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GHOSTS OF MARS

THE SEARCH FOR LIFE IS ABOUT TO END
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Mars Exploration Family Portrait
KEEF—RR

LR
L
it e Puste
-uwu«---““. — L3 MRS A L e
T T L — Gumbe T “hisbw 1. 4005 «3
At rbwe T ams
o Ve T
- S ) O ————
e sl - L e R N el e ) e
AW A BRI Sameet A i
QI M r D B VB BII T P Nt B LG W Pl kg N e

»
= ’ e 4 e
- R L e LY ] -
- - Pt Y vy Pt Mgan 1R N G B e
-

. e atew M
—a— A
- 1Ry M ™

@ Mo v -y ey
- L S S

laberg o= o I

N s e

> vy et L) e ]
L L T

FE LD M s A M v b

Wb baew W
-- Aiibe 4 A
- e T
" Mgv i e, L me m
R R R L TR R P
N e L
E T -
_— Cawwnnt Arvrg asvh | se s v boa e

FIL M G 410 el Yt

Me NSt M n v
Pl o T oM " s vowbed Ladw ol

LT & I A VYRS TV b
I v bmavavent i rite ‘ s
- Q.- o L .
_ ‘ PR A A M e e
T e | o=
- " N — g
" A was gty B, »
- e e e
F0r b Furen C sen L R T L L)
o [
Ll D N .
oin == 11T .
B L R M Semm \ Penw 2
e Ty A B4 1 o
” TR L e e 1 AR r e by e e
0 WA
Apt)
ya— : TN e
L A T L -
- Ll Ak . Y

U v Vun v Lrwear
e |\
B L L -
. -
T My T N v
Maarde * TV
DMt o A omliod

B ==




Mars Exploration Family Portrait
~ 50% chance qf Failure Rate

- TERve s

e M

At
-, 3 o’uu; —
- *. \ E L
ues il
- B Ll .\

n
- B e




RAIIBNRAB/—M , KMASIVAIE T

e U

M1 No 5SSO Mars- a1 Y

Mars FPatt'ncer

Soourmer

NoSOe
IPLANET &

Mars Cimate Orhder

Nars Polae Lander

Deop Space 2

Mars Odyssey

Mars Expross

Beadle 2

Sowvn
(VIER- A

16 November 1096

4 Docomber 1596

4 Docomber 15906

3 Mty 1508

11 Docamber 1568

3 January 1999

3 January 1999

7 Apnil 2001

2 June 2003

2 June 2003

10 June 2003

8 July 2003

2 March 2004

NI VYOANU D

Aaaua

NA LA

Uiec Saten

NASA
Udec Slaten
I5AS

Moer
NASA
e Slatey
NASA
Uied Slates
NASA
Sied Slates
NASA
Maes C2ave
ESA

fucoe

Uaees Faates

ESA
Tucee

AV

PenoYators

{FE T

:

MOt

?

§

{

Grawity assist

Spacecra® takure

Spacecra® takure

Spececea® lnkure

Spacecrat lndure

Lander fadure

Neover lo® LEO

Landed st 19 13'N 33 22'W on 4 July 19979

The first rover on another planet, cperated %or B4 days '

Ran out of fued before reaching Mars

Approachad Mars 100 cosely during ortil Inserton atempt duw 10
U CONVENSon omor and burmed up N e Amosphere

Faded %0 land

Depioved om MPL. nO dala returned

Expected 0 reman cperatonal unil 2025

Enough uel 10 remain cporaional unsl 2026

NO communications rocaved aftor release om Mars Expross.
Orbdal images of inding site Suo0est 4 sucoesaiul landing, bul
two solar panals Yaed 1o deploy, cbstructing 4s communcations
Landed on January 4, 2004

Operatnd for 2208 sois
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Bodies in Space?

Many astronauts who spend The Bealn i always taxed as it Iy
tirne o the 55 currently ‘ «  constantly adapting to cosmik
suffer vision loss, The Lack of . radiation, streds, Insomnia and
gravity and the movement of . re-onenting balance while In space
oye fluid to the back of the

ayeball chapges the shape of

the oye lens, which could

* Create major viglon Issues

Jong term

In space, hearts don't
have to work as hard
to pump blood
Eventually they may
shrink, causing

Mars has a third of Earthy's gravity ' S problems for
$0 maintaining body mass and
muscle strength Is a challenge for ’ - , thelr return 1o Earth
astronauts, who need 10 do two

"o three hours of exercise every

« O3y 10 maintain musche mass.

astromaults upon

LUike our muscles, bones arent
needed much In microgravity and
without use or exercise, they
become weak and deteriorate,

(3]

* Space bactera Is more dangerows 10 astronauts as the
immwune system doesn't function the same way In space.
Sneezes and coughs become a problem when breathing
recirculated air in confined spaces ke onthe ISSorin 2
Mars colony, whikh puts everyone ot risk of liness
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Risks Assessments for all DRM*s (Jan 2015)

Human Spaceflight Risks

In Mission Risk - Operatbns |

Post Missson Risk - Long Term Health |
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Hassler et al. 2014 Science
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RADIATION EFFECTS 3 EYES Highdoses can

Measszements 2 millisieverts (mSv) Exposare is cunalative trigger cataracts months kater
fatal radiation sickness. :

Much higher risk of cancer later in life. ¥ ~ THYROID Hermene glandasio
10,000 mSv: Fatal within days. } to cascer. Radicactive sodine SEERINETS

most at risk
5,000 mSv: Would kil half of those exposed within one moath, Gyl (s

st | S 1 LUNGS veinerable to DNA fili 35 52 451
.mm.mmw vvi when radioactive material is breathed
risk of serious illness later in life.

1,000 mS+: 5% higher chance of cancer ‘M| STOMACH Vulnerabie f AL RS
400 mSv: Highest howrly radiation recorded at Fakushima material is swallowed b i
Four hour exposure would cause radiation sickness.

jch higher soticesble ‘4 REPRODUCTIVE ORG
ﬁﬂ&?tﬁ?ﬁtnﬂg‘ﬂ? . High doses can cause sterility.

‘ lNonNoMmhka;lm.

20 mSv: Yearly limit for nuclear workers D). ST Sheh dosts conse -
10 mSv: Average dose from a full body CT scan recness and burning. SNy

9 mSv: Yearly dose for aizline
L, L1 T L p—
3 mSv: Singe mammogram and white blood cells. Radiation g RULK
2 mSv: Average yearly background radiation dose in UK Jead t0 Jeukaemia and other immune
system discases
0.1 mSv: Single chest x-ray

ARSI E




FARIH<HIEE

tRSIAIDNAYER ( EIFR t=gIR ) i e
HEIER ) B =DNA KHAMIDNASHR SEtsE

SIMIPLIFIED SCHEME

DNA damage in cell hit by radiation

|

activation of DNA repair mechanism

il

DAMAGE

) correct repair incorrect repair
DAMAGE ’ | | |
raction
cell survival cell death mutation and survival

1

carcinogenesis
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Limoli, Sci Amer 2017 tRATIR _ ‘ e
Jandial et al., Surg Neurol Int, 2018 ELg RS S L P XAIR SRS IR

X

Space Brain

Cosmic radiation may harm astronauts’

brainz more than previously thought. M:“-‘ind
Scientists exposed mice to an onslaught of L
cortex

changed partidles mimicking those that fly
through space and measured both behavioral
performance and physical damage. The
damage was revedled by brain imaging.

Axon of
connecting
newron

Specelile radiation dameged s region R

of the mouse brain called the medial

prefrontal cortex, which is associated

with memory. In this area, neuron

protrusions called dendritic spines

decrensed in e and number.

2 X IR R BB 2 T A5, IR | | /DA RAESA 2 A
SV IR AR Rl 140%
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Nomea Eye with cataract
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wHEAFHYIEREE(ER . BE&EiR H. Bethe (1930) and F. Bloch (1933)
- T AL (ze, v=Bc) AT H 1P i = A R 5
Wi, PakiesE, WAKHET, WREHSFHH.
. 2% [E R Joa 1) % B AN AR s MR e U RE SR, AT DAAR
— o SRR I W R K B N B S e, B

Particl J&— e g 1R8N, AT LAHE H Beche-Bloch 24 3

> .
e @ @\ . LI
Electron

st (ll _ 47 e NAG In2mc B2 y?
o em— T P I ' -
m ¢2 (WV I
- relativistic terms

db where

-
b
2 | N | } ﬁ = vle Ni= Avogadro number
Z = particle charge
m = particle rest mass

Cylindric barrel )
with Ne slectrons ~~ Zes Ay P54 = atomic number, mass number,
density and mean excitation energy of the medium
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- relativistic terms
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2 8 -
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g o < 3
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2 | & /\ — heavy ion :
% & ; & In (§?) K
.
; " L BOKTTRE
: hght ’On 1 1 1 1 4 1 1
: ' 1 emergy logs 4
: : ln (Bz) Mosr prodae emergy loss Mean evergny loss
[ )
[ ]
[ )
' )
: - Minimum
' : lonizing >
Particle E
inverse region nergy
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100%
+— Bragg-Peak

5 » 66“0&
1
o0 &va‘;“q’
= &
5 g,c}“;q?& heavy ion
i) & In (2)
w .
Faz A llAidd CONVENTIONAL
Ilght on Dose x.”ys
In (§?)
Minimum
' lonizing >
T Particle
inverse region Energy
0%
0 10 20 30 40
Penetration Depth (cm)
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U ine. U o saires: | TUMOR
%Co Y 25 MVy |80 MeV T’{ Y L .
(1.3 MeV) protons | ,i'\
tation \L,\ " /'LE"ié
cm §$§§§ ééééz o cm oose IERREEVS s k.
= 0-— —_— .§ él:, > _
10_' 10—' ° ¥ eneaat ionzg cccccc m) - -
| 55 i Grimes, D.R., Warren, D.R. & Partridge, M.
20— — 2 -- - = -
cm cm 2 (2017). —100 MeV
& ~—150 MeV
a15 200 MeV
comparison S am
©
L2 1
[7)
o
o
© 05
8 //
Courtesy of Giogio Baiocco (Uni. Pavia) a 0
0 0.05 0.1 015 02 025 03 035 04

Distance in water (m)
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e FLETREXIRNAY biological quality factor
&% International Commission on Radiological Protection 60

%l). &°@sz§9 Ynck‘ol cosmic rays
o0 \0@:@«% HZE lons)
5% P o RUPVIVEERE VI VIV
light ion — -
AFM observation \luea:klonnpolv
(Damage density, LET dependence)  (Ab repair, Cell death)
ouiting @
inverse region arte Energy Elucidation of biological effects of space radiation
Type of radiation LET (keV/um) ond] SR et PR BT kot
. ICRP 60
cobalt-60 gamma-radiation 0.3 25 o -
250 kVp X-radiation 2. 2} - IONS; n, p¥
10 MeV protons 4.7 § ¢ |
150 MeV protons 0.5 3 E PHOTONS,

. . 10 » RN ST paiasfans
recoil protons from fission neutrons 45.  ELECTRONS & HIGH | sansia
14 MeV neutrons 12. s | -+ :

- ENERGY PROTONS ;
2.5 MeV alpha particles 166, et o AT Gl SPEPUTYS
. 01 1 0 100 1000
2 GeV Fe nuclei 1000. LET (koVium)
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Baiocco+ 2016 Sci. Rep o8 0O 0001 ©O1 01 1 W 0 00
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Galactic
Coshic

v
. v '
Ray.s.. .; 3
. .

‘ -

..l.ow-level !bwty-
varying radiatio
Think of GCR as
background noise.

LR e et

Solar
Particle ...
Event:

lntcn[e peaks of
radiation lasting hours.
to days. It is difficult to
predict when exactly a
SPE will occur.

e EIEE RS

> TR HTERESYIER
R FS REEANKEAXIS

GCRFOSEP:E5Y

Galactlc Cosmic Rays/4R =5 9 2%

« Origin: intra- or extra- galactic phenomena: supernova explosions
Omnipresent background radiation, Low-intensity flux: few particles/cm?/s
Wide variety of elemental species, including heavy ions

Maximal flux at around 1 GeV/n energy

Flux modulated by solar activities: maximal at solar minimum

Dose: ~ 1 mSv/day

Solar Energetic Particles/ X FH = BeRLT

 Origin: sun eruptions (flares, CMEs, shocks)

Related to solar activity (higher probability at solar max), but hardly
predictable, with event duration from hours to days

mainly protons (and Helium nuclei)

Maximal flux for energies below 100 MeV

Can reach huge fluxes (10'%cm?/s) at event maximum

Dose: ~ Sv, highly dependent on the local shielding!

Geomagnetically Trapped Radiation

 Origin: particles trapped in the Earth magnetic field

mainly protons and electrons
Not a problem for deep space exploration beyond Earth magnetosphere
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KEMNASBE USRS

MAVEN 1§ BerRFBEXUERBIX 2XFIREERA N 1024 [FFEFFP ~100g/sec

(BElF BT Dr. Christina Lee from UC Berkeley)
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Operational
2001-2013

. Mars :
- Od - 3
b # Reconnaissance q‘

) Orbiter ’
o, - MAVEN

ESA
A
ESA Mars (:;:)t?i(t):y Trace Gas Orbiter

Express (Electra)
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— 2012E£8H7HE , EXNENFREI —

NASAIFSSKEFEMSL

Hassler et al. 2014 Science
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— 19125e8H7H , Victor Hess B 7 == [alig8T—
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Increase in cosmic
radiation from above ~—

Units of ionization
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10

2 3 4
Height in kilometers
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;’9}% RADESHEEI FAIITE

IR ERBAIFEEE Ehresmann+ 2014, 2016; Guo+ 2015 Rad. Prot. Dos

- relativistic terms

_dE _ 471 ¢! NAZY7. 2me2 B2y dE 2
3 - mCzPI” g —> E-E~M-z

29 | KESEFETESE



i | RADFRIERI FAIRE

I ERERIFEEE Koehler+ 2014 JGR; Guo+ 2017 LSSR

BHRNZIRIBER

S+ HF
Particle energy
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i | RADFRIERI FAIRE

R ERTERIFEEIE Koehler+ 2014 JGR; Guo+ 2017 LSSR

Z:AF minZ(Ziané_Zi), with f; > 0

Oi

FRNEIREER
FRNEIREE R,

B

FENSF BT DT hF
(hEEHImREEREA Particle energy
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e LETHEMSROMRE

fRELETESE kS HWEMREIFIE Zeitlin+ 2013 Science; Zeitlin+ 2019 LSSR
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« Absorbed dose, Gy [1 Gy = 1J/kg =100 rad]
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« Dose Equivalent, Sv [1Sv = 1rem] 51
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102 101 10° 10!} 102 102
LET in water [keV/um]
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e BRI FRIASIHE(ER

TS SEeRFET XN EXRSAIIN A RERE
YERIFF =] BEE gy
PRSI H B A AR ASHm Guo+ 2018 AJ: Guo+2019 SWSC
Flux down
Primary Particles: proton; Secondary Particles: proton
10° = B
FE)|= AG, B fB) 4 o =
10* 10
Atmospheric
cutoff for 4y {10’
N , protons '
10 -
% ; ~ 160 MeV 10 5
. s E
ﬂ < 300 | 1o a
10°
0 ‘i‘?;:. : or
1010‘ . 10’ 10* 10° 10°
E... | MeV
ITERRZEE R
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Flux down

HRETSE
XSS

Primary Particles: alpha; Secondary Particley.

TRRFHIAXSHEEER

BEEFFIKERSTTERFRALF

Flux down
Primary Particles: alpha; Secondary Particles: tnton

10° v o 10°
ot
Jd 4 . A » £
10 He — deuterium He — tritium ' ,
|
10 .
> . . ._'.
= a
i . .-"l‘: .
L - ifm
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. : - .. 5.
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10°
10" -
10t 10° 10° 10°
38 | xEEARREE Spallation



WA GCRIBHIFIESZ

SEB

KXEXRSF=DHETZHL
Tillman 1988; Zurek 1988

Martian seasons
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Wl | GCRIEST TSR KSIETBHIA RS

REF=THEEMS KRS
Guo+ 2015 ApJ

SOL 13482
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wind convection
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ISR B0z diffusion
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Hohmann-Parker »FLYl NG TO
Transfer

MAF\’S...

ABEtR -
i=A(~1.3 Sv)
KZE (~0.4 Sv)

| Sk =

1.7 = 0.3 Sv

ABEtRASE:
1=H(~0.5 Sv)

K (~0.2 Sv)
|56 =

0.7 £ 0.3 Sv

Updated results
based on Guo et al.
2015
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Wil | {TEFr=EER H E MRS SiERMGCRiTERFEHAEHD

Location in Distance from
Detected By Space the Sun
Oct. 14, 2014 | - Sun - CME Launches | --
Oct. 16, 2014 Venus Express Venus - 0.72 AU
| | (indirect data) | ’
Oct. 16, 2014 ' STEREO-A The Far Side of 0.96 AU
| the Sun
Oct. 17, 2014 ' Curiosity Mars 141 AU
. MAVEN
- Mars Express .
' Mars Odyssey |
| Oct. 22, 2014 LRosena Comet 67P | 3.13AU
Nov. 12, 2014 | Cassini Saturn | 9.94 AU
Jan. 18 - Feb. 14, 2015 | New Horizons En Route to Pluto 31.49 AU
' (possible detection)
Late March 2016 Voyager 2 The Heliosheath 111.06 AU
' (possible detection)
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Impulsive Events : Gradual events :

High e/p ratio Low e/p raio

Mainly low energy particles Variable composition and charge
Enhanced 3He, and heavy ions it Larger flares and CMEs

Narrow beam MAFAE Widely spread in the heliosphere
Type Il radio bursts Mainly accelerated by CME shocks
Mainly flare accelerated Rather rare (1/month)

IONS 587-1080 weV
1.90<4 80 MeV
impulsive £ 60-15.0 Nev

o,

PP " gradual event

porl/cmz/s/ sr/MeV

122 123 124 125 126 95 96 97 98 99
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Dry Regolith: Wet Regolith:

AR: andesite rock AT: Arabia Terra

SS: Sandstone W10: AR +10% water
SC: Sulfur Concrete W50: AR +50% water
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