Lecture 5 231019

Il pdt delle lezioni puo’ essere scaricato da

http:/ /www.fisgeo.unipg.it/ ~tiandrin/didattica_fisica/
cosmic_rays1920/
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Motion in magnetic fields
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Motion in magnetic tields

i wm\w CVMM DA M@Ta T UL
l ' Sovrg ppus. i opwlr  tow .t pmaln deh
d Kk ¢ by w=ww  cinstuue diflguali
’ ﬁn&;/v%{'l. s M{a'z A W[IK) dK

7
(i.é s wiK) da Iwz assotata a Cogumm
Cowp. A Foupa

- daswme CompPumte K £ asco ok
won A by defiwis .l'}m}mm
dlla nediom S}ma‘d& st Lomole |
oujlsc( 1.2, &1 560&« 7/, ,uQ ﬁZUi P’W!&

’ cwbﬂ«h«‘f(

(11| D asodilo W(k.) T K Lon P'fu&f&o(

T cl@ ;'MWaUWOLLk_

' la dastab, w(K) Anbtoly Aadl o 9“«'/*50

1"" Iints MHD i dhoniminn &; J/(Sa wvwo |

S8l

LURS

B
Rasmwm , Sco/»o z@&;@{w; Lol plinidet W

SB i B cht 5! fvofep2 &«wga Zw
MMSL MV«}AA/?L Mw//l 8, L

o Alle lfmoro@%\]l@\ _ - 5
afy  kollndsww Tt tese 58 hueta! atwe wlb
X= a=12 i Vil ) 3 4 »
A= 4/2 KAp clh mpan Wt i o (O F’lU{MW?ﬂ w
w(k),r

Q@ Powslow i,

4 wfwf«f Mo (Se |




log,o{spectral density, Py, (m"))

interstellar turbulence

Armstrong et al 1995

70 \ I T L} T l' L\l
41077 eV $10° eV
/ RM fluctuations
60 —
T DM fluctuations
50 '... -_-..--'--‘-. . . 4
ISM velocity \ \\ (s0kd lines)
fluctuations "y
o1/t in
dynamic spectra
o 10-30 ,~6.67 c'-n/s " / )
/ \.o
N
refroctive %
scint. index N
(stars ond boxes) N weak 1SS
30 + N, otem A
A
w(k) ~ k53, k32 % |
A t
strong 1S~
Kolmogorov - g s -
20 + Kraichnan a2
decorrelation BW 3 \
& ongular broad. '
L 1 1 1 ¥ 1
-18 -16 -14 -12 -10 -8 -8

log,o(spatial wavenumber, g (m™"))



Motion in magnetic fields

B -~

o

| ke
!;’ L&%mitwﬁg,q 56 0le] utwinb a E ok | d [,e,;/ f
LA Laumer a = ebfp = )_/azs’ .

- Quomds oo oot el llidons 12 GM}W !
" | 58 Lsante e frve da Lyunte $u@£\a}m
I Data clu }mﬁ 2 onda §i Mama

I(Jf/wz ﬁ& afoLcM Jﬂlmo(& v«;fa Jmm /r/f
mbrsm o Sl;osf Do}})f% W= X(W K- lf)
I T wMMAM\ wf@mw § U B pns
| Dafo o K[ LYYW ) OH»D;

w'f;j w+ K, y

78 «?(LO(QAM I/ V‘SW’E«.'Z{;,/ 5{};0@/&»"
Vi eV, dlle vel, delle n%fa
Nellcaw o omgoln A mM,\ ML\WA 2 o2

e ﬂj, albu (,mp.)%buh

i

’ a0 rb{'l( \/{/q@1
;L‘
I

MY |rw

Com p

?M Rl AMb-M\."' R

l\l

= T
r(*auﬁoma/mo o4 che Ve laa/uf c@/jxa w% Lon j TSB;K) | : ﬁ(j)
et v te, ebbip | tme comp. v, A ? P fZL . Vi }//P >y,

= 1 7

A T, WAL el

P"*VMO(/:&L.‘VVVO L s CL-L ’01 A

- > - -

Forza éﬂ = Q{Lng(k) : dirohta, come. B,
B om ﬁq‘ﬂ' =

la voaziow o m%w&) dn }niﬁ/fz\

cosw = Y = simaby = g}_f« (‘7:""’57"’)
v v
So( = | “_é_(ll, 2 = élf}[
USiny Uj_
fMOLD‘ 50( C',_Lé{—g g" = /____0 (_SE 5('
m ¥ (”"‘ L
(2 = 98: fug. A Lanmn
m
S = - N5t (.g_ﬁ
By

& 2 itenvallo Ay Towbo im (w pocti-
o« e po 2 ST RNE T LD
05t 2 & g, oh]‘mro Uns| Sopmo | i
Ase oy posedo di Lanmn




Wf‘jﬁ% flg Panf.z onde_ como m fase

| che dipancls dulle fete froqu, mlativa l

Motion 1n magonetic fields

Im quA,Qr c'et was ]Pdsz we fan "'UMAPo
z/w‘cd& W= (w+ku' w—_zl)[;+4>

R w+ k%-‘—(l
Se Reo ¢ = ¢ , 2‘“£‘?€-“”F&£f Vs Aéthv

Se|R<0] (¢ = fl =
Mmon JA}JMO& ool fam

4 Lo, friza & Louut <
u”} B s

X a
At T

o [ éfzqolgg Sien D)
b Ma 10y =
SF= q—c{LSB Gos'vzt'
Se ¢+ =1 si ottt Wina ab'f"-‘°¢51’7/“u (,4 o

cost. , Lo | L difare f

oL

aqwﬂm (A Cun If" O%Mubu‘ r 19 JA‘/—WMJ(Z
«;1,_, ha Vg o&a}»m; al ,yuza&—
\ Aoute

Se. R 2P0 w4w+k1r,, MR RE W s
n um PMAOGI» di Lotan 'T/_Q | L Comnfpe
B osully malle Volle itrio a 3, =& fssuiuu
ﬁoﬁz Z ]5059';3/% oubulpzows /‘m'sl,ééﬁa a ’(;J’,
| < SEO=oL

L me,@,ﬁ& veAr M.W/‘,c:-

14
> / . :
/?é]/r" {'uv’{, w T' Cigufo c"L{ W | >»L2
Ul & N ” fi 1 ¥ \ ‘
L D /\ L valne ombdhe | oS a{«(%) N
[ '\..;\
BN L2 B,
TN wn poode da Laspnim o
| \v i |
4 < C‘og‘f) | cosbEdt ~ 0
Laamn T/
» Se | R << 0 wi <o [ L | Rl

I/'A‘(ZJ Cso, 1A U #WDO(D i &Ul/'o/tih, *"
[ase (W ),w[,u Jorue dx bv rjxv-f\ bo. driz

;: /“’{'(’("

iy 7% = UL aAsStame f whe 1o }3055‘.“
3 6, AT T R
U ooty 2lloa 58
{z\@t&/ | I’ ou v‘fqizom /Uj,&ﬂ, /oaé

IM ‘bdl Co

i Uj_ & Jwsto. whorng

I F
SR LLos¢d ;‘él/cﬂ;ﬂ,f'Jf
Lompe | T
- 74 74
=| Ql tesiatdt | = ©
/ y



Motion in magnetic fields
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Motion in magnetic fields
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Cenni sulle fasce di1 van allen

Le fasce di Van Allen nel campo geomagnetcio
sono un esempio in cui drift e diffusione in campi
magnetici giocano un ruolo essenziale.



Down to the magnetosphere

After a GCR has crossed the heliosphere or a solar particle reached the
earth orbit, there 1s another obstacle they have to pass through before the
detection around the Earth becomes possible.

This 1s created by the magnetic field of the Earth against the streaming
solar wind from the Sun in a very similar way as it happens for the
heliosphere 1n the interstellar wind.

The relevant difference is that for HE the pressure against the
surrounding ISM medium 1s given by the kinetic (or ram) pressure of the
solar wind (nmV?), while around the earth the energy pressure is
provided by the magnetic energy density (B%/2w) of the earth’ s magnetic
field against the SW ram pressure.

E. Fiandrini

B o—



Local Environment

Magnetosphere

S.T. SUESS

VOYAGER 2 PIONEER 10

HELIOPAUSE

INTERSTELLAR
IONS

SPACECRAFT LOCATIONS ~1995

A void in the heliosphere where
Earth’s B field dominates

A void in the local interstellar medium
where Sun B field dominates

Different Scales, Similar Structure

“E. Fiandrini



Why is magnetosphere important?

->Despite the ‘simple’ physics, we still lack a complete
knowledge of the mechanisms playing a role in filling
and depleting belts

—>Very high particles flux

—>hazards for manned satellites

- potential damage to electronic devices
->Background to measurements @ satellite altitudes
- 0n different scales, magnetospheres are present

everywhere in Universe

E. Fiandrini
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MERCURY
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A h@ bow wave in front of a fast

ng a cavity, in the solar wind The universe is divided by magnetic
h B field dominates bubbles within bubbles ranging from the
e planetary, stellar, and perhaps

galactic and local group scale.

——

J. De Keyser, 1999



Earth’ s Magnetosphere
orth
2 sources for Earth’ s field: NCD

. . . . outer core
einner dinamo due to the rotation in the

outer core—> inner field

ecxternal ring currents circulating in
the magnetosphere—> external field




Geomagnetic Field: coordinates
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Geographic Coordinates
of the

EARTH
(I) = geographic longitude

}\, = geographic latitude

E. Fiandrini

geographic
idi

(D = geomagnetic longitude

A= geomagnetic latitude

Geomagnetic Coordinates

of the

EARTH

Field center is at
(320 km, 21.6 N,
144.3 E)

in GTOD mag
poles inverted wrt
geographic ones,
dip axis is tilted of

A

11.3° wrt the

rotation axis

\O =



Inner Field

The 1nner field 1s given by a scalar potential V, because of the absence of
free currents in the nearby space around the Earth.
In such a case, VxB=uj=0 and therefore, a potential V can be found such

that

From V+-B=0, it follows that -V+(VV)=0 =>

AV =0

A Laplace equation

E. Fiandrini
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Real Geomagnelic Field

The general solution for the Inner Field 1s described by a shifted
multipole expansion

- 2 L E (g7 cos(mg) + h" sin(m@)]P," (cos(6))

ri’l

g and h normalization coeff, P Legendre coeff and 6, ¢ are geomag
coords, n gives the order of the multipole, and m the harmonis

Field center 1s at (320 km, 21.6 N, 144.3 E) in GTOD (geographic
coord.)
Mag poles inverted wrt geographic ones, dip axis 1s tilted of 11.3°

International Geomag Ref Field (IGRF) model takes into account n=10
terms for field calculation

Accuracy is ~0.5% close to Earth’ s surface, ~6% at 3 Ry
E. Fiandrini
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Earth’ s Magnetosphere: dipole equations

At lowest (.)rder. (nfl, sz), To first order, the earth field can be described as a
the approximation is dipolar  gnhere magnetized uniformly along its dipole axis

and V=(1/r*)g",cosB

E.|

In spherical coordinates:

.= -2MsinM/13
2 = McosMr3

P (r, A) = M(1+3sin?A)!2 /13

where M is the magnetic dipole moment ,
and A the magnetic latitude. M~ 8.1x10*
Gauss cm?® and thus B(Rg) ~ 0.31 Gauss.
The field lines have this form:

I = I, COSZA

The module of the field B along the line has its minimum
for A=0. If A=0, r= r, and this is the radial distance to the
field line over the equator. Adopting R=r/ R, in Earth-radii,
the field line equation becomes:

R = R, cos?A

\OJ )



Earth’ s Magnetosphere: inner field

Sadly, Inner Earth’s field is not dipolar and the approach is only a
rough approximation at few Earth radii

Inner Field 1s described by the shifted multipole expansion

N n
. rE m m _* m
V = n§=1 e mgo[ g, cos(me)+ h sin(me)]P" (cos(6)

International Geomagnetic
Reference Field (IGRF)
model takes into account

N=10 terms for field

calculation and it is the
STANDARD model

Accuracy is ~0.5% close to
Earth’ s surface,

~6% at 3 Ry,




Real Geomag Field: dipole shift effect (SAA)

Dipole center shift =»B equipotential
surfaces are not at constant
height wrt Earth’ s surface

| Tilt=>» region where a given B field is found at
" minimum height is above Brazilian coasts in
'south hemisphere. In this region plasma particles

.can reach very low altitudes.The region 1s called
=South Atlantic Anomaly (SAA)

500 km i

arth’ s surface
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Earth’ s Magnetosphere: Inner Field

South Magn pole

The magnetic moment M of the field is 8 x 102> Gem?, resulting in a field intensity of ~0.3 G at
equator and ~0.6 G at poles.

There are geological evidences of intensity variations of the dipole moment (it was less than half
0.5 Myear ago) and field polarity reversal with a period of ~ 0.5 Myear with shorter reversal on
shorter time scales (from thousands to 200.000 years). Last polarity reversal occurred about
30.000 years ago.
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Earth”s Magnetosphere

ompression

Daysiden: /7 = drag effect
&
T N0 Nightside 40
/'v /./' ; ‘ 30 o

No solar wind

The inner field of the earth dynamo is
shaped by the interaction with solar wind,
which —as we will see- injects continously

particles in the magnetosphere. The
circulation in field leads to currents which
contribute to the total field of the Earth

abosigniem Ry s




External Field

A complex system of

currents 1s circulating in the

magnetosphere

determining the structure of
the external field

heavily influenced by SW
and solar activity

It 1s directly due to the
action of the solar wind.
[ts representation is
based on the modular
principle, according to
which, B,,, is given by
the sum of the _» e
contributions of the —7 .
major magnetospheric //r' L,
current systems

JE. Fiandrini 7



Magnetosphere: magnetic trap

The main feature of the magnetosphere is that a
characteristic particle population is present in the inner
part from atmosphere limit to the maghetopause.

These particles are in a magnetic trap created by the
Earth’s field with trapping times from few seconds to
years:

The Van Allen radiation belts

E. Fiandrini



Why do radiation belts exist?

Necessary ingredients:
*Existence of a non-uniform B field
—> Cutoff Energy
- Allowed/forbidden trajectories
Dipole-like B field and closed field lines:
—>Periodic motion
- Separability of motion components
*Population:
- "Equilibrium” of physical processes
for plasma injection and loss

“E. Fiandrini
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Rigidity Cut-off: allowed/forbidden trajectories

Driving force is the Lorenz force (in quiet sun conditions)
dP/dt=(q/c)(E+vxB)
Typically E=0 and given R=P/q, the magnetic rigidity = dR/dt=xB
All particles with same R and 3 have same motion

Only particles with rigidity R
greater than a minimum rigidity
R, can reach a given position
from outside magnetosphere,
because B field gradients bend
particles trajectory as they
approach earth.

R, is a complex function of the
position in the field and of
particle momentum direction:

RC(rﬂQ 9F9p/p)

LE. Fiandrini 0



Rigidity Cut-off: Stormer Cut-Off

In a dipole field R_ 1s given by the classical

Stormer cut-off:

R, ~ 15 GV at equator,
~ 0.2 GV at poles

4
M, cos O

ag

© 7 [1+(1-QOsinIsingcos’ O, )T

being Q is the particle charge, 6, ¢ the polar and azimuthal angles

wrt the local zenith, ©,,,, the geomagn latitude and M¢ the earTh-’_ﬁ, ,

magnetic moment

The main features are that for any
position in the field there a minimum
threshold rigidity, below which a particle
from outside can not reach that position.
—> It depends on the arrival direction of
the particle 0, ¢

—> Because of the factor Qsing, a charged
particle from ¢ has a lower cut-off wrt a
particle coming from ¢ +mt and a charge Q
has a lower cut-off wrt a charge —Q from

the same direction (East-West effect)
E. Fiandrini
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Rigidity Cut-off: Stormer Cut-Off

In a dipole field R_ 1s given by the classical
Stormer cut-off:

R, ~ 15 GV at equator,
~ 0.2 GV at poles

4
M, cos O

ag

© 7 [1+(1-QOsinIsingcos’ O, )T

ZENITH A

" Penumbra

4 iddeny

Z

The access from infinity to any pos is described NOE

by a set directions of approach: at any point we
can define a cone dependent on rigidity- which
encloses all the trajectories from infinity ..,
reaching the point (allowed) and the cone
enclosing those not reaching the position
(forbidden) for the given rigidity

Allowed Cone

S R
EAST

-
Forbidden Cone
P

MAIN CONE

\

NADIFR ¥ STORMER CONE
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Rigidity Cut-off: Trapping

T PENUNBRA o The forbidden/allowed cone explains the
existence of trapped particles.
/ vortH - Particle from outside cannot approach the
ALLOWED CONE position in the forbidden cone, but it is also

true that a particle already within one of
_— those regions couldn't get out if R<Rc.
y — > What were forbidden regions for particles

approaching from the outside were trapping
rorsooen — regions for some particles already there.

CONE

A Then allowed/forbidden cones are
e relative to the particle
STO\H\MEHCONE direction of approach and particles with
NADIR ¥ pp p

R<Rc cannot go from one cone
to the other

No one realized that these trapping regions might well be filled with trapped
radiations forming a radiation belt around the earth, i.e. biased to particles
coming from outside. No one paid any attention to this possibility until Van

Allen's discovery in 1958.
This is an excellent example of how initial orientation can markedly bias
E Ei the investigator's conclusions



A necessary condition to have trapping is then to have
rigidity below the cutoff rigidity R_ but...
it 1s not sufficient for stable trapping
because it states only the impossibility for a particle
to reach infinite distance from source

What 1s needed 1s a suitable field configuration
which allows at least quasi-periodicity of particle motion



Motion in B fields: classical approach

Guiding center decomposition:
Parallel and normal components to the field line: V=V +V, and
V,, is decomposed in a drift and a gyration with Larmor radius p=P /Bq and frequency
0=qB/m = V=V +V, +wxp =V, + wxp
The motion 1s then described by a traslation of a point, the Guiding Center, plus a

gyration around GC normal to B

Parallel and normal components are decoupled

If dB/Bdt<<w/2m
JRRTLTD B vn=VSina
A vp=Vcosa
The “Pitch” Angle

LE. Fiandrini 5



Motion in B fields: classical approach

As a consequence of the decoupling, the motion can be

decomposed in 3 quasi-periodic components:

» gyration around the field line

* bouncing between the mirror points along the field line

» drifting normal to the field line and to the field gradient
B

4

Vg

E. Fiandrini Gyro Motion Bounce Motion Drift Molion
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The parallel motion

Motion in B fields: classical approach (2)

Force is independent on charge and
opposite to parallel field gradient

1s described by
v Vi - visin*a - (VB)
—P ~_ "1 (VB), =- (VB), P
dt 2B 2B
In a B field, v,20 =>at some point and the | If we have a field config with 2 oppositely
directed parallel gradients, there is

V is a constant—=>
V2i=v? +v? = const

particle is reflected back
a=90" at reflection

back between the 2 gradients
—> magnetic bottle

periodic motion parallel to the field lines,
because particles are reflected forth and

(AT

AR X

X7
S DULTY LI VATANAYETE:

Earth field has this
feature due to the
dipole-like structure
of the field up to
latitudes of 78°

0 e 00N

"

1(vB),

B



Motion in B fields: classical approach (3)

Normal motion is given by:
—> Gradient drift: v const. but p

increases/decreases with

decr./incr. field strength

—> Curvature drift:
due to centrifugal force
on GC following curved B line

Gradient and curvature drifts appear always together
T\ I'4 2
= m my

V.. = v:+2v))BxV B =
¢ 2qB3( " ) " 2qB’

(1+2cos’a)BxV_B

Vi always perp to B and B gradient>periodic drift
motion if drift path is closed following const. B contours

Drifts depends on q =
oppositely charges drift in
opposite directions

Again Earth’ s field has the requested features

Important implication: if particles are trapped inside a torus field, the best and
finest adjustments in temp and field cannot prevent particles to drift across field lines and out of3
E. Fiandrini torus sooner or later->nuclear fusion problem 2



otlon in B flelds trapping limits

Below 78° degrees, the
' field lines are closed on
carth. Above this limits
the polar cusps starts
- and the field lines are
connected to the
magnetopause, i.e. open
field lines=> no trapping
. possible

! 7%

Quasi-trapping: closed
field lines but not closed -
equipotential lines

20R,-

Last closed path

Within 7-8 Ry at equ. plane, all the drift A Mhenerorause
paths are closed—2>In this region a particle A
remains thus trapped in the earth’ s field
forever, if there are no external

perturbations: stable trapping

JE. Fiandrini fad 9



A more powerful approach: adiabatic invariants in
B fields (1)

Guiding center equations are an enormous improvement wrt the Lorenz
equation but drift and mirroring equations do not allow long-range
predictions of particle location, if no axial simmetry is present

What is missing? The “constants of motion”,
analogous to the conservation of E, P, and angular
momentum

Fortunately,in mechanical systems undergoing to periodic motion in which
the force changes slightly over a period, approximate constants do

exist=» the adiabatic invariants

S A

E. Fiandrini



A Mmore powertul approacn. adiapaliC Invariants in o
fields

The classical Hamilton-Jacobi

theory defines adiabatic invariants J ; = fpldql

for periodic motion: the action-

angle variables With p, and q; action angle variables canonically

conjugated and the integral is taken over a full
period of motion

dJ/dt~0 provided that changes in the variables occur
slowly compared to the relevant periods of the system and
the rate of change 1s constant

Because there are 3 periodic motions, 3 adiabatic invariants can be defined

For a charged particle in a magnetic field, the conjugate momentum
i1s P=p + qA , with A vector potential of magn field

Simple example—> Mechanical pendulus: if the lenght increases only
weakly during one swing, then Energy x Period, E°T, is a quasi-constant

of motion, 1.e. an adiabatic invariant
E. Fiandrini
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