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Particles in the environment of Earth

How solar activity affects the Earth

¥ 5l . 3. Particles drawn to poles
A , Sl collide with atmosphere
5 . i lar lights
. 1. Solar flare and eruption oo Posiie

4 2. Billions of tonnes of superhot .
pared }

gas containing cl
particles Is released

Distance: 149 million km

sun activity cycle (sunspots: footpoints of magnetic loops)
loops may change structure and accelerate particles (flare, CME)
solar wind as background particle population + B-field (- talks by Borries, lochem, July 8th)
particles move along parker spiral, may be accelerated at shock fronts (— talks by
Scherer, Thursday; Shprits, tomorrow; Martens, July 9th)
GCRs extend the energetic spectrum (— talk by Heber, yesterday)




Everything except us is plasma

Density (particles/cm? Plasma: gas of charged particles

L (B 1 B VI VR T consisting of free + and - charge
agnetic fusion ICF i Carﬂers

Solar CUI?.}:‘"',\;; quaSI-neUtral

charges are free: Eyxpn >
influence by direct neighbours.
Thus plasma typically is hot
(>some eV).
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abundance

on earth: flames, lightning,
108 1o o7 * ionosphere,
Py (& magnetosphere

space: 99%
image: Los Alamos National Lab







Charged Particles in a B-Field

Lorentz-Force:
FL=qE+qvVxB




Charged Particles in a B-Field
Lorentz-Force:

FL=qE+qvVxB

as differential equation:

AmX=qE+qXxB



Charged Particles in a B-Field

Lorentz-Force:

FL=qE+qvVxB

as differential equation:

AmX=qE+qXxB

Assuming: energy density particles < energy density Field:
— single particle movement, no impact on field



Gyration

Simple case: homogenous B-field, no electric field — Gyration
FL=gF + qvxB

Gyration: e~ Gyration : p*

Left-Hand rule Right-Hand rule



Gyration

Simple case: homogenous B-field, no electric field — Gyration

Fi :g/é + qvVxB - Larmor-Radius: r, = ""“’é
S—— q
—centripetal force Fo= mr"z
Gyration : e~ Gyration : p*

Left-Hand rule Right-Hand rule



Gyration

Simple case: homogenous B-field, no electric field — Gyration

/:;L:/q/é/

Gyration: ¢” Gyration: p* integral of motion dissapears:
mg — qVxB
V-m(il—‘; = V-q(Vx §)
%mdd_‘f: d';‘/tk’” — q(VxB)-7=0

The energy during gyration is constant.
Left-Hand rule Right-Hand rule



Cyclotron frequency
equation of motion in pure B-field: m¥ = q vV x B

component-wise (assuming B = B,):

qB gB 2 gB
T Tm T <F> T T T

— harmonic oscillator: solved by v; = v, ;e“!

cyclotron frequency: w, = %3

Larmor-radius: r, = "’;“’g = ZTt




Larmor radius

Relativistic Larmorradius

1000 km

100 km

10 km

1km

relativistic Larmor radius for B=35uT

10 eV
T

1 keV
T

1 MeV
T

1 GeV
T

i
10 eV

i
1 keV

i
1 MeV

kinetic energy

i
1 GeV

11000 km

100 km
10 km
1km —— electron

100 m — proton

Space Weather deals
with high velocities.
Relativistic effects need
to be considered.

Larmor radius
(non-relativistic):

_ mvy
L= TqTB
relativistic:

mo v
I,rel = ’y‘quL

_1
- (1-5)°

Ekin.rel = (Y — 1)mg 2




Magnetic mirror
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Magnetic mirror




Magnetic mirror




Magnetic mirror




Magnetic mirror




Magnetic mirror - Applied to the Magnetosphere

Converging field on
one side: magnetic
mirror — direction turn

—_Trajectory of
trapped particle

Converging field on
both sides: magnetic
bottle — bounce
motion

image apapted from Day,
Physics Today, 61 (21)
2008




Magnetic mirror
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Magnetic mirror
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Magnetic mirror

o+

Mirror Point

vl

Vi

Vi




Magnetic mirror

Pitch angle:
a = arctan (%)
I %
Beg
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Mirror Point

vl

Vi

viI




Basic charged particle movements:
v' Gyration

v' Bounce

? Drift







Opposite B-Fields: Neutral Sheet Current

opposite B-fields, no electric field

B-Field Polarity Change: e~ B-Field Polarity Change: p*

O]
©
®

® ®
— drift with charge separation
— Neutral Sheet Current



Opposite B-Fields: Neutral Sheet Current

Applied to the Magnetosphere

Plasma mantle

Polar Cusp - North Lobe
Magnetotail

Neutral point

Interplanetary Medium &Magnetnpause

Solar Wind

Magnetotail

Bow Shock -/ South Lobe

Plasmasphere

Magnetasheath

adapted from T. Russel, ESA.



Drift theory

separate velocity components of guiding center and gyration

mv = Fj
Vi
m\'/L

mVD+M

m\'/L:FL+qu><§

Vp + Vg
mvp+ mvg
FL+q(vp+ve)x B

Fi+qvpxB+qvsxB

mvp FiL +qgvp x é
Assuming time-invariant velocity:
F. = —qwxB
F.xB = —qvwpxBxB=qvpB

FLXE
qB?

— generalized drift velocity

N

N

A~ A~ A~~~
a1 W
~— ~— ~— ~— ~—



E x B-Drift
homogenous B-field, orthogonal electric field
FL=qE+qvVxB

E x B-Drift: e~ E x B-Drift: p*

decelerate accelerate

using generalized drift eq: Vexg = % = % = %ﬁ (charge independent)

— drift to same direction, same speed — no resulting current



Gravitation-Drift

homogenous B-field, no electric field, Gravitation
F=gE+qVxB+mg
Gravitation -Drrift: e Gravitation -Drift: p*

using generalized drift eq: Vg = % = %ggf’ (charge dependent, mass dependent)

— drift with charge separation,
— note that in most cases the gravitation drift is neglegible compared to other drifts



Gradient in the B-field, no electric field

VB-Drift: e~ VB-Drift: p*

O 0 0 0
© © 0 0
© o0 o0 o0
© © 0 0

Question: The VB-drift is directed to?

A) both drifts to left D) e-drift right, p-drift to left
B) both drifts to right E) e-drift up, p-drift to down
C) e-drift left, p-drift to right F) both drifts up




Gradient-Drift

Gradient in the B-field, no electric field

VB-Drift: e~ VB-Drift: p*

OZlO OO

©
© ©
© ©
© ©

Correct answer is:
D) e-drift right, p-drift to left

Vog = FBx VB = % BXYB (charge dependent, energy dependent)



Applying Drifts

Plasma mantle

Interplanetary Medium &Magnetopause

Polar Cusp North Lobe

Magnetotail

Magnetotail

Bow Shocl South Lobe
Plasmasphere

Magnetosheath

adapted from T. Russel, ESA.



Curvature drift

Simplified approach:
a particle on bound field lines experiences
. mv2_,
centrifugal force: Fer = —IF;

- = 272 B
FuxB _ MjfexB

generalized drift velocity: vy = B = RqB

image: Inan & Golkowski, Page 34




Curvature drift

Simplified approach:
a particle on bound field lines experiences
. mve
centrifugal force: Fy = - Ie
[
I' dd ft | t iy I FT:fXE _ mV\T?‘:XE
generalize Mt veloCIty: Ve = 9B T 2qB
However, assuming a pure bend magnetic field in
vacuum, according to the Ampere’s law

(V x B = oj + eouo%—’f_), there has to be a
gradient.

We skip this for today.

image: Inan & Golkowski, Page 34



Summary drifts

B upward
through the paper

Charge

positive

negative

B homogenous

O

O

E homogenous

e

0.0

i)
Gravitation
b0 Q10 Q)
i )

Inhomogeneous B

Tgrad 1B

t Q0.1 0 0

P

—50




Drift with energy change - EV B-drift
gradB

[

> P9
,_gradB drift

E VB diift _, o,

/‘\.(@“ - ¥5
Pl
<3

FE x B drif=1:(p1

Y

TIopupauyey

BO

V B-drift moves “upward”
but no energy change as
there is no E-Field

E x B-drift moves along
same potential — no
energy change

combined:
EV B-drift changes
energy



ADIABATIC INVARIANTS _




>
.-.ﬂ“m“.‘.'.‘.‘.‘.‘.‘.‘.!s4..

X IR

<

Oszillation

Drift

Main particle motions
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Main particle motions - timescales

PROTONS' E'LECTRO\Nf T|me Sca|eS
o \ NS .
I \ \\ N l $~ "3% gyration: kHz
Rl \

£ - \\\ longitudinal motion: seconds
. | ! N drift: 15 min (1000 s)
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Adiabatic invariants

precondition: spatial and temporal B-field changes are small compared to motion:
gyration time: %8 « &

We

. . VB
field-parallel motion: —5 < 2

™i

gyration orbit: Y2+ < ;¥ or Y2- < e

2wV 2mvp

In a cyclic motion the action integral of the momentum over a full circle is:
J; = ¢ pidq; = const

magnetic moment invariant: J; = f mv, ndy =2rmv, = 47r‘—’g|u = const

longitudinal invariant: J, = [* mvds = [* my/v? — 248ds = const

flux invariant: Js = § mvprdy = 4‘7'7"" -M = const



Magnetic mirror - 1st adiabatic invariant

i) oy iTm magnetic moment is constant:
: : : B . 2
FequBl Il _ Wkln’J_ _ m VL
B 2B
mv? sin? o ¢
= — = (CO0ons
2B
mv? sin® oy mv? sin® ap,
2 2 2
o sin? o B sin® ap myves sin® (4 B myv
mv2 By B, 281 o 2Bm
sin2 (6 4] 1

— estimate B, at mirror point




Acceleration - 2nd adiabatic invariant

Longitudinal invariant (2nd
adiabatic invariant):

S
Jo = /mv| ds = const.
S
Fermi acceleration type 1:

converging mirror points increase
dl



3rd adiabatic invariant

Flux invariant
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Gyro Motion Bounce Motion . Drift Motion







How/Where do particles enter the magnetosphere?

Lyons 1992
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Reconnection

A

B>

Ampere’s Law:

VxB=pof
J current density
o8, 98B,
T
ﬁ % = o J
ox Oy



Reconnection

A

B, Ampere’s Law:
V X é = /J'Oj

A

J current density
o8, 0B,

: ’ BB |- Ko f
2y 5, &5
i Bx oy
X 0

oz d o Jy




Reconnection

A

B> Ampere’s Law:
V X é = /J’Oj
© < — 0O ~
J current density

B, _ 0B,
B1 5] oz .
) %% | ]

3 y 5, 5B

e c

X 0
o8, | _ ABx

oz p = Uo fy




Reconnection leading to a Substorm




Acceleration

Longitudinal invariant (2nd adiabatic invariant):

S
Jo = /mv| ds = const.

Sy
v
v B
P B & PZ v
1 7 ;
2 4
B
: : h S SO
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Radiation belts

150 Jroeps oy 800
120 Sunspot Numbers 200
90 Solar Wind Velocity 600
60 500
3 400
‘8 300
4
100 =
'{J
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- 10°)g =
g
10'f =
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1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
Years Baker et

al., 2004



Sunspot Numbers

Electron Flux (/em~-s-sr)

1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004
Years

Baker et al., 2004 Air Force Research Laboratory

Inner Van Allen belt 10 000km — ~ 2 rg, peak at 1.5 rg
protons 10-100 MeV, GAKs to multiple GeV
protons relatively stable, electrons fluctuating
Slot region -2-3 re
gap may be filled with electrons during geomagnetic storms
Outer Van Allen belt 3-6.5 rg, mostly relativistic electrons (100 keV-10 MeV)



< Trapped Particle
Trajectory

! \\ Mirror Point ,_)

Magnetic Field (?3
Line =—————,

Flux Tube VAN
z\f“ﬂfﬂ\} e
T Pt i”{ﬁ(}
(&

Loss Cone
B Loss cone pitch angle: a;¢c = arcsin ./g—:
The loss cone angle at the equator is about:
Loss y e.g. 2° at L=6.6 (geostationary orbit), 16° at at L=2
cone

angle Pitch angle & > ayc trapped, a <= a;¢ precipitate

PA-scattering pushes trapped particles into loss cone



Particle Precipitation Pattern

30-80 keV low energy but high spatial
variability

IR
TS

1010 10"

Wissing et al. 2008



0.8-2.5 MeV high energy but low spatial

30-80 keV low energy but high spatial
variability variability
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Precipitation Pattern for different Energies and MLTs

TEDElectronBand4 (154-224 eV) NoSubstorm Kp 0-9

APEX 110km latitude
4
3

12 18 0 6 12

maanatic Incal fime

TEDElectronBand14 (6.5-9.5 keV) NoSubstorm Kp 0-9

APEX 110km latitude

magnetic local time
mepOe1-e2 (30-100 keV) NoSubstorm Kp 0-9

855 e —
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Electrons, Yakovchuk und Wissing (2019)






Particles in the atmosphere: Why do we care?







Particles in the atmosphere: Why do we care?

Impacts on Chemistry:

NOx, HOx

Ozone
Direct Impacts on Life:

Ground level events

during flights (talk by Meier, tomorrow)
Impacts on GPS:

TEC



Interaction with the Atmosphere

particle




Interaction with the Atmosphere

particle

o€



Interaction with the Atmosphere

particle




Interaction with the Atmosphere

particle




Interaction with the Atmosphere

particle

Fe

1 z€°
 4mep r?




Interaction with the Atmosphere

particle

F F.

1 z€°
 4mey r?




Interaction with the Atmosphere

particle Fo,| Fel

Fc,L f /IFC,L
Fe Fo=F,, <F

(o

1 z¢€°
 4mey r?




Interaction with the Atmosphere

particle %

Fc,L




Interaction with the Atmosphere

particle
Fe1 lFC,L = F, cos9
b F. c, L
P
ﬁ e
1 z€°

47reo e cosf



Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle

lFC,L = F, cos9

dt = & — &



Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle
lFC,L = F, cos9
FC,L
e
1 z6é? (2
A = — g dé
| pJ—| 47eq vb -z cos

|
2



Interaction with the Atmosphere

particle

lFC,L = F, cos9




Interaction with the Atmosphere

particle

lF"’L = F, cos9

Momentum transfer between particle and a single air-electron at distance b:
1 zé€
2megBech

|Ap.| =



Interaction with the Atmosphere

particle

e

Momentum transfer between particle and a single air-electron at distance b:
1 zé€
2megBech

|Ap.| =

Energy transmitted from the particle to one single air-electron at distance b:

(ApL)2:< 1 )2 2 ¢

2 Mg 2meg ) 2 Mg B2 ¢2 b?

AE =




Interaction with the Atmosphere

Qo
parti¢le °

'le=bdbd¢dx=27rbdbda(K

° °e

Energy transmitted from the particle to one single air-electron at distance b:

(ApL)2:< 1 )2 2 ¢

2 Mg 2meg )] 2 me B2 ¢2 b?

AE =

Energy loss of the energetic particle to all air-electrons of the volume:
—dE=AE n, dV
~~

o
N

>

u



Interaction with the Atmosphere

a bmax
partiﬁe ° /

'Ev=bdbd¢dx=2wbdbdx\ min

° o€

Energy loss of the energetic particle to all air-electrons of the volume:

et 22 pZ1
AE=-——° 2 P% pax
Amesmec?upP?® A b



Interaction with the Atmosphere

a bmax
partiﬁe ° [

. U

Energy loss of the energetic particle to all air-electrons of the volume:

e* 207 1
= 2—22_2 % pdb dx
Ameg mec?up® A b

bmax 1db I bmax
1dp=|n bmax
fb in b bmin

min

—dE



Interaction with the Atmosphere

L.

Energy loss of the energetic particle to all air-electrons of the volume:

et 22 pZ | Brnax
- — — — n
AT e mec?up? A Bumin

bmax

—dE dx



Interaction with the Atmosphere

a max
partigée ° [
° min
Qo
° o€

Energy loss of the energetic particle to all air-electrons of the volume:

et 22 pZ | Brax
- — — — n
AT e mec?up? A Brin

o

—dE dx

bmax: close enough that mean excitation energy / is transferred to the electron

bmin: Maximum momentum transfer in a central elastic relativistic collision is
Ap=2mvy



Interaction with the Atmosphere

a bmax
parti!le ° /

. U

Energy loss of the energetic particle to all air-electrons of the volume:

et 22 pZ | Brax
- — — — n
AT e mec?up? A Brin

—dE dx

bmax: close enough that mean excitation energy / is transferred to the electron

2
AE:/:(1—) _ 27%¢* N Brmax = o

47eg MeB202b2,0x

262 2

4meo Bc \/ ma



Interaction with the Atmosphere

a bmax
parti!le ° /

. U

Energy loss of the energetic particle to all air-electrons of the volume:

et 22 pZ | Brax
- — — — n
AT e mec?up? A Brin

—dE dx

bmin: Maximum momentum transfer in a central elastic relativistic collision is:
1 ze?

47reg mefB2ciy

1 2z6?

4meq bmin V — bmin =

Ap =2mgvy =




Interaction with the Atmosphere

a bmax
parti!le ° /

. U

Energy loss of the energetic particle to all air-electrons of the volume:

et 22 pZ | Brax
- — — — n
AT e mec?up? A Brin

—dE dx

Energy loss of the energetic particle along path (by Niels Bohr):
dE et 22 pZ (2 me B? ¢? 12)

= - @@z =
dx 8medmec?p? Au 5 /



Interaction with the Atmosphere

bmax
Qo
parti!le ° /
hd o min
° o€

Energy loss of the energetic particle along path (by Niels Bohr):
dE et 22 pZ (2 me B? ¢? 72)

S S
dx 8medmyc?p? Au § /

Behte formula (based on quantum mechanics):
dE 2et 22 pZ [I (2 me B2 2 72) ﬁz]
_ n(cle” ¥ T )

_a_BwegmeczﬁA_u /



Bethe formula

dx:87re§me02§ Au

/

elemental charge

e
Me electron mass
0 density (matter)
€0 = ﬁ permittivity of free space
u atomic mass constant
P=+
V= e Lorentz factor

# of charges (particle)
atomic number (matter)
relative atomic mass
mean excitation energy

\bNNT

dE 2e* 2 pZ {I <2me[320272
p(2lel &7

)-¢



Bethe formula

energy loss [

1.x108 |
500000. |

dE 2e* 2 pZ I 2 me B? ¢ 72
_E_SwegmeczﬁA_u[n( /
energy loss (Bethe—Bloch)

shell-correction
6—co—rrection (Sternheimer)
100600. 1.2107 1.xH09 1.x50” 1.x5013 1.?1015

proton energy [eV]

)-¢



Bethe applied to different energies

Geant4 vs. Bethe—Bloch (vertical H 94 keV)

500 ¢ B sethe-Bloch
- Geant4

400 |

200 | L,

altitude [km]
w
o
o

1
l."‘
100 6Le o o o o o o o o o o o meseeceos oo cmencseciiqim

10°  10* 10° 102 10" 10°
energy deposition [%]



Bethe applied to different energies

500

400

300

altitude [km]

100 © © = ¢ o ¢ o o o o

Geant4 vs. Bethe-Bloch (vertical H 94 keV)

- Geant4

B ete-Bloch 500

300

altitude [km]

AP 100

10° 10 10° 102 107

energy deposition [%}

10°

Geant4 vs. Bethe-Bloch (vertical H 422 MeV)

400 f

B Bethe-Bioch
- Geant4

energy deposition [%]




What about lighter particles?

Classic elastic collision:




What about lighter particles?

Classic elastic collision:




What about lighter particles?

Classic elastic collision:




Gambling!




.....






Modeling energy deposition for single particle incidents

100GeV-Proton

Monte-Carlo (e.g. Geant4)

* provides energy deposition per
particle

is transformed into ionization
rates (35 eV/ion pair, proved
exp+theory)

2z [km]

*

y [km] S5



Geant4 Monte-Carlo Simulation: Electron incident

energy deposition 4.7 MeV elektron

400 |
- primary particle
- total deposition
300 -
E
=
(0]
5 200 -
G
100 +

10° 10* 10 102 10" 10° 10" 10?
" eV
energy deposition [?]



Processes: Electron incident

100 ¢
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>
o
S
@
0.01 :
0.0001 ¢

physical processes: single electron incident and secondaries
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Overview: Precipitating particles
Atmospheric Particle Coupling

Altitude (km)

150

-
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a
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Galactic Cosmic Rays

/ ' Solar EUV and X-rays

Auroral
Electrons

Relativistic Electrons

Solar Proton
Events

T T T T T T T

100 10" 102 10° 104
lonization Rate (cm™ s™)

10°
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0> -mvu

SAMPEX data center
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Geomagnetic pole - quiet

Pressure [Paj

Pressure [Pa]

proton and electron (dashed) ionization at geomagn. pole
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Auroral latitudes - quiet

Pressure [Pa]

proton and electron (dashed) ionization at 55N-60N
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Global ionization rate
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Forbush decrease

Oulu Neutron Monitor
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Forbush decrease
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Summary

NASA

Particles in the Magnetosphere Particles in the atmosphere
Basic Charged Particle Movements in a Interaction with the Atmosphere
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Origin, Occurence and Loss of Particles
Pattern of Particle Precipitation



Thank you for listening!
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