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Preface

"In the beginning God created the heavens and the earth. And the earth was without form and void,
and darkness was upon the face of the deep. And the Spirit of God was moving over the face of the
waters.” God creates light; the 'firmament” separating "the waters which were under the firmament
Jfrom the waters which were above the firmament;" dry land and seas and plants and trees which
grew fruit with seed; the sun, moon and stars in the firmament; air-breathing sea creatures and
birds; and on the sixth day, "the beasts of the earth according to their kinds." "Then God said, Let us

make man in our image ... in the image of God He created him; male and female He created them."

[...] [Genesis]

To men and women God gave eyes, brain and an insatiable need for questioning. From the search
Sfor answers and new questions Man gave birth to Science and later to Technology. When questions
started to be answered Man decided to build a telescope and look outside His world. He found that

Earth was just a tiny point in an incredible vast Universe.
He believed it was possible to leave Earth limits and fought to search for new solutions and answers.

1t is not possible to guess if these questions and answers are leading us to new worlds, new universes

or anywhere else. It is just possible to follow the faith...

Personally I believe that we, Human kind, shall learn from the worlds we have never been in. We
need to learn more about habitability and understand zf We are able to inhabit inhospitable

environments or zf We are able to create habitability conditions in other planets.

1t is in this scenario that, aware of my insignificance in this magnificent Universe I have dedicated

my life to learn “God'’s purposes” and contribute to the Human mission of learning.

1t is not the aim of this Thesis to reveal unquestionable truths or exceptional secrets. Instead, it aims

at explaining and discussing the results of the last four years of research, willing that they may be
useful to the reader.






Resumo

O planeamento de missdes espaciais requere o conhecimento profundo do ambiente de
radiacdo e seus efeitos. Nesta Tese discute-se o transporte da radiagio na Heliosfera e seus

efeitos em componentes Electrénicos.

Os modelos desenvolvidos, baseados em GEANT4, utilizam técnicas de simulagio Monte
Carlos. Tém como objectivo a caracterizagdo do ambiente de radiagio em Marte e previsio
dos seus efeitos. Como produto final devolvem o historial do transporte de particulas, mapas
da radiagdo, doses, descri¢do do volume sensivel do dispositivo. Os resultados mostram que a
radiagdo em Marte depende fortemente da densidade atmosférica e sua pressio a superficie

assim como da geologia local e tem um poder ionizante 100 vezes superior ao da Terra.

A abundancia relativa de protdes e neutrdes pode conduzir a efeitos nefastos para dispositivos
semicondutores provocados pelo deslocamento de dtomos das estruturas cristalinas ou por
excesso de energia ionizante depositada. Nesta tese simularam-se os efeitos induzidos pela
radiagdo ambiente no caso particular da memdéria AT60142F-ATMEL, utilizando o principio
de existéncia de um volume sensivel, VS. Ajustando o VS reconstruiram-se as sec¢oes-
eficazes experimentais. Conclui-se que a forma mais adequada para a memoria testada é um

volume tetraedral e ndo um paralalipipedo rectangulo como sugerido por modelos tradicionais.

Palavras chave: Marte, Ambiente de radiacio, efeitos, volume sensiveis, GEANT4, simulagio
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Abstract

Successful spacecraft design requires in-depth knowledge of the space radiation environment
and its effect. This thesis discusses the problem of transport of radiation in the Heliosphere

and induced effects on Electric Electromagnetic Electronic components.

Developed models involving Monte Carlo simulation for Martian radiation environment
characterization are presented, as well as, a framework to integrate radiation environment
predictions and detailed device simulation. The framework employs Geant4 particle transport
tool. Final outcome is full particle transport histories, radiation maps, doses, device sensitive

volume size and shape.

Martian radiation environment results show an important dependence on atmospheric
density, surface pressure and local geology. Ambient dose equivalents predicted are 100 times

higher than on Earth.

The relative abundance of protons and neutrons may lead to Displacement Damage and
Single Event Effects. Simulation of induced effects based on GEANT4 relies on the principle
of existence of a device sensitive volume, SV. The model, tested with ATMEL-AT60142F
SRAM, shows that the fit of SV shape enables the reconstruction of experimental effect
cross-section curve. Results show best SV shape as tetrahedron-like, instead of traditional

rectangle-parallelepiped.

Keywords: Mars, Radiation Environment, effects, sensitive volume, GEANT4, simulation
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1. Introduction

Science gives mankind inspiration and aspiration. Space science makes us look outwards from our

planet, towards the stars.

in “ESA Space Science” [ESASS, 2008]

1.1. Motivation and objectives

Space Exploration and Science is a strategic asset for ESA, NASA and other Space Agencies.
It ensures technological development and independence and it supports science-based

societies [ESASS, 2008].

Ancient astronomers observed points of light that appeared to move among the stars. They
called these objects planets and named them after Roman deities: Jupiter, king of the gods;
Mars, the god of war; Mercury, messenger of the gods; Venus, the god of love and beauty,
and Saturn, father of Jupiter and god of agriculture. The stargazers also observed comets with

sparkling tails, and meteors or shooting stars apparently falling from the sky.

However Man has just reached the ability of operating spacecraft successfully due to
advancements in rocketry after World War II enabling our machines to break the grip of
Earth's gravity. In 1957 the Russian Sputnik was launched into orbit [Fortescue, 2001]. In a
few decades the technology has made progresses, in 1969 Americans sent the first successful
manned mission to the Moon, and in little more that 30 years unmanned explorer spacecrafts

have flown by the major bodies of the solar system.

Table 1-1 shows the ESA space missions log. It classifies the missions according to their
current status and objectives: Study of the Sun, Solar System exploration, Astrophysics and

Fundamental physics.
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cesa Science & Technology scidllee Programme

European Space Agency

sun Solar System Astrophysics Fundamental
Operations SOHO [1995] YWenus Express [2005] INTEGRAL [2002]
Ulyszes [1990] Roszetta [2004] Xt -Mewton [1999]
Mars Express [2003] Hukble [1990]
Double Star [2003]
Cluster [2000]

Caszsini-Huygens [1997]

Implementation BepiColombo Herschel [2008] Liza-Pathfinder [2009]
Planck [2005]
Gaia
ST

Assessment Zalar Crhiter

Completed SMART-1 [2003] 150 [19935]
Giotto [1985] Hipparcos [1989]
EXOSAT [1983]
IE [1378]
Cos-B [1975]

Future Missions Cosmic Yision 2015 - 2025

Table 1-1- ESA Science and technology missions [ESASS, 2008]

The planetary exploration aims at understanding Earth environment and evolution in the
context of the Solar System. Additionally the Solar System exploration is an essential stepping

stone for exploring the wider Universe. In the next decade, research will focus on planets

around other stars [ESASS, 2008].

The Sun being the star of our Solar System plays an important role at different levels. The
study from its deep core, through its outer atmosphere - the corona - and the domain of the
solar wind, out to a distance ten times beyond the Earth's orbit, aims at understanding the
heliosphere and different mechanisms such as radiation propagation and acceleration in the
heliosphere, and pattern of interplanetary magnetic field changes. The study of the Sun is as

well a contribution for the comprehension and analysis of Earth’s changing climate.

Space Science aims as well at searching for answers regarding the origin of the Universe. By
looking into the microwave background of the Universe, space science looks directly into the
Universe creation and evolution. The NASA/ESA Hubble Telescope has become one of the
most important science projects. Using advanced cameras and spectrometry have observed the

Hubble Deep Fields [ESASS, 2008], black holes [Noyola, 2008], looked into the galaxy
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formation [Miley, 2006], measured the expansion of the universe [ESASS, 2008] and latest

found organic molecules on an extrasolar planet [Swain, 2008].

Studying space science at its largest scale provides as well some of the deepest insights into

Fundamental Physics.

1.1.1. Mars Explomtion

The main motivation for exploring and sending missions to Mars is the search for life and the
understanding the evolution of Earth. Figure 1-1 depicts the phase diagram of water
[Chaplin, 2007]. It illustrates the surface pressure and temperature ranges for Earth and the
closest neighbouring planets Mars and Venus. Martian surface pressure and temperature are
very near the triple point where the three phases of water can live together, while Venus lives
above the critical point with very high surface temperature and pressure. Different authors
[Kahn, 1985], [Melosh, 1989] explain that in the past the temperature and pressure at the
surface of Mars should have been higher, of the order of 3x10°Pa. This is shown in figure 1-1

by a negative time line.

- Liquid SRt
3 |
& Venus
) 6
5 10 N Earth
w
7]
o
o
3 — —
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1
0 100 200 300 400 500 600 700 800

Temperature (K)

Figure 1-1 - Phase Diagram of water (adapted from [Chaplin, 2007])

This result indicates that in the past Mars might have had conditions for liquid water, hence

potentially enabling the creation of life.

The search for evidences of water on Mars is one of the major issues in Mars exploration,
since it is the fundamental element in the search for life. Additionally radiation levels
expected at the surface of Mars may bring additional information when searching for

remaining forms of life on the planet.
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Since 1960, ESA, NASA and other Space Agencies have flown more than 35 missions to
Mars and its moons of which only 11 were successful, produced or are currently producing
data (e.g. Viking 1 and 2, Phobos 2, Mars Express, Mars Exploration Rovers, Odyssey and
Phoenix) [NASA, 2006], [ESAST, 2007]. Table 1-2 illustrates the latest 17 missions to Mars

describing the purpose and results.

Mission Country |Launch Date |Purpose Results
Wiking 1 u.s. 8/20/1975  |Mars orbiter/lander, orbit 6/19/76-1980, lander 7/20/76-1982  |Combined, the Viking orbiters and landers returned 50,000+
photos
Yiking 2 s, 09/09/1975 |Mars orbiter/lander, orbit 8/7/T6-1987, lander 9/3/76-1980  |combined, the Viking orbiters and landers returned 50,000+
photos
Phobos 1 USSR |07/07/1988 [Mars/Phobos orbiter/lander lozt 8/88 en route to Mars
Phobos 2 USSR |07/12/1988  [Mars/Phobos orbiter/lander lozt 3/89 near Phobos
Mars Obzerver s, 9/26/1992  |arbiter lozt just before dhars arrival 8/21/93
Mars Global s, 11/07/1996  |orbiter (MOLA, TES, HR CamaraMagnetometerdReflectometer), [currently conducting prime mission of science mapping
Surveyor arrived 9/12/97
Mars 96 Ruzsia.  |11/16/1996  |orbiter ond landers launch vehicle failed
Mars Pathfinder s, 12/04/1996  |dhars lander and rover (Sojourner), landed 7/4/97 last transmission 9/27/97
Mazomi (Planet-E) Japan  |07/04/1998 |#hars orbiter, currently in orbit around the Sun Mhars arrival delayed to 12/03 due to propulzion problem
Mars Climate u.s, 12/11/1998  |Orbiter lost on arrival at Mars 9/23/99
Crbiter
Mars Palar s, 01/03/1999  |lander/descent probes to explore Martion zouth pole lozt on arrival 12/3/99
Lander/Deep Space 2
Mars Odyssey s, 04/07/2001 |Orbiter (GRS, Meutron Detectar, TES, MR Image) currently conducting mission of science mapping
Mars Express ESA 02/06/2003 |Crbiter (HR colour Image, IRS, Mineralogic Mapping, 2 currently canducting mission of science mapping
Atmosp. Spectometers)
Spirit (MERL) s, 10/06/2003 |Mars Exploration Rovers (Hazcams and Maveams, Mini-TES, currently conducting mission
Massbauer, Alpha Particle X-Ray(APXS),
Cpportunity (MER 2) |LLS, 24/01/2004 |Rock Abrasion Toal (RAT), Magnet Array) currently canducting mission
Mars Reconnaissance (U5, 12/08/2008 |Crbiter (Optical MNavigation Camera (OMNC), a detectar on the  |currently conducting mission
Mars Climate Sounder (MES), and the KaBand
Telecommunications experiment)
Phoenix U.s. 04/08/2007 |Irwestigate the History of the Water, Determine possibility of |currently conducting mission
microbial life in the narthern plains: Chemical lab, oven mass
spectrometer

The rest of the missions and part of the successful missions have failed. In particular the Mars
Radiation Environment instrument on board of Mars Odyssey (MARIE) and Nazomi
(Planet-B) failed as a consequence of the intense solar event of October-November 2003
[ Cucinotta, 2003] [Barbieri, 2004]. As a result, studies of Martian radiation environment are

of increasing importance.

The development of the work of this Thesis was initiated in a period in which Mars
Exploration was an ESA priority and later the President of United States of America assumed
publicly that Mars Exploration was one of the most important scientific goals of NASA Space

Program.
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1.1.2. Radiation Environment and effects

The radiation environment was discovered due to cosmic radiation ionisation power. In the
eighteen’s century Elster and Geitel observed that completely airtight electroscopes insulated
in dry air containers revealed electric discharges whenever the containers were covered or not
by lead layers [Holmes-Siedle, 2005]. Based on these observations they concluded that this
ionising radiation has a high penetration power. Only in 1912 Victor Hess, flying an
electroscope in one of his balloon experiment, proved that this ionising radiation has an

extraterrestrial origin because its intensity increases with altitude.

Before the discovery of cosmic radiation, y-rays originated from natural radioactivity were the
most penetrating radiation already known. This raised the hypothesis that the environment
radiation was composed by high frequency y-rays. Only after the evolution of experimental
techniques it was possible to verify that: 1%, this radiation consists in a mixture of heavy ions,
y-rays, protons and electrons within a wide range of energies; and 2™ this mixture of charged
particles is in part due to secondary radiation originated by reactions between primary
particles and the atmospheric nucleus. Based on these verifications it can be concluded that
there are two kinds of cosmic radiation spectrums: the one composed by particles coming
from interplanetary or interstellar medium, the primary spectrum; and that composed by the

secondary particles, the secondary spectrum.

Spacecraft operation is characterized by its remoteness from the Earth protective magnetic
shielding and atmosphere [Fortescue, 2001]. Earth atmosphere and magnetosphere provide a
suitable environment in which life has been able to evolve. However outside this shielded
environment, radiation hazard increases and may adversely affect Electrical, Electromagnetic

and Electronic (EEE) components, spacecraft and compromise the entire mission as

illustrated in Table 1-2.

Radiation-induced effects on semiconductor devices is a challenging area of increased interest
due to increased requirements in space exploration such as, mission duration time, lower

power consumption requirements and scaled down technologies.

Semiconductor materials are particularly sensitive to damage caused by high-energy charged
and neutral particles. This generally arises due to both the displacement of atoms from crystal
lattice sites and to local ionisation, together with an ionisation track caused by penetrating

radiation.
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Depending on the semiconductor technology undesirable radiation-induced effects may be
very variable. It is therefore impossible to use theory alone to predict the effects on devices
under a given radiation exposure [Holmes-Siedle, 2006]. Irradiation test and simulation are

an integral part of the devices and systems evaluation.

Since the 80’s many researchers and institutions have worked to build engineering tools to
enable the simulation of radiation environment conditions and its effects on EEE
components. However 1D, or 2D approximations including elastic and inelastic interactions
reveal unsatisfactory results for nowadays scaled technologies, with complex shielding
materials. In the latest years many in-house tools start to be developed in order to combine
Monte Carlo radiation tracking and interfacing with expensive circuit simulation tools. These
frameworks, in particular those applied to the simulation of single event effects, require for an
accurate simulation, the full detailed technology description of the device, often not delivered
by the vendor. In this domain the development of an integrated tool enabling the prediction
of planetary radiation environment, characterization of radiation environment at component
level and enabling the fit of sensitive volume properties based on experimental data rather

than vendor information is considered greatly beneficial.

1.2.  Structure of the Thesis

This thesis aims at describing the context background and the development of novel tools for
Martian Radiation environment characterization and the evaluation of radiation induced

effects on EEE components.

The thesis is organised into six chapters including this introduction. Chapter 2 aims at
characterising the radiation environment in the Solar System from the most important sources
to the planetary environments. In particular the Sun and Galactic Cosmic Rays (GCR) being
the most important radiation sources in the Solar System are studied. Additionally
propagation mechanisms in the heliosphere and solar modulation of GCR spectra are
described. Still in Chapter 2 a few models and tools used quantifying and analysing radiation
environment are described. Finally planetary radiation environment is considered being highly
dependent on planetary magnetic field and atmospheric shielding. Earth radiation

environment is explored in particular because it is the most well known and the reference for
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habitability. Moreover Chapter 2 also aims at passing to the reader the idea of quantities that

can be expected under different conditions or user cases.

Chapter 3 aims at explaining how to predict radiation-induced degradation on complex EEE
components, and describes the different types of effects that can be expected under hazardous
radiation environments, such as those described in Chapter 2. Additionally Chapter 3 aims to
introducing the bases for the discussion of the computational tools and results to be presented
in Chapter 5. The focus is on description of degradation mechanisms and radiation effects in
Metal-Oxide-Semiconductor (MOS) transistors which are the most commonly used devices
in modern integrated circuits (IC), and in particular on the specific Static Random Access

Memory devices (SRAMs) used for testing the tool proposed and discussed in Chapter 5.

Chapter 4 describes the simulation framework developed in order to simulate radiation
Environment at the surface of Mars, presents simulation studies of the GCR and SEP proton
as well as albedo neutron induced radiation environment on Mars and finally it discusses
radiation environment dependencies and makes some considerations about habitability and
radiation damage. Results are compared against others obtained by other simulation tools
available in literature and MARIE in orbit measurements before the Solar Event of October-

November 2003.

Chapter 5 aims at describing the Component Degradation Simulation tool (CODES) and
results. CODES [Keating, 2008] was designed as a general framework in order to predict
radiation degradation on EEE components when submitted to different radiation
environments. As described in Chapter 3, degradation rates can be predicted by convolving
the incoming fluence (or flux) spectrum through the device with the damage rate at
component level. CODES achieves the goal of generality because it interfaces information on
the device with GEANT4 based Monte Carlo application for tracking primary and secondary
particles at component level. Additionally it is designed to output information required for
degradation analysis. Finally it is able to convolve the information at component level with
input radiation in order to predict degradation rates. Detail simulations are also possible by
using the developed interactive tool to fit device sensitivity, Sensitive Volume interactive Fit
Tool (SV-FIT), based on ground level irradiation tests. Due to the extended range of
mechanisms and devices, the full development and application of CODES and SV-FIT were
based on the analysis of a specific device. The device selected was the 4Mbit ATMEL
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AT60142F Static Random Access Memory (SRAM) comprehensively characterised as part of
ESA’s “Reference SEU Monitor” development activity [Serensen, 2005].

Chapter 6 recounts the main conclusions of this thesis and assesses the possible
directions for future work. Chapter 7 is the list of bibliographic references. Finally the

appendix I includes fluence-to-ambient-dose-equivalents coefficients for different particles

[Pelliccioni, 2003].
1.3.  Author contribution

1.3.1. Simulation Methods and tools

The last four years of research lead to the design and development of one integrated
engineering tool to predict radiation environment at the surface of Mars and effects. The tool
was entitled: “MarsREC, a framework for the prediction of the Martian radiation
environment” and developed under a two years ESA contract No. ESA 18121/04/NL/CH
(2004-2006).

Later this tool derived in two more specific engineering tools: One specified in the detailed
description of the physical environment on Mars and Moons and prediction of radiation
environment. Entitled “MarsREM: Mars Radiation Environment Models” was developed
under a LIP participation in the consortium with three international institutes/companies,
which issued the winning proposal for the ESA ITT/AO/1-4944/05/NL/]JD. The 18 month
contract with ESA was initiated in July 2006. Aiming at developing the physical
understanding of radiation-induced effects on EEE components a new tool is being
developed as an extension of ESA activity contract no. ESA 18121/04/NL/CH. Entitled
“CODES: Component Degradation Simulation Tool” uses GEANT4 application interfaced
with device analysis techniques in order to achieve the simulation of microdosimetry in the

device.

The author was the Technical Manager of the MarsREC, CODES and MarsREM work
package entitled “Development of In-Orbit and Surface Radiation Environment Model
(dMEREM)” of LIP responsibility. The author has designed, developed and implemented the
entire MarsREC simulation framework and CODES. The author is solely responsible for the
GEANT4-based simulation implementation and results. Regarding the developments in the

MarsREM project, the author was responsible for the research and design of the soil
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composition database and initial implementation of interfaces between GEANT4- based
application (AIMEREM) and databases. The latest format and performance of the GEANT4
application, pre-processor and interfaces, as they are discussed in Chapter 4, are mostly due to

the work and collaboration of other members of the group.

1.3.2. Publications

During the last four years the author has submitted, published and presented her work in
different international meetings, IEEE TNS journal and proceedings as listed below. Her
work has been recognized by the international Scientific/Engineering communities. As a
result the author was invited to give a GEANT4 tutorial for Space Users, be the chair of a
section at the GEANT4 collaboration workshop 2006, to attend the International Standards
Organization (ISO) Radiation Working Group meeting as an expert on Mars radiation
Environment and be reviewer for IEEE TNS.

e P.Truscott, F.Lei, A.Keating, S.Valente, P.Gongalves, L Desorgher, D.Heyndericks, N.Croshy, H.de Witte

G.Degreef, P.Nieminen & G.Santin “The Mars Energetic Radiation Environment Models”, accepted to
NSREC 2008 (submitted to IEEE TNS December 2008).

o A.Keating, A Mohammadzadez, P. Brogueira, M. Pimenta, P. Gongalves, §.Valente, R. Harboe-Sorensen,
“CODES a SEU Prediction Tool”, accepted to NSREC 2008 ( submitted to IEEE TNS December 2008).

o A.Keating, S. Valente, P. Gongalves, M. Pimenta, P. Nieminen, L. Desorgher, P. Truscott, F. Lei, “Martian
Radiation Environment: The Importance of Seasonal variations and Landing Site”, European Mars Science

and Exploration Conference, ESTEC, Noordwijk, The Netherlands, November 2007.

o A.Keating, ‘Radiation Environemtn at the Surface of Mars’, 6" International Workshop: New Worlds in
Astroparticle Physics”, Portugal, September 2007.

o B. Tomé, P. Brogueira, P.Gongalves, 4. Keating, D. Maia, M. Pimenta, “GEANT4 applications in the
heliospheric radiation environment’, accepted to 30th International Cosmic Ray Conference, July 2007.

o P.Gongalves, A.Keating, ‘Planetary Radiation Environment and Effects (JRA)’, EUROPLANET workshap,
ESTEC, Noordwijk, The Netherlands, 26-27 February 2007.

o A Keating, “‘Modelling SEE on EEE components’, 8% QCA Presentation Day, Louvain-la_Neuve, Belgium,
23" January 2007.

o A. Keating, M. Pimenta, A. Mohammadzadeh, P. Nieminen and E. Daly, “Mars Radiation Environment
Characterization: Results, previous and ongoing activities’, Third European Space Weather Week, 1 6"
November 2006, Brussels, Belgium.



http://indico.nucleares.unam.mx/conferenceDisplay.py?confId=4
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4. Keating, “MarsREC and Future MarsREM, ISO-International Standards Organization: Working group 4
on Radiation Environment and effects, CNES, Paris, France, 26" October 2006.

E.J. Daly, H. Evans, P. Nieminen, G. Santin, R. Lindberg, J. Sorensen, A. Glover, A. Menicucci, 4. Keating, A.
Mohammadzadeh, “Models and Computational Tools for Space Radiation Effects’, Proceedings
RADESA2006- The 7th International Workshop on Radiation Effects on Semiconductor Devices for Space
Application, 17" October 2006.

4. Keating, M. Pimenta, A. Mohammadzadeh, P. Nieminen and E. Daly, “MarsREGC, an integrated tool for
Mars Radiation Environment Characterization and Effects”, GEANT4Y users workshop”, IST, Lisbon,
Portugal. , 9" October 2006.

A. Keating, M. Pimenta, A. Mohammadzadeh, P. Nieminen and E. Daly, ‘MarsREC and SEU predictions at
the Surface of Mars”, RADECS2006, Athens, Greece, 27" to 29" September 2006.

A. Keating, M. Pimenta, A. Mohammadzadeh, P. Nieminen and E. Daly, “Galactic Cosmic Rays induced
Radiation Environment at the surface of Mars’, Submitted to European Cosmic Rays Symposium, Lisbon,
Portugal, 5" to 8" September 2006.

A. Keating, M. Pimenta, A. Mobhammadzadeh, P. Nieminen, J.-P. Huot and E. Daly, “The Effects of
Atmospheric Variations On the High Energy Radiation Environment at the Surface of Mars’, Second
workshop on Mars atmosphere modelling and observations, Granada, Spain, 27% February to 3 March 2006.

4. Keating, A. Mohammadzadeh, P. Nieminen, M. Pimenta and E. Daly, ‘A GEANT4 based Model for Mars
Radiation Environment Characterization’, Second European Space Weather Week: ESWW-II, ESTEC,
Noordwisk, The Netherlands, 14" to 18" November, 2005. (Poster)

4. Keating, A Mobammadzadeh, P. Nieminen, D. Maia, S. Coutinho, H. Evans, M. Pimenta, J.-P. Huot, and
E. Daly, ‘A Model for Mars Radiation Environment Characterization’, NSREC, Seattle, USA, 12" July,
2005 (Keating, A., et al (2005), IEEE TNS 52, 0018-9499).

L. Desorgher, S. Duzellier, T. Ersmark, H-H. Fischer, C. Fuglesang, S. Guatelli, M. Gurtner, C. Inguimbert, A.
Keating, F. Lei, B. Mascialino, A. Mohammadzadeh, P. Nieminen, M. Grazia Pia, G. Santin, K. Thiel, P.
Truscott, “GEANT4 Particle Transport Software Applications to Radiation Shielding and Human Effects
Analyses”, 15" IAA Humans in Space Symposium, 22" 25" May, 2005.

A. Keating, ‘Mars Radiation Environment and lts Effects on Components, inputs for an integrated
software tool’; TOS-EES Final presentation Day, ESTEC, Noordwijk, The Netherlands, 1 9 and 20" February
2004.

4. Keating, “GEANTH4 applications on Radiation Environment and Components degradation parameters
prediction’; GEANTHY Tutorial Courses, Vanderbilt University, Nashville, Tennesse, USA, 1 4% January 2004.

E. Daly, H. Evans, 8. Esteve Hoyos, A. Hilgers, A.Keating, A. Mohammadzadeh, P. Nieminen, L. Rosenguvist,
G.Santin, J. S§rensen, “Radiation Environments and Effects Analysis Tools for Future planetary
Exploration Missions”, 37" ESLAB Symposium, ESTEC, Noordwijk, The Netherlands, 2" —4* December 2003.



http://www-mars.lmd.jussieu.fr/granada2006/abstracts/Keating_Granada2006.pdf
http://www-mars.lmd.jussieu.fr/granada2006/abstracts/Keating_Granada2006.pdf
http://www.uni-graz.at/space2005/IAA.htm
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A.Keating, A Mohammadzadeh, B.Nickson, A Jaksic, W. Hajdas; “Modelling packaging effects on proton
irradiation response of NMRC RadFETs, New GEANT4 simulations and Co-60 irradiations’, Proceedings

of 7" European Conference RADECS 2003, Noordwijk, The Netherlands, 15* to 19* September 2003 (IEEE
03THS8776, October 2004).
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2. Radiation Environment in the solar system

The understanding of radiation environment in the solar system requires knowledge of the
heliosphere and radiation transport of galactic cosmic radiation and solar radiation. Moreover
the complete description of individual planetary conditions and features that may lead for

local radiation environment is required.

While the various planetary radiation environments may have some commonalities with the
environment of the Earth, each planet has its own unique features. The important drivers for
proper feature modelling are: distance from the Sun, presence of a magnetosphere and/or

atmosphere, moons, local geology and topology, and temporal variations.

This chapter will give an overview of the different processes and concepts needed to
understand the transport of radiation through the heliosphere to Earth and Mars. Moreover
this chapter also aims at passing to the reader the idea of quantities that can be expected

under different conditions or user cases.

2.1. The sun and the Heliosphere

The physics of the Sun and the different processes of generation of accelerated particles and
their propagation in the heliosphere are still very controversial today. Searching for answers
ESA, NASA and others have sent different missions to observe the Sun and the heliosphere
(e.g. SOHO, Ulysses, Hinode).

The Sun consists mainly of hydrogen as the fuel for solar energy production (92% in terms of
particle number) and helium (about 8%), partly primordial and partly waste product
[Kallenrode, 2001].

The source of Sun’s energy is the nuclear fusion occurring in the inner core of the Sun (0.3
Ro?). This region is surrounded by a radiative region where the energy is transported by
radiation reaching very high temperatures and finally surrounded by the convection zone. The

visible surface of the Sun sits in the top of the convection zone and is called the Phozosphere.

! Radius of the Sun, Ro = 0.696x10°km.
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Above the photosphere the solar atmosphere consists of three layers: the chromosphere, the
transition region and the Coroma. As illustrated in figure 2-1 the temperature above the
photosphere is 5800K while just below it reaches temperatures of the order of 10°K. The
nature of the processes that heat the corona, maintain it at these high temperatures, and

accelerate the solar wind are the still big questions today [NASA, 2007].
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Figure 2-1 - Internal structure of the Sun (adapted from [Kallenrode, 2001])

Independent of the details of the reactions, energy is liberated in the form of electromagnetic

radiation, electrons, positrons, neutrinos and accelerated protons and ions.

Most of the Sun’s emission is electromagnetic radiation (3.86x10%kW) consisting of five

frequency bands:

1) X-ray and extreme ultra-violet with wavelength <180 nm, contributing to about 0.1%

of the total output. This is highly variable depending on the level of solar activity;

2) Ultra-violet with wavelength between 180 and 400nm [Hecht, 1987], contributing to

about 9% of the solar flux. It is radiated from the photosphere and the corona;

3) Visible light with wavelength between 400 and 740nm, varying with the solar cycle
contributes to about 40% of the energy flux. Only in extremely strong flares a local

brightening can be observed,;
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4) Infrared from 740nm to 1lmm (far infrared), gives the maximum energy flux
contribution (about 51%) is emitted by the photosphere and reveals no variations with

solar activity.

5) Radio-emission above 1mm, originated from the corona vary significantly during solar

flares, contributes with 1071%%.

Continuous expansion of the solar corona produces changes and movements on the
interstellar plasma. This phenomenon resulting in about 10 protons per cm® to reach the earth
orbit is known as Solar Wind [Ptuskin, 2001]. Two different types of plasma flow are
observed with different velocities: the fast and the slow wind streams. The fast wind, which
velocity ranges between 400 and 800 km/s, has a low average density of about 3 ions per cm?
at 1AU? The average particle flux is about 2x10m?s. The ratio of Helium is of 4% and is
very stable over different fast streams. The slow wind speeds between 250 and 400 km/s and
has a density of about 8 ions per cm® at 1AU and about twice the average flux of the fast
stream. The slow wind composition is highly variable with solar activity. Despite their
differences, fast and slow solar wind streams have very similar average momentum and total

energy fluxes.

2.1.1. Heliosp/]ere

The solar wind having a high conductivity transports the magnetic field of the Sun through
the space creating the interplanetary magnetic field or Heliosphere. The photospheric magnetic
field discovered due to Zeeman Effect, by Hale in 1902, is of the order of 1G * outside and
3000 to 4000 G inside sunspots [Kallenrode, 2001]. Within 2 solar radii this complex and
variable field turns into a radial field, as illustrated in figure 2-2. However the Sun’s rotation
winds up the field lines to an Archimedian spiral [Kallenrode, 2001], also known as the
Parker spiral.

2 Medium Earth-Sun distance corresponds to approximately 150x10° km.

3 G states Gauss. 1G =10"T.
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!
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Figure 2-2 — Photospheric, source surface and interplanetary magnetic field (adapted from [Kallenrode,
2001])

For long distances the radial and azimuthal components of the magnetic field, B, and B,

respectively, can be derived from the formalism of Archimedes spiral and Gauss’s law as:

where B, and 7, are the magnetic field and the radius of the source surface, @,is angular
velocity of the Sun and # is the radial component of the momentum. Therefore in a first

appr oximation:

B, « iz and B, ocl. (2-2)
r r
Figure 2-2 shows that the interplanetary magnetic field polarity has abrupt changes and large

angular region of uniformity [Kallenrode, 2001].

In the slow stream the field line is curved more strongly than in the fast one. Since magnetic
field lines are not allowed to intersect, at a certain distance from the Sun an interaction region
develops between the two streams. Because this structure rotates with the Sun it is known as
the Corotating Interaction Region (CIR) [Kallenrode, 2001]. As these streams propagate
outwards, flow compression and deflection on both sides of the interface lead to a continuous

increase of speed. The presence of such structures tends to distort small-scale fluctuations and
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disturbances propagation outwards. In the outer heliosphere the magnetic field and therefore
the shock fronts are more azimuthally aligned. Thus the spiral form of the field lines in the
inner helisphere may be converted into a shell of concentric shock waves propagating
outward. The interaction between different CIRs or CIRs and interplanetary shocks results in
merged interaction regions which play an important role in the modulation of the galactic

cosmic radiation.

Figure 2-3 is a sketch of the different populations of energetic charged particles in the inner

heliosphere (<5AU) as well as the different modulation structures such as CIR and shock

fronts.
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Figure 2-3 — Different population of charged particles in the inner heliosphere and modution structures
(adapted from [Kallenrode, 2001])

Finally figure 2-3 depicts the modulation of the interplanetary field lines with the planetary
magnetic field. In planets with a strong magnetosphere, such as Earth, this magnetic cavity

acts sometimes as a shielding trapping particles in the radiation belts. On the other hand for




Radiation Environment in the solar system 2-6

planets such as Mars, Venus and Mercury that have no magnetosphere or a very weak and

localised one, the solar wind particles can penetrate without getting trapped. [See sections 2.3

and 2.4 of this chapter].

2.1.2. The Solar Cycle

The solar activity follows a cycle with a periodicity of 11 +/- 4 years. The cycle is associated
with violent energy and matter releases from the Sun and with the reversal of the solar
magnetic polarity. Since 1610 it has been measured using the number of Sunspots, however
just from 1749 daily measurements started to be registered. Figure 2-3 shows the monthly

average of the number of Sunspots since 1749 until today.
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Figure 2-4 -Monthly average of Sunspots since 1749 until today (adapted from [SIDC, 2007])

At the solar minimum the Sun is almost spotless. Then spots start to appear at latitudes
around 30°. The number of spots increases till solar maximum. During an 11 year cycle the
magnetic field reverses its polarity. Thus the complete magnetic cycle is twice as long as the

solar cycle (22-year total solar cycle).

The variability of Solar activity and consequently on Sunspots have a strong impact on the
phostospheric magnetic field. It causes a change in the source surface and tilts the neutral line

of the heliosphere leading to temporal and spatial variation of solar wind.

2.1.3. Flares and Coronal Mass Ejections (CME)

One of the most controversial topics is the relation between solar flares and CMEs and solar

energetic particle events [20, 23, 24].

Solar flares are violent explosions on the surface of the Sun. In a few minutes they heat
material to many millions of degrees and release an enormous amount of energy. They occur

near sunspots, usually along the neutral magnetic field lines between areas of oppositely

directed magnetic fields [20, 23].
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Flares release energy in many forms - electro-magnetic (Gamma rays and X-rays), energetic
particles (protons, neutrons and electrons), and mass flows. Flares are characterized by their
X-rays brightness (X-Ray flux) in the wavelength range 1 to 8 Angstroms. There are three
main categories: X-class flares are big defined by having power output higher than 10*W/m?;
they are major events that can trigger planet-wide radio blackouts and long-lasting radiation
storms. M-class flares are medium-sized; they have a tenth of the energy of the X-class and
can cause brief radio blackouts that affect Earth's Polar Regions. Minor radiation storms
sometimes follow an M-class flare have a tenth of their flux. Compared to X- and M-class

events, C-class flares are small with few noticeable consequences here on Earth [Kallenrode,

2001] [NASA, 2007].

The first warning of a solar flare is given by the electromagnetic radiation component (X-rays,
UV-light, etc.) that travels out into space crossing the Earth’s orbit approximately 8.5 minutes
later [Underwood, 1996].

CMEs are huge bubbles of gas threaded with magnetic field lines that propagate outwards
through the corona and drive the delayed component of energy propagation from the Sun

[Torsti, 2001].

These dynamical events increase with high solar activity. The propagation of charged solar
radiation depends on the magnetic connection between observer and the flare-site on the Sun.
If an observer lies in the field line, which is connected to the eruption region on the Sun, the

particles will arrive, causing a Solar Particle Event.

Solar Energetic Particles (SEPs) consist mainly of high-energy protons with energies up to
several hundred MeV. However solar energetic electron events are as well observed in
interplanetary space. SEPs are associated with flares and/or CME [Klassen, 2002]. It is often
hard to decide which of these agents is responsible for the generation of mildly relativistic

electrons, because both agents can appear independent of each other or together [Klassen,

2002].

Depending on interplanetary scattering conditions and on the observer’s distance from the
Sun, SEPs last in the interplanetary space for some hours or a few days. In gradual solar flares

SEPs mix with particles accelerated at the interplanetary shocks.
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Neutrons, being electrically neutral, travel in straight lines from the Sun, decaying mostly into
protons and electrons by 1 AU, however very energetic neutrons can propagate to this

distance and further [Underwood, 1996].

For example, in October 2003, three giant sunspots unleashed eleven X-class flares in only
fourteen days, equalling the total number observed during the previous twelve months. The
effects on spacecrafts on orbit of Mars and Earth were many [Barnieri, 2004]: Solar protons
penetrated Earth's upper atmosphere, exposing astronauts and some air travellers to radiation

doses equal to a medical chest X-ray. Auroras appeared all over the world [Philips, 2003].

2.14. Cosmic rays

Primary cosmic radiation coming from outside the solar system includes all stable charged
particles and nuclei with lifetimes of order 10° years or longer. It can have different
astrophysical sources. In particular they can be originated from the interstellar space, the
galactic cosmic rays. Secondary cosmic rays are those particles produced in interaction of the
primaries with interstellar plasma. Thus electrons, protons and helium, as well as carbon,
oxygen, iron, and other nuclei synthesized in stars, are primaries. Nuclei such as lithium,
beryllium, and boron (which are not abundant end-products of stellar nucleosynthesis) are

secondaries. Antiprotons and positrons are also in large part secondary [Eidelman, 2005].

The spectrum of galactic cosmic radiation observed at the Earth’s orbit consists of
approximately 83% of protons, 13% alpha particles, 3% of electrons and 1% heavy ion nuclei.

The spectrum of energies extends from a few thousands of eV up to some 10 V.

Figure 2-5 shows the relative abundances of elements in cosmic rays with energies between 70

to 280MeV/nucleon [Holmes-Siedle, 2006].
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Figure 2-5- Relative abundance of elements in cosmic radiation [Keating, 2002] (extracted from [Balebanov,

1990])

Galactic Cosmic Rays are incident upon the heliosphere uniformly and isotropically [19, 20].

The incoming charged particles are modulated by the solar wind, which decelerates and

partially excludes the lower energy galactic cosmic rays from the inner solar system. In the

inner heliosphere there is a signicant anticorrelation between solar activity and the intensity of

the cosmic rays with energies below about 10 GeV.

As neutral particles of the interstellar medium travel through interplanetary space towards the

Sun, they become ionized. These new charged particles, also known as the Anomalous Cosmic

Rays are convected outwards with solar wind and are accelerated at the termination shock.

This cosmic rays component is connected with the lower energy range cosmic rays; however it

has a different composition, charge states, spectrum and variation with the solar cycle.

Cosmic rays may create in electronic devices Single Event Effects (SEE) [5, 10].

2.2. Models and Tools

The importance of quantifying and analysing radiation environment under different

conditions and applications lead to the development of different models and tools with web-
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interfaces. Most of the up to date tools, such as CREME96 and SPENVIS, predict the

radiation environment at Earth or near-earth interplanetary orbits (~1AU).

This chapter aims at introducing the standard models used to quantify radiation environment

and predict fluences and particle species due to the different radiation sources.

2.2.1. Trapped radiation

The de facto standard models for prediction of radiation belt energetic particles are the AE-8
and AP-8 models for electrons and protons respectively [ECSS-E-10-04A]. These models
developed at the NSSDC at NASA/GSFC are based on data from satellites flown in the '60s
and early 70 and give omni-directional fluxes as functions of idealized geomagnetic dipole
coordinates, depedent on the solar cycle phase and altitude. These models present some
limitations. In particular, around geostationary orbit fluxes vary by orders of magnitude over

short times and exhibit significant diurnal variations not described by the models.

2.2.2. Solar Energetic Particles

During energetic events on the sun, large fluxes of energetic protons are produced which can
reach the Earth. For engineering applications, solar particle events, because of their

unpredictability and large variability in magnitude, duration and spectral characteristics, have

to be treated statistically [ECSS-E-10-04A].

Feynman et al. [Feynman, 1993] have developed a database and assessment tool for solar
protons well known as JPL91. This statistical model is based on data from three solar cycles
[Feynman, 1993]. It provides data up to 60MeV. For fluences at energies above this, an

exponential fit to the rigidity spectrum is used, where rigidity is defined as:
P = (A/Z) (E*+ 1862 E)*/10° (2-3)
where P is in GV and E is in MeV. According to the ECSS Standards [ECSS-E-10-04A],

this is used as the standard model for engineering consideration of time-integrated effects.

Given a confidence level and offset from solar maximum, JPL91 provides spectra of the
proton fluence for a selected duration for different confidence levels. Moreover it provides

worst-case event fluence during the selected duration.

In CREME96 [Tylka, 2007] SEP models are based on satellite measurements of particles

throughout the range of energies and elements relevant for SEU/SEE studies. These
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measurements come primarily from GOES (for protons) and the University of Chicago's

Cosmic Ray Telescope on IMP-8 (for heavy ions). Specifically, it is based on measurements

of the extended episode of solar particle emission which occurred on 19-27 October 1989.

This episode is the most severe SEP event observed since at least August 1972. Table 2-1

illustrates a comparison between the SEP of Worst week model given by CREME96 and the
real SEP of October November 2003. It shows that the Worst Week based on SEP fluxes
averaged over 180 hours beginning at 1300 UT on the 19 October 1989 model gives a much

worst prediction than the SEP of October-November 2003.

FLUENCE RELATIVE EVENT DURATION FLUX
[10%°#/cm?] DIFFERENC [HOURS] [10* #/cm?/s]
E RATIO
10-11/2003 SEP WW [%] 10-11/2003 SEP WW 10-11/2003 SEPWW | [%]
ALL SPECTRUM 12.3 11.0 11 10.1 25.9 39
338 118
ABOVE 50MEV 0.13 0.18 33 0.10 0.43 23

Table 2-1 - Comparing SEP Worst Week Model from CREME96 with SEP October-November 2003.

Figure 2-6 illustrates the integrated fluence for both SEP WW Model and SEP October-
November 2003 [ESA, 2007].
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Figure 2-6- Comparison between the Integrated Fluences of solar events of October-November 2003 and the

Worst Week model from CREME96 based on the solar event of October 1989.
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The October 1989 episode qualifies as a "99% confidence-level worst case" in the JPL flare
model's three highest proton energies, >10, >30, and >60 MeV [Tylkal, 1997].

Most of current models rely on a description of event fluences and occurrence based on a
compound Poisson process for which the parameters are derived from observations. ESA has
studied the effect of observation data set size on the prediction of cumulated fluence by such
models. This study showed that with the current size of the event data set of Solar Proton
Events (about a couple of hundred events) the estimated parameters used as input may lead to
significant errors. Furthermore, this work has shown that in order to get significant accuracy
improvement, data set shall contain a much larger number of events (typically one thousand),

which requires a long-term data acquisition infrastructure [Rosenqvist , 2003].

In parallel space system design and radiation health communities have identified three
concerns related to the previously described models: inadequacy of the models for modern
applications; data that have become available since the creation of the models are not being
tully exploited for modelling purposes; absence of any authorizing organization identified to
evaluate the models or their datasets for accuracy and robustness. In this context NASA had
sponsored the development of PSYCHIC, a model for energetic solar particle based on
satellite data set extended to cover the time period of 1966-2001 and energy range extended

to over 300 MeV , including estimates for solar minimum spectra [Xapsos, 2006].

2.2.3. Cosmic rays

Cosmic-Ray environment and effects models were originally created by Adams and co-
workers at the U.S. Naval Research Laboratory [Adams, 1986], under the name CREME. In
1996 improved models including solar-cycle modulation of Cosmic Rays were made available

in CREME96 [Tylka2, 1997]. According to the ECSS standards [ECSS-E-10-04A]

CREMED6 is the standard model for cosmic ray environment assessment.

The solar-quiet model in CREME96 represents the ambient environment which prevails in
the absence of solar energetic particle events. This environment, which varies slowly in
intensity over the 22-year solar cycle, is the basic environment in which all space systems must
operate. It includes galactic cosmic rays spectra above ~50MeV/nuc and extends to very high
energies and anomalous cosmic rays. Additional fluxes, which arise from various acceleration

processes at the Sun and in interplanetary space, dominate the spectra of most elements below
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~10MeV/nuc are as well included in CREME96. The dependence of the GCR fluxes on the
solar activity is calculated by the semi-empiric MSU model developed at the Skobeltsyn
Institute of Nuclear Physics, Moscow State University. The MSU model is the International

Standard Galactic cosmic ray model of International Organization for Standardization [ISO

15390:2004(E)], [Nymmik, 2006].

The anomalous cosmic ray model in CREME96 is based on the latest composition, spectra,
and charge state measurements from SAMPEX, as well as the historical record of anomalous

cosmic ray measurements extending back to 1972 [Tylka2, 1997].

2.3. FEarth Radiation Environment

For Earth-orbiting missions, the radiation environment is due to three main sources of

radiation, namely: the radiation belts, cosmic rays and solar events.

This section aims at describing the main sources of radiation at 1AU, giving also an idea of

typical values and order of magnitude predicted using CREME96.

2.3.1. Magnez‘ospbere

By means of radiative diffusion and convection [Nieminen, 1997] the solar winds modulate
the planet dipolar magnetic field as well as the interplanetary radiation environment in shape,
particle species, energy and fluence. The cavity created by this distortion and confinement of
the planet magnetic field is called Magnetosphere. This magnetic cavity acts sometimes as a
shielding deflecting the incident charged particles. Other times it acts as an accelerator,
creating charge particle beams that hit the neutral upper atmosphere originating the Polar

Aurora [Russel, 1987].

Figure 2-6 illustrates the interaction of the solar winds with the magnetosphere. The size of
the magnetopause is dependent on the normal stress exerted by the solar wind dynamic and
thermal pressure, and on the tangential stress on the cavity. This drag on the cavity is
dependent on the stability of the boundary between the flowing magnetosheath plasma and the
stationary magnetospheric plasma, and on the direction of the interplanetary magnetic field.
The bow shock is due to the interaction of charged particles with the magnetic and electric

field and is as well dependent on the solar winds conditions [Russel, 1987].
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Figure 2-7- Earth Magnetosphere modulation by solar wind. [Russel, 1987]

In conclusion all the magnetosphere parameters are dependent on the solar wind conditions
and on the planet magnetic field properties. The modulation of planetary magnetosphere

must be based on experimental data and observations of all these parameters.

2.3.2. Radiation Belts

Due to radial diffusion, particles from solar wind can penetrate into the magnetosphere. The
ability of a particle to enter into the magnetosphere is dependent on its Magnetic Rigidity

(function of its relativistic momentum, atomic number and charge) [Underwood, 1996].

The Van Allen Radiation Belts are regions in the space were these particles are trapped by the

Earth’s magnetic field. These regions are characterised by their particle species composition

[Holmes-Siedle, 2006].

As a result of the first satellite observations it was concluded that the Earth radiation belts
leave two empty zones around the Earth magnetic axis. The movement of charged particles in
the dipolar electric field originates these polar zones. Considering the time interval of a
particle flying trapped in the force line, this field can be considered constant. Consequently
the particle magnetic moment is in first approximation given by [Boezio, 1998]:

_ pz(l—ﬂz)fl'2 sin‘a

= cons™ (2-4)
2mB

Y7,

where B=v/c is the relative velocity, 7 is the particle mass and « is the angle between the

magnetic field B and the particle momentum P. And as P must be considered as a

constant,
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sin®a

=cons™ (2-5)

So the particle oscillates between two points with a geomagnetic coordinate, B. The constant
depends on the particle species and energy. Each particle describes approximately circular
motion around the force line in the radiation belt, with a radius inversely proportional to the
field intensity. That means that the particle is trapped in a tubular space, as shown in figure 2-
8 [Boezio, 1998].

Figure 2-8- Movement described by the trapped particle around a force line of the magnetic field [Boezio,
1998]

The inversion points, known as Mirror Points, are located in the polar zones. This is the
reason why the particle density is very low in the earth magnetic poles. The region delimited

by the force lines between the mirror points is called Magnetic Shell [Boezio, 1998].

In addition to the previously described motion, two forces act through a particle moving in
the Earth magnetic field: the centrifuge strength due to the tangential velocity, and the
Coriolis force. That is the reason why trapped particles move according to Earth rotation and

their own charge [Boezio, 1998].

Depending on regions, the number of electron and proton particles trapped in the magnetic
field varies. Figures 2-9 and 2-10 show the trapped electron and proton Van Allen radiation

belts in the Earth’s magnetic field respectively.

The electron belts consist of two distinct zones with high fluxes. The inner zone is centred at
approximately 1.4 earth radii and extends to approximately 2.4 earth radii whereas the outer
zone is centred at around 5 earth radii and extends to about 12 earth radii. In the first zone,

electron energies are lower than 5MeV whereas in the second they are more intense and can

be as high as 7 MeV [Holmes-Siedle, 2006].
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Figure 2-9 - Electron radiation belts. Isoflux map of electron with energies above 1MeV. The radius of the
Earth is 6371 km [Holmes-Siedle, 2006].

Protons, on the other, hand are restricted to only one zone. The flux varies monotonically
with energy and distance with a maximum at around 2 Earth radii. The energy of the trapped
protons may vary from ~ 1MeV to 400MeV [Holmes-Siedle, 2006].
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Figure 2-10- Proton radiation belts. Isoflux map of proton, with energies above 10MeV. The radius of the
Earth is 6371 km [Holmes-Siedle, 2006].

2.3.3. Typiml Shuttle orbit and Environment Prediction

In order to completely evaluate radiation effects and payload life time in a Mars mission the
possible orbit and trajectory has to be considered from the launch to the end of mission. The
current section presents the typical Shuttle orbit (28.5°, 450 km) proton and ion radiation
environment simulated with CREME96.
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Figure 2-11 compares the trapped and GCR protons scenario simulated with AP8 Max and
Min with both quiet and stormy models. It can be seen that AP8Min gives higher proton
fluxes than AP8Max and for very high energetic particles (above 1GeV) the choice of the

stormy and quiet magnetosphere scenario appears to have a slight significance.
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Figure 2-11 —Effect of Trapped Protons Flux and GCR protons for a common orbit (28.5°, 450 km) for
shuttle missions.

According to CREMED96 literature [Tylka, 2007] for calculations intended to reflect long-
term averages, the quiet condition should be selected. Figure 2-12 shows the charged GCR

particles scenario (up to Neon) for solar min in a quiet magnetosphere environment.
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Figure 2-12- Galactic Cosmic Rays for charged particles for a common orbit (28.5°, 450 km) for shuttle

missions. Charge number, Z, from protons (Z=1) to Neon (Z=10).
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For “worst case" and "peak rate" calculations, the "stormy" condition should be considered
[Tylka, 2007]. Figure 2-13 illustrates the worst week SEP calculations using the stormy

magnetosphere model with fluxes for ions with charge number 1 to 10.
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Figure 2-13- Worst week SEP fluxes for charged particles for a common orbit (28.5°, 450 km) for shuttle
missions. Charge number, Z, from protons (Z=1) to Neon (Z=10).

2.4. Near Earth Interplanetary & Transport

This section describes the different transport mechanisms of radiation in the Heliosphere.

The proton spectra provided are used for the full simulations of the radiation environment at

the surface of Mars described in chapter 4.

24.1. I m‘erplanez‘ary Tmnsporz‘

Although GCR fluxes may not vary significantly from near-Earth interplanetary locations to
Mars [Tylka, 2007], for SEP the interplanetary transport may be very complex and dependent

on many factors such as energy, time, and solar wind conditions.

As previously discussed in this chapter, a large amount of data of SEP in the vicinity of the
Earth exists. However extrapolating SEP Earth measures to another point in the heliosphere
requires different corrections. The most obvious ones being the radial expansion of the solar
wind that simplistically suggests a 1/R* (R being the distance from the Sun) law as well as

effects coming from the spiral nature of the magnetic field.
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The heliosphere being a hot plasma has the thermal speed higher than the flow speed
[Kallenrode, 2001]. Thus the kinetic theory to describe the particle propagation and the
distribution function of particles in the heliosphere needs two different approaches: the
microscopic that considers the position and velocity of individual particles, and the
macroscopic describing the averaging over a large number of particles, the statistical

description of the plasma.

The Fokker-Plank equation [Kallenrode, 2001] of focused transport considers the short-
range, local interactions between particles. D. Ruffolo [Ruffolo, 1998], considering that the
particle momentum perpendicular to the magnetic field as a constant, rewrote the particle
distribution function as shown below. In this form it clearly expresses particle time
propagation as a function of interplanetary scattering, adiabatic focusing and solar wind

convection and adiabatic deceleration in the form:

oF 0
St i —= ——uuF
reaming p = 7
2
Convection —%(1— u’ ’:_Z]USW secyF
0 v (FE v
Focusi —— | —+u—Ysecy |(1- u*)F
ocusing - ZL[ = u wj( u?)
2-6
Differential 2 oo
) +—0,,| cosy —secy |u(l—u°)F
Convection ou r
Scattering +i£i5
ou2ouE
Deceleration +i pu, M(1— 1)+ COSl//i(SeC w)u® |F
op 2L dr

where F(t, 1,2, p) = d°N/(dzdudp) , the density of particles in a given magnetic flux tube as a
function of time, t, pitch angle cosine in the solar wind frame, p, the distance along the

magnetic field, z, and the momentum in the solar wind frame, p. Still in the previous
equation v is the particle speed, Lsw is the solar wind speed, y is the angle between the

magnetic field and the radial direction, L(z)=-B(dB/dz)" is the focusing length in the
magnetic field, B, o¢(n) is the pitch angle diffusion coefficient and finally
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E'/E=1-v_ v-sec” .2 is the ratio of the total energy in the solar wind frame to that in the
fixed frame [Ruffolo, 1995].

On the other hand the pitch angle scattering depending on the wave- particle interaction can

be related with the particle mean free path parallel to the magnetic field, /1‘ > as:

-
A

Or with the particle mean free path perpendicular to the magnetic field, 4, as:

- 2l
A

i

p(u) oc (2-7)

p(u) o -cos” y/ .(2-8)

where the index q characterizes the dependence of the scattering rate upon pitch angle.

In sum particle propagation in its simplest form can be modelled by considering three factors:
(1) the solar wind speed and solar rotation that lead to a spiral magnetic field, (2) the decrease
of the magnetic field that leads to focusing in the pitch angle of particles as they propagate
outwards, and (3) pitch-angle scattering due to small-scale irregularities in the magnetic field.
Numerical simulations solving the Fokker-Plank equation [Ruffolo, 1998] have shown that:
(1) in the absence of the solar wind effect, the evolution of the event fluence is energy
independent assuming the mean free path is energy independent; (2) since the solar wind
term depends on L./ L, the solar wind effect on the evolution of the event fluence as particles
propagate outwards decreases for higher energies; ( 3) correction to focusing and differential
convection, affecting the variability of the pitch angle cosine, although important in shaping
the flux versus time profiles of particle events has a very small impact in change event fluences;
(4) convection and deceleration create an amplified deficit in the intensity with the distance.
Moreover Ruffolo [Ruffolo, 1998] alerts for the importance of other effects such as

perpendicular drift and diffusion neglected in the previous analysis.

In the next sections the problem of particle propagation to Mars will be discussed. The
simulation exercise published in [Keating, 2005] will be described and finally the proton

spectra used in the full Mars simulation will be provided.
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2.4.2. Propagaz‘ion fo Mars

The fluences measured at different points in the heliosphere, for the same injection of
particles near the Sun, can differ essentially by (1) re-acceleration or deceleration of the
particles as they propagate in the heliosphere, (2) by having some particles propagate
backwards, either due to pitch-angle scattering or by mirroring at some magnetic bottleneck
in the heliosphere. In order to quantify the importance of these effects, a simulation was
preformed following the Lintunen and Vainio kinetic approach [Lintunen, 2004]. In this
tamily of models, particle propagation is determined via the mean free path parameter, which
controls pitch-angle scattering. Results were obtained by launching a few thousand of test
particles in a spiral magnetic field (solar wind speed 400 km/s) for 250 MeV protons. The
mean free paths considered were based on the mean free paths of the two of the major SEP
events occurred on 14™ July 2000 and on 15™ April 2001 of the Solar Cycle 23. The two
events had mean free paths of 0.4 and 0.2 AU, respectively [Bieber, 2002], [Bieber, 2004]. As
can be seen in figure 2-14, these values of mean free paths imply event fluences at Mars about
20% higher than would be predicted from measurements at Earth if only geometrical

corrections (1/R?) were used.
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Figure 2-14 - Fluence correction factor for 250-MeV solar protons as a function of distance from the Sun for
different mean free paths. Mean free paths of 0.4 and 0.2 AU imply event fluences at Mars about 20% higher
than would be predicted from measurements at Earth if only geometrical corrections (1/R°) were used. The
dashed line indicates the location of Mars at 1.5 AU.
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From the discussion on the previous sections in can be inferred that the propagation from
SEPs to Mars has to be considered on a case by case basis. In general the use of Near Earth
Interplanetary (outside the magnetosphere) predictions from CREME96 should work as a

worst case scenario.

2.4.2.1. Near Earth Interplanetary Proton spectra

As previously discussed GCR and SEP protons are the most important radiation inputs to
consider when studying the orbital and surface radiation environment of Mars. Therefore
most of the results presented in Chapter 4 were obtained for: GCR at solar maximum and
SEP generated by CREME96 for near-Earth interplanetary locations [Tylka, 2007]. These
interplanetary flux models are based on measurements at Earth (1AU) [Tylka, 2007].

The phasing with respect to the solar cycle corresponds to the foreseen European Mars

mission ExoMars [Keating, 2005] expected launched in 2013.

These GCR flux models represent the environment that prevails in the absence of solar
energetic particle events. Figure 2-15 shows the solar-quiet proton flux in the solar maximum

part of the cycle.

The most severe proton environment corresponds to that from solar energetic protons given
by the “worst week” model of CREME96 [Tylkal, 1997] as shown in figure 2-15. This
environment can produce very high particle fluxes in near-Earth space persisting for several
days. The SEP worst week model is based on SEP fluxes averaged over 180 hours beginning

at 1300 UT on the 19 October 1989.
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Figure 2-15- GCR proton flux in solar-quiet model in the solar maximum and proton flux from “worst week”

model SEP, by CREME9%6.
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2.4.3. Atmosphere Shielding and Soil contribution

As cosmic or solar particles enter in the Martian upper atmosphere they may undergo nuclear
reactions resulting in the emission of electrons, neutrons and other subatomic particles.
Progressing further into the atmosphere, the increased density increases energy loss of the
protons and increases such secondary particles production. Mars’s geology also plays a very
important role in the radiation environment characterization. The Martian atmosphere, being
very low density (maximum values of the order of 10%kgm™), behaves as a soft attenuator for
incoming radiation capable of reaching the Mars surface. This results in an important
contribution from secondary particles generated and backscattered at the surface [Keating,

2005].

2.44. Other planets and magnetosphere effects

Space missions to other planets of the solar system have shown that several of them have a
significant magnetic field. In particular, the giant planets have a much stronger magnetic field
than Earth. Their magnetospheres are furthermore much larger than Earth’s, in part because
of the stronger dipole moments and because the solar wind becomes increasingly weaker far
away from the Sun. Mercury has a magnetic moment only about 1/2000 that of Earth and a
very small magnetosphere. The magnitudes of the dipole moments of Mercury, Earth,
Jupiter, Saturn, Uranus and Neptune, in units of 10® Gauss-cm?®, are 0.004 (approx.), 7.9,
150000, 4300, 420 and 200, respectively [Lepping, 1995] .

Venus (as well as Mars) has a very weak magnetic field, probably not generated by dynamo
action in the core but possibly due to remnant magnetization of crustal rock acquired earlier
from a stronger magnetic field generated by a now dead core dynamo [Spohn, 1998] . A
dynamo powered by thermal power alone would have ceased a few billions of years ago as the

core cooled to an extent that it became stably stratified [Spohn, 1998] .

Mars has no radiation belts of trapped particles, but the presence of the localised magnetic
fields may create shielded zones. Work by Laurent Desorgher [Darnell, 2007] has shown that
electrons up to 10MeV can experience significant deflection by the magnetic anomalies. The
effect of Martian localised magnetic field is of less significance for protons in the range of

energy that may concern effects on EEE devices.
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3. Radiation Effects on EEE components

The space radiation environment may adversely affect spacecraft systems, sub-systems and
components in the form of functional/parameter degradation or even complete failure.
Successful spacecraft design thus requires in-depth knowledge of the space radiation

environment and its effect.

This chapter aims at explaining how to predict radiation-induced degradation on complex
Electrical, Electromagnetic and Electronic (EEE) components, and describing the different
types of effects that can be expected under hazardous radiation environments, such as those
described in Chapter 2. Additionally this chapter aims at introducing the bases for the
discussion of the computational tools and results to be presented in Chapter 5. The focus is on
description of degradation mechanisms and radiation effects in Metal-Oxide-Semiconductor
(MOS) transistors which are the most commonly used devices in modern integrated circuits
(IC), and in particular on the specific Static Random Access Memory devices (SRAMs) used

for testing the tool proposed and discussed in Chapter 5.

The chapter is organised in three subchapters. The first introduces the characteristics,
properties and principals of MOS devices. In 3.2 the basic radiation induced degradation
mechanisms will be described for complex devices based on MOS technology. Finally, in 3.3
general methods for prediction of the degradation are proposed with particular emphasis on

single event effects on EEE components.

3.1. Metal-Oxide-Semiconductor Devices

3.1.1. Basic Device Characteristics

The n-channel MOSFET, NMOS, represented in figure 3-1, is one of the various kinds of
metal-oxide semiconductor field-effect transistors (MOSFET). It is a four-terminal device and
consists of a p-type semiconductor substrate in which two n* regions, source and drain, are
formed for example by ion implantation [Sze, 1981]. Material of n-type is typically produced by
doping the silicon with impurities with valence higher than the base material. These impurities,

such as phosphorus, are known as donors and give electrons to the conduction band of the
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doped silicon. While p-type may be obtained by doping with impurities with valence lower than
the base material. By capturing electrons from the valence band they increase the density of
holes. A typical acceptors used to create p-type silicon is boron [Grove, 1967]. The metal contact

on the insulator is called gate. Generally the gate is heavily doped poly-silicon.

Vo
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METAL
ELECTRODE

(SUBSTRATE BIAS)

Figure 3-1- Schematic diagram of a n-channel MOSFET [Sze, 1981]

The basic device parameters are:
1. The distance between the two n+-p junctions, i.e. the channel length L;
The channel width, Z;
The insulator thickness, d;
The junction depth, 1j;
The substrate doping, NA.

A

In silicon integrated circuit a MOSFET is surrounded by a thick oxide, called the field oxide, to

isolate it from the adjacent devices.

Considering the source contact as the voltage reference, when no voltage is applied to the gate,
the source-to-drain electrodes correspond to two p-n junctions connected back to back. In an
n-channel MOSFET, the only current that can flow from source to drain is the reverse leakage
current. When a sufficiently large positive bias is applied to the gate so that a surface inversion
layer (or channel) is formed between the two n* regions, the source and the drain are then
connected by a conducting-surface n-channel through which a large current can flow. The

conductance of this channel can be modulated by varying the gate voltage.

3.1.2. Principles of operation

Material presented in the following subsections is based on principles reported in the literature

and mainly obtained from three main sources: [Grove, 1967], [Sze, 1981], [Ma, 1989].
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3.1.2.1. Equilibrium and Non-equilibrium Conditions

The energy band diagram of a p-type (n-channel) metal-oxide-semiconductor structure and the

associated charge distribution are shown in figure 3-2 for three different gate bias conditions.

Regardless of the gate voltage value, the Fermi level in the bulk semiconductor remains

constant since equilibrium is maintained.

When a negative potential is applied to the metal gate, the positive charges in the
semiconductor are attracted. In a p-type device, this will create an accumulation of holes

(majority carriers) near the oxide-silicon interface. As illustrated in figure 3-2.a.

It a small positive voltage is applied to the gate a negative charge is induced in the
semiconductor, because the holes are pushed away from the vicinity of the interface, leaving

behind a depletion region, consisting of uncompensated acceptor ions (figure 3-2.b).

Increasing the positive potential applied to the gate, the width of the surface depletion zone
increases. Consequentially the total electrostatic potential variation in the silicon is as well
increased. As the bands are bent further, the conduction band comes eventually closer to the
Fermi level. In this case the concentration of electrons (minority carriers) near the interface is
increased. After this, most of the additional negative charge induced in the semiconductor will
consist in the charge Q,, (figure 3-2.c) due to the electrons in a very narrow n-type inversion
layer. The thickness of the inversion layer is about 1 to 10 nm. It is much smaller than the
depletion region because the concentration of minority carriers drops ten percent of its value
over a distance of about 3kT/qE (k is the Boltzmann constant, T is the temperature, q is the
carrier unit charge and E is the electric field at the interface). Once the inversion layer is
tformed, the width of the surface depletion region tends to a maximum. This is because once the
bands are pulled down far enough for strong inversions, even a very small increase in the band
bending, corresponding to a very small increase in the depletion region width, results in a very

large increase in the charge contained within the inversion layer.
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Figure 3-2 — Energy Bands and charge distribution in a MOS structure under various bias conditions, in the
absence of surface states and work function difference [Grove, 1967]. In the figure E. states for minimum
energy of the conduction band, E, states for minimum energy of the valence band and E; states for the intrinsic
Fermi level, ideal case obtained in intrinsic semiconductors where equal density of both carriers.

When a voltage is applied to the source-drain contacts, the MOS structure is in a non-

equilibrium condition.

Figure 3-3 illustrates the MOSFET turned 90° (3-3.a), and the energy bands for different
equilibrium conditions (3-3.b & ¢) and for the non-equilibrium condition (3-3.d). As revealed
in figure 3-3.d, the non-equilibrium condition with both drain and gate biased shows a
separation of the electrons and holes reference energy bands; the holes’ Fermi Level, Eg,
remains at the bulk Fermi level while the electron (minority) Er, is lowered towards the drain
contact. The applied drain bias lowers the electron reference energy band, and because an
inversion layer can only be formed when the potential at the surface crosses over the minority
carrier reference energy band, the gate voltage required for inversion at the drain is larger than

the equilibrium case.
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Figure 3-3- Two-dimension band diagrams of an n-channel MOSFET: (a) Device configuration; (b) Flat-
band zero-bias equilibrium condition; (c) Equilibrium condition under a gate bias; (d) Non-equilibrium
condition under both gate and drain biases [Sze, 1981]. In the figure E. states for minimum energy of the
conduction band, E, states for minimum energy of the valence band and E; states for the intrinsic Fermi level,

ideal case obtained in intrinsic semiconductors where equal density of both carriers.

Figure 3-4- Illustration of the operation of surface field-effect transistor for V¢>Vr: (a) Vp is small; MOSFET
operated in the linear region with the channel constant resistance. (b) Vp = Vp . MOSFET operated at onset
of saturation. The y indicates the pinch-off point (c) Vp > Vp ..; MOSFET operated beyond the saturation, no

further increase of drain current and the effective channel length is reduced [Sze, 1981]
Figure 3-4 represents the operating principals of an n-channel MOSFET.

Consider that a voltage is applied to the gate, causing an inversion at the semiconductor surface
(Vi higher than the threshold voltage for inversion, Vr) as shown in figure 3-4.a. If a small
drain voltage is applied, a current will flow from the source to the drain through the conducting
channel. Thus the channel acts as a resistance, and the drain current, Ip, is proportional to the
drain voltage Vp. This is the linear region. Increasing the voltage applied to the drain the
channel depth at y=L can be reduced to zero, as illustrated by figure 3-4.b. This is called the
pinch-oft point. Beyond the pinch-off point the drain current remains essentially the same,

reaching its saturation value, Vp si. The number of carriers arriving at point Y from the source
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remains the same, and consequently the current flowing from the source to drain remains

constant, apart from the distance L that decreases to L'(figure 3-4.c).

Assuming an ideal n-channel MOSFET the characteristics functions can be proved to be a
function of gate, Vg, and drain biases, Vp, semiconductor bulk potential, v, and oxide

capacitance per unit area, C;, as given in equation 3-1.
Z vV 2 /20N
I, = I'unCi {(VG -2y, —7D)VD _ETA[(VD + 2y, )3/2 - (21//B )3/2 ]} (3-1)

for y=L. and V=Vp, where Z is the source-drain depth (figure 3-3), p. is the mobility of
electrons and &, q and Na are respectively the semiconductor permittivity, the magnitude of

electronic charge and acceptor impurity density.

3.1.2.2. Threshold voltage

As previously defined the threshold voltage, Vr, is the gate voltage at which the inversion layer
forms. According to Sze [Sze, 1981] equation 3-1 can be rewritten for the case of Vp small
(linear region) as
VA
o zI/Unci(vc —V; )\/D (3-2)
for V, << (Vs —V; ) where

J2e.aN, (2w ,)
VT :Zl//B + gquA WB

(3-3) [Sze, 1981]

Equations 3-1 and 3-2 show that for a given Vg the drain current increases linearly with drain
voltage and for Vp approximately of the order of Vs-Vr (figure 3-5), drain current gradually

levels off approaching its saturation value, Vp sa.

Figure 3-5 shows the basic output characteristic of an idealized MOSFET for different gate
bias voltages. The dashed line indicates the locus of the drain voltage (Vp «) at which the
current reaches a maximum value. Additionally it shows how the drain current changes for

increasing gate biases.
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Figure 3-5- MOSFET drain current-voltage relationship for different gate voltages, Vi: The dashed line
indicates the locus of saturation drain voltage (Vp w). For Vp > Vp i, the drain current remains constant [Sze,
1981]

Equation 3-3 shows that threshold voltage of an ideal device is highly dependent on bulk
potential, on semiconductor doping density, oxide capacitance and subsequently on oxide
thickness. However real MOS capacitors deviate from the ideal either by: a) nonzero metal-
semiconductor work function difference, ¢ms, this term is related to the existence of a built-in
field in the oxide interfering with the band bending between the gate metal and the
semiconductor; b) presence of trapped charge either in the oxide, Q, or at the interface, Qy,
(discusses in sections 3.1.5 and 3.2.1). Therefore, for real devices the threshold voltage is

sensitive to these parameters and is given by equation 3-4.

V280N i21// ) Q, O
V, =2y, + CfB—%;E_éanMMJ

3.1.2.3. Different types of MOS field-effect transistors.

There are basically four different MOSFETSs types, depending on the types of inversion layer.
At zero gate bias, the channel conductance is very low. In order to form the n-channel a
positive voltage shall be applied to the gate. This type is the normally-off (enhancement) n-
channel MOSFET. If an n-channel exists at zero bias, a negative bias shall be applied to the
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gate to deplete carriers in the channel to reduce the channel conductance. This is the normally-
on (depletion) n-channel MOSFET. In case the MOSFET is processed in a n-type substrate
with two p-type well implantations, the minority carriers are holes, the inversion is obtained for
negative gate bias and the source-drain current flowing in the p-channel will be induced by
negative drain voltages. This type of MOSFET is known as PMOS. Similarly to the normally-
on NMOS, if a p-channel exists at zero bias on a PMOS device, it is called normally-on
PMOS. Figure 3-6 illustrates the main features and summarizes the characteristic functions for

both n and p-channel enhancement MOSFETs.

TYPE ELECTRICAL QUTPUT TRANSFER
SYMBOL CHARACTERISTIC CHARACTERISTIC
N -CHANNEL
ne n+ Vr
P o—TIT—o 0 v —* = 0 Vy +
(] Ve
P - CHANNEL Vg
-
s ¢ b l v -_’, LIy - Y10 +
P T
,. L = L. S|,

Figure 3-6 — Basic types of MOSFET devices: (a) n-channel (NMOS): (b) p-channel (PMOS) including
electric symbol, transfer characteristics, and output characteristics for the four types of MOSFET devices
(adapted from [Sze, 1981])

3.1.2.4. Complementary MOS

Complementary metal-oxide—semiconductor (CMOS) is a major class of integrated circuits.
CMOS technology is used in microprocessors, microcontrollers, SRAM, and other digital logic
circuits, as well as in a wide variety of analogue circuits such as image sensors, data converters,

and highly integrated transceivers for communication applications.

Two important characteristics of CMOS devices are high noise immunity and low static power

consumption [Ma, 1989].

CMOS transistors use complementary pairs of p-type and n-type metal oxide semiconductor

field effect transistors for logic functions, as illustrated in figure 3-7 a) and b).
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Figure 3-7— CMOS inverter: ) schematic diagram; b) circuit; c) Voltage- transfer characteristics ofa CMOS
inverter [Ma, 1989].

Figure 3-7 c) shows the voltage-transfer characteristics of a CMOS inverter where the n-
channel device has a positive threshold voltage (V1">0) and the p-channel has a negative
threshold voltage. When the input voltage, Vi, is high (>>V1", approximately of the order of
Vaa) the NMOS is “on” and PMOS is “off”. Therefore the resistance of the p-channel is much
higher than the n-channel and the output voltage, Vo, is low. In case the input voltage is low
(approximately of the order of V1) the NMOS is “off” while the PMOS is “on” and Vo, is
high, of the order of V4. Thus, CMOS technologies being based on the use of either one or
the other individual MOS (P or N) in conduction require less power than chips using just one
type of transistor. Significant power is only drawn when the transistors in the CMOS device are
switching between on and off states. Consequently, CMOS devices do not produce as much
waste heat as other forms of logic. Additionally CMOS also allows a high density of logic

functions on a chip.

3.1.3. Ionization related semiconductor mechanisms

Carrier multiplication through impact ionization and recombination of excess carriers are essential

mechanisms in the operation of semiconductor devices. The following subsections focuses on
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the description of electron-hole pair generation by impact ionization and recombination

mechanisms.

3.1.3.1. E-h pair generation Energy Threshold

Most recent publications' propose the energy threshold for the generation of an electron-hole
pair by impact ionization to be an experimental value with a semi-empirical relationship with
the material energy band gap, E,. Earlier publications?, 1954-1961, provided different theories
of statistical interrelation between the threshold energy for ionization, optical phonon energy,

ionization mean free path and the mean free path for optical phonon scattering.

This section gives a phenomenological description of the e-h pair generation threshold energy
as an intrinsic characteristic of a particular material. While for photon absorption/emission the
threshold energy is E,, for e-h pair production, Eu, is given by the threshold for the production
on an electron, E4¢, and the energy required for the production of a hole, E4":

E, =Eg +Eq, (3-5)

After Ahmad and Khokley (1967) [Ahmad, 1967], in 1972, Anderson and Crowell [Anderson,
1972] published an improved methodology to predict the carrier multiplication through impact
ionization based on the realistic band structure of the material. The methodology [Anderson,
1972] allows the determination of Eq as a function of the wave vector by taking into account: a)
all possible mechanisms for e-h pair production, including phonon production; b) the electron-
energy-wave vector relationship; ¢) minimization of the energy of the primary particle with

respect to small changes of wave vector of any of the final particles; and finally d) by ensuring

1[Sze, 1981], [Ma, 1989] , [Musseau, 1994] , [Holmes-Siedle, 2006]

> [Wolft, 1954], [Shockley, 1961], [Baraff, 1962]
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the energy momentum conservation. Figure 3-8 illustrates the real energy band structures of Si,

as function of the wave vectors (k ), where E, is the energy band gap. Additionally figure 3-8
includes an example of hypothetical impact-ionization process: a) primary particles before
ionization where Ei(k) is the initial state of the incoming electron and E(k:) is the initial state
of an electron in the valence band; b) resultant particles immediately after ionization involving
the minimization of the incoming electron energy, with Ec(ks) final state, the creation of an

electron E(k;) in the conduction band and hole in the valence band.

ENERGY (ev)
ENERGY (ev)

-4 L -4 L
L 15 (1001 X L [H) r (1001 X
WAVE VECTOR WAVE VECTOR
a) b)

Figure 3-8 — Real energy band structures of Si, where E, is the energy band gap (Adapted from Sze after
Chelikowsky and Cohen) [Holmes-Siedle, 2006], including hypothetical impact-ionization process: a) primary
particles before ionization; b) resultant particles immediately after ionization [Anderson, 1972].
In the particular example of phononless mechanisms, assuming spherical constant energy
surfaces with exactly the same band dynamic for electrons in the conduction band and holes in
the valence band (m,*/m.*=1) the energy required to create an electron-hole pair can be
estimated as three times band gap as given in equation 3-6 [Anderson, 1972], [Wolft, 1954]:
E, =3-E, (3-6)

Lower threshold energies for each initiating carrier from Anderson and Crowell [Anderson,

1972] are given in Table 3-1 as function of orientation. All energies are quoted in eV relative to
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the band edge with an estimate accuracy of *0.2¢V. Additionally Table 3-1 specifies whether
the processes are direct (D) or phonon assisted processes (U) and if the initial carrier comes

from other than the normal conduction or valence band. Finally it is also indicated when two

processes have the same threshold.

Material Si Ge GaAs GaP InSb
Band gap assumed (eV) 1.1 0.7 1.4 2.3 0.2
Band structure Indirect Indirect Direct Indirect Direct
Direction Initiation
{100) electrons 1.1U% 0.9U, D 2.1 D* 2.6 UT 0.2(5) D
1.5 D 1.0 D*, U 2.3 U* 3.0 Dt 1.6 D
1.6 U* 1.2 D 2.4 D* 3.1 D} 1.7 D*, D*
holes 1.8 D 1.3 D, D* 1.7 D* 2.4 D" 0.2 D*
2.1 D* 1.7 D* 1.9D 0.6 D
4.5 D* 2.5D 2.2 D*
{111) electrons 3.1 U* 0.8U,°UP" 3.2 DY, Df 3.0 D} 0.2(5) D
3.3 U* 2.5D°¢ 3.6 Df, D} 3.4 D}
3.5 U* 2.6 D* 3.7 Dt 3.5 Uf, Di®
holes 2,9 D* 0.9D 1.6 D} 2.9 D} 0.4 D*
4,4 D*® 1.0 D* 2.3 Dt 3.6 Df 1.5 D*
4,7 D* 1.4 D* 2.5 D} 1.8 D*
{110) electrons 2.10 1.1 D* 1.7D 2.8 D} 0.2D
4,0 D* 1.2 D 1.9 D* 2.9 Df 1.6 D
4,2 U* 1.3 U 2.2D 3.3 D} 1.7 D*, D*
holes 1.8 D 0.9 D¥, D* 1.4 D* 2.3D"% 0.2 D*, D*
4,0 D* 1.3 D 1.6 D* 2.6 D* 0.4 D
4.1 D* 1.8 D* 1.9D 2.8 D* 1.7 U#b, D*

2D, direct process (no reciprocal-lattice translation vector involved); U, umklapp process; *, initiating carrier
comes from other than the normal conduction or valence band; f, normal conduction or valence band cannot supply the
initiating carrier (even if momentum conservation is neglected) because the energy range of the band is less than the band

gap.
PThe cross section for the process cited is likely to be very small, owing to the existence of an antithreshold within

0.1 eV of the threshold.
®This value obtained by a linear extrapolation of the light-hole band slightly beyond the limits of the graph.

Table 3-1 - Ionization threshold energies as function of the wave-vector direction for different semiconductor
materials [Anderson, 1972]
Consequently, the required energy to produce an electron-hole pair can given by the linear
combination of all the possible processes for electron-hole pair generation weighted by the
cross-section of each process oy, as given by equation 3-7:
i
SES zo-ijk ik 3-7)
ik
where i=¢, /; j is the index for all possible processes and # is the wave vector directions.

Nowadays the energy threshold for electron-hole pair generation by impact ionization can be
accurately determined experimentally. Table 3-2 gives the experimental values for Silicon,

Germanium, Gallium Arsenide and Silicon Dioxide.




Radiation Effects on EEE components 3-13

Si Ge GaAs SiO,
Tonization Threshold [eV]  3.6° 2.9 4.8* 185
Accuracy [eV] - - S— +3 or (17+1) 6

Table 3-2 — Ionization energy threshold for Silicon, Gallium Arsenide and Silicon Dioxide

3.1.3.2. Recombination

Whenever the thermal-equilibrium condition of a physical system is disturbed, processes exist
to restore the system to equilibrium. For example, in the case of electron-hole pair generation
by impact ionization the density of carriers is increased and recombination processes work in the
material (either in the oxide or in the semiconductor) to restore the equilibrium conditions.
Different processes may hold the recombination of minority carriers, namely: Band-to-band
recombination process [Kerra, 2002] and #rap assisted recombination through intermediate
centres [Shockley, 1952] [Hall, 1952] by either single-level (figure 3-9) or multi-level

interstitial traps.

The band-to-band recombination happens when electrons in the conduction band and holes in
the valence band recombine directly. Thus the rate of recombination for this process is
proportional to both the concentration of electrons and holes. Also known as Auger
recombination, this process dominates when the concentration of carriers is very high, such as

under irradiation conditions.

3 [McKay, 1953]

* [Ma, 1989]

> [Ausmann, 1957]
¢ [Benedetto, 1980]




Radiation Effects on EEE components 3-14

Imperfections on the manufacture process of MOS devices may cause different defect centres in
the oxide, at the surface or in the bulk semiconductor. These defects add interstitial energy
levels to their band structure that, depending on the relationship between the lifetime of the
trapping and carriers’ mobility, may work as potential centres for charge trapping or

recombination.

Shockley and Read [Shockley, 1952] have worked out the frapped assisted recombination
generated through intermediate centres, as depicted in figure 3-9. Hall [Hall, 1952] has
experimentally verified Shockley and Read’s predictions. The Shockley-Read-Hall (SRH) rate
depends crucially on the defect density, the defect energy levels in the gap, and the electron and

hole scattering cross-sections.
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Figure 3-9 - Recombination through intermediate centres, or single-level recombination process

Figure 3-10 illustrates the carrier lifetime, 7 = d/dR, calculated by Shockley and Read based on
the excess carriers’ density, dn, and on recombination rates, JR, as a function of the impurity
contents. The composition of the specimens is represented by Fermi level for thermal

equilibrium conditions, F..
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Figure 3-10 — Dependence of lifetime upon impurity content: Shockley and Read theoretical prediction
[Shockley, 1952]

Figure 3-10 depicts the quantitative result for carriers’ lifetime as a sum of terms depending on
recombination of holes injected into high doped n-type semiconductor and electrons into
highly doped p-type semiconductor. Different behaviours of T can be identified: Starting from a
strongly doped p-type semiconductor with Fermi level close to the top of valence band, with
empty trap levels. Here carriers’ lifetime is due to immediate recombination of every injected
and trapped electron, by electron capture. On the other extreme, a strongly doped n-type
semiconductor with the Fermi level close to the bottom of the conduction band, with full trap
levels, where by hole capture, electrons recombine with every trapped hole. Intermediate
behaviours are dominated or limited by the ratio of holes in trap levels and electrons in the
conduction band. Whenever electrons cannot recombine they are re-emitted into the

conduction band and hole capture may not be possible into empty trap levels.

3.2.  Radiation-Induced Effects

When high energy particles traverse a MOS device, various types of effects occur either in the
oxide or in the semiconductor. Depending on the particle charge and mass, the effects may
involve processes with enough energy to break atomic bonds and create electron-hole pairs,
ionization; or processes in which the atoms are displaced from their original positions in the
crystal, displacement damage. Displacement damage affects primarily minority carriers’ lifetime

in the semiconductor substrate. These processes are briefly discussed in section 3.3.3.

Tonization may be manifested as long-lived/cumulative or transients effects. Basically when a
charged particle crosses a MOS device, electron-hole pairs are created in the materials of the
device. In the metal the mobility of carriers is so high, around 10°m?V's™, that we may assume
instantaneous return to equilibrium, therefore the metal effects are negligible. In the oxide
electron mobility is much lower, around 10 to 10 m?V™'s™, being even lower for holes (of the
order of 10°-10"? m?V"'s!) [Ma, 1989]. As will be explained in section 3.3.1 these mechanisms
being very slow result in long-lived cumulative effects, also known as 7ozal Ionizing Dose Effects
(TID). While in the bulk semiconductor where both types of carrier mobility are of the order of

10" to 1m?V™'s™, charged particles can create ionization-induced currents that will tend to
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return to equilibrium in a few picoseconds. These mechanisms can cause transient effects such

as Single Event Effects (SEE) as described in section 3.3.2 under very high dose rate conditions.

3.2.1. Total Ionizing Dose Mechanisms

The insulator layer of the MOS device is the oxide. In a quasi infinite dielectric medium at
room temperature any generated charge is expected to be immobile. However the oxide layer is
in contact with the metal gate under an electric field. For this reason when a charged particle
travels through the oxide with energy enough to create e-h pairs, 18¢V for SiO, (table 3-2),
electrons and holes are separated by the electric field across the oxide. When the gate is
unbiased, most e-h pairs are recombined. Electron-hole pairs are initially recombined mostly
via band-to-band recombination process. Initial recombination is expected to occur in a few
picoseconds after injection [Ma, 1989]. Those electrons that escape recombination having a
mobility of around 10*m?V™'s™ at room temperature will drift to the gate in a few microseconds
[Ma, 1989], depending on the gate biasing. Holes having mobility lower than 10®m?*V-'s™ will
remain approximately immobile near their point of generation in the oxide. Figure 3-11
illustrates a general picture of charge built-up processes occurring simultaneously in an oxide
with a steady dose rate. Over a period of time of the order of seconds at room temperature [Ma,
1989], holes execute a relatively slow transport activated by temperature and field toward the
negative electrode (the semiconductor substrate under a positive gate bias). This dispersive
mechanism is also called holes hopping as illustrated in figure 3-11. Deep oxide interface trapping
sites, also known as oxide traps are mostly associated to deficient bonding between silicon and
oxygen and oxygen vacancies. During the hopping process, holes may be collected or captured
in deep oxide trapping sites. They are asymmetrically located in the oxide generating an
asymmetric distribution of excess positive charge. When oxide traps are located near the
interface new recombination of electron-hole pairs can occur near the oxide/semiconductor
interface due to either radiation-induced carriers’ generation or electron injection from the
semiconductor. Moreover by increasing the oxide field as illustrated in the bottom of figure 3-
11, holes can be tunnelled into the semiconductor where they can be captured at inzerface traps.
This process reduces the oxide trap charge accumulated and increases positive trapped charge at
the interface. Other mechanisms such as hydrogen release, drift and trapping at the interface
are also described in the literature [Holmes-Siedle, 2006], however it will be considered of

lesser concern in the discussion of this chapter.
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Figure 3-11 - Charge buid-up mechanisms: charge buid-up and removal processes in a MOS structure. Top:
Sketch of processes taking place under irradiation. Bottom: Strong variation of the electric field in the region
of the sheet of trapped charge [Holmes-Sicdle, 2006].

Under a positive gate voltage, holes generated in the Collection region 2 of figure 3-12 are
swept by hopping towards the silicon, as previously described. Positive trapped charge in the
oxide, Qg is collected in a thin sheet of density, at a distance x; from the silicon. If the voltage
applied to the gate is negative, the charge is collected from region 1. The thickness of region 1,

X1, is in general much smaller than the thickness of region 2, x> [Holmes-Siedle, 2006].
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Figure 3-12 — Simple charge sheet model: the very thin sheet of charge, Q,,, is produced when holes generated

in regions 1 or 2 are swept towards it by the applied field. Q; is the image charge in the semiconductor, and
determines the threshold voltage [Holmes-Siedle, 2006].
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By incrementing oxide and interface charge radiation-induced ionizing dose effects may cause a

change in the oxide capacitance and as shown in equation 3-4 may affect the threshold voltage.

In an n-channel transistor, trapped holes induced by ionisation in the oxide layer have the same
qualitative effect on the potential in the silicon as the positive gate bias. It bends the energy
bands further downwards and tend to induce inversion in the p-type substrate. This effect leads
to Noise Immunity Reduction (NIR). The charge near the interface will cause a small threshold
shift. Given a sufficient trapped charge, inversion may be established by the trapped charge
alone and a “leakage current” will flow in the channel even in the absence of a gate voltage
which will cause Vr of n-channel to cross zero (VI'NZ). In other words, simple trapped charge
accumulation results in a parallel shift Ip-V¢ and in typical variation of the capacitance as well,

dependent on the transistor material parameters of the insulator layer, as shown in figure 3-13

[Holmes-Siedle, 2006].
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Figure 3-13 — Typical variation of (a) CMOS characteristic capacitance curve and (b) drain current with gate
voltage by effect of ionizing radiation [Holmes-Siedle, 2006].

A p-channel transistor, as described before, requires a negative gate bias to make the channel
conduct. The parallel shift in the In-V¢ characteristic caused by the trapped charge means that
an increasing negative bias is needed to operate the device. At high radiation doses, it may
therefore become impossible to switch the device “ON”[Holmes-Siedle, 2006]. Furthermore,
the creation of interface states must always turn matters worse, as shown by the dotted line of

figure 3-14.
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Figure 3-14 a) and b) show a series of parallel curves of drain current, Ip, as a function of the
gate voltage, for successively increased doses for n and p-channel MOSFETs [Holmes-Siedle,
2006].
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Figure 3-14 —a) NMOS degradation and failure points; b) PMOS degradation and failure points [Holmes-
Siedle, 2006]

These typical Ip-Vi curves illustrate an example given by Holmes-Siedle and Len Adams
[Holmes-Siedle, 2006] for the progressive effect of increasing radiation dose. Curves 1 to 4

identify the typical threshold voltage shift correspondent to the applied dose and a consequent
failure mechanism as described in Table 3-3 [Holmes-Siedle, 2006]:

Curve  Threshold Voltage Shift ~ Dose Main degradation Mechanism Symbol
-AVr [V] [KRad(51)]
1 0.2 0.8 Noise immunity reduction NIR
5 . s Sharp quiescent current increase due to Vr of VINZ
n-channel crossing zero (NMOS)
3 2 10 Switching speed reduction SSR
4 4 30 Logic Failure LF

Table 3-3- Ionizing effects on MOS devices, due to long-term ionization of the oxide

From the analysis of figure 3-14 and Table 3-3 it can be seen that for a threshold voltage shift
of -4V the characteristic curve In-V¢ reaches saturation with Vg equal to zero. As previously
discussed under subchapter 3.1, the n-channel of an enhancement NMOS device is closed for

Vi negative or null. In conclusion this cumulative ionizing dose, Tovtal Ionizing Dose Effects
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(TID), by increasing oxide and interface traps induce a shift in the Ip-V that for high doses can

turn the channel definitely off inducing a logical failure of the device.
3.2.2. Transients Mechanisms

3.2.2.1. Physics of transient ionization

As discussed at the beginning of this chapter, transient ionization, phenomena decaying with
time, occur in the semiconductor. When an incident ion crosses a device with energy higher
than the e- pair generation threshold in the target material (see table 3-1), quasi-free electrons are
gjected with large energy and the ion frajectory remains approximately in a straight line. In
analogy to what happens in a metal the ion track creates a transient e-h plasma. These hot
electrons, plasmons [Musseau, 1994], generate an electron cascade until secondary electrons
have lower energy than e-h pair generation threshold. Along the ion track the density of e-h
pairs is proportional to the linear energy transfer (LET=1/p dE/dx, p is the density of the target
material). In the radial direction, the density is supposed to have a Gaussian variation from the
core, where carriers’ density can peak at 10®cm, decaying to the to the local dopant

concentration, as represented in figure 3-15 [Musseau, 1994].

Source Drain

— 0.1 um Silicon

Figure 3-15- Graphical view of ion track creating a electron plasma in the semiconductor

Electron and holes may recombine. Those escaping recombination are later separated and
transported by the electric field (drift) and by diffusion. The total carrier current is then given
by equation 3-8.

J, =gn,m,E + gD, Vn, i=eh (3-8

%,_J
drift Diffusion
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The electrical field in standard devices, before irradiation, is limited to the depletion region.
After an ion penetrates a pn-junction, the generated carriers drastically distort the junction field
and it extends far down into the bulk silicon along the length of the ion track and funnels a
large number of carriers into the junction [Hsieh, 1981]. This mechanism is known as
Funnelling. Figure 3-16 shows the transient distortion of the electric field along the ion track
according to results published by Hsieh et al. [Hsiech, 1981] due to alpha particles with
4.8MeV. The charge collected by drift in the funnelled field is called promps charge. Prompt
charge collection occurs in the 0.5ns immediately after ionization as illustrated in figure 3-17. If
the track is long enough (10pum) excess charge generated beyond the funnelling length is left to
be transported by diffusion [Hsieh, 1981]. Additionally figure 3-17 shows that the funnelling

field is substrate concentration dependent.

Time = 0.1ns
a) ot Ragicn

/=

\)/_‘

. M-

E—1
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E = 4.8 MeV E = 4,8 MeV
Ng = 1 x 10 atoms/cc Ng=1x 10"S atoms/cc

Figure 3-16 — Transient distortion of the electric field along the ion track from original depletion region:
equipotential lines a) at 0.1ns after irradiation with counter interval of 0.1V ¢) at 0.5ns with counter interval

of 0.2V electron concentration distributions b) at 0.1ns, d) at 0.5ns [Hsieh, 1981].
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Figure 3-17- Time dependence of drift current: a) Prompt charge collection, b) Transient current [Hsieh,
1981]
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Moreover in figure 3-18 and 3-19, it can be seen that the drift component increases with
increasing resistivity and gate biasing. Combining these two effects one can conclude that the
funnelling length is an inverse function of substrate concentration, while it increases with

increasing bias voltage [Hsieh, 1981].
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Figure 3-18 - Charge collected as a function of alpha particle energy for a substrate with a resistivity of a) 2
ohm-cm and b) 14 ohm-cm, with a bias voltage of 8.0 volts: (solid line) measurements shown for the total

charge collected and (dotted line) for the drift component [Hsieh, 1981].

200 |
I | 2000 5= 14 Q—cm
B icher E=43Mev
E = 4.3 Mev
_'_#-——'_-——_-___
g "or 4 gsof |
g 10 g
b= | o Diffusion .»"’
] =
8 100 | - §100~ ",,_.— |
% |Ditusion 3 e
| E _____,.-—- orift
6 Tl
| I 4 © S0- Released Within i
""""""" e
-—';Ee;hﬂon Regl_on__iri"_ﬂ_'___ ______ ,‘___‘___.____...——
o=t T o . .
0 5 10 15 0 5 o =
b .

) Bias Voltage (Voits) ) Bias Voltage (Volts)

Figure 3-19 - Charge collected as a function of bias voltage for a substrate with a resistivity of (a) 2 ohm-cm and
(b) 14 ohm-cm, with an alpha-particle energy of 4.3 MeV: (solid line) measurements shown for the total charge
collected and for the drift component (dotted line); (dash-dot lines) are the calculated equivalent charge
generated within the original depletion layer before the field distortion [Hsich, 1981].

The theoretical description of funnelling results from non-linear coupling of Poisson’s equation,
current and continuity differential equations and there is no generic analytic solution for the
problem. Many different semi-empirical models have been proposed to give a comprehensive

picture of funnelling field effects in pn junctions [Ma, 1989]. In particular Hu [Hu, 1982] and
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Edmonds [Edmonds, 1991] predict that the funnelling length, lr, and funnelling charge
collection, Qg, could be derived from depletion length, Ip, and charge collected in the depletion

region, Qp, as given by equations 3-9 and 3-10.

I
|=|1+ % | o (39
F [ prcose G-9

Q. :[1+ #n JQD (3-10)

Hp

where W, and p, are the mobility of electrons and holes in the material and 0 is the angle of
incidence. However carriers’ mobility depend on substrate concentration and voltage bias
therefore it is expected that equations 3-9 and 3-10 can be rewritten as

. (E)= (1+ ﬂ(E)]@ (3-11)

Ly cosé
Q. (E)= (1+ ﬁ(E)jQD (E) (-12)
Hop
In particular, for example, in silicon at a voltage biasing of 1V/um, electron mobility is of the
order of 2.5 times higher than holes mobility [Grove, 1967], which means that
I ~3.5-1,/cos@and Q. =3.5-Q,.

This transient charge collection induced by a single ionizing particle may be able to create a

state alteration in an integrated circuit. In that case we refer to this effect as a Single Event Effect

(SEE).

3.2.2.2.  Approach to analysis

Whether a single event is able to upset a device depends mostly on the duration of the particle
induced transient or pulse compared to device response time, noise margins of the electrical
node and the total charge collected. The sensitivity of most complex devices can be estimated by
measuring or predicting the sensitivity threshold (critical charge), sensitive area (cross-section) and

the sensitive volume.

The sensitivity threshold is determined by the smallest perturbation (charge collection) that
induces a detectable error on the output of the device. This sensitivity is called critical charge,

Q., or when expressed in unit of energy is known as critical energy, E.. It is given by the
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integration of the energy transferred from the incoming ion to the target along it’s track, x, as

expressed by equation 3-13 [Musseau, 1994]
E.Q 7 dE
E =—t<c— | —p(xdx 3-13
c= g Xfodxnc()d (3-13)

By definition the charge is converted to energy simply by multiplying the number of e-h pairs
generated by the ionization threshold. In equation 3-13, 7,(x) is the differential collection
yield, 77,(X) is equal to 1 in case recombination is neglected and charge collection is just due to

tunnelling, for 0<l <I.

This means that an SEE may occur if the charge/energy deposited by the incoming particle and
collected by the target device is greater than the sensitivity threshold. While heavy ions due to
their high electronic stopping power can create a SEEs by direct ionisation, energetic protons
(and clearly neutrons) mainly induce SEEs by means of secondary particles produced by nuclear

reactions, indirect ionisation.

For this reason the capacity of a single event protons and neutrons to induce an upset (SEU),
i.e., the SEU cross-section by protons and neutrons is a function of their capability to create
recoils and consequently is a function of energy. While for ions to a first approach this is

directly a function of their Linear Energy Transfer, LET [Keating, 2006]. The LET is then the

measure of ionizing energy transferred by the ion to the material.

Therefore for ions it make sense to divide and multiply equation 3-13 by the density of the
target material, p, and rewrite it as function of the critical energy transferred, LET,, and the

effective sensitive depth, L
x=L
Ec =p j 1d_Enc(X):IX =p- LETc ’ Ieff (3-14)
2o P dx

The effective sensitive depth and the sensitive area define the sensitive volume, SV, which is the
region of the target where charge collection may occur in time to upset the device. The sensitive

volume shape is modulated by the shape of the depletion region and funnelling.

Concepts such as funnelling, sensitive volume and critical charge, are important elements of
irradiation-induced charge collection mechanism possibly leading to device upset. However,
experimentally, device sensitivity is given by the probability of a SEE to occur per unit surface,

also known as SEE cross-section, 6. It is measured as the number of events recorded per unit
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fluence, corrected by the incidence angle of the beam, 6, with respect to the perpendicular to
the chip, as given by equation 3-15.

#events/ device
fluence| particle/cm? |- cos &

olem? /device| = (3-15)

3.2.2.3. Single Event Effects in complex devices

Complex devices result from the assembly of a very large number of individual transistor or sets
of transistors such as CMOS units. The minimum unit cell of the device is known as 2iz. In
modern MOS microelectronic devices, information is stored as quantities of charge. This
information can be stored in a single node, as in dynamic random access memories (DRAM),

or in a subcircuit with a stable, latched state, as in static random access memory (SRAM).

SEEs manifest themselves in many different ways depending on the device type. Table 3-4
illustrates SEE types and effects. However this subsection only focuses on Single Event Upset

(SEU) effect and principals required for understanding modelling concept.

ERROR NAME DESCRIPTION EFFECT/CONDITIONS
MBU | Single | Multiple Bit
SEU Event Corruption of the information stored in a memory cell
SBU Upset Single Bit
Non
. SET Transient Impulse response for a certain duration and amplitude
Destructive
SEFI Functional Interruption | Loss of normal operation
SED Disturb Momentary of the information stored in a bit
SHE Hard Error Unalterable change of state in a memory element
SEL Latch-up High current conditions
SEB Burnout Destructive burnout
Destructive | SESB Snapback High current conditions
SEGR Gate
Rupture Destructive rupture
SEDR Dielectric

Table 3-4- Single event effects types and failure mechanisms (adapted from [Duzellier, 2003]).

For SEUs the cross-section, o, is usually expressed in units of cm?/device or cm?/bit. This

cross-section depends on the characteristics of the incident particle and details of the sensitive
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volume. In an ideal case the cross-section reaches saturation equal to the area of the irradiated
bit, and all ions with LET higher that the critical LET will cause an upset. In real devices the
process is mostly continuous and SEU cross-section increases with ions ionizing capability
(LET) until it reaches the maximum sensitive area, 6 . 1his LET-dependent (energy-
dependent in case of protons and neutrons) behaviour of SEU response on complex EEE
devices can be expressed as function of the ion LET. While for protons and neutrons SEU

response is a function of particle energy. This is also known as the device SEE response function.

Independently from the particle type, the SEE response function is believed to be represented
by a smooth function. Therefore data are often presented in logarithmic scale so that
discontinuities are obscured [Petersen, 1993]. As a consequence of the logarithmic
representation SEE response data increase from the sensitivity threshold to saturation passing
through a knee shaped region. It is also common to interpret the SEE response function as the
distribution of cell sensitivities. Translated in units of area it is common to assume that a data
point at 20% of the saturation cross-section indicates that 20% of the total sensitive area is
irradiated and the saturation cross-section itself gives a measure of the total sensitive area of the

device.

Figure 3-20 is extracted from literature [Xapsos, 1993] and illustrates SEU response function to
heavy ion irradiation for different SRAM devices. It shows that different devices can have
different sensitivities (with different sensitivity thresholds and saturation cross-sections). In the
example it can be seen that the 931422 bipolar SRAM [Nichols, 1988] having saturation cross-
section of 2.5x10°cm?/bit is much more vulnerable than the TCS130S CMOS/SOS SRAM
[Kolasinski, 1982]. The second device does not show saturation up to 120MeV/(mg/cm?).
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Figure 3-20 - SEE response function curves for different devices for ion irradiation test data: Cross-section as

function of LET [Xapsos, 1993];

Figure 3-21 depicts three examples of SEU response function to proton ionization for different
modern devices with submicron dimensions (KIM41C4000Z-8, 62832H and IBM 01G9274)
[Barak, 2001]. Cross-section curves are presented as function of proton energy. All three

devices show a very similar critical energy, but very different saturation cross-sections.
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Figure 3-21 - SEE response function curves for different devices for proton irradiation test data: cross-section

as function of proton energy [Barak, 2001].
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3.2.3. Displacement Damage Mechanisms

Crystalline materials, such as silicon and gallium arsenide, ideally have a regular lattice
structure. Energetic particles passing through matter by means of elastic and inelastic
interaction can remove an atom from its lattice position, if the energy transferred is higher than
the threshold energy for displacement. This disruption in the lattice structure, which in turn
may alter the electrical properties of the device, is called Displacement Damage [Holmes-Siedle,
2006], [Holmes, 1962]. The space remaining from the displaced atom is called a vacancy. The
resulting mobile atom is called an interstitial. The ejected atom (called the Primary Knock on
Atom, PKA) may have enough energy to knock out a second atom creating a second vacancy.
Depending on the energy of the primary particle a cascade of displaced atoms may occur.
Vacancies and interstitials are mobile and may recombine or react with impurities in the bulk
semiconductor creating stable defect centres. Stable defect centres may be electrically active and
act as a source or traps of carriers, decreasing the mobility of mobile charge. As discussed in
sections 3.1.4.2, 3.2.1 and 3.2.2, increasing the number of trapping centres either in the oxide,
at the interface or in the bulk semiconductor, may lead to devices electrical parameter

degradation or increase the sensitivity of the device to ionizing (long-term or transient) effects.

For a good approximation, assuming that those defects act independently and there are no co-
operative or multi-level effects, displacement damage is proportional to the Non-Ionising
Energy Losses (NIEL). NIEL is the measure of the non-ionising energy transferred to the
stuck nucleus [Holmes-Siedle, 2006]. The displacement damage depends on many variables
such as: incoming particle species, radiation energy, semiconductor resistivity, device geometry,
material properties such as oxygen-richness and phosphorous and boron doping, recombination
parameters, biasing conditions applied, and nature of technology production (diffused or ion-

implanted devices) [Musseau, 1994].
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3.3. Degradation rate prediction

It is the goal of the final chapter to describe the principals for predicting EEE component

degradation given a radiation environment as described in Chapter 2.

In general for all the described radiation-induced effects the degradation rate is dependent on
the damage rate that is a function of the incoming particle energy or stopping power, angle of
incidence and material; and on the radiation environment differential spectra, d®/dE, as given

in equation 3-16

E max
Degradation Rate :J' j Damage(E,H)-%E’H)dEde (3-16)

6 Emin
The units of equation 3-16 are defined by both the environment spectrum (in units of cm™s™
or cm™) and the Damage(E, 6) for each one of the three kinds of radiation induced effects: TID,
DD and SEE.

In the case of TID effects, the degradation is measured by the threshold voltage shift that is a
function of the cumulative ionizing dose, D, as discussed in section 3.2.1. Therefore the
Degradation rate is the dose rate and the Damage(E, 6) is the linear energy transferred, in units

of MeV/(mg/cm?), and equation 3-16 comes in the form of

) E max
D=1.6x10-8j j LET(E,&)-wdEde (3-17)
6 Emin

Table 3-5 indicates typical dose rates in units of rad/day, calculated in space [Holmes-Siedle,
2006].

Source Dose rate

Galactic radiation 0.01 - 0.05rad/day

Radiation belts Protons: 1 — 10rad/day
[Behind 1cmAl]

Electrons: 10%- 10°rad/day

Solar flares 12 — 350rad/event

Mean dose on Earth= 25 — 30rad/day

Table 3-5- Radiation dose in space-laboratory-type orbits in free space (extracted from [Holmes-Siedle,
2006])
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As discussed in section 3.2.3 Displacement Damage (DD) is for a good approximation

proportional to the Non-Ionising Energy Losses (NIEL), in units of MeV/(mg/cm?), therefore

E max
Degradation Rate (DD) =j j NIEL(E, 0) -wdme (3-18)
6 Emin

A detailed discussion of predicting DD degradation rate is beyond the scope of this chapter.
However for the understanding of the general capabilities of the tool proposed and discussed in
Chapter 5 it is important to verify that the prediction of degradation rate follows the same

structure for all the different mechanisms.

As previously discussed an SEE may occur if the charge deposited by the incoming particle and
collected at a sensitive node is greater than charge threshold to create an SEE. In general SEE

rate are presented in number of events per unit of time.

The probability of an event being caused by an ion is measured by the SEE cross-section, ¢ [in
units of cm?/bit or cm?/device], and is a direct function of its ionization capability, LET. The
degradation rate is the SEE rate, N. It is given by the integration over the path length and LET
ranges of the SEE cross-section convoluted by the path length distribution, P(l), and the
differential fluence as function of the LET as illustrated in equation 3-19 [ECSS-E-HB-10-
12]

| LET,

max max d@

N .= P(l : R
ions .[ () J- O-lon(LET) d(l_ T

E¢ / LET oy E./l E )

d(LET)-dl  (3-19)

In the ideal case of, as previously described, the cross-section is Gu above the threshold and 0

below the critical LET and the SEE rate is then given by:

G Imax LETmaX d®
Nions =— P(I) ———-d (LET) -dl (3-20)
4 EC/I:';ETmaX E;.‘II d(LET)

In case LET is considered in units of deposited charge, Q, equation 3-19 comes in the form of

equation 3-21 [Keating, 2006].

Qumax
Nions = J. O-ion(Q)'di

o d (Q) -d (Q) (3-21)
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On the other hand, for protons and neutrons the SEE rate is a function of their capability to
create recoils and consequently is a function of their energy [Keating, 2006], as given in

equation 3-22.

E
max d@
Nprottons = jop(E)-E(E)-dE (3-22)
neutrons Emin

Discussions in Chapter 5 will mainly refer to SEU rate predictions based on equations 3-21 and

3-22.

3.4. Conclusions

In summary when radiation crosses a complex device, induced effects may occur at different
levels in the different regions. Effects may involve ionization or displacement processes according
to the mass, energy and charge of the incoming particles. Degradation induced by displacement
damage is, for a good approximation, proportional to NIEL. DD may in certain conditions
increase the sensitivity of the device to ionizing (long-term or transient) effects. Depending on
the material properties such as carrier mobility and conductivity, metals, insulators and
semiconductors handle radiation induced charge differently. In the metal the mobility of
carriers is so high, around 10°m*V's!, that we may assume instantaneous return to equilibrium.
In MOS technology electrons and holes generated in the oxide behave differently due to their
different carrier mobility, leading to an asymmetric accumulation of positive charge inducing a
threshold voltage shift. This effect is proportional to the total energy loss in the oxide. While in
the semiconductor, where the mobility of both type carriers are of the order of 107 to 1m*V-'s,
charged particles can create transient ionization-induced currents that will tend to return to
equilibrium in a few nanoseconds. In complex devices information is stored as quantities of
charge. The collected charge induced, if higher that the threshold may create a state alteration

in an integrated circuit.

Finally given a specific radiation environment the degradation rate induced by each one of the
described effects may be calculated by the integration of the damage over the environment.
Degradation rate is then a function of the incoming particle energy or stopping power, angle of

incidence and material and on the radiation environment differential spectra.
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4. Mars Radiation Environment Characterization

This chapter describes the simulation framework developed in order to predict radiation
Environment at the surface of Mars due to GCR and SEP proton as well as the expected

neutron albedo induced radiation environment on Mars.

Subchapter 4.1 describes the Simulation Architecture. In subchapter 4.2 two implementations
of the simulation are presented. Subchapter 4.3 gives a brief description of GEANT4 in the
context of the simulation of Mars Radiation Environment. Subchapter 4.4 refers to the
atmosphere and soil databases and correspondent interfaces with GEANT4 application. In
subchapter 4.5 Martian radiation environment considering a fixed soil composition for
different locations on Mars is discussed. Subchapter 4.6 examines the dependency with the
season of the year and time of the day. Subchapter 4.7 describes the method used to compute
ambient dose equivalents using FLUKA conversion factors and compares surface values with
MARIE predictions. Subchapter 4.8 shows results of the comparison of MarsREC results
with other software and experimental results. Subchapter 4.9 explores the radiation
environment dependence on soil composition and density. Finally on section 4.10

considerations about radiation damage and inhabitability are discussed.

4.1. Simulation Architecture

As cosmic or solar particles enter in the Martian upper atmosphere they may undergo nuclear
reactions resulting in the emission of electrons, neutrons and other subatomic particles.
Progressing further into the atmosphere, the increased density increases energy loss of the
protons and increases such secondary particles production, as introduced in Chapter 2. Mars’s
geology also plays a very important role in the radiation environment characterization. The
Martian atmosphere, being very low density (maximum values of the order of 10 kgm™),
behaves as a soft attenuator for incoming radiation capable of reaching the Martian surface.
This results in an important contribution from secondary particles generated at and

backscattered from the surface [Keating, 2005].

The important drivers for proper Martian radiation environment modelling are: atmosphere,

local geology and topology as well as their temporal variations. The simulation architecture is
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represented in figure 4-1. Basically it consists of interfacing atmospheric and soil descriptions

with the developed GEANT4 application enabling the tracking of primary and secondary

particles produced both in the atmosphere and soil. The models output: radiation maps,

doses, radiological doses, article species history, fluences and spectra.

Configuration
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Time (Martian Day)
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Longitude
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Interfaces for Soil &
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Figure 4-1 — Simulation architecture
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The following sections describe the tools and databases used in the developed framework.

Beginning with a brief description of GEANT4 Monte Carlo particle transport toolkit in the

context of the simulation of Mars Radiation Environment and the main GEANT4 physics

models used for the results presented in this thesis. Later an overview of the atmospheric and

soil databases is given. Finally the developed interfaces are presented.
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4.2. GEANTH4 toolkit

GEANT4 is a new-generation open source simulation toolkit for particle transport and
interaction through matter across a wide energy range from a few eV to PeV and to thermal
energies for neutrons [GEANTA4, 2008], [Agostinelli, 2003], [Allison, 2006]. Primarily a
toolkit designed to simulate High Energy Physics experiments. In the past years a large effort
from the GEANT4 collaboration and users has been done in order to adapt and develop
GEANT4 application for space related issues [Keating, 2005], [Keating, 2008], [Allison,
2006], [REATT], [DESIRE], [SEPTIMESS], [GEANT4_SUH], [Santin, 2005].

This section is based on information from [GEANT4, 2008], [Agostinelli, 2003], [Allison,
2006], [G4Phys, 2008], [G4PMan, 2008].

4.2.1. General properties

GEANT4 being a Monte Carlo tool is able to track each particle entering the simulation,
from its generation point to the moment it is killed or leaves the geometry. The solution for
the particle energy, momentum and position is given by using appropriate physic cross-
sections and random numbers. The szep is the minimum distance crossed by a particle in the
medium before an interaction occurs. Some physical processes, such as ionization, are
assumed to be continuous because they continuously modify the particle energy and cross-

section during a step.

GEANT4 follows an Object-Oriented design which allows for the development of flexible
simulation applications. GEANT4 includes an extensive set of electromagnetic, hadronic and
optics physics processes and tracking capabilities in 3D geometries of arbitrary complexity and

materials and to define “sensitive” elements where the particle information is recorded (hits).

Design requirements of GEANT4 are that it is modular and flexible and that its

implementation of physics is transparent and open to user validation.

4.2.2. P/Jysz'cs models

The physics configuration, called physics list, of a user application is done in C++ code. In the
physics list processes can be assigned to particles and models to processes [G4Phys, 2008].

There are different models for different physics categories. The electromagnetic physics
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category covers the energy range from 250 eV to 10 TeV (up to 1000 PeV for muons). The
optical physics process category allows the simulation of scintillation, Cherenkov or transition
radiation based detectors. In the particular case hadronic physics there are also different
models available span over 15 orders of magnitude in energy, starting from neutron thermal
energies. Therefore the user shall choose according to model validity for the required energy
range. Tore Ersmark aiming at simulating the International Space Station Radiation
Environment has extensively tested different hadronic physics lists [Ersmark, 2006] and

validated them for space radiation shielding applications.

In the physics list used for the Martian radiation environment characterization
electromagnetic interactions have been treated by the “Standard” electromagnetic model, and
hadronic physics has been treated by employing the Low and High Energy Parametrized
models (LHEP), Binary Cascade Model (BIC) [Folger, 2004], low energy neutron physics

and ion physics.

Simulations have been performed with different versions of GEANT4. MarsREC
simulations used GEANT4.7.0, while IMEREM of MARSREM was designed to run with
GEANT4.8.2, GEANT4.8.3 and GEANT4.9.1.

a. Electromagnetic interaction model

The Standard GEANT4 electromagnetic physics processes, described in [G4Phys, 2008] and
[Agostinelli, 2003], provides a variety of implementations of electron, positron, photon and

charged hadron interactions.

Electron/positron processes handle bremsstrahlung, ionisation and 8-ray production, positron
annihilation and synchrotron radiation. Photon processes include Compton scattering, v-
conversion into electron and muon pairs and the photo-electric effect. The energy loss process
manages the continuous energy loss of particles due to ionisation and bremsstrahlung. A
significant feature of this is an algorithm which can generate low energy 8-rays only near the
boundaries of volumes, which can lead to an improved performance while keeping the quality
of physics. The ionisation and energy loss of hadrons has several models to choose from,
including photo-absorption interaction. The GEANT4 multiple scattering process can
handle all charged particles. It is based on a new model that simulates the scattering of the

particle after a step, computes the mean path length correction and the mean lateral
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displacement. Standard electromagnetic processes average the effects of the shell structure of

atoms and cannot expected to simulate details below 1 keV.

b. LHEP Parameterized Driven Models

The LHEP Physics lists are based on a parameterized modelling for all hadronic interactions
for all particles. The parametrised model is an improved version of the Gheisha model. These
lists combine the high energy parameterised (HEP), from 10-20GeV up to 10TeV, and low
energy parameterised (LEP), up to 25 GeV, models describing inelastic interactions for all
hadrons. The modelling of elastic scattering off a nucleus and of capture of negative stopped
particles and neutrons are processed via parameterised models. Cross-sections used are based

on Gheisha parameterisations [G4Phys, 2008].

¢. Binary cascade

The GEANT4 Binary Cascade is an intranuclear cascade propagating primary and secondary
particles in a nucleus. Interactions are between a primary or secondary particle and an
individual nucleon of the nucleus, leading to the name Binary Cascade. Cross-section data are
used to select collisions. Binary cascade models handle hadronic interactions in the energy
range of 10MeV to a few GeV. Experimental cross-sections, when available, are used by the
simulation. Propagating of particles in the nuclear field is done by numerically solving the
equation of motion. The cascade terminates when the average and maximum energy of
secondaries is below threshold for further interactions. The low energy coverage of the model
is provided by the implementation of precompound model. The remaining fragment is then

treated by precompound and de-excitation models documented in [G4PMan, 2008].

d. Low Energy neutrons

In GEANT4 the neutron transport class library provides data-driven description neutrons
with kinetic energies from thermal energies up to 20MeV. The interactions of neutrons at low
energies are split into four parts in analogy to the other hadronic processes in GEANT4:
Radiative capture, elastic scattering, fission, and inelastic scattering as separate models.
Parameterized models are used instead of data driven high-precision models in case

information on a specific elements is not available [G4PMan, 2008].

Neutron High Precision Models of GEANT4 use a thermal treatment based on the free gas

approximation. However, in molecules and crystalline solids, atomic translational motion as
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well as vibration and rotation of the bound atoms also significantly affect the cross-sections
and final states. Data files were prepared and data-driven models included into GEANT4 to

account for vibration and rotation of the bound atoms [Koi, 2006].

e. Ion Physics

Big improvements have been done to ion physics in the latest versions of GEANT4.
MarsREC developments were done employing GEANT4.7. At the time GEANT4 ion
physics was able to treat Elastic and inelastic processes as well as ionization and multiple
scattering only light ions such as Deuteron, Triton, Alpha and He3. After version 4.8
GEANT4 enables the use of data-driven models based on ion cross-sections for heavier ions.
Improvements are still needed to the generic treatment of ion physics however efforts are

being done in that direction.

J Interfaces with external codes

There are also many well-established reaction codes currently used in the same fields where
GEANTH4 is applied. In order to take advantage of these codes, the GEANT4 collaboration
has created interfaces with those codes. The first codes chosen were the Jaeri Quantum
Molecular Dynamics (JQMD) and Jet AA Microscopic Transport action Model (JAM)
codes. JOMD is a QMD model code which is widely used to analyze various aspects of heavy
ion reactions. JAM is a hadronic cascade model code which explicitly treats all established
hadronic states, including resonances with explicit spin and isospin, as well as their anti-

particles [Koi, 2003].

Lately an interface between the DPMJET IL.5 [Ranft, 2008] dual parton model and the
GEANT4 has been developed [Truscott, 2008]. This provides the ability to simulate at the
microscopic lever nuclear-nuclear interactions from 5GeV/nuc to 1PeV/nuc. The European
Space Agency, which has sponsored the development of this interface, intends to apply these
new models to assess the radiation environment experienced by flight crews and systems for
future interplanetary missions. DPMJET-IL5 is freely available from the website of one of
the authors at the University of Siegen [Ranft, 2008].

In the implementation of DPMJET-IL5 into GEANT4, the FORTRAN code is used to
treat only the fast interaction of the collision. The subsequent de-excitation of the nuclear

pre-fragments from the projectile and target can be treated using a G4VPreCompoundModel
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or G4DeexcitationHandler type, depending upon the user. By default, if the user does not
specify any model or specifically requests that no de-excitation physics be applied, the same

precompound model used by G4BinaryCascade is applied.

4.3. Mars Radiation Environment: two implementations

As discussed in Chapter 2 the quantitative description of the radiation environment of Mars
in terms of particle species and energy spectra relies on the careful modelling of: a)
atmosphere climatic variables (pressure, temperature, density, composition, dust storms); b)
local geology/topology; c) distance from the Sun and d) any local magnetosphere [Deshorger,
2008].

Initially in the context of MarsREC, an ESA project with LIP from 2004 to 2006, a
methodology and computational framework based on a GEANT4 application for simulation
of the radiation environment at the surface of Mars was developed, including interfaces with
GEANTH4, the European Martian Climate Database (MCD) [Jussier, 2008] and the Mars
Orbiter laser altimeter (MOLA) [Abshire, 1999] database. At a different stage this tool was
improved and detailed in order to allow the prediction of the radiation environment at the
surface of Mars and moons and create radiation profiles at different altitudes in the
atmosphere of Mars. These last developments were performed under an ESA project with a
consortium with four international institutes/companies, in which LIP was responsible for the
physical environment description and specifications and the development of the detailed
GEANT4 modelling of Mars radiation Environment, AIMEREM (detailed Mars Energetic

Radiation Environment Model).

The differences between MarsREC and dMEREM are clearly discussed in the following

subsections.

4.3.1. MarsREC

MarsREC is an integrated simulation tool for Mars Radiation Environment and Radiation
induced Effect in EEE Components. It aims at predicting the radiation environment and its
effect on EEE components in missions to Mars according to the landing locations, time and
season of the Martian year. MarsREC consists of two Modules: the Radiation Environment

Characterization Module already presented in the literature [Keating, 2005], and the
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Radiation Effects Module. These modules are integrated in a framework where GEANT4 is
used to describe the geometry and the physics of interaction between particles and mater. The
physics includes hadronic and ion physic models enabling accurate energy deposition
calculations, sensitive volume definition and tracking of particles such as protons, ions and

neutrons.

The Radiation Effects Module and results will be described in detail in Chapter 5. In the
current chapter MarsREC architecture will be described and results obtained with Radiation

Environment Characterization Module will be discussed.

MarsREC features include input solar cycle modulated cosmic ray and solar particle event
spectra, based both on CREME-96, the transport of this radiation in the Martian atmosphere
and regiolith, including creation of secondaries, using the GEANT4 Monte-Carlo toolkit.
Details of the atmosphere are derived from the European Mars Climate Database with a
dense topological grid and layering of the atmosphere. Seasonal and diurnal variations are
considered. Surface topology is derived from the Mars Orbiter laser altimeter (MOLA). The
outputs are full particle transport histories, maps of radiation fluxes and doses. Post-
processing analysis enabled the evaluation of the variability of the Martian radiation

environment with time. MarsREC was developed to work with GEANT4 version 7.

4.3.2. dAMEREM

dMEREM was developed with the objective of integrating an engineering user friendly tool
with web-interface under SPENVIS [Heynderickx, 2004]. The software aims at providing
full detailed simulation in the GEANT4 radiation transport toolkit for Mars mapping and
Moons Surface Radiation Environment. It is intended to be used with GEANT4 v8.2 or
later. The main differences between dMEREM and MarsREC consisted in the fact
dMEREM is designed to:

a. Be interfaced with Mars Climate Database version 4.2 or later [MCD, 2008] instead
of version 3.0, enabling the used of different atmospheric compositions in altitude,

location at the surface and time;

b. Be interfaced with a developed tool to define soil composition and density for different

locations at the surface of mars and time, based on Gamma Ray Spectrometer (GRS)

and MCD databases;
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c.  Use magnetic field class developed by Laurent Desorgher for Planetocosmics;
d. Be user friendly and openly accessible via SPENVIS web-page.

The interface of AMEREM with physical environment description is done by a developed
pre-processor. The pre-processor is a Python tool developed to specify the atmospheric and
surface specifications for Mars and Moons geology description. It extracts data from MCD,
MOLA and the GRS [GRS, 2006] on board of Mars Odyssey. It outputs the soil and
atmosphere descriptions in the format of ASCII tables. These tables are read into dIMEREM
and integrated into GEANT4 by two specific classes the AIMEREMAtmosphericModel and
dMEREMSoil Model.

4.4. Databases and im‘e7faces

4.4.1. Mars Climate Database

The European Mars Climate Database contains data on temperature, wind, density, pressure,
radiative heat fluxes, and other parameters, resulting from global circulation model
simulations. Two different versions of MCD were used in the current work. MarsREC was
interfaced with MCD V3.0 while dIMEREM was interfaced with MCD 4.2 and later. Main
differences consist of: grid map resolution, atmospheric composition dependence on altitude,

location and time of the day and season of the year (in the latest versions).

Fields are averaged and stored 12 times a day, for 12 Martian “seasons” to give a
comprehensive representation of the annual and diurnal cycles. Each season covers 30° in
solar longitude (L), and is typically 50-70 days long, as illustrated in figure 4-2 and table 4-1.
In other words, at every grid-point, the database contains 12 “typical” days, one for each
season. In addition, information on the variability of the data within one season or within one

grid-point are also stored in the database.

For each Season, fields (wind, temperature, pressure...) are averaged and stored 12 times a day
(at 0:00, 2:00, 4:00... 22:00). This time is given in Mars Universal Time, the local time at
longitude 0.
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Figure 4-2— Scheme of the twelve seasons of Mars [Forget, 2001]
Solar Longitude Season Mars solar days  from day - to day
Ls=0-30 Season 1 61 0-61
Ls = 30 - 60 Season 2 66 61-127
Ls =60 -90 Season 3 66 127 - 193
Ls =90-120 Season 4 65 193 - 258
Ls =120 - 150 Season 5 60 258 - 318
Ls =150 - 180 Season 0 54 318 - 372
Ls = 180 - 210 Season 7 50 372 -422
Ls = 210 - 240 Season 8 46 422 - 468 Dust Storm
Ls = 240 - 270 Season 9 47 468 - 515 Dust Storm
Ls = 270 - 300 Season 10 47 515-562 Dust Storm
Ls = 300 - 330 Season 11 51 562 - 613
Ls = 330 - 360 Season 12 56 613 - 669

Table 4-1- Relationship between seasons and time [Forget, 2001]

Various dust annual scenarios are provided by MCD, corresponding to different datasets
which can be selected. MCD version 3.0 allows the use of a maximum of 5 scenarios and
MCD version 4.2 uses 4 dust scenarios. In both versions MCD provides an advised dust
scenario that includes dust variations along the Martian year modelled according Mars Global

Surveyor data between 1999 to June 2001. The dust fields were derived from MGS TES

observations using data assimilation technique [Forget, 2001].

Additionally different combination of solar scenarios with dust scenarios are possible, however
all the simulations described later in this chapter were preformed using the advised dust

scenario with the average solar flux scenario.
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4.4.1.1. MCD Version 3.0

MCD 3.0 [Forget, 2001] contains simulated data (temperature, wind, density, pressure,
radiative fluxes, etc. as shown in the table 4-2) stored on a 5°x5°, longitude-latitude grid from
the surface up to an approximate altitude of 120km (above 120 km, pressure and density can

be estimated using the database access software).

Mean variable units 2-Dor3-D
Atmospheric temperature K 3-D
Zonal (East-West) wind m st 3-D
Meridional (North-South) wind m s 3-D
Atmospheric density kg m3 3-D
Boundary layer eddy kinetic energy m? s2 3-D
Surface pressure Pa 2-D
Surface temperature K 2-D
LW (thermal IR) radiative flux to surface W m= 2D
SW (solar) radiative flux to surface W m?2 2-D
LW (thermal IR) radiative flux to space W m?2 2-D
SW (solar) radiative flux to space W m?2 2-D
CO? ice cover kg m? 2-D
Surface emissivity none 2-D

Table 4-2- Variables stored in MCD 3.0 mean data files [Forget, 2001]

Altitudes are defined with respect to local topological elevations. The vertical coordinate for
the 3D spatial variables is defined as 6= p/po, where p is the atmospheric pressure and po is
the local surface pressure, also stored in the database. Thus o is 1 at the surface and O at
infinity and the o levels follow the model topography. There are 32 & levels from 5m up to

around 120km delineating atmospheric layers.

The altitude of each layer can be computed by integrating the hydrostatic balance equation:
g-dz=-RT-d(Inp) (4-1)
and considering a constant temperature inside each layer:
z, -z, =—Eln(&J (4-2)
Y Py

where z, is the altitude of the bottom of the layer, z. is the altitude of the top of the layer

(similarly py and p,, refer to the pressure at the bottom and top of a layer), g=3.7 m s? is the
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Martian gravitational acceleration and R=191 ] K™ Kg™' is the Martian gas constant [ Andrews,
2000].

Wind, temperature, pressure and other fields are averaged and stored for 12 Martian
Universal Times at longitude 0°, for 12 Martian “seasons” to give a comprehensive
representation of the annual and diurnal cycles. Each season covers 30° in solar longitude (L),
and is typically 50-70 Martian days. Information on the variability of the data within one

season or within one grid-point is also stored in the database.

An interface, called MACLIDIv1.0, has been built in order to read MCD data as input for
the GEANT4 simulation Geometry Construction class, for each location, time and solar
longitude. Table 4-3 exemplifies the input atmospheric table for a solar longitude 180-210, at
12:00 hours (Martian longitude 0°), at location (80E, 7.5S) where the surface elevation is
1.746 km.

MCD V3.0 doesn’t provide an atmospheric composition. Therefore in MarsREC

implementation the atmospheric composition was considered as suggested by [Boyce, 2002]

as a combination of: CO,, N, Ar, O,, CO and H,O.
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Atmospheric  Atmospherie  Atmospheric Atmospheric
Altitude Density Temperature Pressure
[Em) [Egfm3) (K [Pascall
0.01 9.47 x10°7 250.1 4.53 %104
0.03 9.46 x10°3 250.1 4.52 z102
0.07 9.44 x10°7 243 .3 4.51 x102
0.14 9.39 x10°7 249 8 4.48 x104
0.30 9.31 x10-7 2489 4.43 x102
0.59 9.14 x10°7 2475 4.33 %104
1.18 g.84 x10°7 245.0 4.14 x102
2.20 .29 x10-7 2403 3.81 %104
3.96 7.41 x10°3 232.3 53.29 z102
6.65 §.18 x10°3 2205 2.60 x102
10.37 4.63 x10°3 208 .4 1.85 %102
15.01 3.12 x10°3 197.0 1.17 x102
20.33 1.90 x10°7 187.5 £.80 x101
25.94 1.09 x10°7 177.2 53.70 101
31.72 5.90 x107% 171.2 1.93 10!
37.61 3.06 x10°% 163.0 2.88 x107
43.58 1.55 x10°* 168.2 4.99 x10”
49 63 7.75 x10°7 165.0 2.51 x10°
55.58 3.98 x10°2 164.9 1.25 x10Y
61.35 2.04 x10°7 160.6 £.27 xl0°!
6§7.25 1.00 x10°7 163.5 3.13 xl0°!
72.95 517 x10°% 158 .4 1.56 x10°}
78.41 2.71 x10°9 150.8 7.80 x10°2
23.76 1.38 x10°% 148 1 3.90 x10°2
39.18 £.80 x10°7 150.2 1.94 x10-2
94 .45 3.49 x10°7 145.0 9.71 x10°3
99 .54 1.20 x10°7 140.9 4.84 x10°3
104 .44 9.34 x10°% 135.7 2.42 x1073
109.05 4.96 x10°% 127.5 1.21 x10°3
113.29 2.69 x10°8 117.4 5.02 x107%
117.02 1.52 x10°% 103.4 3.01 x107%
121.97 §.06 x10°7 86 .6 1.00 x10°4

Table 4-3—- MACLIDIv1.0 Atmospheric Table Input to MarsREC
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4.4.1.2. MCD Version 4.2 and latest

The latest versions of MCD calculate and store atmospheric properties stored on a
5.675°x3.75°, longitude-latitude grid from the surface up to an approximate altitude of
150km. The 3D spatial coordinate is no longer defined by the sigma levels being directly
defined by the elevation above local surface. Additionally it includes atmospheric composition
as a 3D variable. MACLIDI was improved in order to be able to read atmospheric
composition and additional soil information such as surface pressure, temperature and dry-ice

layer. Finally the surface altitude is also extracted from the MOLA files by MACLIDIL.v.3.0.

Figure 4-3 shows the data organization on MACLIDI.v.3.0.

BEIESED
o T [T R

Figure 4-3- Data organization on MACLIDI.v.3.0
For each one of the atmospheric parameters there are 12 folders storing data for each one of

the 12 typical Martian seasons (12 solar longitudes). For each solar longitude there are two
folders storing data for day and night files (instead of 22 hours per day, MACLIDIv3.0
enables a day/night accuracy for all the locations on the Martian map). Finally for day or
night there are files storing parameters for different atmospheric altitudes (maximum 50

atmospheric layers). This means a maximum of 120 stored files.

On the other hand for each one of the surface parameters there are 12 folders, one for each
solar longitude. For each solar longitude data are stored for day and night, leading to a

maximum of 24 stored files.

Table 4-4 illustrates the much more complex format of atmospheric table with additional

information on surface pressure, temperature and dry-ice layer produced by MACLIDIv3.0.
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. N . Atoms. . Surface surface Surface Surface
Lat | Long Eglnagr [Mﬁ] H[f(‘?n? R{E;;n"% [;:{V“ipn] [mo?ﬁnol] [mgl?rﬁol] [moT.l’zrnoI] [ﬁ‘nﬁ?ﬁ%ﬁ [r:'g\?m_gl] [moTIanol] [mo\?mol] P[;?SSCL;'; [KT;%] ﬁ?gﬁr'é? A[“Pf;‘]’e
805 | 180E | 180_210 0200 | 0.01 | 1.3E-02 | 1472 | B8E04 | 95E-01 | 16E-05  10E04 | 11E-08 | 29E-02 | 58610 | 3665 | 1442 595 | 26474
805 | 180E | 180_210 0200 | 0.02 | 1.3E-02 | 1494 | 56E-04 97E-01 | 10E-05 B3E05 24E-08 | 18602 | B2E-10 | 3665 | 1442 §95 | 26474
905 | 180E | 180_210| 0200 | 0.05 | 1.2E-02 | 1538 | 46E-04 97E-01 | B4E-06 BGEDS B1E-08 | 15602 | BAE10 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 042 | 1.2E-02 | 1583 | 46E-04 98E-01 | 8306 B7E05 21E-07 | 15602 | B7E10 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 0.25 | 1.2E-02 | 161.0 | 48604 97E-01 | B87E-06 BGEDS 30E-07 | 16E0Z | BAE10 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 05 | 11E-02 | 1633  54E04 97E01 | 97E06 B3IEDS 7.3E07 | 17E02 | 54E10 | 3665 | 1442 595 | 26474
905 | 180E | 180_210 0200 1 | 1.0E-02 | 1671 | BGEO4 QFEDT | 12E05 5OED6 15E06 | 21E02 | 43610 | 3665 | 1442 595 | 26474
905 | 180E | 180_210 0200, 2 | 9.0E-03 | 1682 BOEO4 QFED! | 14E05 S0ED05 18E06 | 25602 | 41E10 | 3665 | 1442 B9.5 | 26474
805 | 180E | 180_210 0200 3.2 | 7.06-03 | 1665  BOE04 Q5E-01 | 15605 41E05 15E-06 | 27E-02 | 50E-10 | 3665 | 14432 B9.5 | 26474
905 | 180E | 180_210 | 0200 & | BSE-03 | 1642  G8E04 Q5E-01 | 16E05 29605 1.1E-06 | 29602 | 76E-10 | 3665 | 14432 B9.5 | 26474
905 | 180E | 180_210 0z00| 7 | 5.2E-03 | 1619  11E03 98E01 | 17E05 18606 80E07 | 31602 | 13600 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 10 | 3.7E-03 | 1477 | 12603 Q8E01 | 18E05 7OEO6 43607 | 32602 | 20600 | 3665 | 14432 595 | 26474
905 | 180E | 180_210| 0200 | 14 | 24E-03 | 1816 13603 Q5E01 | 18E05 18E06 1BE07 | 32602 | BAE-00 | 3665 | 14432 595 | 26474
905 | 180E | 180_210| 0200 | 18 | 186E-03 | 1467 | 18E03 QSE01 | 18E05 26E07 &7E-08 | 32602 | 256-08 | 3665 | 14432 595 | 26474
905 | 180E | 180_210| 0200 | 22 | B.GE-04 | 1423  17E03 Q5E01 | 18E05 38E08 34608 | 32602 | BOE-08 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 27 | 4.4E-04 | 1426  21E03 QBE01 | 17605 G7E11 41E-08 | 31602 | 266-07 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 32 | 236-04 | 1480 | 26E03 QBE01 | 17605 B50E31 30E-08 | 31602 | 51E-06 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 38 | 1.0E-04 | 1867 | 32603 94E01 | 17605 20636 27E-08 | 31602 | 146-04 | 3665 | 1442 596 | 26474
905 | 180E | 180_210 | 0Z00 | 44 | 4.96-05 | 1623 | 38E-03 94E-01 | 17E-05 50E-30 15608 | 32602 | 69E-04 | 3665 | 1442 B95 | 26474
905 | 180E | 180_210| 0Z00 | &0 | 24E-05 | 1668 | 42603 94E-01 | 18E-05 -50E-35 SUE-0Y | 32602 | 18603 | 3665 | 1442 B95 | 26474
805 | 180E | 180_210| 0200 | &6 | 1.2E-05 | 1694 | 4B6E-03 94E-01 | 18E-05 10E-38 72608 | 32602 | 30E-03 | 3665 | 1442 595 | 26474
805 | 180E | 180_210 0200 | 62 | BAE-06 | 1705 | 49603 94E-01 | 18E-05 30E-38 65608 | 32602 | 38E-03 | 3665 | 1442 595 | 26474
805 | 180E | 180_210| 0200 | 68 | 3.1E-06 | 171 | 50E-03 94E-01 | 18E-05 30E-38 62608 | 32602 | 41603 | 3665 | 1442 595 | 26474
805 | 180E | 180_210 0200 74 | 1.6E-06 | 1708 | 55E-03 94E-01 | 18E-05 30E-38 5.1E-08 | 33602 | 48E-03 | 3665 | 1442 §95 | 26474
805 | 180E | 180_210 0200 | 80 | B.2E-07 | 1717 | B8E03 9.3E-01 | 18E-05 30E-38 33608 | 33602 | B.2E-03 | 3665 | 1442 §95 | 26474
805 | 180E | 180_210 0200 | 86 | 4.4E-07 | 1629 | 85E-03 9.3E-01 | 18E-05 30E-38 17E08 | 35602 | 81E-03 | 3665 | 1442 §95 | 26474
805 | 180E | 180_210 0200 | 92 | 2.3E-07 | 1630 | 12602 92601 | 18E-05 20E-38 12608 | 37E-02 | 12602 | 3665 | 1442 §95 | 26474
805 | 180E | 180_210| 0200 | 98 | 1.2E-07 | 1646  14E-02 91E-01 | 18E-05 10E-38 14E-08 | 39602 | 15602 | 3665 | 1442 §95 | 26474
805 | 180E | 180_210| 0200 | 104 | BAE-08 | 1664 | 17E-02 9.0E-01 | 19E-05 50E-38 18E-08 | 42602 | 18E-02 | 3665 | 1442 §95 | 26474
905 | 180E | 180_210| 0200 | 110 | 3.2E-08 | 1684 | 20E-02 B.0E-01 | 19E-05 40E-38 23600 | 46E-02 | 23602 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 116 | 1.7E-08 | 1714 | 24E-02 8.8E-01 | 19E-05 30E-38 20E-00 | 49602 | 28602 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 122 | B.8E-09 | 1787 | 26E-02 67E-01 | 20E-05 30E-38 32608 | 53602 | 33602 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 128 | 46E-09 | 1902 | 30E02 B5E-01 | 20E-05 30E38 37E-08 | 57E-02 | 38602 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 134 | 24E-09 | 2060 33602 84E01 | 21E05 30E38 42608 | GAED0Z | 44602 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 140 | 1.4E-09 | 2213 | 38E02 82601 | 21E05 30E38 40E08 | 67E0Z | 53502 | 3665 | 1442 595 | 26474
905 | 180E | 180_210 | 0200 | 146 | B6E-10 | 2341 43602 80E01 | 22605 30E38 5BE08 | 7HE02 | BGEDZ | 3665 | 1442 B9.5 | 26474
805 | 180E | 180_210 | 0200 152 | 51E-10 | 2453 47602 7.8E-01 | 22E05 30E38 60E-08 | B1E02 | 76E-02 | 3665 | 1442 B9.5 | 26474
805 | 180E | 180_210 | 0200 | 158 | 3.8E-10 | 2622  54E02 74E-01 | 23E05 30E38 84E-08 | 1E02 | 0.7E-02 | 3665 | 1442 B9.5 | 26474
905 | 180E | 180_210| 0Z00 | 164 | 21E-10 | 2685 | 6OE02 7.E01 | 23805 30E38 10608 | 98602 | 11E-01 | 3665 | 1442 595 | 26474
8905 | 180E | 180_210| 0200 | 170 | 16610 | 2620  BGED2Z 6.7E-01 | 24E-05 30E38 12608 | 11E01 | 14E-01 | 3665 | 1442 §95 | 26474
805 | 180E | 180_210| 0200 176 | G.9E-11 | 2654  7O0E02 6.4E-01 | 24E-05 30E38 15608 | 12601 | 16E-01 | 3665 | 1442 B9.5 | 26474
905 | 180E | 180_210| 0z00 | 182 | 7.3E-11 | 2682 | 77E02 &8E01 | 25605 30E38 18608 | 13601 | 20601 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0Z00 | 188 | 4.8E-11 | 2700  BOED02Z &EE01 | 26E05 30E38 21608 | 13601 | 22601 | 3665 | 14432 595 | 26474
905 | 180E | 180_210| 0Z00 | 194 | 36E-11 | 2715 | BBED02Z &0E01 | 27605 30E38 26E08 | 14601 | 27601 | 3665 | 14432 595 | 26474
905 | 180E | 180_210| 0200 | 200 | 26E-11 | 2720  BOE02Z 4BE01 | 27605 30E38 30608 | 15601 | 20501 | 3665 | 14432 595 | 26474
905 | 180E | 180_210| 0200 | 206 | 16611 | 2723 | 81E02 41E-01 | 28605 30E38 36E-08 | 15601 | 34E-01 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 212 | 1.4E-11 | 2725 | 83602 37E-01 | 20605 30E38 41E-08 | 16601 | 38601 | 3665 | 1442 595 | 26474
905 | 180E | 180_210| 0200 | 218 | 97E-12 | 2727 | 94E02 34E-01 | 30605 30E38 4BE08 | 15601 | 40601 | 3666 | 1442 596 | 26474
905 | 180E | 180_210 | 0200 | 224 | 7.8E-12 | 2727 | 93602 28E-01 | 31605 30E-38 52608 | 16601 | 47601 | 3665 | 1442 B95 | 26474
905 | 180E | 180_210| 0200 | 230 | BOE-12 | 2728 93602 25601 | 32605 30E-38 56E-08 | 16601 | 50501 | 3665 | 1442 B95 | 26474

Table 4-4 —- MACLIDIV3.0 Atmospheric Table input to IMEREM

4.4.2. Mars Topology

The built interfaces extract the Martian surface altitude from the MOLA instrument on
board NASA's Mars Global Surveyor (MGS) spacecraft [Abshire, 1999]. Figure 4-4 depicts

the 3D averaged Martian topology map with a 5°x5° resolution.




Mars Radiation Environment Characterization

4-16

15
125
10
A4 ey e 0 75
DA,
pRSsES I A vy )
‘ ‘r‘."}% 4% ‘-‘ : ke // ;/,...‘ 25
e
Longitude /
180E : s S )

90E

Latitude

160E 625N

Figure 4-4- 3D Martian topology map

4.4.3. Mars Soil composition
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Mars’ geology also plays a very important role in the radiation environment characterization.

The Martian atmosphere, being very low density (maximum values of the order of 102 kgm™),

behaves as a soft attenuator for incoming radiation capable of reaching the Mars surface.

Thus, resulting in an important contribution from secondary particles generated and

backscattered at the surface.

Since the second half of 19™ century Mars has been known for its dichotomy [Boyce, 2002],

[Harland, 2005]. The “line of dichotomy” is the major division of Mars’ surface and is due to

the clear hemispheric asymmetry. The cause of such asymmetry is unknown. Planetary

scientists justify it by defining different meteoritic bombarding periods [Spohn, 1998]. Figure

4-5 shows the Martian surface dichotomy and illustrates the different geological periods of

the surface.
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Figure 4-5- Geological map of Mars [Spohn, 1998]

The line of dichotomy has its most northerly point at about 50° latitude [Harland, 2005]. The
southern hemisphere is densely crated and therefore older than the sparsely crated northern
hemisphere. The northern lowlands hemisphere is believed to have suffered a resurfacing by

volcanic activity early in the Martian history or it might have been the site of an early ocean

[Spohn, 1998].

Nowadays, observations from remote sensing to the different landers’ measurements suggest
that there are compositional differences across the surface of Mars [Boyce, 2002]. However,
after TES (from Mars Global Surveyor) spectra analysis, it was found that the composition of
Mars volcanic materials varies from basalt in the ancient southern hemisphere highlands to
andesite in the younger northern lowlands (Figure 4-6). This conclusion is also being

confirmed by the different landers’ measurements.
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Figure 4-6 — TES spectra: basalt (top) and andesite (down).

The major composition distinction between basalt and andesite is characterized by the weight

percentage of SiO,: about 45% to 52% in basalt and 52% to 63% in andesite.

Mars Express published the same aspects of the surface of Mars in terms of Pyroxenes and
anhydrous nanophase ferric oxides, as illustrated in figure 4-7 [ESA, 2007]. Note that the
Pyroxenes are minerals commonly present in basalts and anhydrous nanophase ferric oxides

are forms of altered minerals.
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Figure 4-7- OMEGA- Mars Express surface maps: Pyroxenes (top) and anhydrous nanophase ferric oxides
(down).
Olivine is other mineral detected by the Mars rovers such as Opportunity. It is found in basic

and ultra basic igneous rock, formed in warm and wet environments.

Table 4-5 shows a general composition for basalt, andesite, basalt-andesite, Olivine,
Pyroxenes and finally a mean composition obtained by the average over the Viking 1 and
Mars Pathfinder Landers’ soil analysis. Note that results of Table 4-5 were converted from
literature results in order to give a total weight percentage of 100%. The averages and
conversions shown here may not be as mineralogically significant as the original results.
However the creation of this table aims at summarising the most significant elements to input
into GEANT4 simulation. On the other hand the user choosing a specific composition can

solve the problem of “mineralogical significance”.
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Composition Basal Andesite Basalt-Andesite Olivine Pyroxenes Viking 1 Sojourner
(Generic)  (Generic) (Generic) LCP HCP (FF)
30 50.2 59.7 559 392 55.0 451 56.4 553
Fel 6.0 8.3 8.4 18.8 18.8 10.1 20.4 17.8
Al 17.0 17.2 17.1 0.0 0.8 4.5 8.2 8.8
Mg 10.6 39 7.2 421 24.0 12.5 8.9 7.7
MnO 0.0 0.0 0.0 0.0 0.5 04 n.a n.a
Cal? 14.7 58 9.8 0.o 2.0 19.9 6.6 6.4
Na, 1.5 3.5 2.7 0.o 0o 0o 0o 2.5
K, 0.o 1.8 1.0 0.o 0o 0o 0.8 0.5
Ti0, 0.o 0.o 0.o 0.o 0.7 5.5 0.7 1.5
Cry0, 0.0 0.0 0.0 0.0 04 0.3 0. 0.
Fes 0.0 0.0 0.0 0.0 0. 0. 0. 0.
CoO» 0.0 0.0 0.0 0.0 0. 0. 0. 0.
Wi 0.o 0.o 0.o 0.o 0o n.a n.o 0o
PO, 0.0 0.0 0.0 0.0 0. 0. 0. 0.
Toml 1000 1000 1000 1000 1000 1000 1000 1000

Table 4-5- General compositions of important minerals and soil samples of Mars

The search for water on Mars is one of the major issues in Mars exploration, since it is the

fundamental element in the search for life.

The presence of water in the Martian atmosphere is already known from atmospheric
circulation models and already validated by different instruments on board of the multiple
missions to the planet. However, the surface morphology gives several indications of past

existence of liquid water at the surface and/or in the underground.
At the surface water can be found mostly in ice-states or in the form of mineral hydration.

Figure 4-8 provides result from Gamma Ray Spectrometer, on board of Mars Odyssey, for
data collected for the element hydrogen [GRS, 2008]. GRS studies assume thess data as
water -equivalent maps. The map shows concentration estimates of equivalent-weight water
found in the regions around the equator of Mars. Regions of high water-equivalent
concentration are shown in red while regions of low water-equivalent concentration are

shown in blue.




Mars Radiation Environment Characterization 4-21

H,O (Wt%)

Figure 4-8 - Equivalent-weight water found in the regions around the equator of Mars by GRS on board of
Mars Odyssey, March 2006 [GRS, 2008].

Similarly, figure 4-9 shows concentration estimates of equivalent-weight water found in the

region of North Pole.

H20 Low I T 20 High

e )
.

P L

£

Figure 4-9 - Map of Martian Hydrogen at the North Pole, July 2004 [GRS, 2008]

CO; is basically present in the Polar Caps and the thickness of ice varies strongly with solar
longitude as depicted in figures 4-15 and 4-16 [Forget, 2001]. As previously discussed the
CO; map is given by the MCD.
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Figure 4-10 — Surface CO; layer, solar Longitude 0° to 30°; Map obtained with MCD.
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Figure 4-11- Surface CO; layer, solar Longitude 180° to 210°: Map obtained with MCD.

MarsREC simulations presented in subchapter 4.5, 4.6, 4.7 and 4.9 of this thesis were
simulated assuming a constant average soil density of 3.75gem™ and a composition consist

mainly of silicon dioxide and iron oxides as discussed suggested by [Boyce, 2002]. Subchapter
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4.8 describes simulations performed to evaluate the importance of different soil compositions

in Martian radiation environment.

A tool has been developed in order to determine Martian local soil composition and density.
This tool extracts data from GRS soil composition maps, CO; ice thickness from MCD and
assumes default composition based on the mineralogical study previously described, assumed

for locations with no data available. Finally this tool has an algorithm that calculates the soil

density taking into account the final local composition, physic state and porosity. The
interface with the GEANT4 application, called SOILCOMPI as illustrated in figure 4-12, is
integrated into the AMEREM pre-processor.

SOILCOMPI

Output_Data

Seil File

SOILCOMPI_to_soiltable.py

Figure 4-12- SOILCOMPI.v.2.0 data organization

Table 4-6 illustrates the default compositions for Mars surface and Moons.

‘| Input_Data }

Composidon Basali-Andesite Moons
(adapted from Generic)
[Weight percentage (%:)]
81,0 51.2 587
Fe,0y 9.3 2532
Bulk (AlL,MgCa Na, K;O) 321 318
Fes 0o 6.3
H,O T4 0.0
Total 1000 1000

Table 4-6— Default surface composition

For the Martian surface the Pre-processor reads iron and water-equivalent maps (as shown in

figures 4-8, 4-9 and 4-13) extracted from the Gamma Ray Spectrometer, on board of Mars

Odyssey.
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Since these elements in nature appear mostly in the form of oxides in particular iron is

commonly fond combined with oxygen in the form of Fe,Os;, SOILCOMPI assumes GRS

iron data as the weight percentage of Fe,;O:.

Fe (Wi%)

Figure 4-13- Equivalent-weight of iron found in the regions around the equator of Mars by GRS on board of
Mars Odyssey, March 2006 [GRS, 2008]

The Pre-processor reads the Fe;Os and H,O weight percentages from the map files for the
specific (latitude, longitude) position. In case one of these values is not defined in the map
files the Pre-processor computation is based on an algorithm that considers the other readable

value, the total and the default composition.

The density is calculated according to the weight percentages of each material. The densities
used by the density calculator are SRIM [Ziegler, 2006] densities for solid materials, CO; ice
and H>O ice densities are calculated accounting for 9% volume increase from liquid to ice,

which means an 9% decrease in density from SRIM values.

Table 4-7 gives the output soil composition for Mars from SOILCOMPI for different

locations.

L atitude Longitude H20 Fe203 Si02 Bulk Density Fes

[%] [%] [%] [%] [@em3] [%]
90s 160E 74 93 512 321 1.68249 0o
4128 844E 25 138 515 321 1.60065 il
4888 1384 X 134 510 321 1.78542 ]
2258 0BE 36 129 51.3 321 1.77833 ]

Table 4-7— Martian soil description for different locations
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4.5. Mars Radiation Environment Characterization

Results discussed in the current subchapter were published in 2005 [Keating, 2005].

4.5.1. Input radiation

In this work the following radiation inputs were considered: GCR at solar maximum and SEP
generated by CREME96 for near-Earth interplanetary locations [Nymmik, 1992], [Tylka, 2007].
These interplanetary flux models are based on measurements at Earth (1AU*) [Tylka, 2007].

The phasing with respect to the solar cycle corresponds to the foreseen European Mars

mission ExoMars [ESA, 2005].

The GCR fluxes were obtained from the solar-quiet mode in CREME96 while the most
severe environment considered corresponds to that from solar energetic protons given by the

“worst week” model of CREME96 [Tylka2, 1997] as shown in figure 2-15 in Chapter 2.

4.5.2. Simulation Set-up

The geometry implemented takes into account: a) The geographical grid size given by the
59x5° resolution of MCD; b) The average composition of the soil of 30% Fe;Os and 70%
SiO,, with density 3.75 g cm™; ¢) The thickness of the soil is calculated according to the
proton total penetration depth and the MOLA surface elevation; d) The thickness of the 32
atmospheric layers given by the o levels of MCD, e) A fixed atmospheric composition
consisting of: CO,, N, Ar, O,, CO and H,O; f) The density, temperature and pressure of the
32 atmospheric layers computed from MCD.

4.5.2.1.  Different geometries, different location and times of the day

Each location (Longitude, Latitude) on the Martian surface, each phase of the Martian year
(solar longitude) or each time of the Martian day corresponds to a specific set of atmospheric
properties. For this reason each of them corresponds to specific simulation geometry. All

simulation cases (Cases A to H) referred to in the subsequent sections are defined in Table 4-

8.

The simulated cases are located in two different areas of the planet, the cliff of Olympus
Mons (MO) volcano (700 km across and 25 km high) and Tyrrhena Paterae (TP), one of the

*Medium Earth-Sun distance corresponds to approximately 150x10° km.
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three large, ancient, low relief broad mountain of volcanic origin that have developed along
faults that surrounds Hellas Basins[ Abshire, 1999]. These locations were chosen because they
are diametrically opposed, the first Northwest and the second Southeast of the planet, and

possible landing sites for ExoMars.

Case Kadiation Mom Leong Lat  pame? Elevation Solar Times

Input Dist. ! (E) [H) [Em) Longitude [(Hours)
A GCER Cos®  -140 2325 OM 1.3 lg0=-210° 12
B SEFP o- -l40 225 OM 1.3 lg0=-210° 12
C GCER Cos® 80 -7.5 TP 1.7 lg0=-z210° 12
L GCE Cos® 75 -75 TP 1.2 lg0s-210° 12
E GCE Cos® 80 -125 TP 2.4 lg0s-210° 12
F GCE Cos® 75 -125 TP 1.2 lgos-210° 12
) GCE Cos® 820 -75 TP 1.7 lgos-210° 2
H GCER Cos® 20 -7.5 TP 1.7 lg0s-210° 22

Momentum Distribution: Cos O=isotropic; 0°=perpendicular. 2 OM= Olympus
Mons and TP=Tyrrhena Paterae. 'Time of the Martian Day at Longitude 0°

Table 4-8- Simulation cases

4.5.3. Simulation Results

The Monte-Carlo transport of 10° protons through the Martian atmosphere and surface has
been incorporated into the simulation. Particles are generated at the top of a column of the
atmosphere of 5° x 5°. All primary and secondary particles are tracked from the generation
point until they are absorbed, reach geometry tracking limits, it is abandoned by the tracking
or its energy is forced to be zero by a flag (the particle is “killed”). Killing flags were set to
reduce computation time by avoiding tracking particles in the atmosphere that do not
contribute to the radiation environment. Systematic studies of these were preformed in order

to optimize the running time and simulation results.

4.5.3.1. Radiation fluxes due to GCR

The radiation environment at the surface of Mars due to GCR simulated in Case A is shown
in figure 4-14. In the higher energy range (above 100MeV), the radiation environment is
mostly due to protons (circles) while at lower energies there is a high contribution from
secondary neutrons (dots), photons (triangles) and electrons (squares). lons, whose energy

spectrum is indicated by boxes, constitute 0.3% of the secondary particles.




Mars Radiation Environment Characterization

4-27

Flux [#/cm2 s/ MeV]

101“

Protons
Electrons
Neutrons
Ions
Photons

® OO0

Figure 4-14 - Radiation Environment at the surface of Mars due to GCR protons for Case A
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4.5.3.2. Radiation fluxes due to SEP

Figure 4-15 illustrates the radiation environment at the surface of Mars due to SEP simulated

in Case B. It can be seen that the energy range is much lower than for GCR. However the

fluxes are much higher. For energies above 30 MeV the radiation environment is mostly due

to protons (circles) and neutrons (triangles) while at lower energies there is a high

contribution from neutrons (triangles), photons (boxes) and electrons (squares). The signature

for ions is not very significant.
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Figure 4-15- Radiation Environment at the surface of Mars due to SEP protons for Case B
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4.5.3.3.  Boundary conditions considerations
The study of boundary conditions is done according to [Seltzer, 1979].

The galactic cosmic ray flux is calculated taking into account a complete 41 measurement of

the environment flux:

E2 GCR
SR 47zjdE—d¢ E) 4y
where dp°“R(E) is the differential flux spectrum and the integration in energy is performed

over the energy range considered in the simulation, E1 to E2.

However the flux received at the surface of Mars is due to the flux generated in the

hemisphere above the surface:

d¢GCR (E)

GCR —or J’dE =

(4-4)

Besides, considering that the flux was generated with an isotropic momentum distribution

(cos6) from a source point, the simulated differential flux, also known as the current, is:

d¢GCR(E, 9)

jocr(E.6)= -cosd, 0<O<rxl2  (4-5)

The total incident galactic cosmic ray current (@°“®) entering the simulation is then given by

the integration of the current over energy and angle:

E2 7l2 GCR
®°F =27 [ dE | do(E)

El 0

-cos@-sin@-do (4-6)
Or,

GCR
@OCR — J‘dE do (E)

4-7
dE (4-7)

Equations (4-3) and (4-7) lead to the conclusion that the current to consider, @“® is:

@CCR =% AG”CR (4-8)

Finally a last boundary consideration may be referred. In the isotropic distribution, particles

leaving the simulation geometry through the sides are disregarded and do not contribute to
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the simulation results. Calculations show that results should increase by an estimated factor of

10 to 20%.

Table 4-9 shows the fluences due to both GCR fluxes during one year and SEP fluxes
considering a worst-case scenario of a 338 hours event such as the 2003 October —November
[ESA2, 2005]. However since for SEP the event generation was perpendicular to the surface,
it was considered that in such a low-density atmosphere it is similar to generating radiation

input with isotropic distribution in the acceptance angle. This recalculation gives a correction

factor of 1/8 instead of 1/4.

GCR cgp*

Particles Fluence per year Fluence per event

Species
[x10% #fem?] [x10% #/om?]

Protons 0.335 T.425
Electrons 0.028 0.6835
Heutrons 1.555 3475
lons 0.013 0.001
Phatons 1.514 & 262

*Considered event duration of 338 hours.

Table 4-9- Fluences due to GCR and SEP

4.5.3.4. Importance of Backscattering

The importance of the backscattered component was verified for both GCR and SEP

simulations.

Figures 4-16 and 4-17 evaluate the population of backscattered particles detected at the
surface of Mars at (140W, 22.5N) location due to GCR input radiation (Case A). It can be
seen that 58% of all detected particles (figure 4-16) and in particular 95% of all neutrons
(figure 4-17) are backscattered.
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Figure 4-16 - Backscattering component of all particles detected at the surface of Mars due to GCR protons

for simulation Case A.
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Figure 4-17- Backscattering component of all neutrons detected at the surface of Mars due to GCR protons

for simulation Case A.

Figures 4-18 and 4-19 compare the population of backscattered and direct particles detected
at the surface of Mars at (140W, 22.5N) location due to SEP input radiation (Case B). It can
be seen that 19% of all detected particles (figure 4-18) and in particular 51% of all neutrons
(figure 4-19) are backscattered.
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Figure 4-18 - Backscattering component of all particles detected at the surface of Mars due to SEP protons
for Case B.
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Figure 4-19 - Backscattering component of all neutrons detected at the surface of Mars due to SEP protons

for simulation Case B.

4.5.3.5.  Dose due to GCR

Doses at the surface of Mars due to GCR protons generated with an isotropic momentum

distribution were computed for (80E, 7.5S), Case C, and are illustrated in Table 4-10.

Results of total ionizing energy loss were converted to rads according to the equivalence
between flux and dose rate, at a uniform deposited dose given by Equation (4-9).
1 AE 1 cer

TID =———--1.602x10".~ ¢, (4-9)
m N 4

evt

where
- m = mass density of the sensitive volume made of SiO, m=p.dx in kg cm™;

- AEis the total energy deposition in SiO, for the overall simulated events in MeV;
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- N =10° is the number of generated primary particles in the simulation;
- dx =1 cm is the elementary abscissa;
- p=2.32 g.cm™ is the simulated density of SiOy;

GCR

- ¢,." is given by equation (4-3).

Farticles Species Dose per year
[Fad(51043]
A11 2.00
Protons 1.4%8
Elactrans 0.25
Ions 0.1z

Table 4-10- Doses due to GCR

4.5.3.6. Radiation Maps

One of the advantages of this modeling framework is the capability of generating maps for

visualization of the radiation environment at different altitudes above the surface of Mars.

An example radiation map, figure 4-20, illustrates the total fluence per year of high-energy
neutrons at the surface of Mars for Cases C, D, E and F. The visualization enables immediate
knowledge of locations potentially of concern to technologies sensitive to radiation. Future
more complete maps will be of major importance for scientific and engineering missions in

the selection of possible landing locations.

Latitude[°]
5
7.5
Fluence
[x10°n/icm?]
=2104-105 10
H10.3-104
E10.2-10.3
E10.1-10.2 Ititude = 2.403 Km |
@10-10.1 res. =443 Pascal §l -12.5
_=250K ¢
725 75 775 80 825

Longitude[9]
Figure 4-20 - Total fluence per year of neutrons with energy higher than 30 MeV at the surface of Mars due

to GCR protons for simulation Cases C, D E and F, in the vicinity of Tyrrhena Paterae.
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4.5.4. Conclusions

The Mars radiation environment modeling framework and its development has been
described. It employs the GEANT4 particle transport tool and includes parameters such as
Martian time, detection position, solar longitude, solar cycle modulated cosmic ray and solar

particle event spectra, 4-D MCD atmosphere, geology and MOLA topology.

Results presented here show that the framework is capable of calculating the energy spectra
and particle species at any location on Mars with a resolution of 5°x5°. The model also shows
the relative importance of the backscattered component of the radiation environment. While
the total ionizing dose at the surface is of lesser concern to EEE components, the relative

abundance of protons and neutrons may result in Displacement Damage and Single Event

Effects.
The model is developed for ease of future upgrades:

— The methodology can be expanded to evaluate dose equivalents and induced degradation on

components;

— The methodology may be easily adapted to future improved knowledge of geology and

atmosphere. For instance, local water ice content in the soil can easily be implemented,

— The methodology is directly adaptable to other planets and moons such as Mercury and

Europa.
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4.6. Variaéility ofRaa’iation Environment in time

Figure 4-21 shows the MCD Viking dust scenario daily-averaged pressure from the Viking
sites. An estimate of the variability due to weather systems, with the seasonal trend
component of the MCD variance removed, is also shown. The seasonal cycle is due largely to
the condensation and sublimation of CO,, although there is an important dynamical
component, while the high-frequency oscillations are due to weather systems passing over the

Landers [Lewis, 1999].

Pressure (Pa)

C L L 1 L L 1 L L 1 L L 1
a0 180 270 0 a0

Solar Longitude

Figure 4-21 - Pressure at the Viking 1' (bottom curve) and Viking 23 (top curve) sites for 1 year of the MCD
Viking dust scenario [Lewis, 1999]

The Following results were published in March 2006 [Keating2, 2006].

4.6.1.1. Primary and secondary particles

The dependence of radiation environment at the surface of Mars due to GCR protons with
surface pressure was analysed. Fluence results are presented in units of particles per square

centimetre per year.

Figure 4-22 illustrates how the fluence of protons at the surface of Mars varies with the
surface pressure. It can be seen that the primary proton fluence at the surface decreases with
the atmospheric pressure at the surface. On the other hand the fluence of secondary protons is
expected to increase with increasing surface pressure. This result is attributed to the denser air
column that primary particles travel through for higher mean surface pressure. Consequently

the probability of interaction, absorption and spallation in the atmosphere increases with

Viking lander 1 was situated at 22°N, 48°W. 3 Viking lander 2 was situated at 48°N, 226°W.
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increasing surface pressure. For the same reason the fluence of secondary particles is expected

to increase with increasing surface pressure. This can also be verified in the in figure 4-23.
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Figure 4-22 —Transfer function for integrated fluence of protons at the surface of Mars

Figure 4-23 shows the dependence of the fluence of secondary electrons at the surface of

Mars; direct incident secondary neutrons; ions and photons with the surface pressure.
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Figure 4-23-Transfer function for integrated fluence of secondary particles at the surface of Mars
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4.6.1.2. Backscattered Neutrons

Figure 4-24 illustrates the important contribution from backscattered neutrons at the surface
and shows the inverse relationship between surface pressure and the relative importance of

backscattered neutrons detected at the surface of Mars.
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Figure 4-24 —-Impact of surface pressure in the percentage of Backscattered neutrons.

4.6.1.3. Integrated fluence as function of Solar Longitude

Figure 4-25 illustrates the total integrated fluence of all detected particles at the surface of
Mars expected at Viking1 and 2 sites (thick solid curve) and the estimated average integrated

fluence of all detected particles at the surface of Mars (dashed curve).
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Figure 4-25-Total integrated fluence as function of Solar Longitude for different locations.
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4.6.2. GCR-induced Radiation environment and time

Table 4-11 summarizes the dependence of GCR-induced radiation environment with solar

longitude, LS.

LS a0%-90% 150*-180° 24002707 Max-Min
Particles Fluence per Fluence per Fluence per Felative
Species Year Year event difference

107 #em?] [x107 #fem?] [x107 #lem?] [*]
Primavy 3450 SRM 3425 5
e Secondary iFnne 05117 05145 -1z
Electroms 100 02553 1007 -5
Hentroms 12,09 1297 1291 5
Photons 20,50 1224 2081 -4
Crther 1850 1451 1885 -15

Table 4-11- Seasonal changes at 12:00 hours at Longitude 0°: Fluences due to GCR protons

Differences obtained due to GCR protons using MarREC for different hours of the Martian

day according to the simulated cases C, G and H of table 4-8 are illustrated in table 4-12.

Time 0z 12 22 Max-Min
Particles Fluence per Fluence per Fluence per Relative
Species year year event difference
[x107 #fem®] [x107 #fem®] [x107 #/em?] [*]
Primary 3545 3553 3557 023
e Secondary 05435 05412 0 5205 -0491
Electrons 05717 05708 05855 -0
Mentrons 19,72 1974 19.7% 020
Photoms 2001 2000 2000 020
Orther 175 1718 1712 0a4

Table 4-12- Diurnal changes at Longitude 0°: Fluences due to GCR protons

While diurnal variations are of the order of 1% or lower, seasonal changes are of the order of
10 to 20%. Tables 4-11 and 4-12 also show that an increase of the primary spectra at the
surface is complemented by an increase in the fluence of neutrons and photons and a decrease
of electrons and ions and others. This observation can be easily explained by the fact that
neutrons and photons (detected at the surface) are mostly created by primary particles
interaction with the surface while electrons, ions and other particles are mostly due to the

interactions and spallation in the atmosphere. This conclusion is supported by results

published by the author [Keating, 2005] [Keating2, 2006].
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4.7. Dose Equivalent Calculations

The ambient dose equivalent measures the capability of different radiation environment to
ionize or produce damage in organic materials. According to the International Commission
on Radiation Units, [ICRUS51, 1993] the dose equivalent, H, is the product of the absorbed
dose at a given LET, in tissue, D, and a quality factor for that LET, Q:

H(LET)=Q(LET) D(LET) (4-10)

The unit is ] kg, the special name for the unit of dose equivalent is sievert (Sv). Occasionally

the former unit name rem is used. 1Sv is equal to 100rem.

Table 4-13 gives the values of radiation weighting factors as recommended by ICRP [Pelliccioni,
2003] [ICRP74, 1996] [ICRU57, 1998] [ICRP60, 1991] [ICRUS51, 1993] [ICRU39, 1985] [Pelliccioni, 1999] [Kramer,
1982] [Pelliccioni, 2000].

RADIATION WEIGHTING FACTOR
Photons 1
Electrons and muons 1
E > 10 keV 5
10 keV > E > 100 keV 10
Neutrons 100 keV > E > 2 MeV 20
2MeV > E > 20 MeV 10
E > 20 MeV 5
Protons, other than recoil protons (E >2 MeV) | 5
Alpha particles, fission fragments, heavy nuclei | 20

Table 4-13 - Values for radiation weighting factors recommended by ICRP
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4.7.1. FLUKA conversion factors

ICRP and ICRU?® recommended conversion coefficients for use in radiological protection for
electrons and photons of energies up to 10 MeV and for neutrons up to 180 MeV. Pelliccioni
using the FLUKA code [Pelliccioni, 2003] has calculated fluence-to-ambient dose equivalent
conversion coefficients for higher energies (up to 10 TeV) for different kinds of radiation
(photons, electrons, positrons, protons, neutrons, muons, charged pions and kaons). The

calculated conversion coefficients given in Appendix I can be found on FLUKA web site

(http://www.fluka.org/pickup/DoseCoetl/).

4.7.2. MarsREC Fluences converted to Dose Equivalent

Software macros have been created to evaluate the fluences of particles in the energy ranges
identified in Tables 2-4 to 12-7 for each protons, neutrons, electrons and photons. These

macro files were run for all the simulated cases illustrated in Table 4-14.

After fluences were computed for each particle, i, conversion factors were multiplied by the

fluences to obtain the ambient dose equivalent.

CASE LoNG LAT NAME SOLAR Time!
LONGITUDE

[E] [N] [HouRrs]
A 75 -7.5 (TP) 1800-210° 12
B 75 -12.5 (TP) 1800-210° 12
C 80 -7.5 (TP) 1800-210° 02
D 80 -7.5 (TP) 1800-210° 12
E 80 -7.5 (TP) 1800-210° 22
F 80 -12.5 (TP) 1800-210° 12
G -105 22.5 (OM)  180°-210° 12
H -140 22.5 (OM)  180°-210° 02
| -140 22.5 (OM) 180°-210° 12
J -140 22.5 (OM) 180°-210° 22

Table 4-14- Simulated Cases used for dose equivalent calculations

Then for each kind of particle the total dose equivalent,H;, was obtained by adding the

contributions from all energy ranges

Hi=> frue @ (E)  @-11)
E
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Finally the total ambient dose equivalent, H, was obtained by adding all the contributions

from the different particles.
H=>H, @412

For the particular case of ions, FLUKA does not give conversion factors. Since ions are heavy
particles with charge, and fluence-to-dose equivalent conversion spectra binning for ions was
assumed to be similar to protons. However according to Table 4-13 protons’ weighting factor,
Wh, is 5 while the weighting factor, Wg, for Alpha particles, fission fragments and heavy
nuclei is 20. Therefore, for each energy binning, the fluence-to-dose equivalent conversion
factor for ions was considered to be given by the correspondent proton fluence-to-dose

equivalent conversion factor multiplied by four.

Table 4-15 shows dose equivalent obtained for different particles at different locations

) . Dose Equivalent [¢Sv/yr]
Simulation :
depth Total
case Protons Neutrons Electrons Photons
Solar Minimum

G 9.60 2.84 6.20 0.20 0.08 9.90

F 13.65 | 2.78 6.17 0.21 0.08 9.80

D 13.95 2.82 6.19 0.22 0.08 9.90

A 1412 | 2.82 6.15 0.22 0.08 9.87

E 14.46 | 2.88 6.32 0.22 0.08 10.16

B 14.46 2.80 6.19 0.22 0.09 9.89
C 14.63 2.82 6.27 0.22 0.08 10.00

H 16.46 2.74 6.00 0.22 0.08 9.61

I 16.63 | 2.80 6.13 0.23 0.08 9.85

] 17.44 | 295 6.06 0.22 0.08 9.90

Table 4-15- Dose equivalent calculations for different simulated cases




Mars Radiation Environment Characterization 4-41

4.8. Verz'ﬁcaz‘ion of Mars Radiation Environment simulations

This subchapter aims at evaluating MarsREC predictions in comparison with other

predictions and experimental data.

It is important to notice that none of the available results, neither the experimental data nor
the software predictions, were obtained exactly in the same conditions of the MarsREC
simulation results. For that reason this subchapter intends to get an evaluation of orders of

magnitude instead of accurate validation.

4.8.1. Comparing MARIE observed Doses

The MARIE experiment [MARIE, 2003] is a payload on the 2001 Mars Odyssey Orbiter;
the orbiter is part of an ongoing series of unmanned missions to Mars under the Jet
Propulsion Laboratory's Mars Exploration Program. MARIE is one of three instrument
packages aboard the orbiter, and it is designed to collect data on the radiation environment to
help assess potential risks to any future human explorers. The MARIE team has also

performed simulations.

The Mars Odyssey Orbiter was launched from the Kennedy Space Center on April 7, 2001
using a Delta II launch vehicle, and it reached Mars on October 24, 2001. Once it was
captured in Mars orbit, an aerobraking technique was employed which used the Martian
atmosphere to slow the spacecraft and adjust it to a circular science orbit with an altitude of
about 400 km. The orbit adjustment process ended in January 2002, and the science mapping
began in February of that same year. The primary science mission intended to continue

through August 2004.

The focus of MARIE was to determine the galactic cosmic ray energy spectra during the
maximum of the 24th solar cycle, and to study the dynamics of solar energetic particle events

and their radial dependence during both the cruise phase and the orbit phase around Mars.

MARIE was constructed to measures particles with energies in the range of 15MeV to
500MeV per nucleon.

The MARIE instrument provided radiation data continuously until Oct. 28. At that time,

immediately following a 4-hour period in which DSN coverage was unavailable, MARIE’s
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DC-DC converter was found to be well over its temperature limit. MARIE was not
responsive and was turned off. Some 12 hours after MARIE was turned off, Odyssey entered

safe mode, likely due to the intense solar activity.

4.81.1. In orbit Dose rate measures

MARIE measured doses in orbit of Mars are published [MARIE, 2003] from December
2002 to October 2003.

Figure 4-26 illustrates the dose rate in units of mrad/day measured in orbit of Mars Planet

(400km height) from May 2003 to September 2003.

It is described in MARIE scientific reports that during solar quiet GCR period the dose rate
may vary between 15 to 22mrad/day. In the presence of SEP enhanced dose rate can vary

between 20mrad/day and 30mrad/day and can also show larger peak values that can exceed
1000mrad/day.

o e 4

Figure 4-26 - MARIE dose rate measurements from May through September 2003; the last SPE observed in
this period was May 31-June 3.

4.8.1.2. MarsREC Dose rate at the surface

Dose rates at the surface of Mars have been computed using MarsREC for one location in
Tyrrhena Paterae at 12h Martian Universal time at longitude 0°. Results show that dose rates
at the surface can vary from around 10mrad/day due to GCR protons, to around 50mrad/day
in the presence of strong SEP. Dose rates of the order of 1000mrad/day are estimated due to
peak fluences of SEP based on the solar event of October 1989 (See Table 4-16).
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Table 4-16
DATA/MARSREC GCR SEP PEAK SEP
MARIE 15— 22 20 - 30 > 1000
(in orbit)
MARSREC 10 5 -50% 100 — 1000*

(at the Surface)

* Depending on the Solar Event intensity

4.8.2. Comparisons of Dose Equivalent results

During the design phase of Mars Radiation Environment Experiment (MARIE) the team

has performed simulation work using HZETRN code.

Figure 4-27 shows MarsREC converted dose equivalents both with and without ions (blue

and magenta triangles) and MARIE predictions (red dot). It can be seen that the maximum

relative difference is obtained for the total dose equivalent considering the MarsREC

conversion for all particles including ions and it is as much as 3%.
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Figure 4-27 — Dose Equivalents
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4.8.3. Comparisons of Fluences

In 1997 NASA published a study for Shielding strategies for Human Space Exploration
[Wilson, 1997]. Presented results were obtained using HZETRN code with the first nuclear
fragmentation database NUCFRG1.

Among several other results they publish the energetic particle flux spectra for solar minimum

GCR emergent from 50g/cm2 of lunar regolith.

Table 4-17 illustrates the soils composition and densities considered by this study for both the
Moon and Mars.

Table 4-17
REGOLITH COMPOSITION D[gE/'\::Srr'IZ]Y
52.6% SiO,
19.8% FeO
LUNAR 17.5% Al,O4 0.8-2.15
10.0% MgO
58.2% SiO,
23.7% Fe,0; }
MARTIAN 10.8% MgO 1.0-1.8
7.3% CaO
o o
MARSREC 70% Si0, 3.75

30% Fe,03

Figures 4-28 and 4-29 show the parallel between the MarsREC backscattering protons and
neutrons (respectively) for different times and locations at the surface of Mars and NASA

results for lunar regolith for depth of about 50g/cm?.

Note that the assumed compositions and densities for both soils are slightly different and for
this reason this comparison shall work as an evaluation of orders of magnitude instead of a
validation. Moreover in the MarsREC simulation there is still the atmospheric shielding

while in NASA results are obtained without atmosphere.
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Figure 4-28 — Proton flux spectra for solar minimum GCR emergent from = 50g/cm?regolith: In dark blue

MarsREC results for Martian Regolith and in red triangle NASA results for Lunar Regolith.
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Figure 4-29— Neutron flux spectra for solar minimum GCR emergent from = 50g/cm?regolith: In dark blue

MarsREC results for Martian Regolith and in red triangle NASA results for Lunar Regolith.
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4.9, Impormnce of the soil composition

MarsREC was used to estimate the impact of soil composition and density in the surface

radiation environment.

Table 4-18 shows the different composition simulated, correspondent densities and data label

from a to e.
Composition Data Density [g/cm?]
Fe203+5i02 a 116 & 3.37
H20  (urface) b 1.00
RealSoil o} 2.12
RealSoil+H20 3o m) d 212
CQO2 e 1.70

Table 4-18- Simulated soil compositions

Simulated data on neutrons’ backscattering and ambient dose equivalent was collected and

analysed.

Figure 4-30 shows the dependence of backscattering radiation on the soil composition and

soil density. It can be seen that the presence of water is very important.
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Figure 4-30- Dependence of neutron backscattering on soil composition (top) and density (bottom)

Figure 4-31 shows ambient dose equivalent due to neutrons as a function of composition and

weight percentage of Fe,O:s.
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Figure 4-31- Dependence of ambient dose equivalent due to neutrons on soil composition (top) and weight

percentage of Fe;O3 (down).

4.9.1.1. Simulation results: analysis

From the analysis of MarsREC simulation results it can be inferred that:

a) The presence of water at the surface is the most significant parameter to affect
surface radiation environment.

b) Changes of 10 to 20% in soil density in the range of 1 g/cm® can give differences
of 60% percent on neutron backscattering or 30% on general backscattering
radiation.

c) CO2 simulation shows a slightly increased ambient dose equivalent (~10%).

d) Changes of Fe,Os weight percentage also induce 10% changes in neutron ambient

dose equivalent.
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4.10. Is Mars a nice place to live?

MarsREC has shown [Keating, 2005], [Keating2, 2006] that GCR and SEP proton-induced
total fluxes at the surface of the order of the 10° particles/cm?*/s. Table 4-19 gives mean typical

individual particle fluxes expected due to GCR and worst case scenario of SEP.

Particles SEP GCR
Species  [#lomifs)] [#iem3is]
Protons a10 1 .58
Electtons 55 0.42
Heutrons 288 2ET
lons 0.1z 0.06
Photons 515 6,710

Table 4-19 - mean typical individual particle fluxes expected due to GCR and worst case scenario of SEP

Most of the published studies concerning the effects of radiation in manned missions for

space exploration, present results in units of dose equivalent.

Figure 4-32 illustrates MarsREC ambient dose equivalent results obtained for GCR protons:
in different location on the surface of Mars in red triangles and for the interplanetary
environment in cyan circle. Dark blue triangles are MARIE [MarsOdissey, 2006] ambient
dose equivalent predictions for the surface of Mars and typical values at Earth (~

0.1uSv/hour) are given by the orange degraded mark.
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Figure 4-32 — Ambient dose Equivalent.
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Table 4-20 shows ambient dose equivalents obtained by MarsREC Monte-Carlo calculations
and values for Primordial Mars and present-day Earth dose equivalents estimated by other

simulation software [Schneider, 2005].

Particles Dose
Species [cGyiyr]
Present-day Ilars .01
[larsREC]
Primordial Ilars? 0.10
Present-day Earth! 0.05

Table 4-20 — Ambient Doses Equivalents due to GCR

From the analysis of figure 4-32 and Table 4-19 it can be seen that Mars is expected to have a

much more severe radiation environment than typically at Earth.

Such big differences between Earth and Mars are mainly explained by the presence of the
Earth magnetosphere. The magnetosphere strongly shields Earth from incoming and
secondary protons and electrons. Inner and outer belts prevent protons with energies around
50 to a few hundred MeV to travel trough Earth’ dense atmosphere, interact and generate
secondary radiation that would reach the surface contributing to higher radiation levels. In
contrast Mars magnet field is remanent and localized with maximum intensity of 100nT
(~less than 107 of the Earth’s surface magnetic field intensity). Studies have been published
showing that the Martian magnetic field works as a localized shielding only for low energy
electrons [Desorgher, 2005] not preventing proton transport and spallation through the

atmosphere and soil.

Predictions show that ambient dose equivalents at present Mars surface are expected to be
more than two orders of magnitude higher than that on Earth. In other words, nowadays
Mars presents a hostile radiation environment for the development of earth-like life.
Therefore the design of manned missions to Mars shall take in special consideration its severe

radiation environment.
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4.11. Future Developments

As discussed in this chapter the developed tools have been verified with previous existent tools
and some MARIE data, showing that the framework is capable of calculating the energy
spectra and particle species at any location on Mars with a resolution of 5°x5°. The models
also show the relative importance of the backscattered component of the radiation
environment and the importance of the soil composition. While the total ionizing dose at the
surface is of lesser concern to EEE components, the design of manned missions to Mars
should take in special consideration the severe radiation environment. Moreover the relative
abundance of protons and neutrons may result in Displacement Damage and Single Event

Eftects on EEE components.

The model is developed for ease of future upgrades. Therefore work can still be done at
different levels, namely: a) GCR Ion; b) Validation of developed tools; ¢) Implementation of

new data from space missions; and d) Extrapolation for other planets.
a) GCR ions

The latest GEANT4 versions allow a reasonable performance simulating ion interaction with
materials, from around 70MeV/nuc to 5GeV/nuc. Additionally a new interface with
DPMJET [DPMJET, 2000] is available for the GEANT4 community and is included in the
dMEREM physics list, enabling a better handling of hadronic processes above 5GeV/nuc. A
list of applications of AMEREM is already planned for the future month and includes the

simulation of Martian radiation environment due GCR ions.
b) Validation of developed tools

NASA has lately supported the development of new tools and improvement of previous
existent tools. It is now important to validate the developed models with other up to date

tools.
¢) Implementation of new data from space missions

New databases, improved and updated versions of current are continuously being created
based on current space missions. It is of major importance to analyze new data, improve the
models in order to take account of the state of art knowledge and validate with real radiation-

monitors data if applicable.
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d) Extrapolation for other planets

As discussed in Chapter 2, Space missions to other planets of the solar system have shown
that several of them have a significant magnetic field. In particular, the giant planets have a
much stronger magnetic field than Earth. Their magnetospheres are furthermore much larger
than Earth’s, in part because of the stronger dipole moments and because the solar wind
becomes increasingly weaker far away from the Sun. Mercury has a magnetic moment only
about 1/2000 that of Earth and a very small magnetosphere. The magnitudes of the dipole
moments of Mercury, Earth, Jupiter, Saturn, Uranus and Neptune, in units of 10® Gauss-

cm?, are 0.004 (approx.), 7.9, 150.000, 4300, 420 and 200, respectively [Lepping, 1995] .

Venus (as well as Mars) has a very weak magnetic field, probably not generated by dynamo
action in the core but possibly due to remnant magnetization of crustal rock acquired earlier
from a stronger magnetic field generated by a now dead core dynamo [Spohn, 1998] . A
dynamo powered by thermal power alone would have ceased a few billions of years ago as the

core cooled to an extent that it became stably stratified [Spohn, 1998] .

Mars has no radiation belts of trapped particles, but the presence of the localised magnetic
fields may create shielded zones. Work by Laurent Desorgher [Darnell, 2007] has shown that
electrons up to 10MeV can experience significant deflection by the anomalies. The effect of
Martian localized magnetic field is of less significance for protons in the range of energy that

may concern effects on EEE devices.

Each Planet has its own features; however the most important drivers are the distance to the
Sun, presence of magnetospheres and atmospheres. By studying and implementing planetary
particularities it is possible to generalize and improve the tools developed for Mars in order to

adapt to other planets and moons.
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5. Single Event Effects on EEE components

This Chapter aims at describing the Component Degradation Simulation too/ (CODES) and
results. CODES [Keating, 2008] was designed as a general framework in order to predict
radiation degradation on EEE components when submitted to different radiation
environments. As described by equation 3-16 in Chapter 3, degradation rates can be predicted
by convolving the incoming fluence (or flux) spectrum through the device with a damage
function at component level. CODES achieves the goal of generality because it interfaces
information on the device with GEANT4 based Monte Carlo application for tracking
primary and secondary particles at component level. Additionally it is designed to output
information required for degradation analysis. Finally it is able to convolve the information at
component level with input radiation spectrum in order to predict degradation rates. Detailed
simulations are also possible by using an interactive tool developed to fit device sensitivity,

Sensitive Volume interactive Fit Tool (SV-FIT), based on ground irradiation tests.

Due to the extended range of mechanisms and devices, the development and application of
CODES and SV-FIT were based on the analysis of a specific device. The device selected was
the 4Mbit ATMEL AT60142F Static Random Access Memory (SRAM) comprehensively
characterised as part of ESA’s “Reference SEU Monitor” development activity [Serensen,
2005].

The methodology and framework developed in order to predict radiation-induced
degradation on EEE components is herein described with detailed explanation of its different
modules. However to introduce nomenclature and to provide background material for

discussion, this chapter begins with a brief introduction to the problem of predicting Single
Event Effects (SEE) on Memory devices.

5.1. SEE on Memory devices
A SRAM cell consists of two inverse back-to-back CMOS inverters (described in Chapter 3).

In each memory cell there is a word line selection, which gives the address of each memory
cell to be written or read, and a bit line (and inverse bit line) via which the data is written or

read, as illustrated in figure 5-1. From simplicity of notation N refers to NMOS and P refers
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to PMOS, therefore CMOS1 consists of MOS devices N1 and P1, while CMOS2 consists of
N2 and P2.

Data (bit) 0

Word Select line

Figure 5-1 - Scheme of a memory cell

According to the description of Chapter 3, if the logical input at the left node is “1”, it means
that gate voltage at N2 is Vgs® =Vaa. Therefore according to its transfer function N2 is on. At
the same time VgsP at P2 is off and Vout (NMOS Drain-Source voltage) is equal to 0V, i.e.,
the logical output will be “0”. This value is transferred to the input of CMOS1 as OV, thus,
Vis® of N1 equals 0 and N1 is off. P1 gets Vi,=0V, then VgsP is V. This means that P1 is on.

As a consequence Vo is equal to Vdd, which means that it returns the logical value “1”.

The functioning of a memory cell, where two inverse CMOS ensure that the information
loops continuously [Baumann, 2005], is illustrated in figure 5-2. N3 (in the left node) and N4
(in the right node) are read/write NMOS devices, and ensure the flow of information in a

continuous loop.

CMOS1
- >0 -
1 O< 0

CMOS2

Figure 5-2- Logical functioning of a recorded memory cell

Assuming that “0” is stored in the left node, CMOS2 would have “0” at the gate. If the logical
value “1” was written in the same node, the gate voltage was set to V"=V, which would
tend to get N2 on and P2 off. The provided current would cause the cell to flip. However, the
system needs a time to respond to the overwriting process [Baumann, 2005]. This time

corresponds to the feedback response of the system.
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A sensitive node is defined as any region in a device where collected charge may lead to the
upset of the normal functioning of the device. When an ion crosses a sensitive node with the
logical value “1” in a SRAM (Figure 5-3), an e-h pair plasma is generated as described in
Chapter 3. Part of the carriers is separated and transported due to either funnelling drift or
further diffusion. The additional current in N1 causes the drop of the Vstorage- At P1 a hole
current starts to compensate. If the collected charge is higher than the critical charge, an error
occurs. The SRAM flips if P1 can supply enough current to compensate the additional charge
[Baumann, 2005]. Consequently P1 tends to turn-off and N1 on. The voltage drop in
CMOST1 starts to turn-on P2 and turn N2 off.

Word Select line

Figure 5-3- Scheme of a SEU in a SRAM cell

In a SRAM the effective critical charge described in Chapter 3 consists of a cooperation
.V

node ?

between two terms: a capacitive term related to the sensitive node, C and a term

node

dependent on the system feedback response time, 7., .1 ..., as described in Equation 5-1.

switch *~ restort

Quit =Croge * Viore +7 (5-1) [Baumann, 2005]

switch 1 restore
Le., if the charge collection time of the charge induced by the incoming particle is shorter that
the switching time of the system, Tawiwh, the charge deposited may not be enough to create an

error [Baumann, 2005].

5.1.1. Methods for Fitting Device Response functioning

As described in Chapter 3 and illustrated by figures 3-20 and 3-21, the response function of a
device gives the probability of upset, as function of ion linear energy transfer, &, (LET), or

in case of proton and neutrons as function of particle energy, o, (E).

Several fit-functions described in the literature [Tylka, 2007] can be used to represent the

measured SEU cross-section data. The following subsections describe the Critical charge,

Weibull and Bendel methods.
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51.1.1. Unique Critical Charge Method

It all cells within a memory device are identical with SVs of constant depth, SEU
measurements made with monoenergetic ion beams will produce a cross-section curve which
is a step function. Every ion above threshold, LET., hitting the volume will cause an upset. In
this case the cross-section is G Ions below the threshold will not upset the device therefore

the cross-section is 0, as illustrated in figure 5-5.

G sat

Qc

<L

0

b] <
= deposited

constant Q) > Qc
deposited

]
|
| O =
]
|
1

LET:
LET[MeV/(mg/cm?)]

Figure 5-4- Critical charge method

Combining equations 3-13, 3-14 the critical charge can be expressed as function of the critical

linear energy transfer, LET,, and the effective sensitive depth, L.

q-p-LET, -,
Eth

Q. (5-2)

In particular for silicon, with a density, p, of 2.32 g/cm’, this formula yields
Q. =1.03x107%LET, I, pC (5-3)
where LET. is expressed in MeV/(mg/cm?) and Lis expressed in microns.

However step functions are very simplistic descriptions of real device response functions. As
described in Chapter 3 real devices show cross-section curves which smoothly vary with LET.
Other functions with more parameters, as described in the following subsections, give better

description of experimental curves.

5.1.1.2. The Bendel Method

As discussed in Chapter 3, proton induced upsets depend on the probability of nuclear
reactions, rather than the number of particle directly depositing energy. Therefore the

response curve is a function of proton energy.

The Bendel method is often used to describe proton irradiation test data because it gives a

good description of proton-induced nuclear reaction.
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There are two Bendel functions. The Bendel-1 form was first introduced by W.L. Bendel in
1983. It provides a convenient and widely used single-parameter description of proton-
induced SEUs cross-section data [Tylka, 2007]. The Bendel-1 parameter function is
described by a single parameter, traditionally called effective threshold "A". Its simplified

form may be written as follows:

O'(E) = (2%)l4 [1_ e(—0.18y°'5)]4 (5-4)

where

y(E)=(E - A)(l%)o's if E>A
=0 otherwise

(5-5)

On the other hand Bendel-2 is a modification of Bendel 1-parameter fit. It is a purely
empirical functional form, and it has been shown to provide a better description of the cross-
section data than the 1-parameter fit for many devices. The Bendel-2 parameter function is
described by two parameters, traditionally called "A" and "B". The functional form is

somewhat complicated but may be written as follows:

o(®) = Bf b-et ] 59

where

yE) =(E-ANBLS"  ifE>A
=0 otherwise

(5-7)

For easier treatment of Bendel-2 fit function B"=C since in fact C/AM=Limiting cross-
section. These functions are often used only for application to proton-induced SEUs, E is the

proton energy in MeV and o(E) is the cross-section in units of 102 cm?/bit.

5.1.1.3. The Weibull Method

The Weibull function [Tylka, 2007] may be used to reproduce ions, protons and neutrons
SEE cross-section experimental curves. Having four free parameters the Weibull function

allows the fit of the cross-section with a smooth single curve. It is given by equation 5-8:

O'(X) — A(l_ e—[(X—XO)/\N]S ) (5-8)

In particular it is assumed that devices have similar behaviour to proton and neutron
irradiation as referred to in Chapter 3. Table 5-1 describes the Weibull parameters required to

fit proton, neutron and ion-irradiation test data.
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Weibull Method Description
Parameters [Protons/Neutrons Tons
E LET
Variable X nerey
[MeV] [MeV/(mg/cm?)]
Plateau
A x1072[cm?/bit] [m?/bit]
Limiting ¢
Onset parameter, [Threshold Energy Threshold LET
X
o(x) = 0 for x < xo ’ [MeV] [MeV/(mg/cm?)]
[With Parameter [With Parameter
Width W
[MeV] [MeV/(mg/cm?)]
Exponent s Dimensionless parameter

Table 5-1 - Weibull method parameters for fit of proton, neutrons and ions

5.1.2. Traditional RPP Models

Traditionally, models to predict SEE effects due to direct ionization in complex devices
assume that the SV is a Rectangle Parallelepiped (RPP). Furthermore these models assume
uniformity of SVs and unique critical charges as described in section 5.1.1.1. Standard tools
for SEE prediction due to GCR or SEP, such as CREME96 [Tylka, 1997] use the RPP

model.

5.1.2.1. Funnelling

The basis of RPP models is that promptly collected charge is mainly deposited by direct
ionization in a RPP sensitive volume and that funnelling (outside of the SV) is considered to
be negligible or is even considered to decrease SEU rate [Tylka, 2007]. Those models may
only represent funnelling as a fine tuning of the model. Others [Petersen, 1992] consider an
overall RPP SV that already accounts for average funnelling dimensions.

o

Drain

Seouree Gate

RPP

- Silicon
/ .~ Funnelling

Figure 5-5 — RPP model scheme
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5.1.2.2. From step function to smooth curves

As already discussed in section 5.1.1.1 the assumption of uniformity of SVs and unique
critical charge leads to a step cross-section curve. However authors tend to assume that
stochastic variations of deposited charge and statistic fluctuations of sensitivity may justify the
smoothed shape of experimental SEE curves. Regarding transversal dimensions of the SV,
some authors assume the sensitive transversal area as LET-dependent, others assume fixed
sensitive area. These assumptions give two different interpretations of SEE cross-section
curves obtained from experimental data (discussed in Chapter 3). The LET-dependent
sensitive area describes the cross-section curve as the increase of the sensitive area in the
device cell, while the second leads to the statistical interpretation of the curve as the variation

of number of upset cells.

RPP models usually neglect scattering effects in the sensitive volume, they assume the
incoming ion trajectory remains approximately in a straight line in the sensitive volume, as
discusses in section 3.2.2. These assumptions reveal behaviours not compatible with real
processes in modern devices. They appear to fail for modern devices with different shielding
configurations, complicated SV shapes, several SVs, small features, and consequently
depletion sizes. Furthermore, contrary to the GCR for which high-energy ions predominate,
in case of SEP, the contribution from low LET heavy ions is important [Inguimbert, 2004].
It is therefore necessary to accurately model the transport of particles through the shielding
and accurately understand the real shape of the SV and the physical mechanisms leading to

charge collection.

5.1.3. Non- RPP models

Other different models, known as non-RPP models!, have been developed aimed at
understanding and modelling SEE cross-section data. For example the model developed by
Langworhty defines the cross-section curve as SV shape-dependent and assumes that the path
length distribution is responsible for the cross-section curve shape [Langworthy, 1989].
Figure 5-6 depicts a simplified geometrical explanation of cross-section curve modulation due

to path length distribution. In case the SV is a RPP the path length distribution is given by a

! [Langworthy, 1989], [Petersen, 1993], [Petersen, 1998]
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Dirac delta function which argument is the RPP thickness corrected by the cosine of the
incident angle, plus plateau at low path length values. This path length distribution leads to
cross-section curves that are step functions [Xapsos, 1993]. In the bottom of figure 5-6 it can
be seen that for a non-RPP volume the path length distribution is a continuous function
between the maximum and minimum thicknesses of the volume, plus a plateau at low path
length values due to the angle effect. In this case the cross-section distribution is a function of
the LET. Minimum LET value is given by the critical charge divided by the maximum path
length and saturation is reached for high LET ions, depositing charge above the critical

charge.

N

a >
\/\/\/ b blcos e L Qc LET

bicose
(after [ Xapsos, 1993])

P(L}) o (LET)
Og

o (LET)
P(L) o | - _Qc
1  bylcosd
I
I
[ [ I, _ _Qc
Pl i 5 : | : 2 b,lcos®
I I
be| Qe 2 : I |3=°_
— | | bqlcos®
1 | |
v by b L R TR T LET |4=b2!Qcose
coso coso 12 3 4

Figure 5-6 - Geometrical explanation of cross-section modulation due to path length distribution

In fact many authors, even those that use RPP models, believe that the solution for the
understanding of the SEE cross-section curve is to calculate the shape of the sensitive volume

and then the distribution of ion path lengths through the sensitive region [Xapsos, 1993].

In particular the non-RPP model investigated this chapter assumes that the sensitive volume
is modulated directly by the physical mechanisms leading to charge collection and
contributing to upset the device. This will help to analyse the question: to what extent can the
departure from a step function be explained by physics of particle interaction, without

considering geometrical or sensitivity variation.
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5.2.  Simulation framework

5.2.1. GEANT 4 and device physics

As described in Chapter 4, GEANT4 is a toolkit primarily designed to simulate High Energy
Physics experiments [Agostinelli, 2003]. In the past years a large effort from the GEANT4
collaboration and users has been done in order to adapt and develop GEANT4 application for

space related issues?.

GEANT4 being a Monte Carlo toolkit enables the track of primary and secondary radiation
from the generation point until they are absorbed, exit the device or interact. These features
bring an important contribution for device physics simulation. Some recent developments
have been done in order to improve GEANT4 capabilities such as including screened
Coulomb scattering to compute the nonionizing component of energy deposited in
semiconductor materials by energetic protons and other forms of radiation [Weller, 2004].
This is an essential aspect for previous NIEL computations [Inguimbert, 2006]. Other recent
applications include as well modelling of TID effects [Butt, 2007].

However the use of GEANT4 in predicting components degradation and failure mechanisms
is still a quite novel application. Therefore GEANT4 does not take into account the
complexity of crystalline structures of materials neither mechanisms such as electron-holes

transportation, recombination and trapping, leading to single event effects.

Since 1996 many researchers and institutions® are working in building tools that combine
Monte Carlo radiation tracking with expensive circuit simulation tools. These integrated
frameworks are often in-house tools developed for specific in-house applications, not available
for public use. Furthermore these tools often require detailed technology description of the
device, for an accurate simulation, often not delivered by the vendor. The development of a
flexible integrated tool enabling the fit of sensitive volume properties as well as the path
length distribution based on experimental data or/and on vendor information is therefore

considered of great benefit.

2 [Keating, 2005], [Keating, 2008], [Allison, 2006], [REAT], [DESIRE], [SEPTINESS], [GEANT4_SUH],
[Santin, 2005]
3 [Murley, 1996], [Makoto, 2005], [Weller, 2006], [Warren, 2006], [Butt, 2007], [Inguimbert , 2007].
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52.2. Component Degradation Simulation (CODES) Framework

The developed framework aims at predicting radiation-induced degradation on EEE
components and enabling verification with other software such as CREME%6. Figure 5-7
gives an overview of CODES’ philosophy. By combining as much information as possible the
framework is capable of predict radiation induced degradation on EEE components.

Additionally it is interfaced with the GEANT4 applications. CODES involves two different

approaches to the quantitative algorithms namely: The Szatistic and Microscopic approaches.

Under the Statistic approach, llustrated on the left side of figure 5-7, GEANT4 is just used to
simulate the energy spectra and particle species at component level. The simulated primary
and secondary spectra above the threshold are then convolved with the experimental SEE
cross-section curves. This approach is described in detail and compared with CREME96

simulations in subchapter 5.4.

On the right side of the diagram of figure 5-7, the Microscopic approach is described. This
approach uses GEANT4 application interfaced with device analysis techniques in order to
achieve the simulation of microdosimetry in the device. Aiming at the fit of sensitive volume
shape and dimensions, as well as the path length distribution, the microscopic approach
consists of three main modules to perform SEU rate prediction of memory devices. The three
modules are Geometry Description (GD), Efficiency Matrix (EM), and Analysis Module
(AM). The SV-FIT module is an iterative process that by employing the three modules GD,
EM and AV, calculates a function for the Sensitive Volume and subsequently calculates the
cross-section versus LET curve required to predict SEU rates. The framework is developed
with flexibility in mind such that SEU rate prediction may be achieved employing vendor
technology details, semiconductor/circuits simulation data, laser mapping data or irradiation
test data. The device physics input into the main GEANT4 application can be done by the

efficiency matrix module.

Ultimately CODES aims at being optimized as an engineering user friendly tool. Under this
environment CODES may allow the user to simulate device degradation response with the
minimal information available. Therefore CODES may be able to estimate simulation
accuracy and SV volume shape and dimensions whenever used without device vendor
information based only on ground based test data. Finally it shall be noted that this work is in

progress in order to complete the CODES designed capabilities.
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Subchapter 5.5 will focus on describing the concept and development of SV-FIT. Final

discussion will be held in order to describe additional corrections that need to be implemented

to optimize the tool’s capabilities.
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Figure 5-7- CODES Philosophy

5.3. ATMEL Device

7 ?lr FAILURE RATE EVALUATION

Q-Qerit > O ]

The AT60142F is a very fast low power Static RAM organized as 512K x 8 bits. It is

produced on a radiation hardened 0.25 pm CMOS process having an access time of 15ns.

The device is specified for 3.3V with a 6-transistor memory cell. The die is 6.1 x 11.2 mm

resulting in a 68.3 mm?size with a memory cell size of 9.765 um? To prevent the occurrence

of multiple SEU in a byte, ATMEL has organised the memory plan in eight parallel blocks of

512K x 1 with the control and voltage regulation block in the lower middle position. The

layout of the 8 blocks is clearly visible on the die photo shown in figure 5-8 [Serensen, 2005].




Single Event Effects on EEE components 5-12
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Figure 5-8- ATMEL 4-Mbit SRAM -8 blocks of 512K x 1
The technology details delivered by ATMEL on the 4Mbit AT60142 device were carefully
studied. The details on doping species, implantation energy and doses were combined with
layering geometry and discussed with experts at the Components Division of ESA. SRIM
[Ziegler, 2006] was used to calculate implantation depths and doping distribution. Moreover

a gds2 file viewer was used to extract all the dimensions of the device layers.

The ATMEL single bit cell scheme is analysed in figure 5-9 giving information on the bit
line, word line and Vdd and Vss. The painted areas correspond to the Field Oxide (Gates) in

red, the Metallization 2 in dark grey and the Metallization 3 in cyan.

Bit Line (Met2)

A

|
T~ ]
| Vdd(Met3)
PMOS 1 B
L |
T VS5 (Met3)
NMOS 1
;L | | Word Line
(Foly)
|

Figure 5-9- Single bit cell
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The electronic circuit is depicted in figure 5-10. It can be seen that this information matches
with the layering information and with the single bit cell of figure 5-9. Note that T2, T4, T5
and T6 are NMOS, while T1 and T3 are PMOS transistors.

Word line

T Wdd

' T1 T2
= g ot :
TS I
X - |
Té
i Ce S
EIT I GMD {/BIT

Figure 5-10- Electronic Circuit

From the technology details it was possible to describe the 2D geometry representation of the
device. Additionally the device vendor had delivered some ion implantation information.
Based on that information a simulation with SRIM [Ziegler, 2006] was used in order to infer

3D geometry.

The depth of implanted layers is determined by the stopping power of the different ion
species in the target material. Implantation ranges in silicon were simulated for NMOS and
PMOS transistors with Range of Ions in Matter Tool, SRIM 2003, according to ATMEL
detailed information. Figure 5-11 shows the ion ranges in silicon for the Pwells and Nwells,

on which the NMOS and PMOS site, respectively.
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Figure 5-11- Ion ranges in the CMOS technology.
Figure 5-11 shows a detailed analysis of the implanted ions ranges in silicon. However it is

important to remark that GEANT4 does not allow the use of doping gradients. For that

reason, in order to define the GEANT4 Geometry class the following possibilities were

discussed.

I. The implanted layer can be considered as an uniform average doping density for a

thickness to be specified, as depicted in figure 5-12 a);

II. The implanted layer can be considered as a set of sub-layers (daughter volumes) with

different doping densities according to the depth and position, as shown in figure 5-12

b).

& Mwell % Iwrall

] [}

[aln] ah

g g

vl [

A VA

a) Depth [um] B g x Depth ]

Figure 5-12- Two possible ways of construct implants geometry into GEANT4.
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5.4. Statistic Approach

The statistic approach works similarly to standard tools such as CREME96. This method
considers the sensitive volume as a rectangle parallelepiped (RPP) and inputs the device

response functioning given by the fit of irradiation test data with functions, such as Weibull

or Bendel [Tylka, 2007].

In particular this module was used to predict proton and neutron-induced Single Event
Upsets at the surface of Mars based on the 4-Mbit ATMEL AT60142F SRAM devices
comprehensively characterized as part of ESA’s SEU reference monitor development activity

[Keating, 2006].

From the three different statistic methods described in subsection 5.1.2 the Weibull was
found to reproduce better both ion and proton experimental cross-section curves. The

following sections will describe in detail fit parameters adjusted to experimental curves and
how they were used to predict the SEU rate for 4-Mbit ATMEL SRAM device in the

Martian radiation environment.

54.1. Reproducing trradiation test data

A detailed study was carried out in order to identify the parameters set to better adjust SEU

response function data obtained for both proton and ion irradiation of the ATMEL
AT60142F device.

Figure 5-13 shows ATMEL AT60142F ion irradiation test data and the Weibull function

data reproduction.
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Figure 5-13 - Reproducing experimental data with Weibull response function

Figure 5-14 illustrates ATMEL AT60142F proton irradiation test data and the Weibull

function data reproduction.

Atmel AT60142F 4Mbit SRAMs - Proton SEU Results (PSI0507).
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Figure 5-14- Reproducing experimental data with Weibull response function.
Table 5-2 illustrates the sets parameters of the adjusted Weibull functions to ion and protons
irradiation data. As previously discussed device response to neutron irradiation is expected to

be similar to the response under proton irradiation. Therefore Table 5-2 assumes the Weibull

response function for protons can be used to predict and SEE rates for neutrons as well.
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Ton Proton/Neutron
Weibull Method Parameters
units units
Plateaux Al 15 [um?/bit] 0.0353 x10?[cm?/bit]
Sensitivity Threshold (LET.or E.) x0 | 1.2 [MeV/(mg/cm?)]| 10 [MeV]
With W 65 [MeV/(mg/cm?)]| 4 [MeV]
Exponent s | 1.47 -—- 1 ---

Table 5-2- Weibull Fit parameters for ion irradiation test data

5.4.2. SEU rate predictions

As described by equation 3-19, the upset rate for incident protons or neutrons, N, is given by
the integration of the SEU cross-section over the energy spectrum. The SEU cross-section for
ions, protons and neutrons are assumed to be given by Weibull functions of Table 5-2, while
at the surface of Mars the differential energy spectrum, d®/dE, is given by environmental

module described in Chapter 4.

As illustrated in figure 5-15, the device RPP geometry is implemented in the MarsREC
geometry inside the MarsREC Environmental Module (described in Chapter4) [Keating,
2005].

Secondary Radiation
— Backscatered Radiation

Qagmgpw 1ndut

MarsREC SEL Module

H_ - [ 55 - (8)aF
Atmosphere

Shleld'\lng an%CDmﬁDnen&GeumeTr‘y I

/ \ Soil

Figure 5-15 —Simulation set-up scheme
Results discussed later in this section were obtained by running the GEANT4.7 simulation

over 10° events of GCR and SEP protons with isotropic and perpendicular-to-surface

distribution at the top of the Mars atmosphere and through an isotropic 1cm thick aluminum




Single Event Effects on EEE components 5-18

shielding. The sensitive volume was simulated as a rectangle parallelepiped of 1.5 pm

thickness of Silicon [Keating, 2006]. The resulting particles were collected in the Silicon SV.

Figure 5-16 shows the SEU cross-section obtained by the convolution of the shielded spectra
at the sensitive volume with the Weibull function, as a function of particle energy for protons
and neutrons. Finally it compares the calculated SEU cross-sections with experimental data of
figure 5-14 for protons and also with experimental data obtained from neutrons irradiation

tests [Serensen, 2005].

SEU Cross-5Section [cm2/bit]
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i~ 14 |
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Figure 5-16- SEU cross-sections for protons and neutrons: MarsREC reconstruction and experimental data.
Table 5-3 illustrates the expected dose deposition by electrons, protons and others such as

short lived particles (muons and pions) and light ions (tritium, deuterium and alpha particles)

in the device.

Particles Species Dose per year
[Rad(SiO,)]
All 2.75
Protons 2.08
Electrons 0.30
Other 0.33

Table 5-3 — Deposited dose in the sensitive volume at the Surface of Mars
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As discussed in Chapter 4, the radiation environment at the surface of Mars due to proton
GCR and SEP did not give significant signature of secondary ions*. Therefore SEU rate

predictions were explored for protons and secondary neutrons.

MarsREC SEU rate prediction for protons and secondary neutrons due to GCR and SEP
protons at the surface of Mars were evaluated and presented in Table 5-4. Note that, as
discussed in Chapter 2, GCR input represents a quiet and continuous scenario in time while
SEP scenario represents a worst week case of a solar event. Therefore results of Table 5-4
show SEU rates in units of SEUs/device/year for GCR and SEUs/device/week for SEP. It
can be seen that in the presence of a solar event the upset rate is in a week almost as higher as

during one year of quite GCR scenario.

SEU RATES
PARTICLES GCE SEP
[#/devicelyvear] [#/devicelweek]
PROTONS 4 .85 380
NEUTRONS 2.21 048

Table 5-4 — SEU rates predicted at the surface of Mars due to CGR and SEP protons, secondary protons and

neutrons

5.4.3. Comparisons with CREME96

There are some major differences between the developed statistic method and CREME96.
The developed model being based on GEANT4 employs a three-dimensional Monte Carlo

simulation, tracking all primary and secondary particles in all directions (section 4.1).

The CREME96 nuclear transport module calculates a numerical solution of the one-
dimensional continuity equation, taking into account both ionization energy loss (in the
continuous-slowing-down approximation) and nuclear fragmentation. CREME96
incorporates accurate stopping power and range-energy routines, and uses semi-empirical

energy-dependent nuclear fragmentation cross-sections [Tylkal &2, 1997].

* Simulation work performed with early versions of GEANT4 did not allow tracking of heavy ions. The latest

versions in use in the development of CODES already allow the track of primary and secondary generic ions.
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Moreover while MarsREC considers slab geometry, CREME96 uses a spherical geometry in

which just particles crossing the center of the sphere are considered.

In order to compare predictions from both models, normalization corrections between
different models, geometries shall consider the integration in the boundary conditions of the

total flux:

E2 w2 deCR/SEP( )

q)GCR/SEP _ zﬂ!‘ldE J‘ =

Mars
0

-cos@-sin@-dé (5-9)

Finally results were obtained for different locations at the surface of Mars and with
CREMEDJ6 a shielding layers was simulated with aluminium equivalent thickness to mimic
the atmospheric plus device shielding considered in the GEANT4 simulation. Table 5-5

shows the different simulation cases.

MarsREC CREME
Proton Directional
Depth Depth
Source Distribution Particles P Particles P
[g/cm?] [g/cm?]
Protons
SEP Perpendicular 16.7 Protons 10-23
Protons + Neutrons
Protons
Isotropic 16.7
Protons + Neutrons
GCR
Protons 12.3 Protons 10-23
Perpendicular 16.4
Protons + Neutrons
20.1

Table 5-5 — Simulation cases

Figure 5-17 illustrates the comparison between SEU rate prediction simulated using the
developed GEANT4 based statistic method and CREME96 for SEP protons. Results are
presented for Protons (MasREC_P) and for both protons and secondary neutrons
(MARSREC_P+N) obtained with a perpendicular-to-surface incident beam.

Figure 5-18 shows results obtained with GCR protons and compares with CREME96
predictions. In this case predictions were obtained with perpendicular and isotropic incident

beams for Protons (MarsREC_P) and for both protons and secondary neutrons
(MARSREC_P+N).

Figures 5-17 and 5-18 show that results are in very good agreement with CREME96

predictions under similar geometric conditions.




Single Event Effects on EEE components 5-21

Moreover it can be seen that results obtained by the GEANT4 based developed statistic
method with a perpendicular incident beam are closer to CREME96 results than those
simulated with an isotropic incident beam. This result can be easily understood once
CREMED96 simulates a spherical-concentric geometry. This geometry is comparable, in a first
approximation to infinite slab geometry with perpendicular incident beam. On the other
hand, for increased depth the difference between perpendicular incidence and CREME96
increases. GEANT4 being a Monte Carlo tool allows the generation of secondary particles in
all 3D directions. Therefore increasing the depth, the pass length of all products of interaction

is increased by a cosine factor.

_‘g‘ 1.6
S . —= SEP_CREME
1]
E —+ SEP_MarsREC_P
4 L +— SEP_MarsREC _P+N
Q 1.4
S I
23]
m |-
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0.6 | . |
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Depth [g/cm2]
Figure 5-17- SEP- induced simulated SEU rates predictions and CREME96.
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Figure 5-18- GCR- induced simulated SEU rates predictions and CREME 96.

5.4.4. Discussion

The statistic approach used in MarsREC provides a comprehensive method to provide SEU
Rate prediction for EEE components on Mars also considering secondary particles generated
in various shielding configurations, the Martian atmosphere and soil. Results show that the
newly developed framework is capable of predicting SEU rates for protons and neutrons.
MarsREC  results show very good agreement when compared with other software’s

predictions.
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5.5.  Microscopic Approach

This section aims at defining the simulation setup and configurations considered for testing

the microscopic approach to the SEU rates calculation in CODES.

5.5.1. Redeﬁnition of Sensitive Volume

As described in section 5.1.3 CODES assumes the sensitive volume (SV) to be the volume in
the device where the charge deposited contributes entirely to prompt charge collection. The
sensitive volume shape is not defined or fixed. Instead it will be determined by the interactive
fit tool, SV-FIT. However in a first approach CODES assumes the sensitive transversal area
of all cells of the device to be fixed (being independent of ions LET), and is given either by

vendor technology details or by the ground based irradiation test data saturation cross-section.

5.52. Eﬁiciency matrix module

The Efficiency Matrix is the complete 3D geometry description of the device to process and
to output collected charge history. At each unit cell of the matrix corresponds a charge
collection efficiency value. In regions where the electric field may contribute to separation of
injected carriers and therefore contribute to prompt charge collection, active regions, the
efficiency is 1. In zones, working as parasitic resistors, that may limit the current flow
between active regions, the passive regions, the efficiency is 0. In regions where the generated
electron-hole pairs have a probability of recombining but are still able to contribute to charge

collection, the efficiency values shall be greater than 0 and lower than 1.

However the Efficiency Matrix may be considered as a 2D geometry description if the shape
of each sensitive volume is assumed to be known. Sections 5.5.3 and 5.5.4 describe the
placement of sensitive volumes and assumed shapes and dimensions, used in the simulations

described later in this chapter.

The Efficiency Matrix Module is a class that reads efficiency values in the matrix and
associates them to a sensitive volume in the device. The output of the Efficiency Matrix
Module is the full placement of the sensitive volumes into the GEANT4 device geometry
construction according to the matrix spatial resolution and the association of one efficiency
value for charge collection to each volume. The charge collection efficiency is finally passed

into the GEANT4 application to the analysis class.
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5.5.3. Placement of Sensitive Volumes

In a first approach sensitive volumes were placed under depletion area of each transistor,

according to the analysis of the SRAM unit cell and the electronic circuit.

Figure 5-19 illustrates the dimensions of the sensitive areas and their placement inside a unit

cell. The xy dimensions of the cell were estimated based on device geometry details.

v

0.58 m

I 1pm

. X
| .

Figure 5-19- Simulated sensitive areas: dimensions and placement

Finally 4 bit cells were replicated in the simulation as depicted in figure 5-20
-
_— e

Figure 5-20 — Simulation setup: 4 bit cells with 6 sensitive volumes each.

The device vertical profile is illustrated in figure 5-21. The whole thickness of the device is
500um, including with metallization and epitaxial layers. In the simulation the epitaxial is
made of Silicon as well as the sensitive areas, the shielding layer properties are described in
section 5.5.3. Shielding is represented in grey on figure 5-21. According to the discussion of
subchapter 5.3, the sensitive area was placed 0.1pm below the top of the silicon device
(240pm)* with uniform average density as described in figure 5-12a). Different thicknesses,

T, were simulated as described in section 5.5.4.

* Note that GEANT4 imports half dimensions.
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Figure 5-21- Vertical profile of simulated geometry

5.54. Sensitive volumes thicknesses and s/mpes

Different geometries were simulated. Initially the SV was constructed as a rectangle

parallelepiped with thicknesses of 1, 1.5, 1.7, 2, 3 and 4 pm. Later simulations were

performed for different SV shapes and dimensions. Table 5-7 describes the different

geometries. The first two values of the transversal area were estimated by the ATMEL device

geometry, while the last values were obtained by dividing the maximum SEU cross-section by

the number of sensitive volumes simulated, in analogy to the definition of saturation cross-

section.
Thickness Transversal Area
Shape
[nm] [nm?]
rectangle parallelepiped (RPP) 1,1.5,1.7,2,3,4 0.58x1
0.58x1
tetrahedron (TRD) 4
0.81x1
truncated tetrahedron (tTRD) 2 0.81x1

Table 5-6- Simulated SV shapes and dimensions

Figure 5-22 depicts the HepRep [Allison, 2008] scheme of the rectangle parallelepiped and

tetrahedron SVs.
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Figure 5-22- Simulation scheme: Rectangle Parallelepiped (left) and Tetrahedron (right).

5.5.5. Shielding

In order to simulate a realistic shielding configuration, the ATMEL technology details were

revisited. The final shielding configuration was simulated as illustrated in Table 5-6.

Name percentage  # layers composition

Via 41% 3 10% W + 90% SiO2
Metal 55% 4 50% AlCu + 50% SiO2
Titanium 4% interfaces very thin T1i isolation

Final average configuration

Density Thickness Composition
41%(10% W + 90% SiO2) +
10.3g/cm3 4.36 microns 55%(50% AlCu + 50% SiO2)
4% Ti

Table 5-7- Shielding properties
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5.5.6. Ion Cocktails

As previously referred, the 4-Mbit ATMEL AT60142F SRAM was comprehensively
characterized as part of ESA’s SEU reference monitor development activity [Serensen, 2005].
Ion irradiation test data were obtained at Radiation Effects Facility (RADEF), Jyviskyld,
Finland. The seven ion species available in the 9.3 MeV/nucleon standard high penetration
ion cocktail produced for ESA are described in Table 5-8 [Virtanen, 2007]. In Table 5-8,
species’ energy, range in silicon simulated with SRIM, range in silicon given at BNLS,

stopping power simulated with SRIM, and expected LET, are represented.

There are several tools, such as SRIM and BNL, used to calculate the LET caused by ions in
a thin surface of silicon, also called surface LET. Depending on the processes they take into

account different tools give slightly different results.

GEANT4 simulations were produced for all the ion species of Table 5-10 with the same

energy and isotopic number, and ionization state, SEU cross-sections estimated and plotted

as function of the LET from BNL.

Rsrim RsenL St. power LET
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Table 5-8- Standard high penetration ion cocktail produced at RADEF for ESA

¢ Brookhaven National Laboratory Upton, New York [Gardner, 1989] [Lowenstein, 2001].
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5.5.7. Angling

Intermediate LET values were obtained as described in Table 5-9, for the same ion species of

Table 5-8 changing the angle of incidence in the device.

Angle of incidence

LET ] Ion Energy
1.7 0 1N 139
2.4 45 S\ o 139
3.4 60 N4 139
3.5 0 20Neb* 186

5 45 20Neb* 186
6 0 30Si8+ 278
7 60 20Nes* 186
10 0 A2 372

141 45 A2 372
18 0 S6Fels 523
20 60 AOA 2 372

25.5 45 S6Fels 523
30 0 82K 22+ 768
36 60 SoFels 523

42.4 45 82K 22+ 768
53 0 131 @35+ 1217
60 60 82K 22 768
75 45 131 35+ 1217
106 60 131K @35+ 1217

Table 5-9- Angle of incidence

In this Thesis discussed GEANT4 simulations were obtained with perpendicular ion beams.
Further simulations considering 45° and 60° were performed. However the discussion of those

results was considered to be outside the scope of this Thesis.
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5.6. SV-FIT

The Sensitive Volume Interactive Fit Tool (SV-FIT) aims at reconstructing the irradiation
test data using a GEANT4 based simulation by fitting the device sensitive volume (SV) shape
and size. In an iterative process, SV-FIT as described here employs the three modules: the
Geometry Description, Efficiency Matrix and Analysis Module to calculate a function for the
Sensitive Volume. Results discussed in this subchapter use the efficiency matrix to describe
device sensitivity in its simplistic 2D format. The sensitive volumes coincide with the active
regions where the efficiency is 1 while in the rest of the device is in first order assumed to be
passive with efficiency 0. Sensitive volume shape was assumed in each iterative step and placed
as described in section 5.5.3 and 5.5.4. All the charge deposited in the SV is considered to be

tully collected and contribute to upset the device.

5.6.1. Considerations on AT60142F SRAM Experimental data

Before starting the discussion of simulation procedures and results it is important to analyse
the experimental data. One of the motivations to analyse and simulate irradiation test data of
the ATMEL AT60142F SRAM device was the fact that SEU cross-section curve does not
exhibit saturation for the tested LET range as theoretically expected. This unexpected effect is
comfortably smoothed by the logarithmic scale. The identification of this effect raised an
important discussion with ESA expertis that will be considered and described in detail later in
this chapter. However this discussion lead the author to assume that ATMEL AT60142F
SRAM SEU response function can be defined as a combination of two effects: 1% a standard
SEU cross-section curve that saturates around 10MeV/(mg/cm?), plus an increasing LET-
dependent perturbation. According to Mike Xapsos publication in 1993, the solution for the
standard SEU cross-section curve is to calculate the shape of the sensitive volume and then

the distribution of ion path lengths through the sensitive region [Xapsos, 1993].

Therefore GEANT4 simulation by fitting the SV shape and size is expected to reproduce the
first effect while the LET-dependent perturbation shall be included as a correction and

optimization of preliminary GEANT4 simulation.

The following sections aim at explaining and discuss the simulation procedures and results.
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5.6.2. Getting RPP Threshold sensitivity from ground based test data

In the beginning of SV-FIT development it was assumed that as in traditional methods SV-
FIT should get as input the sensitivity threshold, critical charge or energy (see Chapter 3),

and the sensitive volume.

The critical energy was first extracted from experimental results by using the best Weibull
function description (section 5.1.2). From equation 3-14 it is clear how to calculate the critical
energy in silicon if the critical LET is well known. In Table 5-2 the LET. is given as 1.2
[MeV/(mg/cm?)]. According to the conversion between charge and energy of equations 3-13,

5-2 and 5-3, the critical energy can be calculated as:
E.=p-LET,-l,  (5-10)

In the particular case of perpendicular incidence, the average effective depth, L, is the SV
thickness. Table 5-10 shows different critical energy values for different RPP SV thickness

considered in the simulation.

SV Thickness Ec
[pm] [MeV]
1 0.284
1.5 0.426
1.7 0.483
2 0.568
0.852
4 1.136

Table 5-10 — SV thickness and critical energy

As previously discussed every time the energy deposited per event exceeds the critical energy
an SEU occurs. Based on that principle the SEU cross-section in units of cm?/bit is given by:

Number of Evts(depE > E,)

LET) =
ol ) Number of Generated evts

- Sensitive Area per Bit (5-11)

Consequently the SEU cross-section can be computed using the microdosimetry method of
CODES application. Primary ions simulated according to Table 5-8 were tracked through
the device as well as the secondary particles produced. Energy deposition per event was

computed and finally compared with the critical energy as explained above.
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Finally SEU cross-sections for each ion were plotted as function of the LET and compared
with experimental values obtained for two different tests as depicted in figure 5-23. The lines

in the figure show fits to both experimental and simulation data.
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Figure 5-23 — Comparison between GEANT4 RPP simulation irradiation test data

The SEU cross-section obtained by simulation gives a plateau function that barely reproduce
experimental results, as illustrated in figure 5-23. The same procedures were used for different

SV volume thicknesses for the different ion species according to Table 5-6.

Figure 5-24 shows SEU cross-section as function of the SV thickness for Nitrogen and
Xenon. It reveals that it is not possible to establish a dependency function between the SEU
cross-section and SV thickness for the ATMEL device.
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Figure 5-24 — SEU cross-section as function of SV thickness

In a way this result was already expected by traditional RPP models; because they assume the
energy deposited to be given by equation 3-13 neglecting scattering effects in the sensitive
volume. However this result shows as well that it is not possible to accurately fit the SV based
on a method with SV thickness and critical energy as free input parameters. As a consequence
it lead to the review of the definition of threshold LET, LET., and criteria for critical energy

calculation as explained in the following section.

5.6.3. Redefinition of critical LET

By definition, critical LET is the minimum linear energy transfer from the ion to the target
that produces an upset. Therefore instead of using a theoretical description of the
experimental curve to extract the highest LET value not producing any upset, the critical

LET can be extracted directly from irradiation test data by the lowest LET ion of the

cocktail.
This trivial thought raised the following postulates:

I. The lowest LET ion from the irradiation test cocktail, producing a positive SEU cross-
section, is the ion with threshold LET, LET,;

II. The critical energy for the simulation modules shall be defined as the energy deposition
for which the simulated cross-section reproduces experimental results, as defined in

equation 5-12:
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Number of Evts(depE > E,)

- Sensitive Area perBit = ®*"™"™ (LET.) (5-12)
Number of Generated evts

o(LET,) =

According to Postulate I from Table 5-8 it can be concluded that critical LET of
1.7[MeV/(mg/cm?)] is obtained for Nitrogen. figure 5-25 plots the number of events in units

of SEU cross-section as function of the energy deposited by Nitrogen in the SV.

The method for calculation of critical energy by analyses based on postulate II is given by

equation 5-13 and is depicted in figure 5-25 for the case of 2um SV.

imental
E, = E|o(LET,) = o™ (LET,)| (5-13)
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Figure 5-25— Path length distribution: Assumption critical energy by analyses of Nitrogen deposited Energy
distribution for a SV thickness of 2pm

The path length distribution on the sensitive volume, of figure 5-25, shows that energy
deposition has two peaks: one for low energies due to delta ray production and a Gaussian
peak at higher energy losses. This higher energy peak is due to the primary particle. Basically
it is due to the fact that in each simulation with perpendicular incidence in a RPP SV, the
average energy transferred by the primary ions to the SV is the same for all the events
corrected by the cosine of the scattering angle that has a random quasi-isotropic distribution,

as represented in the scheme of figure 5-26.
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Figure 5-26- Rpp scheme

The Gaussian peak due to primary particles shows that ion track scattering may be important
in the sensitive volume. This is an important conclusion that reveals that traditional RPP

models assumption of the straight line trajectory of the incoming ion is not accurate enough.

Table 5-11 shows the critical energy calculated according to equation 5-13 for different SV

thicknesses.
SV Thickness Ec
[nm] [MeV]
1 0.46
2 0.90
3 1.33

Table 5-11 - SV thickness and critical energy according to equation 5-13

Once the critical energy is calculated, SEU cross-section for higher LET ions can be

computed according to equation 5-14.

Number of Evts(depE > 0.9MeV)

o(LET) =
( ) Number of Generated evts

- Sensitive Area perBit (5-14)

5.6.4. Fit SV dimensions and s/mpe éy microa’osimefry calculations

In order to test the redefined critical energy criteria the first shape used for the simulation of
the SV was the RPP. Later by evaluating differences between simulation results and

experimental irradiation test data new shapes were fitted. Results are discussed in this section.
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5.6.4.1.  Rectangle Parallelepiped Sensitive Volume
The method previously described was repeated for different SV thicknesses (1, 2 and 3 pm).

Figure 5-27 shows the SEU cross-section calculated according to this SV-FIT method: the
green triangles show the previous result assuming LETc to be given by the Weibull
description of experimental data (RPP_weibull), the empty marks show results for different
SV thickness using the new LETc definition (according to table 5-11) and finally red and

orange full squares show irradiation test data.
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Figure 5-27- SEU cross-section curves: Comparison between experimental data and simulation results

It can be seen that simulations of RPP sensitive volumes give a step function description of
experimental data in the same order of magnitude for saturation cross-section. However RPP
simulations are not able to fit the knee of the SEU cross-section. Moreover by changing the
SV thickness fit curves are not improved, showing inexistent dependence between SEU cross-

section and thickness.

In order to understand the reason of such result it is important to investigate the LET path
length distribution. Figure 5-28 shows distribution of energy deposited in units of MeV, for
Nitrogen and Neon (2™ LET), travelling through a device with RPP SV of 1um thick. It can
be seen that the critical energy was defined by the maximum energy loss that sits in the upper

queue of the Gaussian distribution. One other important observation is that high energy
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peaks of energy deposition in RPP SV due to consecutive LET ions fall apart from each
other. Therefore cutting the energy deposition for Neon (the second LET ion) gives no
significant impact when evaluating its SEU cross-section. In other words, cutting deposited
energies above the critical energy is just cutting the impact of low energy delta rays. As a
consequence all the primary particle events will be taken into account for SEU cross-section

calculations, leading to a step function SEU cross-section curve.
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Figure 5-28- Energy deposited in MeV for different Nitrogen and Neon travelling through the device with
rpp SV of 1um thick

The difference between the SV-FIT RPP cross-section estimated for Neon and its
experimental cross-section gives the order of the error that should be corrected. This

conclusion leads to Postulate II1I:

III. The difference between the SV-FIT RPP cross-section estimated for Neon and its
experimental cross-section gives a measure of the SV shape modulation. Therefore the

energy loss distribution shall be such that:

O_exp erimental ( N eon)

#Neon
""" (Neon)

(depE > EN"*") = x #Neong,, (depE > E,N"™") (5-15)

new Geometry

A 2D calculation of the reduction factor "™ (Neon)/o """ (Neon) estimated that the

SV shape should be triangular as depicted in figure 5-29.
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Gate Drain

Figure 5-29 — 2D calculation of SV shape based on reduction postulate I1I

5.6.4.2. Tetrahedron Sensitive Volume

The tetrahedron (TRD) with dimensions given in Table 5-9 appeared to be the shape to
better fulfil condition of Postulate III for the ATMEL device.

Figure 5-30 shows fits of the deposited energy distributions (also called as LET path length
distribution) obtained for Nitrogen (black), Neon (orange), Silicon (green), Argon (blue) and
Krypton (red) with TRD SV.
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Figure 5-30 - Deposited energy distribution for Nitrogen, Neon, Silicon, Argon and Krypton with the TRD
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Using Postulates I and II, the critical energy was again calculated according to equations 5-13
and 5-14 and was estimated to be 1.474MeV. Repeating the method, SEU cross-sections
were calculated for the five different ions. Figure 5-31 shows the SEU cross-sections
calculated for TRD sensitive volume and compares it with RPP sensitive volume and

experimental data.
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Figure 5-31- SEU cross-section curves: Comparison between experimental data and simulation results
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TRD simulation significantly improved the results, leading to a very good fit of experimental
data in the knee region. However simulated TRD results do not reproduce experimental

results for high LET values.

According to the discussion of section 3.7.1 the saturation cross-section, Gu, can be assumed
to measure the maximum sensitive transversal area of the chip. Although ATMEL
AT60142F SRAM does not exhibit saturation for the tested LET range, the SEU cross-
section obtained for the highest LET ion can be considered as the maximum transversal area
to be sensitive for the considered LET range. This criterion was not taken into account in the
geometrical description of the sensitive area. A simple calculation shows that the sensitive
transversal area simulated underestimates the maximum sensitive area by 28%. Therefore a

correction in the transversal area is expected to improve the fit of experimental data.

5.6.4.3. Transversal Area correction

The Tetrahedron volume was revisited. The transversal area of each sensitive volume was
recalculated by dividing the maximum SEU cross-section, Gron, by the number of sensitive

volumes simulated. The depth of the tetrahedron was kept the same.

According to Postulates I and II, the critical energy was once more calculated according to
equations 5-9 and 5-10 and was estimated to be 1.551MeV. Repeating the method SEU

cross-sections were calculated for the five ions simulations.

Figure 5-32 illustrates simulation results obtained with the new transversal sensitive area
(empty blue triangle) in comparison with previous TRD results (light green triangle) and
experimental data (red and orange squares). The area correction shows a significant
improvement in the fit of experimental SEU cross-section curves. In particular from low LET
values to saturation LET ranges the simulated values reproduce the experimental data within

an accuracy of 10%.

However simulated high LET SEU cross-sections are still about 40% below experimental
cross-sections. According to the considerations of section 5.5.1, GEANT4 simulations are
expected to be able to reproduce standard cross-section curves exhibiting saturation, because
the simulation up to now did not include LET dependent effects. This difference will be

discussed later in this chapter.
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Figure 5-32- SEU cross-section curves: Comparison between experimental data and simulation results

5.6.4.4. Truncated Tetrahedron Sensitive Volume

A cross-checking exercise was preformed aiming at verifying if the tetrahedron depth was not

over estimated. The same shape of tetrahedron SV was simulated but this time it was

truncated (tTRD) with a depth of 2um (typical SV thickness).

Again following Postulates I and II and equations 5-9 and 5-10, the critical energy was
estimated to be of 0.87MeV. Repeating the method SEU cross-sections were calculated for

the five ions.

Figure 5-33 shows the SEU cross-sections calculated for tITRD sensitive volume and

compares it against TRD sensitive volume and experimental data.
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Figure 5-33- SEU cross-section curves: Comparison between experimental data and simulation results TRD
and ¢tTRD.
It can be seen that tTRD simulation results reveal the same saturation value as TRD but

much worse behaviour in the Knee region.

This test lead to the conclusion that the best fit to the SV as it was defined for CODES
application is given by the tetrahedron shape with transversal area given by the saturation

experimental cross-section and a depth of 4um.

From equation 3-11 in Chapter 3 it was concluded that for silicon, electron mobility ranges
from 1.5 to 2.5 times higher than holes mobility [Grove, 1967], which means that
l- #2510 3.5:1,/c0s6. Assuming that traditional RPP Models define the SV to represent
the depletion region ranging from 1.5 to 2 pm deep for the ATMEL device it would be
expected that the funnelling length of the order of I ~4um/cos@which for the particular

case of perpendicular incidence previously described would give a similar SV of the type of the

TRD 4pm deep.

The concern with the 4um TRD was due to the fact that ATMEL AT60142F SRAM has a
6um epitaxial layer. This means that the TRD SV extends 4pum inside the epilayer.

According to the literature [Petersen, 1993], smoothly doped epilayers do not limit
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funnelling. In particular the funnelling length is expected to increase with decreasing doping
concentrations [Musseau, 1994], [Hsieh, 1981]. Natural limits in funnelling length in CMOS
technology with epilayers may be encountered when epitaxials are manufactured over heavily

doped substrates [Petersen, 1993].

This raises a possible physical explanation for the Fitted SV shape.

5.6.5. Discussion: Drift and Diffusion mechanisms

As shown by the polynomial fit of experimental test data obtained for the ATMEL
AT60142F SRAM device, SEU cross-sections do not saturate for the tested LET range. As
previously described, discussions with ESA experts lead to the assumption that ATMEL
AT60142F SRAM SEU response function can be defined as a combination of two effects,
namely a standard SEU cross-section curve that saturates around 10MeV/(mg/cm?), plus an

increasing LET-dependent effect.

Some studies show that this non-saturation effect happens in other technologies such as SOI
and other CMOS technologies with different dimensions [Warren, 1999]. In literature this
effect is often attributed to the perturbation of several structures in a device by a unique ion

charge collected.

In realistic microelectronic devices the regions where the ideal current flows represents only a
very small part of the silicon volume. There are other regions where a disabled junction may
suddenly be activated by anomalous effects such as a single event effect. These junctions are

known as parasitic transistors. Figure 5-34 shows an example of a p-n-p-n parasitic effect in a

CMOS device.

substrate (n-type)

Figure 5-34 — P-n-p-n effects in CMOS device after [Holmes-Siedle, 2006]
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The n-p-n (or p-n-p) parasitic bipolar transistors consist of pair of closely spaced p-n
junctions in a single semiconductor. Under normal operating conditions this structure can be
“oft”. However a pulse of ionising or non-ionising radiation can trigger it into an “on” state,
forcing it into conduction. This can lead to circuit transient upset or to a long-lived and

potentially destructive effect, a latch-up.

Those geometric effects involving the perturbation of several structures in a device by a unique
ion charge collected by parasitic structures can be of three Types: a) Shunt effect when the ion
crosses several depleted regions; b) Grazing angle, when the ion with very high inclinations
(75°-90°) crosses different sensitive areas; c) Multiple Bit Upset (MBU), when due to limited
funnelled charge collection, excess charge is collected by diffusion in several neighbour

junctions [Musseau, 1994].

According to Reno Harboe-Sorensen [Serensen, 2005] the ATMEL AT60142F SRAM is
hardened against latch-ups. However this device is not tested against MBU. In the literature,

effects such as MBUs are described as being caused by diffusion in the substrate rather than
drift.

Bertrand and Renaud [Bertrand, 2007] have shown, for CMOS 0.18um technology, that
transient durations are similar for low LET values. For LET values below 7MeV/(mg/cm?)
transient duration is of the order of 0.1ns. However for higher LET values transient duration
increases. For an LET of 20MeV/(mg/cm?) duration increases to 0.3ns while and for
30MeV/(mg/cm?) it’s even higher of the order of 1ns. For all LET values with impact in the
sensitive node the transient is measured by the drain voltage drop from 1.8V to less than
0.2V. The transient starts in 3ps after impact and ends when the drain voltage is restored to

its initial value.

In parallel the same authors have studied the influence of the ion impact location on the
Drain voltage drop profile (illustrated in figure 5-35). They show that for an LET of
30MeV/(mg/cm?), reaching the sensitive node, the transient starts in 3.8ps after the impact.
When increasing the distance from ion impact to the sensitive node to 1um, the Drain
voltage drop is less significant in the first picosecond decreasing to 1.6V and just 5ps later a
delayed effect drops the Drain voltage to around 0.2V. The same test done with the incoming
ion reaching the device at 2 um from the sensitive node showed that there is 7o prompt effect

and only a delayed voltage drop is felt 0.15ns after the impact and lasts for 0.3ns. Finally it can
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be seen that the pulse is longer for the case of direct impact on the sensitive node, which means

that delayed effects happen during the transient duration.
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Figure 5-35 — Influence of ion impact location on transient pulse shape [Bertrand, 2007]

In the same publication the authors show that the prompt charge starts to be is collected in
3.8ps after impact. Its intensity increases with increasing LET, while duration time decreases
with increasing LET. From this observation it can be inferred that delayed charge collection

happens after prompt collection that the delayed, but during the transient upset.

The analysis of the previous discussed dependences shall be done taking into account the
discussions of Chapter 3 on prompt charge, drift and funnelling, delayed charge collection

and diffusion.

As defined in Chapter 3 prompt charge collection is due to drift of excess carriers in the
tunnelled electric field. Prompt charge collection in the 0.5ns immediately after ionization. If
the track is long enough (10pm) excess charge generated beyond the funnelling length is left
to be transported by diffusion [Hsieh, 1981].

In this context it is reasonable to assume that for LET wvalues higher that 10 or
20MeV/(mg/cm?) there is a probability that ions reaching the device at distant positions from

the sensitive nodes can still contribute to charge collection by effects of diffusion in the deep
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substrate. In other words this effect can be seen as an enhancement of the sensitive transversal

area dependent on ion LET.

Similar effects have also been identified for larger technologies differing only by the LET at
which an ion reaching the device far away form the sensitive node may still contribute to

charge collection.

Moreover as previously referred in this chapter, the solution for the standard SEU cross-
section curve reaching saturation is obtained by calculating the shape of the sensitive volume
and then the distribution of ion path lengths through the sensitive region [Xapsos, 1993].
Additionally Mike Xapsos and many other authors [Petersen, 1992], state that LET-
dependent effects such as enhanced memory cells sensitivity may also contribute to modulate

the shape of the SEU cross-section sensitivity.

A final remark goes to the fact that the delayed charge collection due to diffusion may just
contribute to upset an SRAM if in the device refreshing time. In the case of the ATMEL
AT60142F SRAM, 0.25um CMOS, the access time is 15ns. So it is possible that delayed

charge collection happening in a few nanoseconds may contribute to upset the device.

Considering the previous discussion, the analysis of SV-FIT results leads to the conclusion
that the tool is able to give a good approximation of the funnelled sensitive volume,
reproducing the SEU cross-section up to saturation with an accuracy of 10%. SV-FIT by

analysing the path length distribution and inferring the best fit sensitive volume shape and
size enables a description of ATMEL AT60142F SRAM drift mechanisms.

On the other hand, while simulation results reach a saturation at about 10MeV/(mg/cm?),
experimental data show an increasing behaviour for high LET values. This effect according to
the previous discussion shall be attributed to diffusion-induced charge collection. SV-FIT
simulation in this first stage did not take into account such effects. In a first approach it was

assumed that the transversal area of the sensitive volumes is fixed.

The next step of the simulation improvements consists of including diffusion-induced effect,
as a LET-dependent effect. By analysing, testing and quantifying the effect in the ATMEL
AT60142F SRAM it is possible to include diftusion effects as a LET-dependent perturbation
of the preliminary drift effects already simulated. Finally this perturbation is expected to

improve the SEU cross-section curve reconstruction for high LET values.
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5.7.  Future Developments

As just described the developed SV-FIT tool indicates that GEANT4 simulations based on
ground based test data enables a qualitative interpretation of physic mechanism contribution
for component damage and space system degradation. However, in order to produce a
quantitative analysis of the physical mechanisms, the tool needs further verification and work
can still be done at different levels such as: a) experimental quantification and validation; b)

generalization and c) further investigation.
a) Experimental quantification and validation

All the qualitative discussion on drift and diffusion was based on SV-FIT results and
literature survey. However the diffusion effect is not quantified for the ATMEL AT60142F
SRAM, 0.25pum CMOS. In order to quantify diffusion mechanisms, it is important to create
verification procedures and an experimental verification test program. Some required

additional tests already identified include:

— Irradiation testing with different consecutive LET values with the same ions, and

different energies
— Extensive cover of the knee region LET values with perpendicular incidence
— Check part —to-part variability
— Evaluate the error of the measure and experimental systematic errors

Therefore irradiation test campaigns shall be planed and performed in order to verify the

relation between drift and diffusion mechanisms for specific components.
b) Generalization

Additionally the capabilities of the developed component simulation tool shall be generalized
to other family of components. Similarities with complex biological systems shall be identified
and the application of the tools for prediction of effects on organic materials and systems shall

be considered.

A final outcome of this development should enable the calculation of the accuracy of

predictions for different simulations as a function of complexity of input parameters.
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¢) Further Investigation

There are a few other problems regarding traditional methods of evaluation radiation effects
on EEE devices that need to be reviewed regarding new technology dimensions and
functioning. Traditional assumptions reveal behaviours not compatible with real processes in
modern devices. They appear to fail for modern devices with different shielding
configurations, complicated SV shapes, several SVs, small features, and consequently

depletion sizes. The following list of remaining open questions can be investigated by

application of SV-FIT:

- Is the surface LET a good parameter to evaluate SEE damage in modern technologies? To
answer this question traditional calculation methods of the linear energy transferred from an
ion to the target device shall be investigated and compared with SV-FIT computed LET for
the same ions. Additionally simulations considering 45° and 60° shall be analyzed facing
differences between surface LET and GEANT4 microdosimetry LET calculations.

- Which are the dependences between radiation-induced effects with ion penetration depth

and the dependence of Destructive effects and ion Bragg peak, for low ranges ions?

- The developed tools shall be used to investigating the possibility of predicting proton device

response based heavy ions test data.
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6. Conclusions

An integrated framework has been developed aiming at characterizing Mars radiation
environment and predicting induced effects in EEE components. In particular the complete
framework was later derived into two specific main tools. One dedicated to the detailed
prediction and analysis of Martian radiation environment with two implementations
(MarsREC and dMEREM), and one dedicated to physical interpretation and detailed

simulation of radiation effects on EEE components, CODES.

6.1. MarsREC and dMEREM

MarsREC and later improved dAMEREM employ Geant4 particle transport tool and include
parameters such as Martian time, detection position, solar longitude, solar cycle modulated
cosmic ray and solar particle event spectra, 4-D EMCD atmosphere, geology and MOLA
topology. MarsREC results show GCR proton-induced annual fluences at the surface of the
order of the 107particles/cm?. While for SEP fluences are of 10®particles/cm? per event. Above
100MeV, the radiation environment is highly dominated by protons, while at lower energies
there is a higher contribution from neutrons and photons. The importance of radiation
backscattered at the surface of Mars is verified for both GCR and SEP. For GCR 58% of all
particles detected just above the surface are backscattered. This ratio is even more significant
for neutrons. Results have shown that 95% of all detected neutrons were produced at the
surface and sent back into the atmosphere. For SEP, with lower energy range spectra
(<1000MeV), the backscattered component comprises 19% of all particles (51% for neutrons).
These results lead to the important conclusion that the Martian atmosphere (with a maximum
density equivalent to 5cm of aluminium) works as a very soft attenuator of the primary spectra
and increases radiation fluences due to the production of secondary particles. The radiation
environment at the surface is dependent on the atmospheric pressure at the surface. However

a higher contribution is given from the soil.

An analysis of the Martian soil composition was done based on the GRS data and geologic

studies of the surface of Mars. According to the literature, water is expected to exist at the
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surface and subsurface either in the form of hydrated minerals or in the form of ice.
MarsREC was used to analyse the impact of different soil compositions on radiation
environment. Results show that: a) the presence of water at the surface is the most significant
local parameter to affect surface radiation environment, b) changes of 10 to 20% in soil
density in the range of 1 g/cm’ can give differences of 60% percent on neutron backscattering
or 30% on general backscattering radiation, ¢) the presence of CO, leads to a slightly
increased ambient dose equivalent (~10%), d) changes of Fe,O3 weight percentage also induce
10% changes in neutron ambient dose equivalent. Finally a tool was developed and interfaced

with dAMEREM in order to describe the Martian soil composition based on the GRS data

maps.

The dependence on time was also evaluated at two levels. While diurnal variations are of the
order of 1% or lower, seasonal changes are of the order of 10 to 20% between northern
summer and northern winter. Seasonal variations were calculated based on surface pressure
fluctuation along the Martian year. Similarly altitude effects are expected to be significant for
extreme locations at the surface of Mars. For example differences of 35% are expected from
Olympus Moons (20km above areoid) to Hellas Basis (8km below the areoid) due to
altitude/surface pressure effects. Finally, different dust scenarios lead to important variations

of the surface pressure. This effect, taken into account into both MarsREC and dMEREM,

may lead to variations of the order of 10%.

Comparisons with other simulation results and with MARIE measurements showed very
good agreement proving that the framework is capable of calculating the energy spectra and

particle species at any location on Mars with a resolution of 5°x5° or 6.5°x3.85°.

While the total ionizing dose at the surface is of lesser concern to EEE components, the
relative abundance of protons and neutrons may result in Displacement Damage and Single
Event Effects. Predictions show that ambient dose equivalents at Mars surface are expected to
be of the order of 10cSv/yr, two orders of magnitude higher than that on Earth. Such dose
equivalent levels make Mars unsuitable as a human habitat. Therefore the design of manned

missions to Mars shall critically consider the severe radiation environment.
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6.2. CODES

The Component Degradation Simulation tool (CODES) [Keating, 2008] was designed as a
general framework in order to predict radiation degradation on EEE components when
submitted to different radiation environments. CODES achieves the goal of generality
because it interfaces information on the device with Geant4 based Monte Carlo application
for tracking primary and secondary particles at component level. Detail simulations are also
possible by using the developed interactive tool to fit device sensitivity, Sensitive Volume

interactive Fit Tool (SV-FIT), based on ground level irradiation tests.
CODES consists of two different approaches: The Statistic and Microscopic.

The full development and application of CODES and SV-FIT described were based on the
analysis of the 4Mbit ATMEL AT60142F Static Random Access Memory (SRAM)
comprehensively characterised as part of ESA’s “Reference SEU Monitor” development
activity [Serensen, 2005].

6.2.1. Statistic approac/)

The statistic approach provides a comprehensive method to predict SEU Rates for EEE
components on Mars by convolving radiation environment spectra at component level with a
statistical description of SEU test data. It takes into account secondary particles generated in
various shielding configurations, Martian atmosphere and soil. Results show that SEU rates
for the ATMEL AT60142F SRAM are expected to be of the order of 7 per device per year
due to GCR, while for SEP they are expected to be of the order of 5 per device per week of
event at the surface of Mars. Results were in very good agreement when compared with other
software, showing that the methodology is capable of predicting SEU rates for protons and

neutrons.

The statistical approach methodology is adaptable for SEU rate prediction under other
radiation environment scenarios. SEU rate can also be predicted under different radiation

environment scenarios based on SEU cross-section curve calculations using detailed

GEANT4 device simulation as those obtained from SV-FIT.
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6.2.2. Microscopic approach

The Microscopic approach is capable of microdosimetry in device sensitive volumes. By using
GEANT4 application interfaced with device analysis techniques this method enables the fit
of sensitive volume shape and dimensions, as well as the path length distribution. The
microscopic approach consists of three main modules to perform SEU rate prediction of
memory devices. The three modules are Geometry Description (GD), Efficiency Matrix
(EM), and Analysis Module (AM). SV-FIT is an iterative process that by employing the
three modules GD, EM and AM, calculates a function for the Sensitive Volume and
subsequently calculates the cross-section versus LET curve required to predict SEU rates. SV-
FIT Modules employ device geometry data and irradiation test data to generate: path length
distributions, SEU cross-section reconstruction, estimate the critical energy, and return the

best fit SV shape.

SV-FIT proved that the modulation of path length distribution leads to the understanding of
the real sensitive volume shape and size. This result was in fact discussed by other authors
[Xapsos, 1993], [Petersen, 1993], [Connell, 1995], that developed models to predict the path
length distribution in different conditions. The assumption of the ion track as a straight line
through the sensitive volume proves to be a simplification that smoothes real physical
mechanisms contributing to the modulation of the sensitive volume shape and size. SV-FIT
shows that the convolution of the deposited energy variation due to primary particle scattering

with the SV shape, lead to a smoothed knee shape of the SEU cross-section curve.

Results show that the fit of SV shape enables the reconstruction of the experimental effect
cross-section curve. In particular initial results of reconstructed cross-section versus LET
curves, for the ATMEL device, agree very well with experimental data in the knee region up
to saturation (within 5 to 10%) indicating good prediction of the SV. Moreover it shows that
best fit to the SV shape for the ATMEL AT60142F SRAM device is given by a tetrahedron
with transversal area given by the saturation experimental cross-section and a depth of 4um,
instead of by the traditional rectangle-parallelepiped. The AT60142F SRAM is a 0.25um
CMOS technology with 6 um epilayer, which means that the tetrahedral SV extends 4pum
inside the epilayer. According to the literature [Petersen, 1993], smoothly doped epilayers do

not limit funnelling. Funnelling length is just expected to be naturally limited by heavily
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doped substrates [Petersen, 1993]. The tetrahedral SV is then believed to be a reproduction of

the funnelled volume of the device.

The final outcome of the microscopic approach of CODES is a qualitative analysis of the
transport mechanisms of excess charge in the device. According to the analysis the fit of the
device sensitive volume gives the description of drift charge collection mechanisms
(funnelling), while diffusion mechanisms may reveal themselves as LET-dependent effects.
Finally diffusion processes are expected to be evaluated by comparing SV-FIT cross-sections

with experimental cross-sections for LET's above saturation.

Future implementation of diffusion effects are expected to improve reproduction of SEU

cross-section curves above saturation.

6.3. Context and future

The work described in this thesis aimed at developing scientific and detail simulation tools for
Martian radiation environment characterization and understanding of the physical

mechanisms of degradation in EEE devices. This goal was successfully achieved.

CODES and SV-FIT development is still in progress. The performance of the tool can be
still improved by including diffusion effects as a LET-dependent perturbation, employing the
Efficiency Matrix Module in the iterative process of SV-FIT and combining results with laser
mapping data. In the near future the full framework is aimed at being verified and tested for
other family of devices. Additionally the method will be integrated into a user friendly tool

publicly available online.

In parallel the needs of Space Industry require the integration of detailed scientific tools into
user friendly engineering tools. With ESA support MarsREM was already developed,
integrated and interfaced into user friendly tool available under SPENVIS. It shall be publicly
available by July 2008.

Since its first publication the work developed has had a very good acceptance from the

scientific community. MarsREC results were used to define specification for the design of

EXOMARS mission.
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Future manned and unmanned missions are being design to Mars. At the moment there is no
definite plan for sending a radiation monitor to Mars and radiation environment studies rely
merely on simulation work. This work has proved that the radiation hazard on Mars can lead
to undesirable effects on EEE components. However simulation work is based on many
assumptions that may in fact vary from real conditions. Therefore, it is of fundamental
importance to send radiation monitors, to validate the models and the assumed conditions

before sending manned missions to Mars.

The author is willing to participate in future collaborations to design and construct radiation

monitors for Mars Exploration.
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Appendix I A-1

Appendix I:

Fluence-to-ambient dose equivalent conversion coefficients

The procedures described in this Appendix were obtained from literature [Pelliccioni, 2003]
FLUKA webpage (http://www.fluka.org/pickup/DoseCoeft/).

According to the definition of ambient dose equivalent discussed in Chapter 4, the geometry
of the problem considered in FLUKA conversions from fluence to ambient dose equivalent
coefficients consists of a 30 cm diameter sphere of unit density tissue and composition as
specified by ICRU (H, 10.1%; C, 11.1%; N, 2.6%; O, 76.2%; %-compositions are given by
weight). This tissue equivalent geometry was exposed to a parallel particle beam uniformly
expanded over its front surface. The density of such tissue is 1.371g/cm3 according to SRIM.

The medium between the source and the ICRU sphere was assumed to be vacuum.

The determination of the dose equivalents takes into account quality factors dependent on the
linear energy transfer, LET. Therefore the energies deposited per unit mass are directly
multiplied by the quality factor appropriate to the LET of the charged particle imparting

energy to the matter.

The values of the ambient dose equivalent have been averaged over the depth 0.95-1.05 cm or

0.9-1.1 cm according to the incident energy.

Once the ambient dose equivalent, H *(E), as a function of particle energy for various kinds
of radiation was computed, the fluence-to-ambient dose equivalent conversion coefficients,

fi«(e), are given in terms of ambient dose equivalent per unit of fluence (Sv.cm?) by:

H*(E
o=

where ®(E )is the fluence of primary particle of energy E.

Tables 1 to 4 show the calculation results.




Appendix I

PROTONS
ENERGY CONVERSION % STANDARD
(GEV) (Sv.cm?2) DEVIATION
5.00E-02 2.97E-09 1.39E-02
1.00E-01 1.52E-09 1.70E-02
2.00E-01 9.99E-10 1.76E-02
5.00E-01 7.86E-10 9.51E-02
1.00E+00 6.41E-10 4.63E-02
5.00E+00 7.65E-10 3.31E-02
1.00E+01 8.39E-10 5.13E-02
1.00E+02 8.22E-10 4.77E-02
1.00E+03 9.96E-10 1.01E-01
1.00E+04 1.20E-09 9.18E-02
Table 1
NEUTRONS
ENERGY CONVERSION % STANDARD
(GEV) (Sv.cm?2) DEVIATION
2.50E-11 1.04E-11 4.30E-02
1.00E-06 8.62E-12 4.28E-02
1.00E-04 1.08E-10 1.23E-02
1.00E-03 4.92E-10 1.59E-02
5.00E-03 4.26E-10 2.54E-02
1.00E-02 4.63E-10 3.44E-02
1.50E-02 5.08E-10 2.75E-02
1.90E-02 5.56E-10 1.38E-02
2.00E-02 5.26E-10 1.74E-02
5.00E-02 3.59E-10 2.79E-02
1.00E-01 2.62E-10 2.31E-02
2.00E-01 2.21E-10 2.22E-02
5.00E-01 2.90E-10 3.45E-02
1.00E+00 3.77E-10 4.57E-02
5.00E+00 4.92E-10 3.29E-02
1.00E+01 5.23E-10 7.56E-02
1.00E+02 4.99E-10 6.14E-02
1.00E+03 7.17E-10 8.57E-02
1.00E+04 1.16E-09 8.31E-02

Table 2
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ELECTRONS

ENERGY CONVERSION % STANDARD

(GEV) (Sv.cm2) DEVIATION
2.50E-03 1.60E-10 8.50E-03
3.00E-03 3.33E-10 9.20E-03
4.00E-03 4.44E-10 8.90E-03
5.00E-03 4.21E-10 7.40E-03
7.00E-03 3.60E-10 8.40E-03
1.00E-02 3.25E-10 1.30E-02
2.00E-02 3.27E-10 2.80E-02
3.00E-02 3.18E-10 1.10E-02
4.00E-02 3.06E-10 1.20E-02
5.00E-02 3.10E-10 1.00E-02
7.00E-02 3.19E-10 1.30E-02
1.00E-01 3.15E-10 1.30E-02
2.00E-01 3.23E-10 1.40E-02
5.00E-01 3.18E-10 1.50E-02
1.00E+00 3.08E-10 3.50E-02
2.00E+00 3.17E-10 2.20E-02
5.00E+00 3.14E-10 1.30E-02
1.00E+01 3.28E-10 2.00E-02

Table 3
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PHOTONS

ENERGY CONVERSION % STANDARD

(GEV) (Sv.cm?2) DEVIATION
1.00E-05 8.34E-14 7.40E-03
1.50E-05 8.53E-13 5.40E-03
2.00E-05 1.05E-12 7.70E-03
3.00E-05 7.95E-13 6.00E-03
4.00E-05 6.24E-13 1.20E-02
5.00E-05 5.24E-13 1.10E-02
6.00E-05 5.15E-13 2.40E-02
8.00E-05 5.56E-13 1.40E-02
1.00E-04 6.22E-13 3.00E-02
1.50E-04 8.70E-13 1.60E-02
2.00E-04 1.23E-12 1.10E-02
3.00E-04 1.81E-12 1.40E-02
4.00E-04 2.36E-12 2.10E-02
5.00E-04 2.78E-12 9.80E-03
6.00E-04 3.46E-12 2.00E-02
8.00E-04 4.29E-12 1.40E-02
1.00E-03 5.18E-12 1.50E-02
1.50E-03 6.92E-12 1.50E-02
2.00E-03 8.25E-12 1.30E-02
3.00E-03 1.05E-11 2.00E-02
4.00E-03 1.08E-11 2.50E-02
5.00E-03 1.04E-11 1.60E-02
6.00E-03 9.58E-12 9.40E-03
8.00E-03 9.10E-12 1.70E-02
1.00E-02 8.76E-12 2.50E-02
2.00E-02 8.29E-12 2.00E-02
3.00E-02 8.23E-12 2.00E-02
4.00E-02 8.26E-12 1.80E-02
5.00E-02 8.64E-12 2.00E-02
1.00E-01 9.00E-12 5.90E-02
2.00E-01 1.02E-11 5.60E-02
5.00E-01 1.18E-11 4.00E-02
1.00E+00 1.17E-11 3.90E-02
2.00E+00 1.15E-11 3.40E-02
5.00E+00 1.33E-11 5.00E-02
1.00E+01 1.22E-11 4.00E-02

Table 4
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