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FOREWORD 

T h e p a p e r "P lasmoid mot ion ac ross a t a n g e n t i a l d i s c o n t i n u i t y 

( w i t h a p p l i c a t i o n to t h e m a g n e t o p a u s e ) " has been p r e s e n t e d at t h e 

" C h a p m a n C o n f e r e n c e on S o l a r - W i n d M a g n e t o s p h e r e C o u p l i n g " 

( P a s a d e n a , C a l i f o r n i a , F e b r u a r y 12 -15 , 1984) . T h i s t e x t w i l l be 

p u b l i s h e d in t h e " J O U R N A L OF PLASMA P H Y S I C S " . 

A V A N T - P R O P O S 

Cet a r t i c l e i n t i t u l é "P lasmoid mot ion ac ross a t a n g e n t i a l 

d i s c o n t i n u i t y ( w i t h a p p l i c a t i o n to t h e m a g n e t o p a u s e ) " a é té p r é s e n t é à la 

" C h a p m a n C o n f e r e n c e on S o l a r - W i n d M a g n e t o s p h e r e C o u p l i n g " 

( P a s a d e n a , C a l i f o r n i a , 12-15 f é v r i e r 1984) . Ce t r a v a i l se ra p u b l i é d a n s 

" J O U R N A L OF PLASMA P H Y S I C S " . 

VOORWOORD 

Het a r t i k e l "P lasmoid mot ion ac ross a t a n g e n t i a l d i s c o n t i n u i t y 

( w i t h a p p l i c a t i o n to t h e m a g n e t o p a u s e ) " w e r d v o o r g e s t e l d t i j d e n s de 

" C h a p m a n C o n f e r e n c e on S o l a r - W i n d M a g n e t o s p h e r e C o u p l i n g " 

( P a s a d e n a , C a l i f o r n i a , 12-15 f e b r u a r i 1985) . Deze t e k s t zal v e r s c h i j n e n 

in de " J O U R N A L OF PLASMA P H Y S I C S " . 

VORWORT 

Der A r t i k e l "P lasmoid mot ion ac ross a t a n g e n t i a l d i s c o n t i n u i t y 

( w i t h a p p l i c a t i o n to t h e m a g n e t o p a u s e ) " w u r d e p r ä s e n t i e r t w ä h r e n d d e r 

" C h a p m a n C o n f e r e n c e on S o l a r - W i n d M a g n e t o s p h e r e C o u p l i n g " 

( P a s a d e n a , C a l i f o r n i a , 12-15 F e b r u a r , 1985) . D ieser T e x t w i r d h e r a u s -

g e g e v e n w e r d e n im " J O U R N A L OF PLASMA P H Y S I C S " . 



P L A S M O I D M O T I O N A C R O S S A T A N G E N T I A L D I S C O N T I N U I T Y 

( W I T H A P P L I C A T I O N T O T H E M A G N E T O P A U S E ) 

b y 

J . L E M A I R E 

A b s t r a c t 

T h e motion of a p lasmoid (p l a sma- f i e l d e n t i t y ) a c r o s s an 

i nhomogeneou s magnet ic f ield d i s t r i b u t i o n of wh i ch the d i rec t i on a n d 

s t r e n g t h c h a n g e a long the penet ra t i on t r a jec to ry ha s been s t u d i e d . T h e 

b u l k ve loc i t y d e c r e a s e s when the p lasma element penet ra te s into a 

r e g i on of i n c r e a s i n g magnet ic f ie ld. T h e cr i t ica l magnet ic f ield i n t en s i t y 

whe re a p lasmoid i s s t opped o r def lected is f o u n d to be the same 

cr i t ica l f ield as that wh i ch h a s been o b s e r v e d in l abo ra to r y e xpe r imen t s 

fo r a n o n - r o t a t i n g B - f i e l d d i s t r i b u t i o n . T h e po la r i zat ion e lectr ic f ie ld 

i n d u c e d i n s ide a m o v i n g plasma element ha s been dete rmined f o r both 

low " b e t a " a n d h i g h - p p l a smo id s . T h e momentum d e n s i t y vec to r of a 

p lasmoid is def lected in the - B x VB and - B x ( B . V ) B d i r e c t i on s a s it 

pene t ra te s into an i nhomogeneous B - f i e l d d i s t r i b u t i o n . 

T h i s k inet ic model h a s been app l ied to the impu l s i ve 

penet ra t i on of so lar w i nd plasma i r r e g u l a r i t i e s imp i n g i n g on the E a r t h ' s 

geomagnet i c f ield with an e x c e s s momentum d e n s i t y . A s a c o n s e q u e n c e 

of impu l s i ve penet ra t i on , a Plasma B o u n d a r y L a y e r is f o rmed whe re the 

i n t r u d i n g p la smo ids are def lected e a s t w a r d . M a g n e t o s p h e r i c p lasma is 

d r a g g e d in the d i rec t i on paral lel to the f l a n k s of the a v e r a g e magne to -

p a u s e s u r f a c e . D iamagnet ic ef fects of these impu l s i ve l y pene t r a t i n g 

p la smo id s into the m a g n e t o s p h e r e are a lso b r i e f l y d i s c u s s e d . 

K e y w o r d s : p la smoid , tangent ia l d i s c o n t i n u i t y , magne topau se , so l a r 

w ind m a g n e t o s p h e r e i n te rac t i on , impu l s i ve penet ra t i on of 

so lar w i nd i r r e gu l a r i t i e s in the m a g n e t o s p h e r e , cr i t ica l 

magnet ic f ield s t r e n g t h , F T E . 



Résumé 

On  a étudié  le  mouvement  d'un  plasmoïde  (une  entité  plasma-

champ)  au  t ravers  d'un  champ  magnétique  inhomogène  dont  la  direction 

et  l ' intensité  var ient  le  long  de  sa  trajectoire.  La  vitesse  moyenne  de 

masse  de  cet  élément  de  plasma  décroît  lorsque  celui-ci  pénètre  dans 

une  région  de  champ  magnétique  croissant.  La  valeur  cr i t ique  de 

l' intensité  du  champ  où  le  plasmoïde  est  arrêté  ou  dévié  est  la  même  que 

celle  qu'on  a déduit  d'expériences  de  laboratoire  dans  le  cas  d 'un  champ 

magnétique  non-tournant.  Le  champ  électrique  de  polarisation  induit  à 

l ' intérieur  d'un  tel  élément  de  plasma  en  mouvement  a été  déterminé 

d'une  part  pour  un  plasmoïde  dont  le  "beta"  est  petit,  et  d'autre  part , 

dans  le  cas  d'une  valeur  élevée  de  p. La  vecteur  de  densité  de  quantité 

de  mouvement  du  plasmoïde  est  dévié  dans  la  direction  - B x VB 

et  - B x (B  .V)B  lorsque  celui-ci  s'enfonce  dans  un  champ  magnétique 

inhomogène. 

Ce  modèle  cinétique  a été  appliqué  au  cas  part icul ier 

d ' i r régular i tés  de  densité  de  plasma  du  vent  solaire  pénétrant  de 

manière  impulsive  dans  le  champ  géomagnétique  en  raison  de  leur  excès 

de  quantité  de  mouvement.  Par  suite  de  cette  pénétration  impulsive  des 

plasmoïdes  du  vent  solaire  il  se  forme  aux  confins  de  la  magnétosphère 

une  couche  limite  connue  sous  le  nom  de  "Plasma  Boundary  Layer" ,  où 

ces  plasmoïdes  sont  déviés  vers  l 'Est.  Le  plasma  magnétosphérique  y est 

entraîné  vers  l 'Est  parallèlement  aux  flancs  de  la  surface  de  la  magnéto-

pause.  On décr it  également  quelles  sont  les  effets  diamagnétiques  que 

ces  plasmoïdes.  produisent  en  pénétrant  dans  la  magnétosphère. 



S a m e n v a t t i n g 

De b e w e g i n g v a n een p lasmoïde (een e n t i t e i t u i t h e t p lasma-

v e l d ) w e r d b e s t u d e e r d d o o r h e e n een inhomogeen m a g n e t i s c h v e l d 

w a a r v a n de r i c h t i n g en de i n t e n s i t e i t v a r i ë r e n l a n g s h e e n h e t p e n e t r a t i e -

t r a j e c t . De g e m i d d e l d e massasne lhe id v a n d i t p l asma-e lemen t d a a l t 

w a n n e r h e t i n een g e b i e d v a n s t i j g e n d m a g n e t i s c h v e l d b i n n e n d r i n g t . 

De k r i t i s c h e i n t e n s i t e i t v a n he t m a g n e t i s c h v e l d waa r een p lasmoïde 

g e s t o p t o f a f g e l e i d w o r d t is d e z e l f d e als d ie waa rgenomen b i j 

l a b o r a t o r i u m e x p e r i m e n t e n i n he t geva l v a n een n i e t - d r a a i e n d m a g n e t i s c h 

v e l d . Het e l e k t r i s c h v e l d v a n p o l a r i s a t i e t e w e e g g e b r a c h t b i n n e n een 

d e r g e l i j k p lasma-e lemen t in b e w e g i n g w e r d zowel bepaa ld v o o r een 

p lasmoïde met k le ine " b e t a " als met g r o t e p. De d i c h t h e i d s v e c t o r v a n de 

hoevee lhe id b e w e g i n g v a n de p lasmoïde w o r d t a f g e l e i d in de r i c h t i n g e n 

- B x VB en - B x ( B . V ) B w a n n e e r deze in een inhomogeen m a g n e t i s c h 

v e l d b i n n e n d r i n g t . 

D i t k i n e t i s c h model w e r d t o e g e p a s t in he t b i j z o n d e r geva l v a n 

p l a s m a - o n r e g e l m a t i g h e d e n v a n de z o n n e w i n d d ie a . h . w . t e g e n h e t g e o -

m a g n e t i s c h v e l d v a n de A a r d s e b o t s e n wegens h u n t e g r o t e h o e v e e l h e i d 

b e w e g i n g . A l s g e v o l g v a n deze k r a c h t i g e b i n n e n d r i n g i n g v o r m t e r z i c h 

aan de g r e n z e n v a n de m a g n e t o s f e e r een l im ie t laag d ie g e k e n d is als de 

"Plasma B o u n d a r y L a y e r " waar deze p lasmoïden a f g e l e i d w o r d e n naa r he t 

O o s t e n . Het m a g n e t o s f e r i s c h p lasma w o r d t meegevoe rd naa r he t Óós ten 

pa ra l l e l met de f l a n k e n v a n he t o p p e r v l a k v a n de m a g n e t o p a u z e . Men 

b e s c h r i j f t eveneens de d i a m a g n e t i s c h e e f f e c t e n d ie deze p lasmoïden 

t e w e e g b r e n g e n w a n n e e r ze de m a g n e t o s f e e r b i n n e n d r i n g e n . 

T r e f w o o r d e n : p lasmoïde , t a n g e n t i ë l e d i s c o n t i n u i t e i t , m a g n e t o p a u z e , 

w i s s e l w e r k i n g t u s s e n de z o n n e w i n d en de m a g n e t o s f e e r , 

k r a c h t i g e b i n n e n d r i n g i n g v a n z o n n e w i n d o n r e g e l m a t i g -

heden in de m a g n e t o s f e e r , k r i t i s c h e i n t e n s i t e i t v a n he t 

m a g n e t i s c h v e l d , F T E . 



Zusammenfassung 

Die Beweging eines Plasmoïdes (e ine En t i tä t aus dem Plasma-

f e l d ) w u r d e s t u d i e r t h i n d u r c h eines inhomogenen magnet ischen Feldes 

wovon die R i ch tung u n d die I n tens i t ä t en t lang des Pene t ra t i ons t r a j ek t s . 

Die m i t t l e re Massengeschwind igke i t dieses Plasma-Elementes nimmt ab 

wenn es in einem Gebiet von s te igenden magnet ischen Feld e i n t r i t t . Die 

k r i t i s c h e In tens i t ä t des magnet ischen Feldes wo ein Plasmoïde geha l ten 

oder abge le i te i t w i r d is t d ieselbe wie d ie beobachtet bei Labora to r i um-

exper imenten fa l l s ein n i ch t ro t ie rendes magnet isches Feld. Das 

e lek t r i sche Feld von Polar isat ion v e r u r s a c h t in einem d e r a r t i g e n Plasma-

Element in Bewegung w u r d e sowohl best immt f ü r e inen Plasmoïde mit 

k le ine "Be ta " als mit grosse ß. Der D i c h t i g k e i t s v e k t o r de r Quan t i t ä t 

Bewegung des Plasmoïdes w i r d abge le i te i t in dem R ich tungen - B x VB 

und - B x ( B . V)B wenn d ieser in einem inhomogenen magnet ischen 

Feld e i n t r i t t . 

Dieses k ine t i sche Modell kam z u r A n w e n d u n g fa l ls Plasma-

Ungrege lmäss igke i ten de r Sonnewind d ie gegen das geomagnet ische Feld 

der Erde ko l l i d ie ren wegen e iner zu grossen Quan t i t ä t Bewegung . 

In fo lge diese k r ä f t i g e E i n d r i n g u n g kommt es an den Grenzen de r 

Magnetosphäre eine L imi tsch ich te d ie man "Plasma B o u n d a r y Laye r " 

he isst wo diese Plasmoïden abge le i te i t werden nach Os ten . Das magneto-

sphär i sche Plasma w i r d m i t g e f ü h r t nach Osten para l le l zu den Flanken 

de r Ober f läche der Magnetopause. Man besch re ib t auch die d ia -

magnet ische E f fek ten die d ie Plasmoïden v e r u r s a c h e n wenn diese in de r 

Magnetosphäre e i n d r i n g e n . 

S t i c h w ö r t e r : Plasmoïde, tangent ia le U n t e r b r e c h u n g , Magnetopause, 

Wechse lw i rkung zwischen de r Sonnenwind und de r 

Magnetosphäre , k r ä f t i g e E i n d r i n g u n g von Sonnenwind -

un regelmässig ke i ten in der Magnetosphäre , k r i t i s c h e 

In tens i tä t des magnet ischen Feldes, FTE. 
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I N T R O D U C T I O N 

Baker and Hamel (1965) have demonstrated exper imenta l ly that 

s l i gh t ly diamagnetic plasma streams injected into a reg ion of uni form 

magnetic f ie ld d r i f t across the magnetic f ie ld l ines with constant bu lk 

ve loc i ty v^ when the integrated Pedersen conduc t i v i t y of these f ie ld 

l ines is zero or small : i . e . 1 = ƒ a dh = 0. T h i s condi t ion implies 
P J P 

that the t ransve rse Pedersen conduc t i v i t y is small eve rywhere along the 

magnetic f ie ld l ine; i . e . not on ly in the col l is ionless plasma i tse l f , but 

also in the walls of the vacuum tank t h rough wh ich the magnetic f ie ld 

l ines pass. 

S ince, in these exper iments, no externa l e lectr ic f ie ld (Eg) is 

appl ied perpend i cu la r to J3, the s ingle part i c le k inet ic approach as well 

as the MHD theory would pred ic t zero E cross B d r i f t ve loc i t ies. 

Neverthe less , despi te the absence of such an externa l E - f i e l d , plasma 

beams of f in i te w idths in the v^ x B d i rec t ion or injected plasmoids 

( i . e . plasma-magnetic f ie ld ent it ies accord ing to the def in i t ion of Bos t i ck , 

(1956)) d r i f t s t ra ight across the s t rong magnetic f ie ld and conserve 

the i r init ia l f o rward momentum, when 1 = 0 . Th i s indicates that the 
P 

motion of plasmoids in an external magnetic f ie ld d i f f e r s dras t i ca l l y from 

the motion of a s ing le ( test) part ic le in the same B - f i e l d d i s t r i bu t i on . 

T he reason fo r th is d i f fe rence has been desc r ibed by Schmidt 

(1960). Indeed when n, the dens i ty of ions and e lectrons is great 

enough for the plasma d ie lectr ic constant e to be much larger than 

un i ty , co l lect ive plasma effects lead to the accumulation of polar izat ion 

charges which generates a local ( in te rna l ) e lectr ic f ie ld , E , ins ide the 
r 

moving plasma element such that its init ial momentum can be conserved . 

Schmidt (1960) has descr ibed how the se l f -po lar izat ion E p 

f ie ld bu i lds up in a non-diamagnet ic plasmoid injected into d i f f e ren t 

- 5 -



magnet ic f ield d i s t r i bu t i on s of interest fo r l abora to ry expe r imen t s . 

C r o s s - f i e l d injection exper iment s can be d i v i ded into two categor ie s : 

( i ) wide plasma beams injected f rom plasma g u n s for wh ich the beam 

width w is much l a rge r than the ion g y r o r a d i u s r * , ( i i ) n a r r ow h i g h -

e n e r g y neut ra l i zed ion beams injected from ion d iodes and whose w idth 

is smaller tha r * . In the fo l lowing we shall concentrate on ly on the f i r s t 

case wh ich is re levant to the s t u d y of the interact ion of the so lar w ind 

plasma stream with the E a r t h ' s geomagnet ic f ie ld. Indeed fo r n a r r ow 

energet i c ion beams, the f i r s t - o r d e r g u i d i n g cent re approx imat ion , u s ed 

below to calculate the ion and e lectron d r i f t velocit ies a v e r a g e s o v e r one 

gy romot i on , fai ls to be appl icable. 

T h i s s t u d y is also concent ra ted on ca se s where p lasmoids are 

injected a c r o s s an imposed externa l magnet ic field d i s t r i bu t i on whose 

d i rect ion and in tens i t y change as in a Tangent i a l D i s con t i nu i t y ( see f i g . 

1 ) . T h i s magnet ic f ield topo logy s imulates the magnetopause interface 

where the magnet ic f ield d i rect ion c h a n g e s f rom a n o r t h w a r d d i rect ion 

in the magneto sphere to a r b i t r a r y o r ientat ions and intens i t ies in the 

solar w ind -magneto shea th reg i on . F i r s t l y , we have con s i de red n o n -

d iamagnet ic , low-p p la smoids . Nex t we d i s c u s s b r ie f l y the penetrat ion of 

d iamagnet ic h i g h - p p lasmoids a c r o s s a tangent ia l d i s c on t i nu i t y . 

A . Non-d iamagnet i c p lasmoids 

C o n s i d e r an externa l magnet ic field l ike that i l lu s t rated in 

f i g . 1; the magnetic field d i rect ion ha s no component a long the ox 

d i rect ion and its and B z components are con t i nuou s f unc t i on s of x . 

No ex te rna l l y imposed electr ic f ield is appl ied e i ther parallel o r 

pe rpend i cu l a r to B . A plasmoid is injected along the ox ax i s with an 

initial veloc ity v ^ . T h e den s i t y in s ide the plasmoid is a s sumed to be 

la rge , so that the plasma dielectr ic cons tant is much l a rge r than u n i t y 

= 1 • + 

1 + 2 — nm c 
2 = i + » 1 (1) 

B2/2|i 
o 
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F i g . 1 . - I l l u s t r a t i on of a ro ta t ing magnet ic f ield d i s t r i b u t i o n a c r o s s a tangent ia l 

d i s c o n t i n u i t y . 



(U)p and Q+ are respectively the ion plasma frequency and Larmor gyro-

f requency) . Th i s inequality is generally satisfied in laboratory plasma 
3 5 

experiments, as well as in thermal space plasmas where e = 10 - 10 . 

Th is implies that collective dielectric effects are important. Polarization 

charges bui ld up a dielectric f ield in the plasma cloud and in its 

v ic in i ty. 

Furthermore, let us assume that the plasma density is small 

enough so that ( i) the collision mean free paths, of the electrons 

and of the ions are much larger than the dimensions of the system ( i .e . 

the diameter of the vacuum tank or the density scale length in space 

plasmas), but also that £ is much larger than the corresponding Larmor 

gyroradius, r L ; ( i i) the total kinetic energy density of the particles is 

much smaller than the magnetic energy density i .e. 

1 + 2 + - nm v + nk (T. + T ) 
(3 = 5 ^ 1 ( 2 ) 

B /2|i o 
Th is latter condition implies that diamagnetic currents or 

other plasma currents produce additional magnetic f ields which are small 

compared with the applied external magnetic f ield strength. 

A1. Dr i f t velocities 

Under these low-p conditions the total B- f ie ld inside and 

outside the plasmoid is equal to the external ly imposed f ie ld. When the 

variation of this field is small over a few Larmor gyroradi i , the sum of 

all perpendicular dr i f t velocity components can be determined from 

classical f i rs t order orbit theory 
2 

E x B (I / B \ m dw 
w = ~ + — - B x V ( — ) + — r B x — (3) 

B qB ~ \ 2 / qB dt 

where the last two terms correspond respectively to the grad-B dr i f t 

and inertial dr i f t (Watson, 1956; Longmire, 1963); m is the magnetic 

moment of a particle of mass m and electric charge q 

2B 



We have assumed that the first order guiding centre 

approximation is applicable and that p is an adiabatic invariant. Note 

that this approximation breaks down for high energy neutralized ion 

beams whose width is smaller than the ion Larmor gyroradius; it breaks 

also down in regions where the magnetic field strength becomes 

vanishingly small. The gyration energy of the particle around its 
2 

guiding centre is mV| /2; w^ is the zero order approximation of the 

guiding centre velocity : 

B E x B 
w = V, " + (5) 

" B B2 

By elimination of w in eq. (3), the first order approximation 

of the perpendicular component of the velocity of the guiding centre 

becomes 
2 

E x B H mV̂ , 
w = + — - B x VB + : B x (B.V)B 

2 2 - - - - - -B qB qB 

m d / E x B \ 
B x — (6) 

2 - \ 2 , 
qB dt \ B ' 

The last three terms in eq. (6) are first order corrections. 

They correspond respectively to the grad-B, curvature and polarization 

drifts. Their directions are opposite for electrons (q < 0) and ions 

(q+ > 0). These drifts are not necessarily small compared to the 

perpendicular component of the zero-order guiding centre velocity 

which, according to eq. (5), is equal to 

E x B 
(w ). = « v (7) 

1 B2 

For the magnetic field distribution illustrated in fig. 1, B x = 

0 and the magnetic field lines are straight lines parallel to the oyz 

plane. Consequently (B.V)B = 0, and, the curvature drift is zero. 



A2. Polarization electric f ield 

As a consequence of the i r oppositely directed d r i f t s the ions 

and electrons move perpendicular to B toward the lateral surfaces of 

the plasmoids where they accumulate (Schmidt , 1960) . Neglecting s t ray 

f ields and magnetization cur rents because of the low-0 condit ions, the 

rate of change of the electric f ield inside the moving element of plaisma 

is given by 
+ + ~ Wĵ  T 4 11 ŵ  + + 

9E q n w, + q n w( 
(8) 

at e o 

For the sake of simplicity the electron and ion densities n and n + will 

be assumed equal and uniform inside the plasmoid. 

A f te r averaging the d r i f t velocity over the velocity d i s t r i b u -
+ + - -

tion of the ions and electrons, tak ing into account that q n - - q n -

q n , and neglecting the electron mass (m ) as compared with the ion 

mass (m + = m ) , eq. ( 8 ) becomes 
+ + U a / e x b \ 

(9) 
dE nm 
- - - — B x 
9t toB 

H. + H d / E x B 
VB + — 

2 m dt \ B 

It can be seen from eq. ( 9 ) that dE/dt is perpendicular to B. 

The polarization electric f ield bui lding up with time is therefore also 

normal to B. 

o 
The factor nm/e B is equal to e - 1; since the plasma 

o 
dielectric constant e is v e r y large, the value of the expression within 

the brackets in eq. ( 9 ) must be v e r y small in order to avoid un -

reasonably high values for the rate of change of the electric f ield 

intensity : i . e . for 9 E / 3 t . Consequent ly , 

( 10 ) 
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By combining eq. (7) and eq. (10), it can be deduced that 

d v / d t is a vector paral lel to - VB, i . e . paral le l to the ox ax i s . 

d v d v | i + + H d B 

_ = v _ = _ — (11) 
d t d x m d x 

T a k i n g into account the adiabat ic invar iance of the magnetic 

moments (j+ and (j , and in tegrat ing eq. (11) from X q to x , it resu l ts 

that _ 
+ 

H- + H 
V 2 ( x ) = V 2 + 2 — [ b q - B ( x ) J ( 1 2 ) 

o m 

Us ing eq. (4) and the def in i t ion of the perpend i cu la r k inet ic 

p ressu re 

1 ~2 
p = — n m ' v ^ = n |J.B = n k T ( 1 3 ) 

2 

eq. (12) becomes also 

1 9 + 1 2 + 
- m v + k T , + ' k T , = C s t = - m v + ( k T ) + ( k T . ) ( 1 4 ) 

1 1 2 ° 

Th i s shows that the sum of the trans lat ional and the pe rpend i cu la r 

thermal energy densi t ies of the ions and e lectrons is a constant of 

motion. A similar resu l t was der i ved by Schmidt (1960) for the two 

stage plasma accelerator and non-ro ta t ing B - f i e l d d i s t r i bu t i ons . Eq . 

(12) has been ver i f i ed exper imental ly by Demidenko et al. (1967, 1969) 

for plasmoids t r ave r s i ng inhomogeneous but non-ro ta t ing magnetic 

f i e lds , and, whose intens i ty tended to zero fo r x = ± °° ( i . e . fo r B Q = 

0) . 

Note that when the magnetic f ie ld s t reng th is independent of 

x ( i . e . when d B / d x = 0) the bu lk ve loc i ty of the plasmoid is constant 

and equal to V q , even when the d i rect ion of B rotates as a func t ion of 

x as i l lust rated in f i g . 1. 

- 1 1 -



A p lasmoid p e n e t r a t i n g i n to a r e g i o n of lower magnet i c f i e l d 

i n t e n s i t y is acce le ra ted due to ad iaba t i c d i m i n u t i o n of t h e g y r a t i o n 

e n e r g y (see eqs . ( 1 2 ) o r ( 1 4 ) ) . In c o n t r a s t when a so lar w i n d plasma 

element moves f r o m t h e magne toshea th i n to t h e m a g n e t o s p h e r e , w h e r e 

t h e B - f i e l d i n t e n s i t y is h i g h e r , i t can be v e r i f i e d f r o m eq : (12 ) t h a t 

t h e v e l o c i t y o f t h e i n t r u d i n g p lasmoid dec reases . 

T h e components of t h e po la r i za t i on e l e c t r i c f i e l d i ns ide t h e 

p lasmoid a re g i v e n b y 

E (x ) = v B - v B ; E (x ) = v ( x ) B ( X ) ; E ( x ) = - v ( x ) B ( x ) (15 ) 
x z y y z y x z z x y 

When t h e magnet ic f i e l d v e c t o r r o t a t e s , t h e po la r i za t i on e l e c t r i c f i e l d 

eq . ( 15 ) ro ta tes b y t h e same ang le , b u t b o t h f i e l d v e c t o r s remain 

o r t h o g o n a l t o each o t h e r ; indeed i t can be v e r i f i e d t h a t E . B = 0 when 

B = 0 . x 

A 3 . Non u n i f o r m b u l k ve loc i t i es 

In t h e d e r i v a t i o n of eqs . ( 8 ) and ( 9 ) a s imple " c a p a c i t o r " 

model , f i r s t i n t r o d u c e d b y Schmid t ( 1960 ) , has been used f o r t h e sake 

of s i m p l i c i t y . T h i s model is based on t h e assumpt ion t h a t po l a r i za t i on 

cha rges "accumu la te " o n l y at t h e s u r f a c e of t h e p lasmoid . T h i s impl ies 

t h a t t h e e l ec t ron and ion dens i t i es a re equal and u n i f o r m ins ide t h e 

whole plasma e lement . I t was also assumed t h a t these dens i t i es d r o p 

a b r u p t l y to zero o u t s i d e t h e s u r f a c e of t h e p lasmoid . As a consequence 

of t h e po la r i za t i on d r i f t , g r a d - B , and c u r v a t u r e d r i f t s t h e u n i f o r m 

e lec t ron and ion dens i t i es ( n and n + ) a re s imp ly s h i f t e d in oppos i t e 

d i r e c t i o n s . T h i s p r o d u c e s s u r f a c e po la r i za t i on cha rges at t h e s h a r p 

b o u n d a r i e s of t h e p lasmoid as in t h e case of a c a p a c i t o r . B u t t h i s , s h i f t 

of d e n s i t y d i s t r i b u t i o n s w i l l c rea te a vo lume po la r i za t i on d e n s i t y . 

Neg lec t i ng s t r a y - f i e l d s near t h e edges , the r e s u l t i n g e l e c t r i c f i e l d 

i ns ide an e longa ted p lasmoid is t h e n a p p r o x i m a t e l y u n i f o r m ; t h e ra te of 

v a r i a t i o n of E can t hen also be d e r i v e d f r o m eq . ( 8 ) o r ( 9 ) . 



The "water bag" or square distr ibutions assumed for n + and 

n are of course ideal models; in reality, the plasma densities are more 

likely non-uniform. However, even for these less ideal, non-uniform 

density distr ibutions, the oppositely directed drifts of electrons and 

ions g ive rise to surface polarization charges similar to those obtained 

with the uniform capacitor model. But in addition a non zero 

polarization density is then created within the plasmoid. The result ing 

polarization electric field may therefore be non-uniform. A s a 

consequence, the plasma can well have an internal non-uniform 

circulatory motion, in addition to the average forward velocity of its 

centre of mass. 

When the plasma density is not uniform and when vortex or 

circulation flows exist inside a plasmoid, the equation of motion of the 

centre of mass must be considered instead of eq. (12). The total mass 

and magnetic moment of the plasmoid enter in this equation of 

conservation of global momentum. But this would deserve a more 

detailed s tudy not undertaken in this article. 

A4. Critical magnetic field intensity 

From eq. (12) a critical magnetic field strength B^ can be 

deduced. Indeed, a plasmoid injected in a transverse magnetic field 

whose intensity increases steadily with x, will necessarily reach a 

position x 1 where its bulk velocity ( v ) has been reduced to zero. The 

plasma element cannot penetrate beyond this distance where the external 

magnetic field is equal to B^ 

2 
rav 

B(x ) = B 4- _ - ° .— = B 
2(|i + H ) 

or equivalently, 

1 + 

2 
mv 

o 
+ 

m (it + n~ (\t 
(16a) 

| mv2 + ( k i t ) + (kT.) 
B(x ) = ^ ° ° ± - 2 (16b) 

1 M- + M-
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from  eqs.  (14)  and  (13). 

When  the  plasmoid  reaches  the  p o i n t , ^ ,  all  the  translational 

energy  has  been  converted  into  perpendicular  (gyrat ion)  thermal 

energy .  Plasmoids  are  reflected  adiabatically  or  d ispersed  t ransverse l ly 

when  they  reach  this  point  where  the  field  strength  is  equal  to  B^. 

The  crit ical  magnetic  field  strength  given  by  eq.  (16b)  is  the 

same  as  that  deduced  by  Demidenko  et  al.  (1969)  for  a non-rotat ing 

B- f ie ld  distr ibut ion  and  for  laboratory  plasmas  where  the  electron 

temperature  (T ) and  magnetic  moments  CM  ) were  negl igibly  small.  Note 

also  that  in  these  experiments  the  field  B q at  large  distance  is  taken 

equal  to  zero. 

At  the  distance  of  maximum  penetration  (x^)  the  y and  z 

components  of  the  electric  field  (15)  both  become  equal  to  zero.  Note 

however  that  E (x^)  can  have  a finite  component  in  the  ox  direction 

i . e .  perpendicular  to  the  front  edge  of  the  plasmoid  : E x ( x 1 )  t 0. 

A5.  Maximum  penetration  depth  of  solar  wind  plasmoids  in  the  geo-

magnetic  field 

A solar  wind  plasmoid  penetrating  impulsively  in  the  magneto-

sphere  traverses  the  magnetopause  where  the  magnetic  field  general ly 

has  a zero  or  ve ry  small  normal  component  (B  s 0).  The  magnetic  field 
-3 

B M  inside  the  magnetosphere  increases  almost  as  R , where  R is  the 

geocentric  distance.  As  a consequence  there  is  always  a penetration 

depth  ( x n )  where  B M ( x )  is  equal  to  B r  the  crit ical  magnetic  f ield 

strength  given  by  eqs.  (16a)  or  (16b). 

Let  us  now  consider  a plasmoid  moving  across  the  inter-

planetary  magnetic  field  whose  mean  intensity  is  equal  to B Q S 6 nT 

(Ness  et  al.  1971;  Hedgecock,  1975);  let  the  velocity  of  the  plasmoid  be 

- 14 -



v q = 468 km/sec, co r re spond ing to the mean solar wind speed (Feldman 

et a l . , 1977), and let the electron and ion temperatures respect ive ly be 

( T - ) = 1.4 x 105 K and ( T + ) = 1.2 x 105 K ; it can then be ver i f ied 
o o 

from eq. (16a) that B 1 = B q [1 + 2200/43] = 313 n T . In the Ea r th ' s 

dipole magnetic field B ^ is equal to 313 nT at an equatorial d i s tance 

R 1 = 4.6 R e . 

In the preced ing numerical appl icat ion we have used the mean 

interp lanetary magnetic field and solar wind parameters measured before 

the bow shock . However, t h r o u g h the bow shock the solar wind plasma 

parameters are drast ica l ly modified. When p o s t - s h o c k va lues are used 
2 2 + -

i .e. B = 30 nT and M = mv / 2 k f T + T 1 = 0.5 one obta ins from eq. 
o s u 

(16a) : B^ = 45 n T , and R^ = 8.8 R £ which is almost equal to the 

obse rved mean radial d is tance of the magnetopause at the subso l a r 

point. 

When M , the sonic Mach number, a n d / o r when B , the 
s o 

magnetic field in the magnetosheath, increase, it can be ver i f ied from 

eq. (16a) that B^ increases also, and consequent ly that the radial 

d i s tance of the average magnetopause posit ion is pushed closer to the 

Ear th. Furthermore, from the f i r s t o rder theory presented above, the 

penetrat ion depth x^ does not depend on the ang le of rotation of the 

magnetic field acros s the magnetopause. 

Magnetopause observat ions ana lysed by Fairf ield (1971) and 

Formisano et al (1979) confirm these theoretical resu l t s concern ing ( i ) 

the average subso lar posit ion of the Ear th ' s magnetopause, and ( i i ) its 

dependence on the solar wind bu lk velocity. The observa t ions s u p p o r t 

our theoretical conclus ion that ( i i i ) the average magnetopause posit ion 

does not s i gn i f i cant ly depend on the orientation of the interp lanetary 

magnetic f ield. The dependence of the magnetopause posit ion on the 

value of B q the interp lanetary magnetic field s t r e n g t h , has not yet been 

checked stat i s t ica l ly , at least to our knowledge. 



I t m igh t be i n t e r e s t i n g to check whe the r o r not these 

theore t i ca l resu l t s wi l l be con f i rmed by observa t ions of J u p i t e r ' s and 

S a t u r n ' s magnetopause c ross ings when a s i g n i f i c a n t l y la rge number of 

them are ava i lab le . 

A6 . Momentum dens i t y 

The momentum dens i t y in the plasmoid can be ob ta ined f rom 

eqs . ( 3 ) o r ( 6 ) by ave rag ing w + and w over the ve loc i t y d i s t r i b u t i o n 
2 

of t he ions and e lec t rons . A t zero o r d e r approx imat ion pv = pE x B / B , 

where p = I . n .m . ; at t he f i r s t o r d e r approx imat ion and f o r a m u l t i -i l l 
component plasma 

k< - i M 
E x B n . m. V, . B x VB 

pv = Z.n.m.w . - p — - + Z. . 
1 1 ^ B2 1 2q. B3 

l 

+ Z. l 

f 2 2 1 
In.m. V . 
I l l > ) i j 

B x (B.V)B 

2 n m 
+ Z ^ x — I (17) l 

q i 

Note t h a t p . and p t he pe rpend i cu la r and para l le l components of t he I I i U 

par t i a l k ine t i c p ressu re f o r t he i pa r t i c l e species can be used to 

exp ress the te rms in t he b racke ts of eq . (17) by us ing eq. (13) and 

n.m.V2 , = n.kT . = p . (18) 
i l u I i II i II i 

The t h i r d te rm in the r i g h t - h a n d side of eq . (17) comes f rom 

the po la r iza t ion d r i f t and can be t r ans fo rmed by us ing eq. (10) o r 

2 2 
Z n m V . Z.n.m.V . 

1 1 l i L VB - 1 1 * (B.V)B (19) 
2pB pB 
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Note t h a t e q . ( 1 9 ) is d e r i v e d , as in s e c t i o n A 2 , f o r a u n i f o r m 

d e n s i t y d i s t r i b u t i o n i n s i d e t h e p l a s m o i d b y t a k i n g i n t o a c c o u n t 

t h a t e >> 1 . I t is a p p l i c a b l e t o g e n e r a l m a g n e t i c f i e l d d i s t r i b u t i o n s w i t h 

c u r v e d f i e l d l i nes a n d f o r a r b i t r a r y v a l u e s o f p . C u r v a t u r e c u r r e n t s 

m u s t t h e n h o w e v e r , be c o n s i d e r e d , u n l i k e i n e q . ( 1 0 ) w h e r e i t is 

a s s u m e d t h a t ( B . V ) B = 0 . I t s h o u l d a lso be p o i n t e d o u t t h a t m a g n e t i z a -

t i o n c u r r e n t s r e s u l t i n g f r o m t h e c i r c u l a r m o t i o n o f i ons a n d e l e c t r o n s 

a b o u t t h e i r i n d i v i d u a l g u i d i n g c e n t r e s d o n o t c o n t r i b u t e t o a n e t 

t r a n s p o r t o f e l e c t r i c c h a r g e s . T h e r e f o r e t h e s e m a g n e t i z a t i o n c u r r e n t s 

a r e n o t i n c l u d e d in t h e r i g h t - h a n d s i d e o f e q . ( 8 ) . 

When a l l t e r m s o f t h e o r d e r o f m / m a r e n e g l e c t e d in t h e 

f i r s t o r d e r a p p r o x i m a t i o n , t h e m o m e n t u m d e n s i t y f o r a t w o c o m p o n e n t s 

n e u t r a l p lasma becomes : 

E x B 
pv = p 

m B x VB 

m 
B x (B .V)B 

(20) 

w h e r e t h e b r a c k e t s can be e x p r e s s e d in t e r m s o f t h e p e r p e n d i c u l a r a n d 

p a r a l l e l e l e c t r o n t e m p e r a t u r e s . 

T h e s e f i r s t o r d e r c o r r e c t i o n t e r m s a r e smal l w h e n t h e e l e c t r o n 

t e m p e r a t u r e is smal l o r w h e n t h e g r a d i e n t o f B a n d t h e c u r v a t u r e o f 

m a g n e t i c f i e l d l i n e s a r e n o t l a r g e . O t h e r w i s e t h e s e c o r r e c t i o n s 

c o n t r i b u t e t o a d e f l e c t i o n o f t h e p l asmo id in t h e - B x VB a n d 

- B x ( B . V ) B d i r e c t i o n s r e s p e c t i v e l y . 
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A 7 . V i s c o u s - l i k e i n t e r a c t i o n 

I t has been shown above t h a t t h e r e is a c r i t i c a l magne t i c f i e l d 

s t r e n g t h B 1 g i v e n b y e q . ( 1 6 ) w h e r e so la r w i n d p lasmo ids a r e s t o p p e d 

o r d e f l e c t e d . From e q . ( 1 6 ) i t can be seen t h a t t h e p e n e t r a t i o n of 

p lasmo ids i n t o t h e geomagne t i c f i e l d is g r e a t e s t w h e n t h e I n t e r p l a n e t a r y 

Magne t i c F ie ld s t r e n g t h , B q , is g r e a t e s t . F u r t h e r m o r e , i t r e s u l t s also 

f r o m t h i s e q u a t i o n t h a t l a r g e r v a l u e s of B^ a re o b t a i n e d f o r l a r g e r son ic 

Mach n u m b e r s . As a c o n s e q u e n c e , so la r w i n d p lasmo ids w i t h a f l u x o f 

momentum d e n s i t y g r e a t e r t h a n t h e b a c k g r o u n d w i l l be s t o p p e d o r 

d e f l e c t e d d e e p e r i n t o t h e geomagne t i c f i e l d , i . e . b e y o n d t h e mean 

p o s i t i o n o f t h e magne topause w h e r e t h e c o n d i t i o n B ^ = B 1 is met f o r 

a v e r a g e so la r w i n d plasma e lemen ts . 

For a so la r w i n d p lasmoid i m p i n g i n g w i t h an excess momentum 

on t h e geomagne t i c f i e l d a t t h e s u b s o l a r p o i n t o r on t h e d u s k f l a n k as 

shown in t h e lower p a r t o f f i g . 2 , t h e las t t w o t e r m s in eq . ( 2 0 ) 

c o n t r i b u t e t o a d e f l e c t i o n t o w a r d d u s k ( i . e . e a s t w a r d ) in t h e "Plasma 

B o u n d a r y L a y e r " . As a m a t t e r o f consequence I m p u l s i v e P e n e t r a t i o n o f 

so la r w i n d p lasmoids i n t o t h e Plasma B o u n d a r y L a y e r t r a n s f e r s 

momentum to m a g n e t o s p h e r i c p lasma a long t h e f l a n k s o f t h e m a g n e t o -

pause . As a r e s u l t o f t h e e l e c t r o m a g n e t i c c o u p l i n g w i t h t h e d a y s i d e 

c u s p i o n o s p h e r e v i a h i g h l y c o n d u c t i n g geomagne t i c f i e l d l i n e s , t h i s f l u x 

of momentum is also t r a n s f e r r e d to t h e i o n o s p h e r e . T h e s e c o u p l i n g and 

i n t e r a c t i o n p rocesses c o r r e s p o n d to " v i s c o u s - l i k e " i n t e r a c t i o n as 

s u g g e s t e d a long t ime ago b y A x f o r d and H ines (1961) a n d H ines 

( 1 9 6 4 ) . 

In t h e d u s k f l a n k s o f t h e magne topause r e g i o n al l t h r e e t e r m s 

in e q . ( 2 0 ) p r o d u c e an e a s t w a r d d r a g ; i n t h e d a w n f l a n k s t h e ze ro 

o r d e r t e r m ( i . e . , pE x B / B 2 ) is i n i t i a l l y p r e d o m i n a n t and c o n t r i b u t e s a 

w e s t w a r d ( a n t i - s u n w a r d ) d r a g . B u t d e e p e r in t h e m a g n e t o s p h e r e w h e r e 

t h e y a n d z componen ts of t h e p o l a r i z a t i o n e l e c t r i c f i e l d ( 1 5 ) become 

- 1 8 -
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Fig. 2 . - I l lustration of the eastward deflection of solar wind plasmoids 

penetrating impulsively in the magnetospheric Plasma Boundary Layer 

along the dawn flanks (upper part of the f igure ) and dusk flanks 

(lower part of the f igure) of the magnetopause. Both the gradient -B 

and curvature dr i f ts of the ions contribute to the eastward deflection 

of intruding solar wind plasma irregular i t ies. 



equal to zero in t h e v i c i n i t y of x ^ , t he f i r s t o r d e r d r i f t te rms in eq . 

(20) become the p redominan t ones. As a consequence t h e f low d i r e c t i o n 

changes f rom wes tward to eas tward as i l l u s t r a t e d in t he u p p e r p a r t of 

f i g . 2. O r d e r s of magn i tude ca lcu la t ion ind ica te t h a t t he g r a d - B d r i f t 

ve loc i t y of a solar w ind plasmoid p e n e t r a t i n g t h r o u g h the magnetopause 

can range up to 1 Km/sec. 

A8. Ef fects r e s u l t i n g f rom depo la r iza t ion c u r r e n t s 

Up to t h i s stage we have i gno red the poss ib i l i t y t h a t t he 

po la r iza t ion charges may be neu t ra l i zed by t r a n s v e r s e Pedersen 

c u r r e n t s f l ow ing e i the r w i t h i n a co l l is ion dominated plasma, w i t h i n 

conduc t i ng wal ls o r in a res i s t i ve ionosphere . 

T h i s e f fec t has a l ready been d iscussed by severa l au tho rs in 

the case of l abo ra to ry exper iments ( B o s t i c k , 1956; Baker and Hamel, 

1965; Schmid t , 1960; Gol ' ts and KhodzhaeV, 1969) as well as in the case 

of solar w ind plasma i r r e g u l a r i t i e s p e n e t r a t i n g in to the magnetosphere 

(Lemai re , 1977, 1983, 1985; Lemaire and Roth , 1978). I t has been 

suggested t h a t solar w ind plasmoids p e n e t r a t i n g in to t he geomagnet ic 

f i e l d t r a n s f e r p a r t of t h e i r excess of momentum to the ionosphere , and 

d iss ipa te p a r t of t h e i r excess ene rgy by ine last ic co l l is ions and Joule 

heat ing in t he ionosphere at days ide cusp l a t i t udes . T h i s non-ad iaba t i c 

dece lera t ion of impu ls ive ly in jec ted solar w ind plasmoids c o n t r i b u t e s to 

an add i t iona l and impor tan t te rm in the r i g h t - h a n d side of eq . ( 1 9 ) ; In 

consequence t h i s s h o r t - c i r c u i t i n g e f fec t enhances t he po la r iza t ion d r i f t 

ve loc i t y in eq. (17) ( l as t t e r m ) . I t can be v e r i f i e d t h a t t h i s ( n o n -

ad iabat ic ) dece lera t ion c o n t r i b u t e s a s i gn i f i can t add i t iona l t r a n s f e r of 

momentum dens i t y to magnetospher ic plasma in t he B o u n d a r y Layer n e x t 

to t he magnetopause sur face as well as to t he days ide cusp ionospher ic 

plasma. T h i s add i t iona l d r a g is again eas tward in t he d i r ec t i on of the 

Ear th ro ta t i on . 
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A9. Mass losses of plasmoids 

The ques t ion of mass loss of a d ie lec t r i c plasmoid mov ing 

across t r a n s v e r s e magnet ic f i e l d l ines , r e s u l t i n g f rom edge e f f e c t s , 

e lec t ros ta t i c cha rge repu l s i on , or c r o s s - B ion d r i f t due to n o n - u n i f o r m 

or osc i l l a t i ng E - f i e l d s , has been cons idered in the l i t e r a t u r e by Dol ique 

(1963) ; Schmidt (1960) ; Baker and Hamel (1965) ; Demidenko et a l . 

(1966, 1967); Kh i zhnyak et a l . (1969) ; He ikk i la (1982) . I t wi l l no t be 

emphasized he re , a l though i t deserves a more deta i led s t u d y , wh ich is 

ou ts ide t he scope of t h i s pape r . 

I t shou ld be emphasized, t h a t mass losses of a plasmoid 

p e n e t r a t i n g in to t he geomagnet ic f i e l d , e i the r by f i e ld a l igned 

expans ion , o r by pa r t i c le t r a p p i n g and p rec i p i t a t i on in the days ide 

cusps u p p e r a tmosphere, are impor tan t phys ica l processes a f f e c t i n g 

solar w ind plasma elements p e n e t r a t i n g impu ls i ve ly in to the magneto-

sphe re . 

Impuls ive p rec ip i t a t i on in t he days ide cusp ionosphere of 

magnetosheath ions and e lec t rons along magnet ic f i e ld l ines e x t e n d i n g to 

t he f r o n t s i d e magnetopause reg ion has been obse rved f o r the f i r s t t ime 

by Car lson and T o r b e r t (1980) . The d iss ipa t ion of e n e r g y of t he 

p r e c i p i t a t i n g par t i c les in the atmosphere p roduces t he well de f ined peak 

in the e lec t ron tempera tu re up to an a l t i t ude of 1000 km at t he l a t i t ude 

of the days ide cusps ( T i t h e r i d g e 1976). 

A s ta t i ona ry k ine t i c model d e s c r i b i n g the f low of p rec i p i t a t i on 

of magnetosheath in jec ted ions and e lec t rons t h r o u g h t h e tops ide iono-

spher ic b a c k g r o u n d plasma conta ined in a days ide cusp f l u x t u b e , has 

been desc r ibed by Lemaire and Scherer (1978) . Field a l igned c u r r e n t s 

and the fo rmat ion of a double layer near 20.000 km a l t i t ude were 

obta ined in th is k ine t i c model ca lcu la t ion . A l t h o u g h a t ime dependen t 
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model would be preferable to simulate the expansion of solar wind 

plasmoids along geomagnetic f ield l ines, the kinetic model of Lemaire and 

Scherer (1978) shows that double layers can form quite natura l ly at the 

interface between the warm magnetosheath plasma and the colder iono-

spheric plasma. Such f ield aligned double layers or electrostatic shocks 

(possibly propagat ing downward) accelerate the precipi tat ing electrons 

and produce upward streaming beams of cold ionospheric ions which 

penetrate in the in t rud ing solar wind plasmoid and intermix there with 

the injected magnetosheath plasma. 

B. Diamagnetic effects 

Up to this stage the impulsive penetrat ion has been discussed 

only for non-diamagnetic plasmoids which do not signif icant ly p e r t u r b 

the external ly applied magnetic f ield d is t r ibut ion . However , when the 

value of p is of the order of u n i t y , as it is most of the time in the 

solar w ind , large diamagnetic effects p e r t u r b the externa l ly imposed 

geomagnetic f ie ld . Th is question has been discussed already in a recent 

art icle by Lemaire (1985) . 

I t is important to recal l , however , tha t , as a consequence of 

the penetrat ion of diamagnetic plasmoids, the outer geomagnetic f ield 

d istr ibut ion becomes distorted and var iable in time. By vector super -

position of the var iable diamagnetic f ield carr ied by moving plasmoids 

and the main Earth's magnetic f ie ld , one obtains patchy and time 

dependent interconnections of magnetic f ield lines as i l lustrated by 

Lemaire (1983) . Along the bundles of geomagnetic f ield lines in te r -

connected to those of in terp lanetary space in a dynamical way energet ic 

solar part icles can be guided into the magnetosphere and precipi tated in 

the polar caps. Conversely magnetospheric part icles can sporadically 

pour out of the geomagnetic t rap into the solar wind, as has been 

suggested by Lemaire (1977) . 
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The typical Flux Trans fer t Events ( F T E ) often observed in 

magnetograms near the magnetopause by Russell and Elphic (1979) and 

reported by many others, correspond to typical magnetic field 

s ignatures of h igh-0, diamagnetic plasmoids penetrating impulsively from 

the magnetosheath into the magnetosphere. 

It is worth noting that eq. (17) and (19) are valid for a 

diamagnetic plasmoid, but in the case of h igh-p plasmoids the magnetic 

field B is the sum of the externally imposed B- f ie ld and the diamagnetic 

fields associated with all local and distant plasma currents. These 

electric currents have a magnetic dipole moment in addition to higher 

order multipole moments. The dipole-dipole interaction of two plasmoids, 

or of a diamagnetic plasmoid, with the Earth's dipole magnetic field is 

another force which must be taken into account. But this is a separate 

topic which will be discussed elsewhere. 
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