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In space, the radiation environment is responsible for
spacecraft system, sub-system and component hazard
and damage and it is also responsible by strict
constrains on human space exploration.

At Earth's surface, the atmosphere in conjunction with
the geomagnetic field provides considerable protection
against cosmic rays and solar particle events.
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Radiation Environment in the Solar System

Supernova in Crab nebula seen in
X-ray by the Cﬁandra.mission

Galactic Cosmic Rays
low flux but highly penetrating - -

Protons & ions

Solar Particle Events
sporadic, intense & dangerous

Electrons, protons & ions

Radiation Belts
high radiation dose .
Electrons & protons A



Galactic Cosmic Rays (GCR)

Cosmctra of Various Experiments
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LEAP - satelite

Proton - satellite

Yakusth - grownd aray
Maverah Park - growund mray
Akono - grownd ey
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AGASA - ground armay

Fiy's Eye - air Nvorescence
HiRes1 mono - air Nluorescence
MRes2 mono « air luorescence
HiRes Staroo « air luorescence
Auger - hybrid
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GCR proton - Solar Minimum
GCR proton - Solar Maximum
GCR alpha - Solar Maximum
GCR oxygen - Solar Maximum
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Low flux but highly penetrant

®Protons and nuclei: energy spectra peak at ~1 GeV/n

®Solar cycle modulated flux inversely proportional to solar activity
(1 particle/km’-century}——>

® E <1 GeV/n: highly affected by solar activity mLmuiJm_:mi_@&gummLLmA__umLuuuLmd;mJ%'}mu
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- MACVLAE IN SOLE APPARENTES,OBSERVATAE
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11 year Solar Cycle
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Modulation with solar activity
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% Solar Maximum: solar storms and SEP

Cosmic Ray Intensity
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% Solar Minimum: more GCR

Jaquiny jodsung payjoowrg

1“90 1065 2000
N+S= <« Solar Field Reverzals

Yearly Averaged Sunspot Numbers 1610-2010

Sunspot Number

50 Maunder :
i : Minimum : ‘ l
0 M lmu

1 600 1650 1700 1750 1800 1850 1900 1950 2000 2050
DATE 7




Solar Cycle 25

ISES Solar Cycle Sunspot Number Progression
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Solar Energetic Particle events

* More frequent in “maximum” solar activity years
* Highly unpredictable
% Design for by making statistical assessment

PME > 158 Mev p~




Apollo missions: Solar maximum

B ~ 40 Sv acute skin dose (without shielding) from August —72
SPE. Potentially very serious for the lander/EVA
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, and protons
major radiation source




Charged particles captured in the radiation belts

A U FO rO S excite N2 and O2 molecules that emit visible light
while returning to the fundamental state

— 0.0

n=0.9%

Activity lavel 4

n="0.9%

Activity lavel 4

NO&A Space Weather Prediction Center



Earth Radiation Belt Regions

High radiation dose, electrons (<10 MeV) & protons (<250 MeV)

® Inner belt (700-10000 km)

dominated by protons

CRAND = Cosmic Ray Albedo Neuiron Decay
~static

E~100's MeV

® Outer belt ( ~20000-70000 km) R
dominated by electrons 3
Contirolled by “storms”

Very dynamic
E~ MeV

* Slot

low intensities of MeV electrons
occasional injections of more particles

Iner
Radistion
et

South Afartic Arcmaly
200 tm from Ea-1's Suface



Earth Radiation Belt Models

Examples of ERB Models: APS,AES

Protons Elecirons

Omnid irectional
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Geomagnetic I value {E-I'TI‘II‘ i)

g fi
Geomagnetic £ valae (Eartheradii)

* Based on data from 1960-1970
* Long term averages ... but outer belt is very stormy
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_ CORONAL MASS ECTIONS

COSMIC RAYS
SOLAR CELL DEGRADATION
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neutrons
]

Mercur}r Venus Earth

Mars
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Solar protons

Cosmic Rays

REB= radiation belt
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The radiation environment in the solar system:
from Mercury to Jupiter

To Mercury — BepiColombo Mission (2018) To Jupiter — ESA JUICE Mission (2023)
BERM - BEpiColombo Radiation Monitor RADEM - RADiation hard Electron Monitor
»Measurement » Measurement

» Earth radiation belts measurementsin 2021 - jon LET

»Now near Mercury

- electron directionality

Aluminum

= Tantalum

ESA Contract No. 4000137865/22/ES/]D - Expert support to BERM (BepiColombo Environment Radiation Monitor) & RADEM units on board BepiColombo and JUICE spacecraft (LIP,SE2S)
ESA Contact No. 4000110643/13/NL/HB - RADEM Proto-Flight Model (EFACEC, PSI, IDEAS, LIP)



The radiation en\nronmentiln the solar system:

from Mercury to lupl Rl

s
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Bow shock «‘

ESA Contract No. 4000137865/22/ES/ID - Expert support to BERM (BepiColombo Environment Radiation Monitor) & RADEM units on board BepiColombo and JUICE spacecraft (LIP,SE2S)
ESA Contact No. 4000110643/13/NL/HB - RADEM Proto-Flight Model (EFACEC, PSI, IDEAS, LIP)



Jovian System

Energetic Particle Environment

Severe environment in terms of ionizing particles

A GIANT SYSTEM Acceleration
IN ROTATION ora, radiations

Jupiter
4 ot

A LARGE DIVERSITY OF Electro-dynamical
BINARY INTERACTIONS couphng

Acceleration
Aurora, radiations

Intense

Radiations
Ganymede ‘ ‘
A mini Magnetosphere /
r\ o Jupiter
\\ lon source
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Europa

Induced B-Field
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E ' RADIATION ENVIRONMENT MODELING

LIP
MARSREM: THE MARS ENERGETIC RADIATION ENVIRONMENT MODELS

LIP developed dMEREM, o Geant4 based model for the radiation environment on Mars, Phobos and
Deimos, including local freatment of surface topography and composition,

Inputs given as a function of latitude, longitude, in a 5 x 5 degree grid, and season.

[— Protons
—— Neutrons
Alphas
.| — Gammas
—— Electrons

;&\;’\\
IMEREM results:

~ Particle rac ’non arriving on Mars surface
Gf’rer GCR dha inferaction with
atmosphere and saoll




AT 1S POSSIBLE !

For longer permanences shelters are required
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Human space flight
The danger of the interplanetary travel

The most dangerous phase while travelling to Mars , from the point
of view of the radiation hazard, is the interplanetary travel !

The biggest danger is the possibility of a SEP reaching the mission..

Mitigation Strategies:

“ Shelters inside water compartments or other

* Faster propulsion system J

“ SEP Forecasting tools and alarms

“Radiopharmaceuticals ...




Deterministic effects

Indi
AVAVA)
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cell death
(apoptosis)

cell death
(necrosis)

Stochastic effects

Faithful ~ _,. Normal cell

N @—@ -
repair survival
biomolecule
Physical Physic-chemical Chemical Biological Medical
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Biological
effects of
radiation



What is cancer?

Cancer is a group of diseases in which there is
an abnormal and uncontrolled proliferation of
cells that originated from a "normal" cell that
mutated, giving rise to cells that have the
ability to continue to multiply, spreading to
other tissues and organs beyond those to
which the original cell belonged.




Radiotherapy

Radiotherapy with radioactive sources or
internal radiotherapy

-  Brachytherapy:

Photons and electrons released from
sources - “seeds” - placed close to the
tissue to treat




Radiotherapy

Radiotherapy with external beams
LINACs

electrons and photons

Cyclotrons and synchrotrons

protons and carbon ions



Charged particles

Efinol
Eini’riol

Efinal = Einitial - AE

‘ AE - transferred energy

defax | ‘ Deposited
energy
In charged particle
therapy the kinetic
energy lost by the
particles is transferred on

to the tissues!

Kinetic Energy Depth



Therapy with hadrons

Proton/ion therapy

energetic protons/ions are produced in an accelerator
energetic protons/ions are directed at the tumor

Varying the energy of the protons/ions results in good
control of the penetration depth

Beam can be focused to the size of a pin

less damage to healthy tissue than electron or gamma
therapy




Therapy with hadrons

therapeutic application of accelerators:

particle-based radiotherapy, including
protons and heavy ions

100 &1 Target

-
—.-—-
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Particle therapy



The advantage of protons/ions

Protons

Protons stop!
At a depth that depends on their
initial energy

¢ 4 LR .~ e '

R R S Y

The use of protons avoids unnecessary irradiation of
the heart, lungs and intestines that happens in the

case of x-ray radiotherapy

:\

X-rays and gamma rays don 1!
They continue to fraverse tissues
beyond the region that is being freated

Photons (x-rays / gamma rays)



and there i1s more...

Questionse
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