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. Sun Facts:
Radius: 700,000 km
Surface temperature: ~6000 K
Coronal temperature: 1-2 MK
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Three Type'sr of Solar Wind (SW)
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Fast solar wind from coronal holes
Fairly uniform but strong turbulence, ,young” SW

Slow solar wind from unknown regions in streamer belt
Highly variable, dynamically ,,old"
Active regions, interchange reconnection, S-web

(Interplanetary) Coronal Mass ejections (I)CMEs
Highly variable but very low turbulence
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+ | Excellent tracer!
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> aoof i -+ Composition variable,

360 362 364 366 especially in slow wind.

Day of Year 1992



Three Types of Solar Wind (SW)
vikm/s] TI[K] n SB/B Elem. <Q>
[[cm?3] Compos.
Fast 500-750 10° 5 high Small bias, low
~constant
Slow 300-500 510* 10 low Large bias, high
variable
ICME 300-2500 210* 5-50 Verylow variable mixed

Numbers are only typical values at 1 AU, in fact quite variable.
Elemental composition is organized according to First lonizatior
Potential (FIP). Elements with low FIP are enriched relative to
elements with high FIP.
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Processes affecting co‘mposmon

FIP Enhancements seen in
- solar wind,

- energetic particles,

- active regions,

- coronal abundances,

- coronae of other stars.

FIP effect:
Separation of ions from neutrals.

Acts mainly in chromosphere.

Time scales:

- diffusion is slowest process

- 100 km diameter flux tube
-T~4'000 K

==> diffusion time is order of days!
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Processes affecting composmon

FIP Bias in Active Region Plasma vs. Time

FIP Enhancements seen in

. 9 | | I | I | I | | | I_I_
- solar wind,
- energetic particles, 8 [ + ]
- active regions, s o o o _
- coronal abundances,
- coronae of other stars. 0 °r |

o) | _|

FIP effect: o Mavl / NeVl

. . L
Separation of ions from neutrals. 4l 9 eVl
Acts mainly in chromosphere. 3L } _
Time scales: T, e -
- diffusion is slowest process + o ’(l )
- 100 km diameter flux tube T T T T4 5 6
-T~4'000 K AT [days]

==> diffusion time is order of days!
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Composition as a Tracer:
Charge states freeze in in the solar wind expansion process

log t
'
In situ charge states

have lost all memory
of what happened in
deep corona.

They retain memory
of their last charge
modification (charge
states frozen in) in
the upper corona.

time scale

I
{
distance from Sun

log r
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Solar wind is heated and accelerated in the corona, density

decreases with height above the photosphere.
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Heliocentric Distance [Rg]

— typical time scales change!
(Bochsler, 2007)
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Heavy-lon Chkarge State Composmon

recombination

Continuity equation for O°* / \
8'}"16 -
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ot ,\
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How to measure solar T L et 0 W

wind composition f'_—-—ﬁ—_ﬂ = ‘
Example: SWICS G- » SENSOR POWER ‘
(Ulysses & ACE) pLL :
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Three unknowns: v, m, q
Measure: E/q, time of flight, E

CTOF on SOHO,
PLASTIC on STEREO,
and HIS on Solar Orbiter
work in a similar

manner.

Ion (E, m, q)
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Collisions determine the microphysics:
differential speeds and kinetic temperatures of heavy ions
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Processes affecting 6omposition: |

800 rrrrrerrr N S I e -

Chromosphere and corona: - : ',
Charge-state and elemental L, o ]
composition somehow linked. -~ | *++++++W+++;+* *++++$W++t
:E ] + + ¢¢¢ ]
Slow wind hot (source?) —/js’em/’; } gﬁ" @’4) ‘N}
Fast wind cool (coronal hole) St o St :
\%‘f e, T W“’@ *a, +::

What links the chromosphere
and the corona?

Slow wind strongly FIPped/éﬁ:‘/'

Fast wind weakly/barely FIPped

Q: Go to the ACE Science
Center, get SWICS data for
2009 and convince yourself
that these changes happen.

'.v;_ i
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e Eé SR | = m
The Magnetic Field in the Solar Wind

We define a fieldline as an entity for which
de dy dz

B, B, B.

We define a flux tube as an entity for
which the enclosed magnetic flux is
conserved.

2 o — / B.dS = const. ()
”

Because E} : d§ =0 for surface S,

/g.dgf g.d§+/ B.d5
S Sq So

But / B.dS — Y - BdV/. Vvanishes, which proves (*).
S Vv

o
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The Frozen-in Magnetic Field

For the well-conducting solar wind,
the MHD induction equation,

B - YxixB+_—AB
o0

turns into

§ — ﬁ X U X § which means
that the flux through C does not change.

There are two ways in which the flux through C could change:
* The field, B, within C changes,
* The curve C moves with respect to B

For the first possibility we get

— —  Integration over A -~ = —
B-dA — ~,~.~ / 0;B dA

A
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Y W=
The Frozen-in Magn

etic Field |l

For the second case, we consider the
infinitesimal displacement of curve C.
The infinitesimal change in the flux is

é-(fixdf)

The full change in flux is obtained by
integration along C. Using the identity

A-(BxC)=(AxB)-C
we get

(1 ' — — ‘ — aB ' — —
— A.-B= A - U x B
i /. | /A 1A= jéc di (u x )

Using Stokes theorem, we have the induction equation in integral, so

_/ . B /m*. ff V x (i B) | = 0.qe0
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The Heliosbheric Maneti Id B

ﬁolar Wig-d I Radially expanding solar wind
oS LAl pulls along the frozen-in

away from ng
the Sun. magnetic field.

This results in the formation
of an Archimedean spiral.

\ In honor of Eugene Parker

\ this is called the Parker spiral.




Extraterrestrial Physics

i -‘f'i e

The Parker Spiral

N

direction of the
magnetic field

Then the behavior of the
heliospheric field is determined

by the flow of the solar wind.

In a frame co-rotating with the Sun:

U, = U, radially expanding
f solar wind
Uy = —rwsind,
Up — O?
because the solar wind flows ° Sur
radially outwards from the Sun.

The so-called Parker-angle, O p, cOS2 (¢p) =
. s b f ) . q,. 9 2
IS the angle between the raaial 1 4 (m‘_m )

and the magnetic field directions. | u
(typically about 45° at 1 AU)
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The Heliospheric Current Sheet

Because the Sun's rotation axis is inclined wrt. ecliptic, a warped
current sheet forms. This was coined the ,ballerina skirt® by Alfvén.
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The Heliospheri

Stretching out of the magnetic field leads to formation of current sheet.
B

PRIRRIIIRIRIRR R
B
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Formation of St’ream Interactlon Reglons

When fast wind runs into slow wind, ...

CIR fast ———_

fast — 00\
b= _,;f;:‘f{,/ NN
B R h} ) // / )\\\1\ AN
o - ;x \ i AN N St
\

. fast e fa St . _AH.______-SI
fast C| R CIR

“Shock gengsis

slow M
Fast wind running into slow e 2

wind leads to the formation J\& o d

of Corotating Interaction A |

Regions (CIRs). Shocks form

typically beyond 1 AU. A
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/

A | ' ' Stream Interaction Regions
f
1ot {E ot /1\\? fﬂ?\“\“ @ Individual streams can be
W= Vivgy identified in-situ by many
S Sl S independent methods:
- : T R _. 5 % -m agn etl C fl el d
.52 My A way ° .4 -plasma data
1108 b A AN - gpecific entropy
r o1f | { - composition
s .
_oor 7 ——1 Composition is not altered by
J e : —_%..7 kinetic processes and
< 107 L remains conserved once it
i . —» 1 has been setin
R . | chromosphere and corona.
+ | Excellent tracer!
£ 600f : =
> aoof i -+ Composition variable,

360 362 T especially in slow wind.

Day of Year 1992
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Extreme-UV quiet Sun brightenings observed by the Solar

Orbiter/EUl Berghmans et al., https://doi.org/10.1051/0004-6361/202140380

ANATOMY OF A SOLAR CAMPFIRE

Solar Orbiter has discovered thousands of mini solar flares — ‘campfires’ — in its first year since launch.

Duration

10-200 seconds

Temperature
1 million-1.6 million°C

Length
400-4000 km

/ Height (above the photosphere)
1000-5000 km

Corona
1 million°C

campfires Photosphere
\J 5500°C

What causes the Sun's outer atmosphere
to be hotter than the surface is a big
mystery in solar physics

Magnetic structure
of a campfire

Reconnection

Computer simulations indicate that reconnection

is driving the campfires, and may generate enough
energy to maintain the temperature of the corona


https://doi.org/10.1051/0004-6361/202140380

Transient small-scale brightenings in the quiet solar corona: A

model for campfires observed with Solar Orbiter
Chen et al.,

https://doi.org/10.1051/0004-6361/202140638

{4 Bz SRR B el AN O) EUI 174 A
ba‘l o l (Ll ey I-'J"l L--",_ 1“ : o

June 23, 2021 ET-seminar rfws/cau

30


https://doi.org/10.1051/0004-6361/202140638
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Extreme-UV quiet Sun brightenings observed by the Solar
Orbiter/EUl Berghmans et al., https://doi.org/10.1051/0004-6361/202140380

What is the size distribution of these flares?
— Expect power law, as normal in nature.

June 23, 2021 ET-seminar rfws/cau
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Extreme-UV quiet Sun brightenings observed by the Solar
Orbiter/EUl Berghmans et al., https://doi.org/10.1051/0004-6361/202140380

T e 2000
so00k ; 1 Subsample of 16
: . 1 campfires also
: A 1 observed e
7 with SDO/AIA allows
] triangulation. 1000
E; 30002— s P e é
A i ~ 1000 — 5000 km
Izmoé a1 1] T _ E aﬁore . ;
: " | photosphere -_
- Ay e / / 00 - s - _—

1000 |

\

| Located above
1 chromospheric
L...d network

5000

0 1000 2000 3000 4000
length [km]

Expected for semi-circular loop.
Loops are elongated in height.
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Extreme-UV quiet Sun brightenings observed by the Solar
Orbiter/EUl Berghmans et al., https://doi.org/10.1051/0004-6361/202140380
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ty density distribution is a power

law down to smallest detectable structures!
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Summary Solar Wind.:

Fast solar wind from coronal holes
Fairly uniform but strong turbulence, ,young” SW

Slow solar wind from unknown regions in streamer belt
Highly variable, dynamically ,old*
Active regions, interchange reconnection, S-web

(Interplanetary) Coronal Mass ejections ()CMEs
Highly variable but very low turbulence

Magnetic field structured as Parker spiral

Stream interaction regions develop as fast wind catches up with slow
wind. Shocks develop beyond ~2 AU.

Coronal heating solved? EUI discovery of ,campfires”.
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Suprathermal and Energetic Particles
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Introduction
L A fuiij_n..?c D el . .
G0 1n 1896 Henri Bequerel and others discover non-

“chemical process capable of penetrating black
paper and darkening photo plates. It also excites
fluorescence. Uranium salt is used for this.

- Exciting discovery! New physics or chemistry!

Marie Curie discovers that uranium salt also
lonizes air, strictly proportional to the amount of
material. Therefore nonchemical process.
Pitchblend is four times more effective, therefore, it
. must contain a new element. Discovery of

2 polonium and radium. Invention of the word
'radioactivity’.

Died of aplastic anemia (radioactivity...)

Something can ionize air and penetrate paper.

lonization is a good measure of radioactivity.
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Introduction

On a balloon flight in 1912 Victor Hess discovers 'Hohenstrahlung' at
large heights. The degree of ionization increases with height!
Millikan interprets it as cosmic or extraterrestrial radiation.

Level of radiation
must increase with
height.

& Why? Is there a
= source of radiation
out there?

What is this source?

What are the
properties of this
radiation?

Image credit: NY Times
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Why does
lonization increase
with height?

Measurements show count rate
iIncreases with height.

Air pressure decreases with height.

If Earth's radiation were ionizing,
count rate should decrease with
height because there is less air to
lonize.

Can only be explained by ionizing
agent coming in from outside the
Earth ---> extraterrestrial origin!

Pfotzer maximum
discovered by
Pfotzer in 1932.

(Grie

o
QO
© o
i
Q £
S
N £
S o
© 2
Q o
O o
<t -
o
S O
D =
p-
S g
© 5
g E
QS I

der, 2002)

hei
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height
M hei

700 600 500 400 300 200 100 O
Atmospheric Pressure [ mm Hg ]

Air pressure (Grieder, 2002)
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height
M hei

700 600 500 400 300 200 100 O
Atmospheric Pressure [ mm Hg ]

Air pressure (Grieder, 2002)

radiation
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' Formation of Pfotzer Maximum ‘ulw  / ejey Bununon
4':]1 . | 4
35 = o
a0 - S =
| lonization rate: -
25 - Total s E
' N E
EU—. f t Q N
heght - orTons 5 | hei
. ! N A
. Q 2
- Heavy nuclei S 2
10 -
s o "g_
B &
" @)
= > -

Air pressure (Grieder, 2002)

radiation
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Long-term average of the particle spectrum in the heliosphere

e o Mewaldt etal., 2001 |
suprathermal ¢ ¢ Simpson, 1983 ]
—>
energetic m m Ave et al, 2009
>
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Energetic Parti
in the Heliosphere
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Energetic particles in the Heliosphere

Solar wind thermal particles:
protons, E <10 keV
electrons, ~2 eV

—
(=]

Slowly varying Cosmic Rays:
~1GeV <E <10 PeV

Y

if Anomalous
Corotating Cosnic Rays

/

X

Recurrent weak Co-rotating
Interaction Region (CIR)
events, ~ 27-day periodicity:
E<~10 MeV

B B N O DM A >

=
;
ﬂlﬂ
S
=
z
17
g

SEPs: protons, electrons, and
a small fraction of heavy ions:
~20 keV <E <2 GeV 1697407 {02 10" 1 10 10

Kinetic Energ

July 8, 2021 PKU summer school, rfws/cau 45
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Some important points to remember

* Particles bound to B r, = pL
* Gyro-radius, r_ | qB b
* Pitch angle a |

* Gyrofrequency ¢ - — 1 e I\
where 1 oy ®H
=0 . Fora1MeV proton,
*Rigidity ¢ Br. = L£5 r is nearly 30,000 km
¢ at1AU
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Impulsive and Gradual Events

10+4} IONS  587-1060 keV - 10NS -
> 1.90-4.80 MeV
3 irnpuisive 50150 ey shock
D a2 event LWmedu e _ 1
gt/ ]
N
NE 10"'0 )
N Ay
5
Q 0'2 I]l. i
m ',‘Mq,ﬂq.ll[qt},‘iﬁfl by W gradual event hwm hMﬂl
122 123 124 125 126 95 96 97 98 99
2000 000
* High e/p ratio * Low e/p ratﬁ),
* Mainly low-energy e & p * variable composition and <Q>
* Enhanced *He, a/p, and heavy ions * Rather wide (~100° longitude)
* High <Q> * Large flares and CMEs
* Narrow (~30° longitude) * Accelerated by CME shocks

* Type lll radio bursts



Impulsive and Gradual Events
otb \ shock ons -
> Frequent (~1000/year chock
2 42| @ solar max _ |
S [ e
N\
£ 10+C) . Y
N 7 M Rare (~1/month @
g - ! solar max
0 2 ‘ - I] - ragual event )
Pt i s 0| ) o » LT
122 123 124 125 126 95 96 97 98 99
2000 000
* High e/p ratio * Low e/p ratﬁ),
* Mainly low-energy e & p * variable composition and <Q>
* Enhanced *He, a/p, and heavy ions * Rather wide (~100° longitude)
* High <Q> * Large flares and CMEs
* Narrow (~30° longitude) * Accelerated by CME shocks

* Type lll radio bursts
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To be an energetic partic_:le,' you need to e:

Wind / STEP & SWE 2004 days 60-160

- iniected T ——
j P

30 keV/n Fe Suprathermals
10 / AV/\/\/.\/\\/\ [\ l\

10° i
0.001 0.01 0.1 1 10 100

Number of cases

Suprathermal Flux and Solar Wind Number Density

- accelerated

Sun Sun Sun

Q
- transported ) )) >
b) )

a)
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Role of suprathermal seed population?

10° b B B B B
- 1998-2005
105_

" Diffusive Shock Acceleration, but:
* Origins of seed populations

* Proton-amplified waves and
turbulence

" Acceleration efficiencies of CME
shocks

" Shock geometry & variations

104
103 _

102 :

Fe Fluence >12 MeV/nucleon

" CME shock acceleration
efficiencies highly variable

10’

10°
10 1000 10° 107

Fe Suprathermal Intensity 1 Day Ahead — Need near Sun data to resolve

different effects and
How does the suprathermal particle mechanisms

population through which a shock moves
influence the resulting intensity of
energetic particles that are accelerated?
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Immense variability in suprathermal heavy ion flux

Wind / STEP & SWE 2004 days 60-160 _ L
ey €@K INtEeNsities in shock
Salar Wind Hourly Averages eventS Vary over a range Of
_ | ~104
102 | |+ not explained by CME

30 keV/n Fe Supratherme Speed
_ | ¢ not explained by shock
i | A [\ A _ acceleration models

: i not explained by solar

j M _ wind number density
eSS Y | ¥ | BV A/ R I | which does not change
0.001 0.01 0.1 G| 10 100

nearly as much

1P

Number of cases

Suprathermal Flux and Solar Wind Number Density

(Mason et al., 2005)
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Suprathermal particles present most of the time

Bartels Rotation 2440 27 Moy 2012 through 22 Jun 2012 Flare Suprathermals

Mg ISL 156 157 160 163 166 169 17
eI ' 100%

T T T

ULEIS
V_0'4
nuc
4055
.

4.

ACE
O.

Me'

He

10%

ULEIS
1.0

.

ACE
O

1%

/58
G

ACE
4.5

Percentage of Time with SHe

0.1%

1Jan 1 Jan 1 Jan 1Jan
2000 2004 2008 2012

ACE /SIS
7.6-16.3

N I L O B B O Figure 2. Average percentage of time that *He was detected at ACE during each
Moy Moy 2Jun SJun BJun 1lJun 14Jun 17Jun 20 Jun 6-month period from the start of 1998 through mid-2013. All four of the energy
e W M dik iy WO K A 2% intervals illustrated in Fig. 1 were used in identifying times when *He was preset.

(Wiedenbeck et al., 2014)



Old Picture:

\ Only Flares
; % But flares don't rule (alone)!
@é / CME-driven shocks play an important
role in accelerating particles.
)/Old new SUN
w Picture: * -
\ Flares | cME Shocks| [ \I i c

Cane et al, 1988

Life is more complicated:

Flares can contribute to shock-
accelerated particles. Exact role is
current research topic.




‘ plasmoid/filament
\

Particle acceleration in flares:

non—thermal VeSS
elecirons

o7

o — Rough equipartition of flare and

radiaﬁo CME energy
/ ~ Typical duration 10 — 100 s
/ erady” — Typical energy 10%° J
' oo ootporns s — Typically between 1% - 10%
d ) P e (and up to 100%) of all
NSl ___,..f‘ s Xras electrons are accelerated to
PR Zr Y typically 100 keV
e e o — Energetically these electrons
ol T dominate the plasma
| & — lons are also accelerated (and
produce gamma rays)
2z — Occasionally, particles are

Mo accelerated to relativistic
b energies (GLES).

| 6-12 keV (thermal loops)
3001 20-50-keVE{HXR footpoints)

680 700 720 740
¥ (arrzers)
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Shock Acceleration - A more organized way of accelerating
particles?

a.) diffusive shock-acceleration

b.) shock-drift acceleration "“Shockigenesis”

” W
__ﬂf////rﬁ\\\gL |

EVAVA

wo ts F t2

|
Au tg

Time




Extraterrestrial Physics

stepwise acceleration

Turbulent structures via turbulent motions

moving towards you

Some particles gain energy in every reflection
(Fermi acceleration)

Shock (in fact, any location
with converging turbulence)

This scenario ultimately
leads to the observed
power-law distribution
In energy. If the shock is

Turbulent structures  1arge enough, it can
moying towards yo explain large events.

ummer school, rfws/cau 56
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Once accelerated, particles get away, but continue to be
scattered, a process called transport
Sun Sun Sun

Three different scenarios:
a) diffusive
b) focused - transport
c) scatter free
b) c)

a)
Timing studies are best done with scatter-free events. They can be
recognized by beam-like pitch-angle distributions.
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The parfiéle transport euaion '

oF(t, u, r, 0
( aﬁ; D) o =
2 .
(s v_z)vw cilpunn}  Sveaming
¢ Convection
D Vsw u Focusing
» {|:2L 0 (1 + u = sec Y — U seC v,h)
+ vsw(cos v di sec ljl)ﬂ:|(1 — udF(, p, 1, p)} Differential convection
r
+ 9 <fD 0 1 — u sec Y |F(t, u, , p) Pitch-angle scatterin
on O o 2 1, T, P g 9
0 sec 5 d ) . . .
+ o <kpvsw[2L(r) (1 — 47) + cos =~ (sec Y)u } Adiabatic deceleration

x F(t, u, 1, p)% + G(t, p, 1, ), (1) Source term
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Suprathermal He** at':CIRs

J ACE/SWICS § i inside ClR'04 Streamlnterfao?'e
10% | .‘m & & 0~0.23 AU
¢ i AA, ¥ ¥ 0.23~0.74 AU
P I () s 4 >0.74 AU
T 10°f 4y aW
S Ay ce % SOHO/CELIAS/
g e
S
< 10 T
™
: L ey
+ £ 28
2 10%E AA YA Vool % 0
I 1 {l-b %-A.A '{'\‘-A. 4‘{0 ‘q 10
'ﬁ'g.& §~: E~32-165 keV/nuc
; .
10-6 _ %10‘1 ——
10 107 10 i
(Yu et al., 2016) Energy/Mass [keV/nuc] - |

» Re ye,r'lse Shock

Sun
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Not unexpectedly, we observe
similar behavior at CME-

driven, transient shocks.

2001/031 ACE

Y

N

Iog",(protons/cmz/s/sr/ MeV)
o

|
N

-1 0 1
logyo(E [keV])

2 3-10 1

1

\

1/(Proton speed) (s/Mm)

— [s/Mm]

Vion

logyo(E [keV])

infl =306 min} .-

N
tn

L
o

-

[+.]

L)
"

-t
[=]

0.5 4

TETET

_________________

031/2

2 3-10 1
log1(E [keV])

logoE [kev])

logo(E [kev])

(Lario, et al.)
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ik

Substantial pressu

Vsw (km/s) Tp (K) Np (cm_‘s) B (nT) (cm?s sr Mev)™!

Pressure (nPa)

(Lario etralg 2015)

o
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Lario et al., 2015, studied
periods of elevated energetic
particle intensities in which
pressure of > 83 keV protons is
larger than thermal or magnetic
pressure.

Such periods are not rare.

Energetic particles often matter
for shock dynamics.

Energetic particle pressure
should be accounted for when
computing shock parameters.
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Solar Orbiter & SP+
can disentangle
transport effects
from injection
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__SolO/EPT & HET
| —101-142kev —6.0-18.8MeV
104:—0_5-1.0 MeV

The first wide-spread energetic particle event
observed by Solar Orbiter on 2020 November 29

Solar Orbiter
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The first wide-spread energetic particle event
observed by Solar Orbiter on 2020 November 29

Anisotropic onset at wide separations!
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The first wide-spread
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pual 1 Ll 1 Lol 1 p il

0.001 0.01 0.1 1 10 100 1000

E/m [MeV/
? m [MeVinuc] ? (Rodriguez-Pacheco et al., 2020,
Wimmer-Schweingruber et al., 2021)
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EPD on Solar Orbiter has different viewing directions to provide
adequate pitch-angle distributions.

Solar Orbiter EPD fields of view

2

E PT'H ' 1 " = : *STEP fov divided

O 10 20 30 40 50 in 3x5 sectors

(Rodriguez-Pacheco et al., 2020,
Wimmer-Schweingruber et al., 2021)
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i X

(Rodriguez-Pacheco et al., 2020)

SIS on Solar Orbiter
Measures:

- multiple ToF

- total energy

Excellent ToF resolution
allows isotope separation!
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/ 2 .-I- 1 —-_ ..-o-"'_';* | -:— . - SO
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Measuring high-energy ions & electrons:
The High-Energy Telescope (HET)

Multiple dE/dx vs. total E measurement allows
element and isotope resolution

- BGO

Si
Detector

(Rodriguez-Pacheco et al., 2020)
July 8, 2021 PKU summer school, rtws/cau (1
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Interaction of charged radiation with matter

* lonizing radiation®:
* Collisions with electrons

* Other interactions (not necessarily ionizing):
* Collisions with nuclei
* Nuclear reactions
* Excitation of phonons

Reactions need to be described by cross sections, but
some analytic approximations are sometimes helpful.
The most important is the one by Bethe, Bloch,
Lindhard, and Schjott.
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Interaction of charged radiation with matter

ZE : f:':+
0

Use Gaul}' law /11 E.dA

and obtain momentum
and energy transfer.

Force on electron is
Ze2 P

T{'EU(EQ -+ bz).’_

Momentum transfer is:

F =

+0o0 +00
. Ap = / Fdt = / F'dt

1 —+ o0 e 400
= _—/ 'idz = —/ Eidz.
S . (5 S

— QTb/Eliﬁlxt — Q/EO = Zlfif’/EU.

Ay =




Ionlzmg energy loss of charged partlcles in matter
Bethe-Bloch

dE ZZe*n, 2m v? r 2
= |1 “— ) —In(1 - %) —3*|, where 3 =v/c.
dx 47 -f“-]a*‘:"rn {11 ( (Ep) ) L= /
C'."_ | | | | T | T .

_ protons in air at std. pressure Energy IOSS gOeS Wlth

* Square of projectile charge
* 1/v? (or ~ E/m) of projectile
* Target electron density

dE/dx [MeV/cm)
o
=t

Minimally ionizing particles

D.Dﬁ'l ] | ] | 1 | ] | ]
0 1000 2000 3000 4000 5000

Energy [MeV]
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lonizing energy Ioss'of Charged partlclesmmatter N
Bethe-Bloch

dFE B Z e n { (Q?Hff‘z
(EB)
AIR (dry, near sea level) You can

) — In(1 — 3%) — 3%| . where 3 =v/c.

der —  dr- :‘:Da‘ °Mee

calculate the

stopping
power at NIST

e
g for all sorts of
e combinations
: of projectile

% and target

£ materials.

A

ﬂ | | L L L LLLL] | L L L LIl | | R

-2 0 2
10 10 10 10
Energy (MeV)
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Energy loss of charged partlcles ._

AIR (dry, near sea level)

So energy loss is given as MeV/(g/cm?).

—
=
[%5)
TTTT

What does that mean?

r(MeV cmq'fg)
)

Multiply by density, = = g/cm3 to obtain

Stopping Powe:
—_
=

10’ 0] v w | dE/dx in units of MeV/cm.

Energy (MeV)
— Total Sto}nping Power

/ Air: 1kg/m® = 1mg/cm?

So 10° MeV/(g/cm?) = 1 MeV/cm. Compare this to binding energy of N,

molecules of 15.6 eV. In fact, ions will also loose energy to nuclei, so
37 eV is the correct number to be used for <E_>.

lonizing radiation ionizes air!
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Energy loss of charged partlcles ‘
Deposition profile — The Bragg Peak

1E 7z 2m 0> ‘ . |

e i - |In e —In(1 — B*%) = %], where 5 =v/c.

de ~ 4rx . £2v2m, (ER)

4 T T | | | T T | | | | T | | | | T | T Because d partiCIe
5 MeV o — Air 1 looses more

energy when it has

/ 1 less energy, it

L
1 T 1 T 1

I largest energy | looses most of its
‘ loss at end of 1 energy at the end
- trajectory .

2

-{ of its trajectory.

1 5 MeV ., particle
— only penetrates
| few cm of air.
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Distance in air at std. conditions [cm]



Extraterrestrial Physics

] - | F1.35
N 10'= = | 120
= . -
= § C [ 1.05
I-f"lﬁ-‘ | | .
- 1[}5_5 — 0.90 "UE.I
T E 075 3
ujt ; 0 =
Z 105~ _ o.sn%
e : = B-0.45
] " 0.30
+
o 104 = =
n : : 0.15
I.Uq: -
~ - 0.00

10 10
{EA+ EE-+ EC} / min{EA, EB) (Elftmann, 2020)



CilA UM

Extraterrestrial Physics

Elemental and isotopic resolution of SIS & HET
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Combined spectra from SIS and HET show good agreement
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first orbit second orbit
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1L Mav 5020 . 1 Feb 2021
a
y 1 Jun 2020 1 Jan 2021

=38 =30 =28 =20 =15 =10
Diff. intensity / log (counts/(s cm? sr MeV))
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Electron pitch-angle distribution for the December 2020 event.

Diff. Intensity [cm™2 s~ sr~! MeV!]
103 104 105
Diff. Intensity [cm~2 571 sr~1 MeV~1]
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Integral channel:
Measures electrons & ions

Magnet channel:
Deflects electrons,

measures ions
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Integral channel:
Measures electrons & ions

10+

Z axis [mm]

-30 -20 -10 0 10 20 30

200 keV electron trajectories in the magnet channel (side view)

10 \

I
0 I

_m;/

~30 —20 ~10 0 10 20 30
¥ axis [mm]

Magnet channel:
Deflects electrons,
measures ions

Z axis [mm]
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Integral channel:
Measures electrons & ions
Magnet channel:

Deflects electrons,
measures ions

,Int — Mag = electrons”
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4 g

Summary suprathermal & energetic particles:

Wind / STEP & SWE 2004 days 60-160
10° e e
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10° I |
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Suprathermal Flux and Solar Wind Number Density

- acceleration

Sun Sun Sun

b) C)

Q a) |
- transport diffusive  focussed scatter
transport free
b) c)
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Pa

Interaction with Matter

Implications for Exploration!
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Energy loss of charged partlcles ‘
Deposition profile — The Bragg Peak
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/ 1 less energy, it

L
1 T 1 T 1

I largest energy | looses most of its
‘ loss at end of 1 energy at the end
- trajectory .

2

-{ of its trajectory.

1 5 MeV ., particle
— only penetrates
| few cm of air.
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Energy deposit per unit length, dE/dx [MeV/cm]
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1 1

Distance in air at std. conditions [cm]
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neutron

ortant role! (Ehresmann, 2011)




Requirements:

" Charged particles
(1<Z<27)upto 100
MeV/nuc

" Neutral particles (n,
y) up to 100 MeV

"LET

" Composition

" Time series

" Autonomous
operations

July 5" 2019

=

n <

MSL' Radiation Assessment
Detector (RAD)

charged

partlcle

o

92
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Nuclear reactions
lead to creation of
cosmogenic
isotopes (here
SHe, ?'Ne, 3°Ar)

Their (relative)
abundance is an
indicator for the
exposure age.

Sheepbed was
exposed for only
80 = 30 million

years!
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Destruction of Organic Compounds by Radiation

lonizing radiation breaks chemical bonds and
produces radicals and oxidants.

OH

HO\\\\\\\\\\\\

O

Result: Destruction of large organic molecules (if there is
no repair mechanism)
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How long could organic molecules
survive ionizing radiation environment?

radiation

Previous models: 50 — 150 mGy/y
RAD measurements: 76 mGyly ~10 cm

Organic molecules are efficiently
destroyed at a depth of 4-5 cm. In
650 million years only 1/1000
survives.

How many after 3.8 Gy?

Increasing depth

==> Half of the organics should
still be around if the soil were only
exposed for 65 million years.

|

natural background

-
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e

Drill results from SAM

6
36x10 -
30- @ S H20
— CO,(3x)
25- e o 11653 Measurements show
/4] .
8 & that the drilled
g mudstone contained
10° carbon, nitrogen,
5-
1 ._ oxygen, and sulfur.
0 a T m et LY T W PN W
. . . : These elements are
Sx10° — H, needed for life to form.
—— H,S/0, (35x)
= —— HCI (35x)
G %5"0 — CH,CI (100x) — Chalow v~
g 3 CH,Cl, (300x)
ot
8 o
14
O-ﬁgwﬁﬁLuim ﬁﬂnan;hﬁﬂuﬁnm:--.f'

L} L L}
200 400 600
Sample Temperature (°C)

(Ming et al., Science, 2013)
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PLANETARY SCIENCE

NASA Curiosity rover hits
organic pay dirt on Mars

Carbon molecules in rocks from ancient lakebed resemble
kerogen, a “goopy” fossil fuel building block on Earth

Curiosity

e (R R USRS
Aeolis Mons e R
(Mount Sharp) | - S
crater Z = s

Organlc matter preserved ln -:_ ® Drill sites yielding

complex organics

3-billion-year-old mudstones o
at Gale crater, Mars Eigenbrode et al. Science 2018;360:1096

July 5™, 2019 USTC summer school, rfws, cau
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Detection of Methane(CH ) on Mars

A _. B .,
14 N.Spring | N.Summer |\ N.Autumn | N.Winter ' N.Spring | N.Summer | N.Autumn | N. Winter
= 12- — | = ® CHd4in MY32 64 =
a2 “] 2013 M MY31 direct ingest 2 08- O CH4inMY33 8
o B MY32 direct ingest o ® CH4in MY34 c
210+ O MY33 direct ingest i = E
3 8 . B MY34 direct ingest 8 4 7.2 @
. ® MY32enrich . i 1451 =3
_;E ] O MY33 enrich _,E 0.6 g
6 - ® MY34 enrich - ]
E ] = 1709 573 1527 9%5 180 &
i Q
< 4+ - 2 0.4 % E
@ i Q
=
8 21 ']I‘ 1 & 88 &
Z 5 o o = 02 o
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-2 . 126
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0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360

Solar Longitude (degrees)

Solar Longitude (degrees)

(Webster et al., 2018)

Methane had been detected by Formisano et al. (2004) with ESA's
Mars Express. CH, was seen again in-situ by SAM on MSL in 2013.

CH, background varies seasonally (Webster et al., 2018)
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Detection of Methanex(CH ) on Mars agaln'

* MSL-Measurements of 2013
were confirmed by MEX

* MSL/TLS measured 21 ppr/' ?
CH4 on June 19, 2019
* MEX was above Gale crater at A
that time 141 N.Spring | N.Summer | N.Autumn | N.Winter
* Why is CH4 so variable on £ 12] o et drt maee 1
Mars? Z10- B Mvas droctingect |
For comparison: On £ o © M3t o + :
Earth the CH4 2 41 -
concentration in pre- IES + % :
industrial times was ~ 3 0%* %' ------ '{. ----- % ----- 9§+
700 ppbv, today (2019) 24 ] |
it is 1866 ppbv. 0 40 80 120 160 200 240 280 320 360

Solar Longitude (degrees)
(Webster et al., 2018)
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Back to radiation:

Summary of solar particle events seen by MSL/RAD during cruise

Dose rate [mGy/h]
o
ssslolia ool & S0

0.01 |

' c-ios-e r:ate'in-B -
dose rate in E

teq. Dose from SEPs: |
{ 24.7 mSyv for all cruise

eq. Dose from GCR:
§1.84 £ 0.33 mSv per day

fSEPS only ~ 5% of GCR}

GLE 71

5-17 00:00:00 to
ki

e

= N

N

P

E

5

T

GCR dominates radiation exposure during RAD's cruise

80 100 120 140
time [DOY]
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Human Spaceflight Risks

In Mission Risk - Operations

Post Mission Risk - Long Term Health |

Human Spagceflight: Risks; O/ 12/5

Low Earth
Orbit

Low Earth
Orbit

Deep Space
Sortie

Lunar
Visit/Habitation

Deep Space
Journey/Habita
tion

Planetary
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Habitation
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Summary of radiation exposure seen by MSL/RAD during cruise

Quantity value Estimated Two 180-da¥_
variability legs return trip

RAD cruise 24.7 mSv_ Orders of ?

measurement SEPs (5% of all) magnitude .

RAD cruise 1.84 mSv/d 0.33 mSv/d* =662+ 108 mSv

measurement GCR 20% + 20%

6-month stay of 75-90 20% 150-180 mSv

astronaut on ISS mSv/(a/2)

Radiation worker limit 20 mSv/a  n/a

(ICRP)

Averag?e exposure of 4 mSv/a Wide range,

normal population radon!

Allowable additional 1 mSv/a n/a

exposure norm. pop.
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Summary of radiation exposure for a manned mission to Mars
based on MSL/RAD measurements @

Radiation exposure on a
mission to Mars:

100

10

Cruise: 662 +/- 108 mSv
Mars: 320 +/- 50 mSyv

Dose Equivalent (millisieverts)

Total ~ 1000 mSv

0.1

For comparison:

6 months ISS: 75-90 mSv
radiation worker: 20 mSv/y
CT-scan: 8 mSv

Abdominal CT Scan
500 Days on Mars

US Annual Average, All Sources
6 Months on ISS (average) -
180-day Transit to Mars -

DOE Radiation Worker Annual Limit
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(Zeitlin et al., Science, 2013)
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Implications for human exploration

- Particle radiation is complex!

- Space weather predictions are still
very difficult

- Large variability (solar, heliospheric,
seasonal, diurnal)

- Secondary radiation important (n/y)

- Where should we live on Moon &
Mars?

- Implications for non-terrestrial life?
Exo-, astrobiology?
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Conclusions:

Space radiation is influenced by a number of factors:
- solar corona

- solar wind

- transport phenomena

- heliosphere

Space radiation is important to

- understand the history of the solar system

- understand the habitability of (exo-) planets and moons
- prepare for human exploration of the solar system

i
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