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1. Introduction

Until a few decades ago, i.e. before the in situ observations ma-
de by artificial satellites and probes, our knowledge on the ex-
ternal environment of the Earth was largely speculative, the best
available information being based on relatively simple extrapola-
tion or reascnable Jypotheses. With regard to the geomagnetic
field the powerful technique of spherical harmonics analysis had
already been useéd to show that the upper atmosphere was a region
where electric currents were required to flow to explain the phe-
nomenology of the "external” contributions to the ground observa-
tions of some variations of the geomagnetic field (i.e. solar
diurnal, Sq; lunar, L). It was also known that in some special
occasions, i.e. in association to the gecmagnetic storms appro-
priate current systems were requested to flow either iﬁ the upper
atrosphere or even at several tens of thousands kms from the Earth
to explain the.complex observational phenomenology.

The idea that magnetic storms were associated with streams of
charged particles impinging on the geomagnetic field and origina-
ted on the Sun, most often in coincidence with solar flares, had
already been worked out by Chapman and Ferraro in the early thir-
ties. However, the flux of solar particles was considered as an
occasicnal emission propagating through an empty interplanetary
medium. Another effect attributed to corpuscolar solar radiation
was that of the polar aurora: bombardment of the upper atmosphere

at high latitudes by electrons and protons of energies as high as

several tens of KeV was shown to be the agent’although essential-
ly nothing was known about the energy source and the acceleration
process. The early attempts by St'rmer to interpret the polar au-
¢4Jhwuu,¢k
rora by means of(iﬁaiﬁzaagl charged particles directly coming
from the Sun, although useful in several respects,did not prove
appropriate for the aurora, aezWesiadtl-Feeriw-iBepr-Fgocliomtd-
An important result by Stormer was the finding of "closed" regions
around a dipole magnetic field distributiog)closed in the sense
that depending upen the actual values of the parameters descri-i
bing ‘f the motion families of particle orbits exist which are not
connected to infinity; in other words)not any particle from the
Sun can reach the vicinity of the Earth, and particles on closed
orbits around the Earth can exist not directly coming from the Sun.
In conclusion.an accepted view of the terrestrial magnetic environ-
’ A
ment in the fifties was essentially shown in fig. 1, where the
field lines become more and more dipolar as the geocentric distan-
ce increased. Charged particles from the Sun were only occasional-
ly present in the interplanetary medium in the shape of large spo-.
radic streams responsible of the geomagnetic storms.

This view has been radically changed since the advent of the satel-

lite age, when a much more complex situation was found[?’}.;;)—



2. The first picneeristic experiments.

Apart from several rocket flights giving sporadic informations at
altitudes up to a few hundreds kms the first systematic in situ

‘observations of charged particles in the terrestrial environment

are thostonboarad Explorer 1 by means of Geiger counters {launch
date 11 jaqghary 1958) . Fig.‘z.shows several counts versus altitu-
de profiles ordered according the gecgraphical longitudes (left
panel} or the magnetic field intensity (right panel). It is quite
clear how powerful is the field to organize the data; it is also
evident a 3 orders of magnitude increase of the counting rates at
@ critical altitudes where the field becomes less than about (.22
gauss {(i.e. altitudes between 400 and 1400 kms on the ground, de-
pending upen the longitude). It is worth neticing that before
Explorer I, another man-made vehicle, Sputnik II, launched on
Nov. 3, 1957, has Geiger counters onboard; however, due to the
h;u t
highly inclined orbit with perigee dp-Erenorsh, when it could be
monitored in URSS4it was constantly underneath the radiation belt
later discovered by Explorer I. The first exploration at higher
distances is due to the space probes Pioneer III and IV which
showed two relative maxima of the counting rates, one at about
3000 kms on Earth, the second one at or above 25000 kms. In the
few years following this initial phase, a very intense phase of
pioneeristic study has'&éen conducted by several s/c. We only

mention here the other fundamental in situ discovery in the early

sixties of the corpuscolar sclar radiation, the solar wind, on-
board Lunik II and III in a rather qualitat;ve way and shortly la-
ter onboard Explorer X {or IMP-1) and Mariner 2. Fig. 4.shows so~
me basic information on the plasma and magnetié field detected

onboard Explorer X.

3. A summary of basic instrumentation.

In this section we shall shortly describe some basic instruments
used to detect either wAgnbtép fieldfor particles. As regards par-
ticles our attention will be limited essentially to distinguish

4
low energies of the order of ‘a few to a fé£r££V Qﬂ&ddduaidafsde-
tectors for higher energiés up to hundreds MeV as observed in the
innermost region af the radiation belts are somewhat more conventio-

nal so we shall sidySap folew-warsp ok o

3.1. Magnetic field detectors for space research.

3.1.1. Instruments for d.c. measurements.

Measurements of d.c. magnetic fields in the magnetosphere have
been perfdrmedAdiffeient techniques. The most used wvector instru-
ment, also capable to feollow variations up to several Hz, is the
saturation or flux-gate magnetometer, based on the non.linear res-
ponse of monoaxial magnetically saturable core sensors. Each sen-

sor is excited at a freguency £, typically several KHz, to satura-

" tion, i.e. to the region of strong non linearity of the B-H hyste



resis curve. By means of two similar parallel linear elements ex-
cited in opposition of phase and of a secondary coil surrounding
both elements it is possible to get an induced e.m.f. at frequen-
cy 2f proportional to the ambient field component along the sen-—
sor axis. A combinatiocn éf?three orthogonal identical sensors al-
lows determination of the full magnetic vector, Big improvement
ﬁdxﬁhh
f =0

on the sensor has been using tgroidal or ring cores. Although,

in principle, considerable noise may be expected it is now possi-

Aucf,
ble by using wcErrdslweinmigg cores to get extremely good perfor-

mances, in particular sensitivity and stability_saeh to make the
flux gate magnetometer an ideal instrument. The real problem of

a magnetic measurement is actgally not the instrument, but, rather,
the magnetic contamination prodﬁced onboard any space vehicle by
the mechanical structure (remnant mggnetism) and/or by the elec-
tric and magnetic circuitry. This is expecially the case when ab-
solute fields as low as a few gammas or even fractions of gammas
are to be measured. On spinning spacecraft the two field compo-
nents perpendicuiar to the spin axis can be easily corrected for
any constant spurious field due to the fact that this rotates
with the spacecraft. The third, spin-axis, component however must
be éorrected by using a physical inversion of the senscr (for ex—
ample by a flipper mechanism} or by a different concept using a
dual magnetometer technigque, i.e. by adding another magnetometer

closer to the spacecraft body. Comparing the measurements by the

two instruments, assuming some simple description of the spuricus
field {for example as dipole field) it is thus possible to extract

the absolute spin field component. As an example some detaills on

Another instrument for vector field measurement is the helium vec-

tor magnetometer, based on guantum properties of tﬁq electrons in
the helium atom. Absolute field strengths (and,&ith some experimen-
tal tricks, #¥® components) can also be measured by means of the
alkali-vapour and the nueclear precession absolute magnetometers
(the latter, however, is more appropriate for higher fields, as
those found close to or on Earth). A description of the above in-
struments, which is beyond the purpose of this review essentially
limited to magnetecsphere, can be found in several good review pa-

pers on the subject.

3.1.2. Instruments for A.C. measurements.

oloer wek hawe

The instrument described in the previcus section Mes=ase sufficient
sensitivity at frequencies above a few Hz. Above 10 Hz an induc-
tion (or search-coil) device has increasingly superior performan-—
ces. The basic concept is that of using as magnetic antennas three
orthogonal high permeability meetal cores wound with thousands
turqsof wire. The induced e.m.f. produced by variations of any

magnetic field component Bi measured is proportional to the time
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derivative «—- so that sensitivity of the instrument linearly
increases with increasing fluctuation frequency, the upper limit
actually being set by the natural resonances of the coil + core
system. The full freqﬁency band is usually divided into several
channels by appropriate filters so to make possible spectral ana-
lysié of the signal. As an example, the search coil magnetometer
flown on ISEE 1 has a sensitivity of 35/p_volt/( f,Hz)}wéth an

upper cut-cff frequency at 10 KHz w#h 14 channels covering the

4
range from 5.6 to 10 Bz,

3.2. Electric field instruments.

The importance cf electric field measurements has been reﬁogni—
zed for some time, but only recently has gained sufficient atten-
tion, in particular due %o the discovery that substantial magnetic
field aligned electric fields exist in regions of thousands of kms
in altitude. The physical implications of such fields are far rea-
ching: for examplé the frozen—-in field conditicn can be violated
and the mapping of the electric field in the outer magnetosphere

along the magnetic field lines is no longer allowed.

3.2.1. The basicncept of a quasi-static or low frequency elec-
tric field measurement is that of using the potential difference

existing at the two ends of long senscrs. These have to be long

enough to be well out of the perturbed plasma sheath around the
spacecraft. The two tips of the sensor, symmetrical with respect

to the main body of spacecraft, may be identical spheres or li-

near elements. The potential difference is given by ﬁ\/:- (?-I"’_:xé)'é

where ¢ is the distance of the two tips, v the translation velo-
city of the satellite relative to inertial system of plasma, B
the magnetic field and E the electric field. Determination of E
requires very precise knowledge of v and B {it should be pointed
out that ¥ x B is of the order of tenths of volt/m, while E is
only of the order of a few m Volt/m; also conu potentials
play gr;giturbing role to be taken care of -d examples of elec—
tric instruments we show in the confiquration of a dual-
probe antenna flown on ISEE-1 { panel) and a diagram {(wiedstc
panel) showing the electric field component {spin modulated} in
the ecliptic plane (by definition proportional to the magnetic

field component perpendicular to ecliptic, also shown in the pa-

nel), as measured on ISEE by a spherical duqﬁlbprobe detector.

3.3. Particle instruments

3.3.1. Detection of particles is achieved’ by different nethods,
depending upon what one is actually interested in : energy or an-
gular spectra, mass and charge cempositiun, energy range.
Generally speaking, particle densities in the interplanetary me-

dium and in the maghetosphere are very small, from a few tenths
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to a few hundred per <:m3 and the smallest typical length, the
Debye length, is much largér ghan the size of the instruments
used to detect the particles. Sc the "macroscopic" properties,
lige density n, bulk velocity V, pressure P, heat flux g, and so
on are ‘tof be derived by appropriate treggnent of the distribution
function f£(v) of the velocity. For example the above guantities

{for the case of a single component)) are cbtained by means ocf

n - J{(«:} 4w
4 Juflx)ds

B [fle){x-Y) A r
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4 A2 V| d
L [fla) (V)| X7
The "temperature" T is defined by T = p/nm; it is a tensor since
p is also a tensor. This temperature is thus a measurement of the
spectral width of f(vy). The parameters experimentally measured

are counting rates c, current intensity I and flux E Taking again

& rono-component particle gas they are defined by

£ Clu) = [ He]Glos) 42

where g(a;tf) is the velocity relative to the detector, in a direc-
A

tion A}—and with respect to the normal:to the detector surface,

G(MI’V")‘is the transparency of the detector
I(u)= e Cly)

B39 | Bla)= Clu) /5

i

.

where e is the particle charge and § the area of the detector.
Equation (33 is an integral equation in £(v) which in principle
can be derived and afterwérds used to compute the macroscopic pa-
ramet?rs. It is quite clear that determination of £(v} is not
that éimple,. so usually a maxwellian or a bimaxwellian distribu-
tion is assumed whose free parameters are best fitted to the ex-

perimental observations.

3.3.2. The basic instruments for detection of solar wind particles
are ?arqday cups and g&gfffgfff&ig_gﬂglggggg, whosedconcepts are
shortly illustrated in fig?. Pérti—‘cl’es impinging on the 'apertu—
re of a Faraday cup go through several grids at appropriate poten-

tials: @1 and G3 act as screens to aveid external effects from the

“internal electrical fields and respectively to screen the collec-

tor C; G4 rejects toward C any secondary electron; finally a step
AY

modulated variable potential square waveﬁmodulates the current

reaching the c¢ollector C which gives a measurement of the energy

window content edv.

In the case of electrostatic analyzers, twoﬂconcentric portions

of spherical surfaces are essentially charged by a potential dif-

ference AV: particles going through the aperture are deflected,

only those in a certain energy range I&E beiﬁg capable to reach

the collector; the sensitivity and the directional response of

this instrument is greatly improved by means of channel electron
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multipliefs éppropfiateiy located. Fig..' shows a sketch of the
quadrispherical analyzer used onbcard ISEE-] and %}capable to de-
termine the directicnal intensities of positive ions and electrons
over all but 2% of the full lbﬁ solid angle, in an energy range

from 1ev to 45 gev per unit charge.

At higher energies particle properties can be obtained by means

cf somelhat more complex technlques, éependlnz upon the energy
W%d

Covvie.-
ranges Also detectors -eese dlfferent) We feel this a&:a is be-

thould de

yond the limits of our review, so reference s made to appropria-

te review M and specialized literature.

4. Moticn of charged particles in a magnetic field.

The equation of the motion of a particle of charge e, mass m, in
a field B under the action of an electric field E_and a non elec-
tromagnetic force F can be written as follows (using rationalized

MESQ units) :
b9 S (s

whére p is the momentum mv. A special case of([41 where F =E-0

and B is thn dipole field is the eguation originally treﬂk~d by
ulhhﬂmcﬂfﬂ%b
StBrmer. Although 51mpleAthe St8rmer's case is already complicate;

nghfﬁe Won e

only a first integral is found but nc general analytical soluticnfe

(see sectionngy). S0, only under simplyfying assumptions one-:can

find reasonably simple approximate solutions of(é£1). In particu-

lar, we shall show existence of three typical periodicities, va-

1id under physically different restrictions.

4.1. IF the field‘fiis slowly variable versus time and space, the

motion of a particle can be decomposed in a linear motilon at a

velocity Wj along the field line and a nearly-circular drift
-

motion on a plane perpendicular to it and moving at the velocity

Aﬁ, - The center of the motion on this plane is called guiding

center. The physical conditions for this to be trua are that

B A 2B aud A2E 4 _eB

(4} A 7 g Tme
(3'}5 = rm 572 " g
v r
where T and RC arethe cyclotron (or Larmor) pericd and radius,
< A
respectively. In general, the guiding center may have a velocity
V_ normal to B, describing a drift
P - Freld Lve
across the field lines. The wvelocity
f

v of the particle and the electric
and magnetic fields E‘,_E', as seen

on the moving plane are thus respec-

tively defined by:
t
’U"i=d B:E
A

b vl-m- % elegiifxs

+
1
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Several special cases can be specified, as shown below which indicates that the motion parallel to B is only governed
P . -—

by the component _E_‘" (the particular case E“= ¢ implies that

Luwcar,

= t{ On the movabl lane th idi center has a <JhBSo-
4.1.1. The field B is static and uniform, and E = 0. It is obvious AT cons} " ovable plane the gulding

that the parallel component of p {and v) is €  due to the fact ko motion, i.e. there is balance between the induced electric

field and the force F, which requires £ yF“ B +fJ_

that the acting force (Lorenty force) is by definition normal to -4
' F h il t the drift wvelocit
B. So v"= const {(uniform rectilinear motion along the field). Al- rom here we easily g€ © ocity
B
so v (and p) must thus be constant in value, which means the mo- [4 5) V.= Fax 2 - Fxg&
+ + xactly [ < B? 2 B2

tion projected on a plane perpendicular to the field isAcircular

. . impli ientati for ne ive and positi .
uniform. Positive and negative particles rotate at the same angu- which plies opposite orientations gat P tive

s / < C
) : . : R _ charges. Equation (ﬂ.,SJ is Vvalid under the condition that E/Q.B <
lar velocity in opposite directions. As an exgmple, with B=0.5 G ﬂ e He vely 3""* Tk
a proton has a cyclotron pericd T; ~ OAIS}LW and a giroradius tbagy s nOt a stringent condition¥. A special case of (# 3) oc-
R = "\E_Tc. n J'!o—'g ,.Vl  With v = 106 m/sec (i.e. a proton ener- curs whenE‘. is an electric forcegk: this case implies cancella-
c .

. . i . . ; i
gy of 5 KeV) Rc is only 2 cm! So, for a time constant geomagne~ on of the charge e so that either positive or negative parti

tic field the second of the two conditions (§.2) is generally sa- cles drift in the same direction.

exeepl
tisfiedhfqr particles with very high energy {(as for example cos-

)

. 4.71.3., The magnetic field"is not uniform and F = 0.
mic rays).

me

Bomfe o
In thig case we can in general write the field‘m Bi ah

4.1.2. IE._IE field B is static and uniform, but F is not zero, al- (th) B{ - '12:‘-"""2 O/U—A:S- @'ggz,,s)) (f"';zr?)
¥

though statijc and wniform.
thougt searyt e e

In this case, eguation (4.1) can be written as where B is the component i of the field in the origin and Bi

the same component in ancther point displaced of Aztl-‘l 2,3)

({41[’) %{I = ﬁ] by the origin and of = 98¢ .

- - T 2z,

i The egquation (4.1) can be solved by iteration. Let us put, as
L é
\L = FJ_ + € f{;_ X§ first approximation \z‘r = & i. 5 ,5’ , which is gcase

at 4

&
already considered in section 4.f/.1. The velocn.y of motion
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. Ll
is known and satisfies the equation /M 5«'1, = £ @gx-o . At this point, use of the first approximation veleocity &, 1in the
We then proceed with the second approximation. expression of f, leads to the following expressions of velocity
A:; = = At , : componentsvu 1,2,3)
7 . | I, BT VR ]
(4){ ®. =2 ,+ 1 ¥ ‘_-—'(Q{u O 13
¢- - ]

@13) V -—~—-—-—-—' -10(31 _L,?}D(S ’-!-(Udg
added . \éz"ﬁi"‘!& -Llj

where _ﬁ( z‘o‘) is the perturbation,off the velocity ?_E—o . AS a conse-
= Simple inspection of the terms in (&.13) shows immediately that E’

quence the velocity V must satisfy the equation
- is made by three motions with respective velocities

(jf.e) f-z /M-%— [l/“ v B@ + f[(—)] W?M ]C[P) - :z, XZD/' { Gefined by the vectors
and hence Glcl'f) q:,c - i_ [;f N"L-L' Q m—zt_ -

|
AT R BUNT)B ) 2

~ ¥, i
"—!)‘f/)"n-n

(4.9) V D’xs +-——] (&%) cf=fﬁ[““sz)°[;.)"]-’£ a xYE 4= /5
dw

8, dw B, -
iy Y o o n? LR A
Substitution of V from (#.3) in (5-9! , with @ = == leads to (Lf,b) iU;DS N YYRE: ﬂ] = Bx_~Z "4 px =
e - m WE, ’ LB, 5 wh, — =

(419) fw_W[f—‘;W!I

from which, we get o
where R is t cu vature radius of the field 11ne.wa/v|.6{ " Me P‘:lhu}aﬂ-
' . ’Mf}‘m Lne {on 47w somead ).

(LHI) v-} w?,'V-__ :P WX F £ (DU N ]/) [7T) In our first order approx:.matlon it is easily recognized that the

vector NV, + A is parallel to the vector B so that it represents
{¢.8) amd _ -nt={ P 2 P
and finally, aftes goticing that /Ld —V_‘,/};E: P

+

. 'Y * Y
([hil 2 —_— o w CU - &) e dé-
Vrw V= X + & J X . , .
—_ - J - N - - finally, the velocity vy, represents the curvature drift velocity

o r
normal to either B or the p&aﬂﬂ@aﬁ‘i‘xorma}_ n, to.et e - 32 1 E Ilhes b rer-

v
the velocity along the field line; theivelocity X, represents the so—

called inhomogeneity drift wvelocity, normai to B and its gradientm '
- A

s ol ; +ed—it , ho fisld 1
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An obvious conditicn .attached to the inhomogeneity drift (é.fST is

that the YLE' be small over a cyclotron orbit, i.e. that q_B < B/?r_,

g = B =3 where ig the cyclotron radius.
L ¢ &

It is to be noticed that Vi and vr both point in the same directicn,

since n- has the same direction of Z_B.

4.1.4, Drifts associated with time dependernce.

Drifts of such a kind arise because of the fact that when the drift
velocit&;)as given in previcus sections, are time dependent (for ex-
ample because of a time dependent electric field} an additional ac~-
celerationvdﬁg'grise to modify the guiding centre velocity. In this

case by means of equation (4.5) the additional drift velocity can

be expressed by
_.X
(ki) V= - g%

which however requires the condition .72 Vyﬁr4‘1,where Tc is the

period of a cyclotren rotation. Equation (4&5) also implies én the
" L]

case of a variable electric field E} that ‘V‘:E X§ s0 that (4.1}]

‘ - Z
leads to the expression cof the so called polarization drift Qitﬂa

(1de)

— —

(=
|
iy,

._v
e
o

4.2. The adiabatic invariants

There are some physical entities which under appropriate cenditiong
have the propert{i' of being almost constant to deserve the name of

adiakatic invariants.

4.2.1. The first ‘adiabatic invariant.

This invariant is also indicated as magnetic moment invariant. Ac-

cording to equation (ﬁkfé% the increment of the longitudinal velo-

city in the time interval At is given by
B 2T
A S (el ,__J )13

(19) Avﬂ = >y x5

where-{;is the curvilinear coordinate along the field line.

C oAb oy
f;};,Af:_- zj%l At =

From (é.!gl we can immediately derive the equation of the motion

of the dipole equivalent to the particle along the line of force

] AV«'“I.?'

O

[ Q'B

(1h2£ﬁ M- =
i/
This equation can be easily transformed into

d dB

L2 h—r"{i.W! ) = -
(42) gy M E
or, because of the constancy of the kinetic energy ﬂ.uu\}z' imply-

ing gw(im u}: aF(” ) into
(#.22) f_‘,.[}s) /1~=a

from which it follows that the magnetic moment must remain sensibly
i

constant during the motion. In other wordi,thé magnetic moment}*is



an invariant, under the restricticn that the magnetic field B is
only slightly variable over a Larmor orbit. If the angle d{fof
the velocity vetcor v to the field B is introduced)it is immedia-

K i
tely recognized that the condition -4 &é:_,:

——* const

- A= w )
must hold, B being the field strength at the point where o= i’?o
. ]

The field Bm represents the maximum field achievable to the parti-

cle. The two points corresponding to the limit values are called

Negm-
mirror points, Sthaxemsce that at these points particles are re
—— s

&
flected as consequence of the sign change in the longitudinal velo-

city.

4.2.2. The second adiabatic invariant.

The periodicity of motion between the mirror points implies a trap-
Ping of the particle which, unless external forces are taken into
account, will undefinitely continue its bounce motion between con-

il - 307"

where 43: 0 at the equator. The maximum distance from the equator

jugated points with a parallel velocity

corresponds to the value ﬁwhere B(£)=B + The time interval needed

to go from one mirror pointé&)to the other (M } is given by

a2 [
(13 T,=2 d = — | =T ve
Ve T T
‘ ¥

It is easy to show that particles having pitch angles close to g0°

on the eguator experlence a harmonic bounce motion with a pericd

2::’" Bo] JH-PY‘}.'here H is the \;lue of cos \(

(achieved at the equator) and C}o —_

Tt .
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4.2.2.7. First of all we shall derive the average of the motion
equation parallel to the magnetic field taken over a cyclotron ro-
tation period, teo look for tﬁe motion of the guiding center. The
{slowly) variable field B ovgr the circular orbit can be written

—

as B = B+b where B is the field at the guiding center and b the

- - -

small perturbation to add in the actual positicn of the drifting

particle., The motion equation is thus:
(4.24) /qu”: e({\_rxfr)” 4—245”4—%'-'”

where L
dvy e, A . B/
QH'E" at 4= /
N = 45}1—_,1

(V’I is ¢g constant over a cyclotron period)

so that "H\f Mf)‘m/an 9{; Qu M 3‘ng
VB
= wa d-— ‘JAW - 5 ]{;"::u——
(426)<ay ) BF W e - S
The first term on the right side of (6;2#; can be written as

-~ [TX -g'_)// < '2'[1};/ +j£)"{.’%,f_g.¢.}=€ﬁ"_’(xé) ze ﬂﬂ‘é

Where b is the field component oriented along the radius of the
=r

(k23)

=1
orbit. For small r one can use br=kr with 'g--z VI B

so that the average of (1.24) over the cyclotron period becomes

dy Ok
() Mt = €8yt - e 395 g am i Y B2
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which is valid under the condition SG\ZILE < ' where gc. is
8
the gyroradius.

If the last term cc.. be neglected (as it is usual) and because of
3 :

the constance of qu1on (4.2?) finaliy becomes

A__l[ = [‘[}({).‘,pﬁ[ﬁ)] where U is the potential of all forces.
4 -‘ d ; ier the rate of change

of the kinetic energy in a time dependent field, Mot going into

details, we only indicate &Me rate of change a¥dP:
[+.25) %’;:W:‘E*[ﬁt *E)'[EE +#)

which can be simply interpreted. The first teritfd. on the right hand
describes the betatron acceleration, and the second term the work
by the forces acting on the driftling particle. A special case of

(4. 28) occurs when the temporal variability ofj is due to the mo-
tion of the static field embedded in a plasma cloud: in this case

the acceleration process is called Fermi acceleration.

4.2.2.2. During the bounce motion each particle experiences a drift.
If the drift is very slow)of the order of one gyroradius during a
bounce period,we can give a simple geometrical description of the
motion introducing the concept of drift sh@ll made by all field
lines along which progressively a particle bounces because of the
simultanecus drift motion. An average drift velocity(vo> of the
£ield line over which the particle bounces can be obtained with

reference to a given surface everywhere perpendicular to the local

22.

field line (for the dipole case one such surface coincides with

its equatorial plane). Actually

o [ dt

r\= = | ¥
—0 Tﬁ/‘? Q/Ui-l

e '

where 11, l2 are the curvilinear coordinates at the opposite mir-

ror points and Qf“‘a is the drift velocity of the intersection
point of the field line along which the particle at distance/e is
istantaneously in motion gl4h- the reference surface. The driff ve-
locity 1’1 at distance }givehby the sum of the force drift -YF and
the combined gradiént_and curvature drifts, can be transformed in-
to the corresponding velocity le on the reference surface by means
of simply geometrical relationships conce the field line structure

is given. The bounce average velocity becomes

(430 <o d = L

vy~E

2 -2R*

]

where J'='§ P”d.‘:ﬁigwdand the subscript indicates that all gquan
tities are computed at the intersection points.
The inteqgral J can also be written as J = 2pI (in absence of paral-

lel forces and for small temporal. variations over a bounce period)

with I f [f ._L)] df only dependent upon the fileld gecmetry.

Equation (4 30} states that(v )is nermal to the vector U J, i.e.

parallel to the surface J = const. This implies that J is an adia~
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batic invariantg W{en the field is statia I is constant, in addi-
tion to Bm=const. When external forces perpendicular to the magne-—
tic field are present (i.e. the lines are equipotential) it can be
shown that the product K = Iég;:?,is constant. This is no longer

true when the external forces have parallel components,

4.3. The third adiabatic invariant.

The drift motion of particles on closed shells can be described

in some situaticns not requiring exactly where the individual par-
ang ’

ticleg#® located at a certain time, but rather only knowing the

drift shell on which they are in motion. With a static field the
5D

tegral is computed along the closed drift orbit laying on the drift

drift is periodic with a period 7;= where the line in-
shell. In the presence of a temporal field variations an induced
electric field is generated and particles are driven to new shells.
At any given time a particle can be considered drifting on a cer-
tain transien£ shell, which acts as instantaneous guiding drift
shell. In the case Df a static field the guiding drift shell is
the actual dgift shell over which the particle is driven. Motion
from one shell to another implies a change of particle energy, de-
scribed by eguation (4.28). In the extreme case of a time variation
of the field very slow compared to the drift period (1;Mb54< %ﬁ; )
a third parameter happens to be adiabatically invariant. It {Eigui—

te obvious that‘%”mwk’ of the above condition is dependent

24,

upon the particle energy. At lower energy the drift pericd increa-
sej)so to make more difficult the validity of the condition. Actual-
ly, under slow temporal variations, it can be shown that the magne-
tic flux encompassed by the guiding drift shell of a particle is
constant. This statement is mathematically expressed by the equa-

tion

qug1) %—“’ é‘ﬁ; J@ '—*’M

where Ao is the magnetic vector potentlal. The integral is compu-
ted on a closed line lying on the guiding drift shell under con—
stant field intensity. The particle motion occurs on a closed shell

whose shape is slowly changing with time.

‘e /
4.4, The motion of a charged particle in a dipole field g(Stormer s
theory) .

This problem was extensively studied by Stormer in the fifst deca~
de of our century in view of a theory of the polar aurora. It was
recognized later that the Stgrmer theory had much more to do with
cosmic rays and with tﬁe more recently discovered radiation belts
than with aurora. We shall give an outline of the basic concepts,

Iﬁ the basic equation of motion (4u1) the cylindrically symmetri-
cally dipole field plays a simplifying role. Using cylindrical coor-
dinates (9)\.& {) and taking a dipole M ”E the field B can be writ-

ten as:

(4.39)




where ¢ is the unit vector in the direction of increasing azimuth F

- hgfe?

Constanty of the velocity v implies that 4/dt = vd/ds s being

and the field lines equation is."u;constJ L{J:M

the curvilinear coordinate along the trajectory, so that the motion

equation becomes

de -
b9 e i (32 09)

It is straighferward to transform this equation into
1 42

e _ 4 .
() 25 @ = 5 (25 s)]

I
where (¢, 6= (&1l iz a constant length (Stormer's constant).
at e

A useful dimensionless expression of above eguation is cbtained

expressing all lengths in terms of C ¢t

(o3 45 = 22 w[x L8]

which implies that the same family of orbits describes the motion

of different particies of the same sign and different strengths

of the dipole.

a, (%)
Using simple vector identit?’ the above equation ¢an be written as

7

hae) 4 & {/p 4
[ anr g(“bé)v%" +fgdé1%)§

O aaxe)esig)-clas)

[ |

the

where t = dr/ds is the unit vector tangent to trajectory. The ?D—

component of this equation can be simply written, taking advanta-

ge of the nullﬁgémponent of the field potential,

[Lf?}) Qm[yzdé) 9@4[ )

from which an integral of the motion is immediately obtained
zd¢ t

(h38) "4 - &+ 2y
da 3

where T‘ ie an arbitrary integration constant. The above expression
describes the azimuthal motion of the particle. Important consequen-—
ces can be derived from equation (#.35) which can be furtherly writ-

ten as

d
(h39) g gPsdr, S

§

The limitation intreduced by the sin%}’implies that there are re-
gions of space from which the trajectories are excluded. As discus-
sed extensively by Stgrmer, three different cases can be distingui-
shed according to the value ofqy . Positive values imply that no
trajectory exists through the origin; when —1<3¢<0 there are tra-
jectories connecting infinity to the origin; finally in the case
rTf’<-1 tranjectories through the origin ahd trajectories at infini-
ty are no longer connected: in other words, no particle approaching
the dipcle from infinity is allowed within a certain "forbidden™®
region centered at the dipcle itself and)on the other hand)a closed
region exists around the dipole such that no particle inside it can

go to infinity. Using today's nomenclature this is a region which



any particle contained in it can never leave (uniess external for-
Ces perturb &hesr orbit): particles are "trapped“{ b’l? 40 MAH)
In any case, the actual shape of a particle orbit is very compli-

cate and, except a very few speclal cases, only numerical integra-

tion of the motion equation can be performed, '%' IQU’W' Hé '4%7&-

4.5. The LioMville's Theorem.

This is an important theorem which allows to know some properties

of a particle distribution in one place in terms of those elsewhere.

In the six dimension space (phase space) where the coordinates of

a particle are the three geometrical coordinate 21 /A=;§ 273) and

the corresponding three momenta {3 [-{‘zll%y the particle density N
k2

variations are obviously expressed by

.f -
PEM
- Cifﬂ'(kjﬁt) (aqg 4 fjf 9;: or,

Gf[‘ho) %L—

v ;
—_ M Z ¢z,
By introducing the Hamiltonian H and the known relationships

;N
& = 9 /"{ one immediately gets
¢ /6 fast

N
[4'90 ‘d_(:: =0

which means that in the pPhase-space the particle density N is con-

served along a dynamic trajectory, i.e. ;."hh-t the same value at

each point of %e {:_a\j'ﬁck'ul.

The Lioiﬁrille's theorem which also holds in the case of chafged
particles in a electromagnetic field is extremely important in the
description of the entrance of cosmic rays iﬂto the geomagnetic
field and of trapped particles. In particular, if J is the diffe-
rential unidirectional particle flux, i.e. the number of particles

per unit time, unit energy, unit area, unit solid angle we can wri-

te (because of the relationship Iﬁdfd#dl = U'U“J-t'de»z‘lP J‘B)

( [f 142} J_: A 'v"[; z

In the case only a static magnetic ‘field exists, v and p are con-
stant so that Liofaville's theorem implies that J = constant. It is
necessary to stress the point that correct use of the theorem re-
dquires data from a detector with infinitesimal cross section and
solid angle: in other words, the theorem is not straight:forwardly

applicable to measurements by omnidirectional detectors.

4 é a %magnetic coordinates.

Following the discovery of the radiation belts it was early reco-
gnized the need of an appropriate reference system to organize the
observations. The unidirectional flux J, in general, is a function
of r, v, t. However, constancy of the three adiabatic invariants
{when applicable) and use of Licflville's theorem allows important
o
simplifications. First of all, at the mirror peints we ha\velt unidi-

rectional flux JJ'= J(r,v} where v is the constant velocity of the
+

particles on their circular trajectory. On the other hand).once the



point r is defined, also the values of the three adiabatic invariants
are defined. Constancy of the unidirectional flux J,6 during the

azimuthal drift implies it is also the same at any longitude so

we can state that J__L ocnly depends upon the adiabatic 'invariants /l.l) I)é .

For the simple case of a dipole M the expressions for /1) I

——

and f are given by

- €[5,
@t ) 'T-L,E§(s,L,) = T/
(443 | - 2am
L

fts]

is the equatorial distance of a line of force of the di-
pole and ]C(Bm}LD) is an integral computed! between the mirror

peints. Now, using the spherical harmonics expression of the ac-

h L
where D

tual non-dipolar field it is still possible to define a length L

satisfying the equation

)
T- L {(8,

where the function f is the same applicable tc the case of the

purely dipelar field. In conclusicn a new parameter L is defined,

depending upcen Bm and I/ﬁ, which would be exactly constant in the
dipole case ‘aad in the real case happens to be nearly constant,
within 4%along the real lines of force. This alsc means that J_(_
can also be written as i(E,Bm,L) . The so-called Mcllwain coordina—

te system is accordingly defined, by analogy with the dipolar case

’
by means of two new coordinates, the distance r' and the liatitude )L

expressed by the equation (valid for the dipole)

bs) [ 2B [1-2E]
g% = /L

M being the dipole moment.

47. The response of omnidirectional particle detectors.

Most of the measurements are made by means of directicnal instru-
ments; since the lines of force play an essential role in the mo-
tion of the trapped particles, we shall express the particle flux-
es along a field line.

In general, the particle flux in a given point depends upon the
field B, the parameter L and the so-called pitch angle O( which

is the angle of the velockty vector to the vector B. Because Liofi~

e

ville's theorem we can say that
T(LRe) =T, (Lg)

3
or, introducing a parameter f = ‘R/Bn = BLYM

(Lf{l‘) J-(L,é;()‘: J__L(['/f"“) with fm: EM/{ , l.e. the value

of g at the mirror points. In a similar way, the same flux can
also be expressed by means of the unidirecticnal equatorial flux

at an angle c(o such *‘c_hat ‘411_123/0,: BM AU,(,QO/ /-B .

Complete information on a given trapped particle distribution around
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a given field line can be obtained by a set of perpendicular flux

measurements along the line or, and better, by measuring unidirec-

tional fluxes at the equator, which is possible at only one place

and in a very short time interval. If one locks at omnidirectional

trmmedeak

fluxes) the Lioftville's theorem more complicate

expres'sions are needed. By definition the omnidirectional flux

]"lL /§) ts given by
by TC9- f 7l g8)4% = b f( ) ot

where the cobviocus hypotheses that J does not depend upon the azi-
muthal and J({}=J (7 -of) have been used.
The differential of cos® can be easily expressed by means of the

differential of cosod at the equator. So that
a

(18] Tleg)- hfffﬂ“’)%

Proceeding in the opposite way, it is similarly possible to ex-

press J(L,o(o) by means of f(]’..,;) as follows

lf{ lﬂ) 32

L)t [ & Pecs

gfg,..

where 2 is the limiting valle of § such that J{(L, f) =0 for §<§

(the value g* is to be located somewhere in the upper atmosphere

where total particle absorption occurs). The cobvicus condition §>§

32.

(4439)

indicates that the expression is computed by knowing the
values of J(L,gl at points closer to the origin than the point ¢§
One last comment is worth about the pitch angle distributions. ALl
particles having their mirror point at L, ; * have at the equator
* 2 % >
a pitch angle L\; such that senQ; = /g . This also means that
all particles having an equatorial pitch angle 0§< Mo are
lost in their penetration at altitudes below that corresponding
to the point gv. The cone, centered on the field line, with an
angular width 04*15 called "loss-cone" to emphasize that parti-
cles contained in it at the equator are going to be lost from the
distribution. Thé actual integral flux in the loss cone must be

computed taking into account the effect due to the convergence of

the field lines approaching Earth. So, it is expressed by

(his2)

b
oy - [st5,0)42

In the simple case of an isotropic flux JO(L) at the equator, we

* x
then have N = 4%J_(L) (and not N=J_(L)-J2 , with 7 ig-the selid
angle of the loss cone, which is less than the real flux cbtained

by correct use of Liollville's theorem).



5: The interaction of solar wind with the geomagnetic field. ) - .
feature with an embedded magnetic field of solar origin (the so=-

5 A The permanent corpusc&far particie flux from the Sun, called called frozen-in field) whose lines ngs?r may not be connected

ALP m;h«
solar wind by Parker, determines profound modifications of the with the geomagnetic fiel 1inesf“TTTTﬂaiE;ipaticn processes are

near Earth magnetic and particle environment. The very first cor- present and, (iii} anysotropic and multi-component plasma is to

rect approach to the problem is that by Chapman and Ferraro, who be assumed. In these conditions, @p¢ can give a qualitative des-

in the early thirties put the foundations of what is now called cription saying that a separation surface is to be expected be-

plasma physics. Their starting idea was that a stream of charged yond which, on the interplanetary side, an umperturbed solar wind

particles, positive and negative with zero total charge density, flux is observed, an internal surface inside which the geomagne-

was reaChiniﬁﬁQe Earth in coincidence with geomagnetic storms. tic field lines are confined {although modified in shape and di-

We now know e esiskemeeced a permanent solar particles flux ¢f ﬁ&ﬁhﬁﬁ' rection); the two surfaces are separated by a region where a num-

from the Sun through the interplanetary space, with variable ve- ber of complex physical phenomena takeg place. The external surfa-

locity and particle density, typically several hundreds km/sec ce must have the characteristics of a shock, the inner surface

. 3 . . .
and a few ¥Agg particles/cm . The flux is typically of the order {called magnetopause) is a discontinuity surface which under sim-

8 . 2 )
of a few 10  particles/cm /sec. In general ,the solar wind approa- plyfying conditions is parallel to the distorted geomagnetic fielad

ches the Earth with a velocity either superscnic or SUPeralfvenic{?%'%l lines. The intermediated region, called magnetosheath is a transi-

50 the conditions exist for the generation of a shock at some di- tion regicn inside which the impinging solar wind, unable ta pene-

the stotacle

stance from Earth. trate the inner region of the magnetosphere, flows

It is instructive to look first at a2 gualitative descriPtion it and magnetohydrodynamic turbolence plays an important role.

) ) . ) * .
of the physical 51tua§10n close to Earth. To this end akproblem It is necessary at this point te formulate the problem in a

solved by laxwell more than one century ago may help: it is the more quantitative way, writing the basic equations. ”ﬁ
Assuming the steady case and a non dissipative p$£§55€£§as

(electrically perfectly conducting, non viscid, noqpeathconducting)

problem of a conductive rigid plane approaching a dipole magnetic
field and parallel to the dipole moment. Under these circumstan-
ces,which are reascnably representative of what happens in the one can write the following equations
very initial phase of a geomagnetic storm,a current system is ge-

nerated by electromagnetic induction. The magnetic field associa- (5’1) v. S)f__v_‘- = {continuity eguation}
ted with the current system modifies the field topology in such

a way that in the limit of a conductivity of the surface going (5,2.} S) 4’.‘?)’!‘: ‘"YF +—"—- J‘X ¥ = .._ij —ﬂ X Cun.é f‘_ /4;“_:
to infinity the magnetic field lines are compressed in front of/ 2 ar
‘ﬂé& |

the advancing plane and, pushed W to the back. Th d lﬂgznr - - f P )
Aniuchat £ wndtorbaud ;unm,yaﬂ whd Veppens > © mose =l gﬂY”w t=[H-VJH  (motion equation)

e ol > T e conducting plane is not sxkewrase rigid,

which +& actuallyAthe case of a charged particle stream impinging where the acting forces are pressure gradient and magnetic forces

on Earth. Other complications are due to the fact that (i) the

-“

flux of particles emitted frem the Sun is actually a permanent



1%‘ | (79) m <0 [ ] ) (%] -k, [r]=0
ont curren ensity (t;‘lo) E Hh] ] ]

@’.H) /m{[e sl I{T]( P>+- (\@ 7 H )_ -[VHJ (HQ}

(5’3) V- =0 (solenoidal field condition)

(:Tq) UJUWQ. [Hx l_\_r—) =D (frozen—-in field condition)

(;q) (ﬁfﬁ SZ] ﬁJIZ 0 (entropy equatio?J equivalent to where n is the unit vector normal to the discontinuity plane.
5 A 2z

As a whole,a %We vector equations correspond to nine scalar
éﬂe energy eguation o equations in nine variables [ﬁ],[é},ﬂi],[&],[é] one of which tri-

; vially defined b H |= 0.
@L) Y'[g’_\_’: [‘é ,“_1-+ {‘) +% Hz--.-[—(lr‘*tr [}'_[.‘ q__r-) _‘L_{_ ] =0 The sZt of homoanl;oul eguations [5 ?‘ é’S '5_‘”)

is compatible if the determinant of coefficients is zero, i.e. if

In. the above equations 9 , Dy 5, Y, h are density, pressure, en-

. 2z
tropy, velocity and enthalpy of the gas, H is the marretlc field; (5‘”]_) <V>,m <\,'>m Hn ) {V)’m‘} (<V> [’PJ (H})WI M H,, =0
The familiar pressure density relatlonship M 1'/.\ J&o i to &'&axﬂa‘ [TJ e

WA % 4 Solutions of above eguations can be cbtained straightforwardly.

The sclution m1=0 corresponds to the so-called "tangential" and

Neglect of dissipative terms, which contain second derivatives, "contact" discontinuities, characterized by zero flux of particles
requires the assumption o? small first derivatives (or gradients). through the discontinuity plane.
s a consequence, any time a gradient tends to increase beyond The solutions m2 3=+H /{dw <V>)& correspond to the so-called

certain limits (which happens to be the case close to the shock ﬂotatlonal“ discontinuities, while the other four solutions are

[&1 'ﬂo:]

and the magnetopause), the above equations break down, although

usually associated to the so-called "shock-waves". These solutions,
T =0
coming from the rad g 5;1%9 ¢&an be discussed rewriting the

eguation in a somethat Cifferent way

(s LI (OO B ) = D

— 2
scme appropriate symbols, in particular mean values (b;> (?°+Qﬂ) from which it follows that the two possibilities m2>mi or m2<m§

P‘{Aﬁeul’lt foluug‘](".u '{/_P aud mﬂ_ war jf&”" vl & a&fﬁw?@ with /mzs f{“"z/{[ﬂ, <V}Jimply respectively
¢

The relationships at the discontinuity can thus be written as

g [V] -] = Wi YLD wd W (Y00

(5) LT efplm s 2 <) ]n - w 1] <o

they remain valid on the two &ides of the critical,thin, region
where gradients are big, i vsical discontinuities occur.
Tt is immediate, thus, to write down the conservationgf relations

between quantities on the two sides corresponding to above equa-

" i, fi

tions. A useful set {?(relatlons can be written by introducing




&

The solutions corresponding to the £4§@ > are called fast shock
waves; those correspending to the 6156 < are !%y shock waves. The
relationships between physical quantities on the two sides of the
shock wave can finaliy be put in the form

[Hﬂ{;{]-_ ?-mwg [tnpro , = 240 (4]
e
& [r]=- Mﬁi‘f
d -4 (V}'m"- thl‘f"r 4
Tt follows immediately that gt and H2 increase (decrease) through
a fast (slow) shock.

A discussion of all implicaticns of above equations is to be
found in the original papers. Here we only like to make an impor-
tant point, i.e. that if the inertial term 5)(X:SZ)X is much lar-
ger than the magnetic term ‘LiE % curl H in the motion equation,
this last can be dropped and the result is that a decoupling of
dynamical and magnetic terms occurs so that the sclution of the
basic egquations can be obtained solving first the simpler gasdy-—
namic case and then using the equations containing the magnetic
field in which the velocity of the fluid motion is no longer an
unknown since it is given by the dynamic solution. In other word%
we can think in terms of magnetic field lines convected by the

gu.d m‘ba’ by
fluid (similarly to a line of smoke slowly dlffu51ng 1n€ax‘ fast
noving fluid). Introduction of some approximations may lead to
further simplifications when computing the shape of the magneto-
spheric boundary (what we already called magnetopause) . The boun-
dary behaves as a tangential discontinuity for which among others
conditions the total magnetic + dynamic pressure ﬁ"-é”{;— must
be continuous; if one notices that on the external side the dyna-
mic pressure overhelms the magnetic pressure, it becomes pcssb!gﬁ

§p to approximate the external pressure by means of

pripeey

fl-frdm | [V1<o [p] 7

3

where 7V is the angle of the asymptotic flux velocity v, with

the magnetospheric boundary, 904 is the asymptotic charged par-
ticle density and k is a factor of the order of unity (actually
k = 2 for specular reflection; k = 1 if particles are Qbsﬂr&éd).
The second step has been that of substituting the condition Hn=0
at the magnetospheric boundary by the statement that the tangen-
tial field, is given by Ht=2f(H )., where £ is of the order

dipole’ t
of 1 and {H_, )  is the dipole field component tangent to the

dipole' t

surface., This condition was originally found as valid at the boun
dary of the conducting plane approaching Earth, consider by
Chapman and Ferraro, as earlier éﬁlﬂﬂ? mJZ

Introducing the familiar expression of the geomagnetic field
and neglecting the dynamic pressure inside the boundary it ﬁgé
possible to write a partial differential equation connecting the
distance r from the Earth's center to the latitude and longitude
at each point of boundary. A general expression of this equation
valid for E&i_the boundary {(not,only for certain special me@}dian

Syegiter

intersections!) is due to BaxmsaaadqﬁaawgﬁT%BGZ).
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Once the shape of the magnetosphere (or geomagnetic cavity) has
been computed, the next step is that of determining the dynamic
flow around the obstacle ({agsumed as s?mmetric around the Sun;
Earth direction: although this is not exactly true still it is

a reasonabfgzﬁﬁximation,mﬁw '

Several technigues have heen used by different authors to solve
the problem, which, however, at this stage goes much beyond the
scope of this review. Here we limit ourselves to show some re-
sults in graphical form (fi J%Nﬂ§>to allow a feeling of what

the real situation is. Aym gnimportant feature coming out of
theﬂgzanaamzeaﬁah is that a bundle cof magnetic field lines, those
leaving the north magnetic pole or entering the south pole are
completely displaced a few Earth's radii above its surface and
pushed back into the antisolar direction to build what from the
very beginning was called 'jeomagnetic tail". In principle, the
fast decrease of the geomagnetic field and hence of the magnetic
pressure in the presence of the solar wind dynamic pressure would
imply a short geomagnetic tail which would close as rapidly as
tﬁg thermal pressu€270£ the solar wind becomes prevailing. Actual-
ly this §§ nogiqﬁg case,since the tail is well observable as far
as 1000 Earth's radii, which means that in one way or another a
particle pressure is present to balance the inward tension of the

n&éﬁ;ﬁhg

In the following/ rather than going into the complications

magnetic field.

ocutlined above 77
HEPeCE IS &ALy we shall consider an elementary view of the

large-scale intergctions which although in &seme respects are over-

ARAE
simplified,heﬁ::ea have the advantage of being analytically work-
able and thus capable tc illustrate the basic ideas of the cou-

pling of the magnetosphere with the surrounding medium.

£.
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#@ME SIMPLE MODELS IN MAGNETOSPHERIC PHYSICS

1. The caps of dynnelhs wodels

The basic features of the magnetosphere can be illustrated in
a qualitative (and also guantitative,in some cases).way by means
of simple models which have the advantage of being mathematical-
ly expressed by workable analytical expressions.

This is expecjally appropriate to clarify some basic ideas, .
which wi%Mgnd discussed in more detail in the second m
of m on magnetos@erebj ’\If/«[&-eiugv,

Two basic equations to keep in mind for a perfectly c¢onducting

gas as the solar wind are the so-called magnetochydrodynamic condi-

tion and the frozen-in field eguation, namely

and

The second of these equations can be straightforwardly be used
to show its equivalence to the condition of the conservation of
the magnetic flux threading a closed line such that each point of
it moves at the bulk velocity; this algc implies that any parti-
cles sharing a same line of force will continue to do the same
at any other tohe, or in other words, the lines of force are con-
vected by the plasma in motien, frozen in it.

—————

Let us consider now the physical consequences of the interac-
tion of a magnetic field_§SW convected by the solar wind and the
geomagnetic field ({(considered as a dipole field, which is a good

approximation for our proposes).

We shall assume §5Sh/

where z is the unit vector

= B, =z

aralé;é to the dipole moment M _and
F RIS o
Fube-/ROFPhwArd if B, is >0 and

southward if B, <0. If the boundary conditions are that B tends

B, is the field component



to ESW or to respectively when the distance r from the

B

-dipole

center of dipole tends to infinity or to Q}we can write the re-
e .

sultant magnetic potentialyas
]

S A\ - =
L3 177 =~ Bz 11777
{ \_, X gw/ *MU(Z’:P?{Y: ] az_

i oclalitindy
where 4 is the & X referf§fed to the dipole orientation. Now

the field can also be writteq)by means of the sc-called eulerian

£ . - > . . - . s
potentials mﬁ)‘/B) ﬁﬁZiug é;j@oqgg where the contribution from
the dipole 13 described by

/ /% =
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ghilar the contribution from the solar wind field is described by
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In this special case}due to common expression for fg) we can

write the resultant potentials by means of

f3.:'a
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4&&;%gw discuss the implications of this expression.

First of all ol= 0 implies (@.}3:',2 &/Bo so that a physical-
ly possible value only exists if aB°>0 which %ﬂﬁ &’=a on
a sphere of radius fz:a{-lﬁe /3 ) Wﬁ:t& with B_=30.000 -
B, = 5y means r _-_—-’\_'23 a.Ba@n this spherejthe radizl field com-

ponent Br=0, i.e. the vector B is everywhdre parallel to it: two

(£319

g

kinds of,field_linesfthus'exist, closed lines.inside the"sphefe
i.e. purxely terrestrial lines, énd EEEE distotrted field lines
outside, i.e. purely interplanetary lines. The sphere encloses
a region which has several characteristics of a c¢losed magneto-
sphere inside which the field lines are confined, although modi-
fied in shape. The field strength B is zero in two opposite points
(called neutral points on the intersection of the sphere and the
dipole axis. An eguivalent view point is that a current system is
produced on the sphere through which the field is discontinuous,
Mer@¥. Different configurations, as regard; the orientation of
the cpen field lines can cccur if the field Bsw is oriented in
other dl%ectlons. / a}"}ﬁ.’) . . .

The field topologyf{is substantially different in the case B, <O0.
First of all the sphere found above no longer exists; the radial
field component is everywhere zerodbut the z component only vani-

shes on a circular line defined/on the eguatorial plane)by

E) -af)ea(H-o

fath m%ﬁﬂ = a (%)VB.
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It is iﬁteresting to remark that also an electric field
distribution is asscciated with the above changes of the magnetic
field configuration. The incoming solar wind with a bulk velocity
¥ must be permeated by an electric field E = - vxB, if it has to

advance toward the Earth with the velocity v. The fact that E is

M6hMaﬂ b;' B. means that no restriction is put on the longitudinal compo-

nent Ef’ which usually is taken as vanishing, due to the high elec-
tric conductivity along the field lines which immediately nullifies
any potential difference along the field lines.

Let us put v = - VoX where x is the unit vector from
Earth to Sun; viewed from an Earth centered reference system, whe-

re particles drift at a velocity
o 2
A g = ExB/B
69 b= EXE
It is quite obvious that the drift velocity will be significantly

perturbed in proximity of the Earth. It is then interesting to un-

derstand ghat hapgens. Let us look in particular to the electric

field E 1if 4’1 Eﬁif
ield E. simplifying assumption bﬂeﬁm—ﬁ:ﬁ%
[_l_,——-—"—""'_) He é‘ i
<#H@lafield- Miwss—ds! that the electric potential on is con-
cam B wa, : g
stant /80 Eﬁaf‘fﬁg‘gotential distributicn close to the sphere r=r, %79

is simply éiisgmined by projecting along the field lines the poten-

!
tié?\dé;ﬁéi§y£§g§}ét @ cther place, in particular at infinity.
The yeclsrs
Igdae§€£b33¥&p B and sﬁp are perpendicular to each other (é-j?#ﬁﬁ:c1>.

Theé function 25(’2’,‘-{ z-] can also be expressed by means of two fun—
= /

ctioqsof (x,¥.2), i.e. for example by the two eulerian potential

Q{ and jﬁ.

Now as r goes to infinity we can write the potential
(69 = obu92)>
2 o

wie/7e
We also have _E_:*Yj;fW @:L,I’U;Bo
o thal ., =£,° yz‘/ﬂwlﬁ’/c{)

This means that
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If we now take the complete expression of X 4/6-
is possible to map the electric potential and then the field E.
The flow lines are alsc easily computed, because of (55) which ,

implies v to be perpendicular to either magnetic or electric

)

] = e V = | i y y M
L >V = TY o Hale V(o etubial ) sl

e
v ﬁ 2 gamatoand.

In the case B,<(¢ (i.e. in théY"Dungey’s case")

L) G- -y(ea s (=) hen(Fh)

Lecking at the polar cap, where r=a the main contribution from
2
&= -2 8

the field comes from the dipele so that

and

) F--w(258)"

which means E=const in the y direction (dawn to dusk).

In such way one can estimate potential differences from dawn to
dusk as large as several 105 volts. This field across the polar
cap means an electric current flows across the polar icnosphere;

this current penetrates into the dawn boundary of the polar cap
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along field lines then flowing upwards from the dusk boundary.
These current sheets have actually been observed. In some intuiti-
ve way,can think of a sort of dynamo exciting a current system
which flows in a staticnary medium (the polar cup) and a moving

medium acress the magnetic field lines configuration. The model
outlined above is very rough since the picture is much toc sempli-
cistic, but still wvalid to understand the basic physics.

Locking at the physical situation we can give some quan-
titative description of the current circulation: as a consegquence
of (hf} the drift velocity v is to follow equipctential surfacef.
On polar caps an ion moves in the direction of the x axié defining
a constant potential, because of g? proporticnal tec y). Clese to
the houndary corresponding to é}: 2t the electric field must be
perturbed, but beyond it, i.e. for .3‘>fi the ion must continue
its motion on an equipotential surface so that a circulaticon pat-
tern is establisi;dﬂ? qualitatively described in fig.fg
What more specifically happens is that particles sharing a given
interplanetary line of force hefore reaching point NT where the
line is cut and reconnection takes place become separated beyond
N1 then moving as indicateﬂébove over the northern (or respecti-

vely southern) polar cap; at the boundary of the polar cap the

twe halves of field lines bhecome again a single field line and
particles start a return sunward moticn, ¥gF.gemereabes,

The case ¢of asyrmetric modelfwgepf-Paapantosphares

It is guite clea® that the symmetric field models considered abo-
be are not physically realistic(:as also s ZQnP TOm 5

et -j(/u.b}réé
ginning by observation§).AnyAanalytical treat

g e

Séht,fﬁmﬂmes impossi-
ble and only numerical methods can be used. So)
%&m@ﬁm look, at least gqualitatively, to
what the real situation of particle penetraticn into the magneto-
sphere is. The solar wind particles individual velocities and the

field configuration are nct in the real case as cocnsidered by sim-
ple models: a scatter of velocity either in value or in direction

does exist and the field vector also is not uniform and or homoge-

adean  conit {{‘u—/tm,}
And

tﬂ«cﬂwcf-«uxé__ R

ho

A Puﬂtz
neous. So the sEpmrawed® surface resembling the is not

a perfect barrier to the particle moticn: some particles under
favorable condition can go through it with a velocity component
along the newly merged field lines close to the neutral point

N, and drift toward the ionospheri@. When individual velocities
are very nearly aligned along the magnetic field lines they can
penetrate deep enough'iip reach the ionosphere. On the other hand,
ionospheric particles can escape the icnosphere along the field
lines. Favorable conditions for thgse two special kinds of drift
happen in twoc northern and southern ﬁgmmetrical regions shaped ai
a carved tﬁLﬂﬂBe of a tornado: they are called polar cusgs{ éﬂa'
The very fact that the field is noﬁ:always exactly {(or even near-
ly) southward implies that some asymmetry between hemisphere can
be expected because of the simultanecus conditiocons thatlv,l is un~
changed, but the other compconent v is opposite in orientation when
the interplanetary field is opposite (toward orqway from the Sunl:
It is also clear that, beyond the polar cusps magnetic field lines
are pushed antisunward giving origin to the so-called high latitu-

de {or tail} lobe.
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Fig_g Analyzet geometry and detector locations for the quadrisphes-
cal LEPEDEA.

(3568 Wais m)
ound and the center plate £; is supplied
hich ranges from 0.08

detectors. dimensions of the
. are 6° X 16 Positive ions and
eleciyons entering the”electrostatic ghalyzer at a given angle
of incidence with respect to the plane of the entrance aper-
ture will arrive at the exit apertyfe of the analyzer at a posi-
tion determined by this angle incidence (see particle paths

. inEie 1)_Heace by placing seyeq pairs of detectors at the
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without effect. This lzek of dependence of Mach number does not apply, however, far
do oy of the Earth where the bow wave approaches alignment with the asympiotic
direction of weak discontinuities in the uadisturbed incident sofar wind. The variation of
density, velocity and mass flux along the magnétosphere boundary and the downstream side
of the shock wave are shown in Fig. [4. The mast striking conclusion is that these quantities
are virtuzlly independent of Mach number, and only slightly dependent ony. On the other
hand, results presented in Fig. 15 show that the temperature depends strongly on Mach
aumber and p, with higher values associated with higher Mach numbers and larger &, 2
trend clearly reveated by inspection of equation (18).

A useful quantity for characterizing the location of the bow shock wave is the standoff
distance A at the nose of the magnetosphere. This distance is controlled Lo a large degree by
mass conservation considerations, sicce the mass flow passing between the magnetosphere
and the bow wave at any station must match that crossing the bow wave inside that station.
Moge specilically, the stundofl distance at high Mach numbers is detecmined almest envirely
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by the deraity ratio py/p,, across the baw wave on the stagnation streamiine. The Latter is

rela - )
&H;ed_ to !hﬁ'e.e‘;:m Mach oumber acd the ratio of specific heats according 1o the

v B W ¢ VL
Pa G—DMJIFI | {39

The variation of standoff distance with p,/p., i i

‘ t P 13 presented for a wide range of values for
and fme-m:&m Mach number M..‘:n Fig, 16. As previously shown in an ncrod\'mmig
context by Sufff‘" and Incuyz, 5 this distance varies aearly linearly with p. /o, over a wide
range :lf‘ooudxmm. With the standoff distance A normalized by the distance D from the
center of the Parth to the aose of the magnetosphers, the following simple empirical formula

-, tmerges

/D w Ilpaipy (30)
In order to Mustrats further details of w i i
f personic flow of a compressivle pas the
maguetosphere, v experiment was conducted in the Ames Research Ccmcr.gSul;,:n-sonic
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P 11, VELOCITY AND TEMFIRATURS CONTOURS FOR SUPFRIONIC FLOW FAST THE MAGNEIO-
owns; Me =8,y =1}

Freo Fiight Wind Tunne¢l, by Dons Kirk in which shadowgraph photographs were taken of
a metal model of the magnetosphere in flight at Mach aumbers between about 4-5 and §
through argon. In normal use of this facility, models are fired from a 30 caliber light-gas
gun upstream through an elongated test section of an otherwise normal supersonic wind
tunnel. The working fluid normally employed is air, but other gases can be used for a more

Yimited range of test conditions that can be reached by shocting the models into stationary-

gas. In other words, the wind tunned is only used a5 & tank to contain the gas into which s
-modet s fired a1 in a conventional ballistics range. Since the relative velocity betwern any
given projectile and the pas is thus limited by the allowable muzzle velocity, the maximuz
Mach anmber that can be attained depends primarily on the speed of sound in the gas in the
test section, By selecting argon as the gas, it is possible to obtain a vaiue of J.for y and 3
low encugh spred of sound that Mach numbers as high as 4-5 oe 3 can be achieved by firicg
the peojectils into stationary gas. Although these conditions are not ideatical with thoss
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