. The measured data is taken from Köhler
et al. (2014). The results of the PHITS, HZETRN/OLTARIS,
and GEANT4 simulations agree reasonably well with each
other over the whole energy range for both neutrons and pho-
tons. Apart from setup [2] from Table 2 the selection of the
physics list in GEANT4 had no significant influence on the
predicted neutron flux. Using the Bertini cascade model, as
in setup [2], however, greatly enhances the calculated neutron

MSL-RAD OLTARIS2013
GEANT4 HZETRN/OLTARIS
PHITS

neutron

photon MSL-RAD HZETRN/OLTARIS
GEANT4
PHITS

(a)

(b)

Fig. 4. Neutral particle spectra (all incident angles) on the Martian surface measured between 19 August 2012 and 17 February 2013 by MSL-
RAD (black, Köhler et al. 2014) and calculated for the same period by different simulation tools: GEANT4 (red), PHITS (blue), OLTARIS2013
(green), HZETRN/OLTARIS (ocher).
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Neutral particle spectra (all incident angles) on the Martian 
surface measured between 19 August 2012 and 17 February 
2013 compared to different simulation results.

accurate. However, the contribution of these isotopes to the
total dose is small and the effect of the differences in the par-
ticle flux on the total radiation exposure is negligible as will be
shown below.

For the fluxes of heavier nuclei on the surface of Mars
(Figs. 8 and 9) we observe a reasonable agreement between
GEANT4, PHITS, OLTARIS, HZETRN/OLTARIS and the
MSL-RAD data for nuclei up to aluminum (Z = 13) upper
three panels in Figure 8. For the group of silicon to chromium
(Z = 14–24) GEANT4 reveals good agreement with the mea-
surement: OLTARIS2013 and HZETRN/OLTARIS seem to be
compatible and PHITS overestimates the measured data. For
nuclei with Z > 24 all codes seem to underestimate the exper-
imental data. However, the low number of high-Z particles
leads to a comparatively large statistical uncertainty in the
measurement. At higher energies (Fig. 9) GEANT4 data is sig-
nificantly higher than the results of the other models for the
groups of (Li, Be, B), Z = 9–13 and Z > 24.

Figure 10 shows the calculated particle spectra for elec-
trons/positrons (e!, e+), muons (l!, l+), and pions (p!, p+).
For these particles no measurement is currently available.
The comparison of the models providing information about
these particles (GEANT4, PHITS, and HZETRN/OLTARIS)

shows good agreement for electrons and positrons over almost
the whole energy range. For muons, however, agreement is
only observed at energies above 1 GeV and for pions at
energies above 3 GeV. At lower energies the calculated particle
spectra differ by several orders of magnitude.

3.3. Dose rate

Figure 11 and Table 2 summarize the results of the calculation
of dose rates on the Martian surface and the comparison to the
RAD measurements. In Figure 11, the contribution of different
particle species to the total dose rates calculated with the dif-
ferent transport models is illustrated. The results from
GEANT4 shown in Figure 11 were obtained with the physics
list setup [1] for which the best agreement with the measured
particle flux was found. For OLTARIS2013 for which only
downward fluxes were available, it was assumed that these
represent the full radiation field.

The values derived from the different transport models for
the total dose equivalent rates (0.51–0.60 mSv/d) as well as the
dose rate in tissue (0.16–0.20 mGy/d) and the dose rate in sil-
icon (0.13–0.16 mGy/d) agree within 20%. The contributions
of the different particle types to the total dose, however, are
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GEANT4 HZETRN/OLTARIS
PHITS

Fig. 7. Same data as Figures 5 and 6 but for an energy range from 10 MeV/n to 20 GeV/n.
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Data for zenith angles smaller than 30° on the Martian 
surface measured between 19 August 2012 and 17 February 
2013 compared to different simulation results.
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Particle spectra for zenith angles smaller than 30° on the Martian 
surface measured between 19 August 2012 and 17 February 2013 
and calculated for the same period by different simulation tools.

model and for which the contribution of neutrons to the total
dose is much higher than for the other GEANT4 setups
(0.27 mSv/d compared to ~0.18 mSv/d). Consequentially the
difference in the quality factor from the limited zenith angle
range (Q = 3.2) and the whole field is decreased (Q = 3.0).
All numerical results for the quality factor are compatible with
the experimental values within the uncertainty of the RAD
measurements.

Simonsen et al. (1990) have estimated the skin dose equiv-
alent during solar minimum (GCR maximum) conditions on
the Martian surface for a shielding of 22 g/cm2 CO2 to be
11.3 rem/year (0.31 mSv/d) which is significantly lower than
the values measured by RAD and estimated in this work. Even
more so if we consider the fact that the measurements and the
calculations of this work have not been performed for solar
minimum for which higher dose rates are expected. Townsend
et al. (2011) estimated the skin dose rate on Mars during solar
minimum for an atmospheric depth of 20 g/cm2 to be
0.305 mGy/d and the effective dose rate to be 0.726 mSv/d.
While skin dose rate estimated by Townsend et al. (2011) is
about 50% greater than the values measured by RAD and cal-
culated in this work, the effective dose rate is only about 15%
greater than the measurement and about 40% greater than the
calculations in this work. Parts of these discrepancies could be

explained by differences in the solar modulation of the GCR.
Also, Simonsen et al. (1990) and Townsend et al. (2011) have
used different models for the primary GCR spectra, CREME
(Adams et al. 1981) and Badhwar-O’Neil 2006 (O’Neill
2006), and the transport, BRYNTRN (Wilson et al. 1989)
and an older version of HZTREN (Nealy et al. 2007). Unfor-
tunately, in retrospect it is impossible to disentangle the influ-
ences of the different factors from the results and what could
have led to the observed discrepancies. In case of Townsend
et al. (2011) a direct comparison to the results of this work
is additionally complicated by the fact that they calculated
the dose rate for vertically incident particles only and that
the calculated organ dose values are affected by the self-
shielding of the applied water phantom. Future work will show
how the use of a numerical phantom or organ dose conversion
factors influences the resulting dose rates for the Martian
surface.

4. Summary

We present the first comprehensive comparison of results of
different numerical radiation transport models, GEANT4,
PHITS, OLTARIS2013, HZETRN/OLTARIS of particle

MSL-RAD OLTARIS2013
GEANT4 HZETRN/OLTARIS
PHITS

Fig. 9. Same as Figure 8 but for an energy range from 10 MeV/n to 20 GeV/n.
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spectra over a wide energy range and dose rates caused by
galactic cosmic radiation on the surface of Mars with direct
measurements on the surface of Mars from the MSL-RAD
instrument. Although good agreement is found in many cases
for GEANT4, PHITS, and HZETRN/OLTARIS, some models
still show large, sometimes order of magnitude, discrepancies
in certain particle spectra. We have also found that comparison

with these RAD data is helping us make better choices of input
parameters and physical models, and thus improving agreement
of the simulation results with the data. The first-ever compari-
son between experimental data from the surface of Mars and
model calculations is helping us to improve the reliability of
numerical model predictions for particle spectra and radiation
exposure on Mars as well as for other space travel scenarios.

GEANT4
HZETRN/OLTARIS
PHITS

e-

e+(x0.1)

-

+(x0.1)

-

+(x0.1)

GEANT4
HZETRN/OLTARIS
PHITS

GEANT4
HZETRN/OLTARIS
PHITS

Fig. 10. Particle spectra on the Martian surface calculated for the time period between 19 August 2012 and 17 February 2013 by different
simulation tools: GEANT4 (red), PHITS (blue), HZETRN/OLTARIS (ocher). Particle types are, from top to bottom: electron/positron, l!/l+,
p!/p+. Positron, l+ and p+ are indicated by the dashed lines and scaled by 0.1 for separation.
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CPD/RSH Design
• The RAD Sensor Head (RSH)/Charged Particle Detector (CPD) is a 

legacy MSL design and consists of several sub-detectors which 
are used for charged and neutral particle dosimetry and 
spectroscopy.

4

Detector Material Type Purpose

A, B1, C Si SSD; 300µm thick Charged particle 
spectroscopy

D BGO2 Scintillating 
Calorimeter

Energy resolving 
detector

E1 EJ260XL3 Scintillator High-energy particle 
measurements

F EJ260XL3 Scintillating Anti-
coincidence

Anti-coincidence 
counter

1. B/E - cyclic, omnidirectional charged particle dosimetry 
2. Bismuth Germanium Oxide. 
3. Plastic scintillator.

1. B/E - cyclic, omnidirectional charged particle dosimetry!
2. Bismuth Germanium Oxide.!
3. Plastic scintillator.!

ISS-RAD detector
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CAD Model
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1. OVERVIEW 
This document outlines the steps required to test the functionality of the Rad Detector. The Rad Detector 
consists of the Rad Interface Board (RIB), the Charged Particle Detector (CPD), and the Fast Neutron 
Detector (FND). The CPD consists of the Rad Sensor Head (RSH) and the RAD Electronics Box (REB). 
The FND consists of the FND Sensor and the FND Electronics. The three assemblies (RIB, CPD, and 
FND) together form the Radiation Assessment Detector (RAD) as shown in Figure 1-1. This functional 
test procedure can be executed with or without the CPD sensor and FND sensor. 

RAD 
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Detector 
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Figure 1-1: Rad Detector 

 

2. TEST READINESS REVIEW 
A TRR shall be held prior to executing this test procedure per DOP-7-15-010 and documented per 
Appendix B of that DOP. The TRR may be conducted by the test engineer or other designated person.  
 
TRR Conducted By: ________________________________ Date: _____________ TRR #: ________ 
 

RSH

CPD FND

CPD -  similar design to MSL-RAD

FND - a dedicated neutron detector.

Started collecting data on 1 Feb. 
2016.



Conclusion and Future considerations

•  Johnson Space Center is the focal point within NASA for crew radiation health 
protection.

•   JSC engineers and scientists  are working together on a variety of topics ranging 
from measuring biological effects to physical environmental model development 

•  The goal is to improve the quantitative understanding of risks to astronauts due to 
radiation exposure during spaceflight. 

50!

•  Special instrumentation provide the means 
to quantify crew doses. 

•   Operational support for current missions 
and projected support for future exploration 
class mission will continue to be the 
function of the Spaceflight Radiation Health 
Protection Program at Johnson Space 
Center !


