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FOREWORD 

The text "Field aligned current density ver sus electric potential 

characteristics for magnetospheric flux tubes" will be published in the 

journal of the European Geophysical Society ( E G S ) : "Annales Geo-

physicae". Th i s paper has been presented at the IAGA symposium : 

Polar Cusp and Magnetosphere Boundary Layers ( Ed inburgh , 3-15 

Augus t , 1981). 

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

L'article intitulé "Field aligned current density versus electric 

potential characteristics for magnetospheric flux tubes" sera publié dans 

le journal de la Société Européenne de Géophysique ( E G S ) : "Annales 

Geophysicae". Ce travail a été présenté au symposium de l ' IAGA : Polar 

Cusp and Magnetosphere Boundary Layers, ( Ed inburgh , 3-15 août, 

1981). 

VOORWOORD 

De tekst "Field aligned current density versus electric potential 

characteristics for magnetospheric flux tubes" zal uitgegeven worden in 

het tijdschrift van de European Geophysical Society ( E G S ) : "Annales 

Geophysicae". Dit werk werd voorgesteld tijdens het symposium van de 

IAGA : Polar Cusp and Magnetosphere Boundary Layers, ( Ed inburgh , 

3-5 Augus t , 1981). 

VORWORT 

Der Text "Field aligned current density versus electric potential 

characteristics for magnetospheric flux tubes" wird in dem Buch von 

der European Geophysical Society ( E G S ) : "Annales Geophysicae" her-

ausgegeben werden. Diese Arbeit wurde presentiert während der 

Tagung von IAGA : Polar Cusp and Magnetosphere Boundary Layers, 

( Ed inburgh , 3-5 Augus t , 1981). 



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

C H A R A C T E R I S T I C S FOR M A G N E T O S P H E R IC F L U X T U B E S 

b y 

J. L E M A I R E and M. S C H E R E R 

A B S T R A C T 

The field a l igned cu r ren t dens i ty ( J
t o t ) i s a non- l inear funct ion of 

the appl ied potential d i f ference (<p) between the ionosphere and the 

magnetosphere. T h i s non- l inear funct ion has been calculated for plasma 

bounda ry condit ions typical in a days ide c u s p magnetic f lux tube. The 

J-cp character i s t ic of such a flux, tube changes when the temperatures of 

the warm magnetospher ic e lectrons and of the cold ionospher ic e lectrons 

are modified (see respect ive ly f i g s . 2 ,3 and f i g s . 5 ,^ ) ; it changes a lso 

when the relative dens i ty of the warm plasma is modified ( see f i g . 4 ) ; 

the presence of t rapped secondary electrons change s also the J-cp 

character i s t ic . The partial cu r ren t s contr ibuted by the warm and cold 

e lectrons, and by warm and cold ions are i l lustrated in f i g . 1. 

The dynamic character i s t ic of an electric c i rcu i t depends on the 

static character i s t ic of each component of the sys tem: i .e. the res i s t ive 

ionosphere, the return cu r ren t reg ion, and the reg ion of part ic le 

precipitat ion whose field a l igned cu r ren t / vo l t a ge character i s t i c s have 

been studied in th i s art icle. 



RESUME 

La  dens i té  du  couran t  a l igné  ( J t o t )  dans  le  champ  est  une  func t ion 

non- l inéa i re  de  la  différence;  potentiel le  ( c p ) app l iquée  ent re  l ' ionosphère 

et  la  magnétosphère .  Cette  fonct ion  non- l inéa i re  a été  ca lculée  pour  les 

condi t ions  limites  du  plasma  dans  un  tube  de  f l ux  magnét ique.  La 

courbe  ca rac té r i s t i que  (J-cp")  pou r  un  tel  tube  de  fo r ce  magnét ique  va r i e 

lo rsque  les  températures  des  é lect rons  magnétosphér iques  chauds  et  des 

é lect rons  ionosphér iques  f ro ids  sont  modifiées  ( c f .  f i gu r e s  2, 3 et  5, 

6 ) .  Elle  va r ie  également  lo rsque  la  dens i té  re lat ive  du  plasma  chaud  est 

modifiée  ( c f .  f i g .  4 ) .  La  p résence  des  é lect rons  seconda i res  p iégés  est 

une  aut re  cause  de  modif icat ion  de  la  ca rac té r i s t i que  C J-cp).  Les 

courants  part ie ls  t r anspo r tés  par  les  é lect rons  chauds  et  f r o i d s ,  ainsi 

que  par  les  ions  chauds  et  f ro ids  sont  i l l us t rés  par  la  f i g .  n° 1. 

La  ca rac té r i s t i que  dynamique  d ' un  c i r cu i t  é lec t r ique  dépend  du 

ca rac tè re  stat ique  de  chacun  de  ses  composants  : c . - à - d .  de  la 

rés i s tance  de  l ' i onosphère ,  de  la  rég ion  des  courants  de  re tour  et  de  la 

rég ion  de  préc ip i ta t ion  de  par t i cu les  dont  les  ca rac té r i s t i ques  ont  été 

étudiées  dans  cet  ar t i c le . 



S A M E N V A T T I N G 

De to ta le s t roomsne lhe id ( J ) e v e n w i j d i g aan het magneetve ld is een 

n i e t - l i n e a i r e f u n k t i e van het p o t e n t i a a l v e r s c h i l (q>) t u s s e n de ionosfeer 

en de magne tos fee r . Deze n i e t - l i n e a i r e f u n k t i e w e r d b e r e k e n d v o o r 

t y p i s c h e r a n d v o o r w a a r d e n voor het plasma in het CUSP-geb ied langs de 

d a g z i j d e . De k a r a k t e r i s t i e k e c u r v e (J-cp) in d i t geb ied is a f h a n k e l i j k van 

de t e m p e r a t u u r v a n de warme magnetos fe r i sche e l e k t r o n e n en de koude 

ionos fe r i sche e l e k t r o n e n (z ie f i g u r e n 2, 3 en 5, 6 ) ; z i j v e r a n d e r t nog 

wanneer de re la t ieve d i c h t h e i d van het warme plasma g e w i j z i g d w o r d t 

(z ie f i g u u r 4 ) . De aanwez ighe id van gevangen secondai re e l e k t r o n e n 

be ïnv loed ook nog de (J-<p) k a r a k t e r i s t i e k . De pa r t i ë le s t romen te w i j t en 

aan de warme en de koude e l e k t r o n e n , en aan de warme en de koude 

ionen worden in f i g u u r 1 g e ï l l u s t r e e r d . 

De dynamische k a r a k t e r i s t i e k van een e l e k t r i s c h e s t r o o m k r i n g is 

a f h a n k e l i j k van de s ta t i sche k a r a k t e r i s t i e k van e lk bes tanddee l van het 

sys teem; d . i . v a n de weers tand van de ionos fee r , van het geb ied van 

de t e r u g k e e r s t r o m e n , en van het geb ied waar in dee l t jes p r e c i p i t e r e n en 

waarvoo r de k a r a k t e r i s t i e k e n in d i t a r t i k e l b e s t u d e e r d w e r d e n . 



Z U S A M M E N F A S S U N G 

Die Dichtigkeit von dem ausger ichten Strom ( J t o t ) im Feld, ist eine 

nicht- l ineare Funktion der potentiellen Differenz (<p), angewend 

zwischen der Ionosphäre und der Magnetosphäre. Diese nichltineaire 

Funktion wurde berechnet für die L imitbedingungen von dem Plasma in 

einer Tube von magnetischem F luss . Die Charakter i s t ik (J-cp) fü r einer 

dergleichen Tube von magnetischer Kraf t ändert wenn die Temperaturen 

von den warmen magnetosphärischen Elektronen und den kalten 

ionosphärischen Elektronen ändert werden (c f . F iguren 2, 3 und 5, 6). 

Sie ändert auch wenn die relative Dicht igkeit von dem warmen Plasma 

ändert wird (c f . F igur 4). Auch die Anwesenheit von eingeschlossen 

sekundären Elektronen ist eine Ursache der die Charakter i s t ik (J-qp) 

ändern tut. Die partiellen Stromen, durch die kalten und warmen 

Elektronen, und auch durch die kalten und warmen Ionen gefördert , 

s ind i l lustriert in der F igur 1. 

Die dynamische Charakter i s t ik eines elektrischen Stromkreis ist 

äbhang ig von dem statischen Charakter von den Bestandteilen : mit 

anderen Worten, von dem Widerstand von der Ionosphäre, von dem 

Rückstromgebiet und von der Niederschlagszone von Partikeln wovon 

man die Charakter i s t iken in diesem Artikel bestudiert hat. 
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V 

1. INTRODUCTION 

Dayside cusp magnetic f lux tubes can be compared to diodes : the 

positively charged ionosphere is the anode, while the reservoir of warm 

magnetosheath particles is the cathode of the system. Like many types 

of electric components, such magnetospheric f lux tubes have non- l inear , 

( i . e . non-ohmic) current versus potential characteristics (see e . g . 

Knight [1973] , and Lemaire and Scherer [1974], Fridman and Lemaire, 

1980). These static characteristics of the magnetospheric system depend 

on the temperatures and densities of the collisionless electrons and ions 

spiralling along the magnetic field lines. Fridman and Lemaire [1980] 

studied the partial cur rent carried by precipitated auroral electrons. 

This partial current is dominant for field aligned potential differences 

larger than 50-100 Volts. For smaller values of this potential difference 

between the ionosphere and the magnetosphere, the cold electrons and 

ions escaping from the topside ionosphere contribute a large fraction of 

the total field aligned current density. The scope of this article is more 

general , than our previous work since it addresses also the cases when 

the escaping ionospheric electrons carry almost all the re turn current 

density, when the potential differences are small. 

2. THE KINETIC MODEL CALCULATION 

Consider a high- lat i tude magnetic f lux tube extending from the 

ionosphere (where the magnetic field intensity is B | ) up into the 

"plasma boundary layer" near the equatorial magnetopause. Along such 

a f lux tube, magnetosheath plasma is injected from time to time (Carlson 

and T o r b e r t , 1980). Af ter a t ransient , corresponding to the propagation 

time of impulsively injected ions down to the ionosphere, the magneto-

sheath electrons and ions are mixed with the cold plasma of ionospheric 

origin consisting mainly of electrons, oxygen ions and hydrogen ions. 
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I t wil l be assumed t h a t a q u a s i - s t a t i o n a r y f i e l d - a l i g n e d potent ia l d rop 

can develop between the low a l t i tude re fe rence level and t h e h igh a l t i -

t u d e equator ia l region where the magnetic f ie ld in tens i ty B ^ is reduced 

b y a fac tor equal to t h e mi r ro r rat io a = B ^ / B j . 

For each species in the ion-exosphere it is possible to def ine a 

d is t r ibu t ion funct ion ( e . g . a t r u n c a t e d Maxwel l ian) which has the same 

f i r s t o r d e r moments as the actual ve loci ty d i s t r i b u t i o n . For the magneto-

sheath part ic les th is Maxwel l ian ( c h a r a c t e r i z e d b y two parameters N and 

E re la ted respect ive ly to the dens i ty and the t e m p e r a t u r e at the 

re fe rence l e v e l ) , is t r u n c a t e d so t h a t t h e r e is no r e t u r n f l u x in the 

upward loss cone. Indeed , it is assumed t h a t each par t ic le wi th a 

m i r ro r point below the re fe rence level is lost by coll isions. On the o ther 

h a n d , part ic les which a re magnetical ly re f lected above th is leve l , do not 

cont r ibu te to the net paral lel f l u x , and a fo r t io r i t h e y do not con t r ibu te 

to the total f ie ld al igned electr ic c u r r e n t d e n s i t y . T h e r e f o r e , only 

magnetosheath electrons wi th p i tch angles in the downward loss cone 

yie ld a posit ive u p w a r d c u r r e n t d e n s i t y . A t the a l t i tude of the 

re ference level th is c u r r e n t dens i ty is g iven by (Lemaire and S c h e r e r , 

1971) 

m ij> - e (p e B 
EW.e 

l + ( a - l ) exp 
m (b - ecp 

e B 
a - 1 E 

W. e 

(1 ) 

where cp is the total e lectrostat ic potential d i f f e rence along the magnetic 

f ie ld l ine, e is the e lectr ic c h a r g e , m g the e lectron mass, and <|> is the 

grav i ta t iona l potent ial which can genera l ly be neglected for e lec t rons . 

T h e subscr ip t w . e stands for "warm e lect rons" . 

T h e magnetosheath protons , injected downward into the magnetic 

f l u x t u b e y i e l d , at the re ference level , a c u r r e n t dens i ty g iven by : 
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a / 2 

J = - e N . 
p p \ 2nm_ for ecp > - m <b 

P g 
(2) 

The flux of these protons is small and does not contribute s ignif i -

cantly to the total current density defined by : 

J. . = J + J + + + J tot . w.e p H+ 0+ c.e (3) 

The small parallel electric field resulting from the gravitational charge 

separation of the cold ionospheric electrons (c .e) and the heavy oxygen 

ions accelerates the hydrogen ions outwards and decelerates the iono-

spheric electrons. A s in the polar wind, the light hydrogen ions emerge 

from the ionosphere with a supersonic velocity and receive an additional 

acceleration through the large field aligned potential drop. Their contri-

bution to the current density is given by 

1/2 
v 

JH+
 = e NH A ^ T T J f o r e q , > ' v 

H g 
(4) 

and by 

1/2 

H"1 = eN H"1 

, 2 m v 

-1 a exp 
m 6 + ecp 
H g Y 

V 
l + ( a - l ) exp 1 -a 

m à + ecp 
H E 

V 
(5) 

for e cp â - nijj+ 0 
g 

The partial current carried by the upward flowing electrons is given 

by : 

a /2 

c . e eN I c.e exp 
m 0 - ecp 

e « 
E c. e 

l + ( a - l ) exp 1-a 

m 0 - ecp 
e 8 

c. e 

(6) 
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When ecp is much larger than the thermal energy of the cold ionospheric 

electrons, the deceleration is important, and the escape f lux is small. 

However, when e is smaller than or of the order of E , this f lux c. e 
becomes dominant. 

The oxygen ions are also accelerated outwards. However, at the 

altitude of the parallel electric field acceleration their density is general-

ly so small that their net upward f lux is negligible. Therefore , J Q + will 

be ignored in the following calculations. 

3. NUMERICAL STUDY OF THE FIELD ALIGNED CURRENT DENSITY 

The relative importance of the d i f ferent partial parallel current 

densities as a function of the total electrostatic potential dif ference 

along the magnetic field line in an ion-exosphere populated by cold 

electrons, oxygen and hydrogen ions, warm electrons and protons is 

i l lustrated in Fig. 1. The boundary conditions at the reference level, 

chosen at 1000 km, are summarized in Table 1. 

As in the case of non-ohmic conductors, the total electric current 

density J is a non-linear function of the field aligned electrostatic 

potential . When cp is much larger than ^ E £ however, J t o t is a linear 

function of cp. This property is clearly i l lustrated in Fig. 1 where the 

solid curve representing J
t o t / is a straight line for cp > 5 Volts. 

Fridman and Lemaire (1980) have already shown that the partial current 

carried by the warm electrons is a linear function of cp when e cp < 

E w g / a . For magnetosheath electrons, E^ g is equal to 60 eV ( i . e . 10 

times smaller than for plasmasheet electrons precipitating in auroral 

a rcs) , and therefore the l inearity of J w g (and consequently of J t o t ) 

breaks down for e cp > . E « 6 0 keV. B m w . e 

Note that the ohmic like behaviour of auroral field aligned currents 

was discovered experimentally by Lyons, Evans and Lundin (1979) and 

has been observed many time since. 
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FIELD-ALIGNED ELECTROSTRATIC POTENTIAL DIFFERENCE (V') 

Fig- 1•~ Partial and total field aligned currents in a dayside cusp magnetic 
flux tube as a function of the applied field aligned potential 
difference between the ionosphere and magnetosheath like plasma cloud. 
Plasma densities and temperatures used as boundary conditions are 
summarized in Table 1. 



TABLE 1. Parameters for the Standard Model 

Average energy (E ), temperature (T.) and number densities (n.) of J J J 

cold ionospheric electrons and ions at 1000 km altitude, of warm 

magnetosheath electrons and protons at high altitude. 

c. e 0 H s. e w. e 

E. 
J 

T. 
J 

0.258 

3000 

25000 n. 
J

 11 
F.( =0) +4.3x10 
J 

0.129 

1500 

2000 

0.258 

3000 

5000 

+ 4x10 
8 

40 

4.5x10" 

0 

0 

60.3 

7xl0
5 

10 

293 

34x10" 

10 

eV 

K 

cm 
-3 

•1.3xl0
9

 -6.7xl0
7 

cm 
- 2 

F. is the flux for each constituent when the electric potential diffe-

rence ( c p ) is forced to be equal to zero. The parameters N^ are related 

to j the actual number densities (n^) by normalisation factors described 

elsewhere (Lemaire and Scherer, 1971). 
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A t small va lues of the partial c u r r e n t J,, is l a rger than J 
H+ w.e 

The c r o s s - o v e r potential ., where J = J , can eas i ly be obta ined 
I H T W. 6 

from eqs ( 1 ) and ( 4 ) . For the b o u n d a r y condi t ions g i v e n in Tab le 1, 

one obta ins cp = 32 Volt . On the other hand , there ex i s t s jus t one 

value cpQ of the electrostatic potential, for which the total field a l i gned 

c u r r e n t v an i she s . In the model cons idered here, th i s va lue is : cp = o 
1.6 Vol t . 

When <p tends to <p , the downward c u r r e n t carr ied b y the escap ing 

ionospher ic electrons balances the upward c u r r e n t which is mainly due 

to outward f lowing H + ions. The ear ly hydrodynamic and kinetic polar 

wind model were based on the assumpt ion that the net field a l i gned 

cu r ren t was zero ( B a n k s and Holzer, 1969, Lemaire and S c h e r e r , 1970). 

T h i s condit ion was used expl ic itely by Lemaire and Schere r (1970, 1973) 

to determine the field a l igned potential d i f ference along open magnetic 

field l ines. 

In the present model the s h a r p decrease of J in the v ic in i ty 

of cpQ is due to the h i gh sens i t i v i ty of J c to the small change of the 

electrostatic potential barr ier that the ionospher ic electrons with 

energ ies between 0.1 and 1.0 eV have to overcome in o rder to escape. 

T h e cu r ren t which is t r anspor ted by the cold electrons of ionospher ic 

o r i g in is i l lustrated b y the dashed c u r v e in f i g . 1. 

F ig . 2 shows the total cu r ren t dens i ty J v e r s u s the appl ied 

potential d i f ference for three d i f ferent velocity d i s t r ibut ions of the 

warm electrons co r re spond ing to T w = 14 x 10^ K ; 7 x 10^ K and 

3.5 x 105 K ( i . e . E w = 120 eV ; 60 eV and 30 e V , re spec t i ve l y ) . T h e 

static character i s t i c s plotted in f i g . 2, for magnetospher ic c u s p field 

lines are similar to those deduced earl ier by Lemaire and Schere r (1974) 

for the n i ght s ide auroral field l ines. The extension of these 

character i s t ics into the negat ive cu r ren t domain is shown in F i g . 3. 

When the electrostatic potential becomes smaller than cp , the potential 
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F i g . 2.- Influence of a change in the temperature (T^ = 3.5 x 10 ; 7 x 10 ; 

14 x 10^K) of warm magnetospheric electrons on the Jtot - c p 

characteristic of a dayside cusp magnetic flux tube. The other number 

densities and temperatures are summarized in Table 1. Note the non 

linearity of the characteristics except in a limited range of the 

potential difference. 
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F i g . 3.- Extension of the characteristic curves of fig. 2 , for field aligned 

potential differences smaller than 1.6 V o l t . Note the large negative 

(return) current densities obtained at small values of the. potential 

difference. 
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b a r r i e r for the cold ionospheric electrons is reduced and the i r escape 

f lux is drast ica l ly enhanced. For small f ie ld al igned electrostat ic 

potential d i f ferences ( 0 . 5 e V ) the c u r r e n t car r ied by the cold e lectrons, 

is at least two o rders of magnitude g r e a t e r than the par t ia l c u r r e n t s 

car r ied by the other const i tuants . 

For a vanishing electrostat ic potent ia l , the escape f lux of the 

ionospheric electrons is g iven by the Jeans evaporat ion f lux formula for 

neutra l part ic les of mass m e , f lowing out of the Ear th 's grav i ta t ional 

f ie ld . Hence the maximum for the electron escape f lux is approximate ly 

g iven hy 
, 1 / 2 

App ly ing the boundary condit ions in Table 1 yields a downward c u r r e n t 
2 

of - 0 . 7 mA/m . Field al igned c u r r e n t s of such a large dens i ty have 

never been observed in the magnetosphere. Moreover , since j j q
j = 

( c u r l B ) , such a large paral lel c u r r e n t s would cause an angular 

change in the magnetic f ield d i rec t ion , g rea te r than 1 . 5 ° per km in the 

direct ion of E .̂ Th is is almost two orders of magnitude g rea te r than the 

normally observed spatial changes of the magnetic declination angles at 

1000 km a l t i tude . As a consequence it can be concluded that actual f ie ld 

al igned electron f luxes are always much smaller than the Jeans escape 

f lux ( 7 ) and t h a t is never equal to zero or negat ive . 

Outside the areas where warm magnetospheric electrons are i 
accelerated and prec ip i ta ted into the atmosphere, the r e t u r n c u r r e n t s 

t r a n s p o r t cold thermal ionospheric electrons out of the ionosphere. It is 

clear from f igs . 1 and 3 , t h a t a sl ight reduct ion of the electrostat ic 

potential below cpQ is enough to d rag out of the ionosphere the large 

r e t u r n c u r r e n t requ i red to close the magnetosphere- ionosphere electr ic 

c i rcu i t . 
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In regions where negative return currents flow downwards i.e. for 

cp < cpQ, the Ohmic form of the (J - cp ) characteristic is no longer val id. 

Indeed, from f ig . 3, it can be seen that the absolute value of the 

current increases when the potential decreases. Th i s is clearly in 

contradiction with Ohm's law according to which the total current is 

directly proportional to the electrostatic potential. 

Furthermore, it is not necessary to assume, as in the models of 

Chiu et al. (1981), that the field aligned potential difference changes 

s ign when the electric current reverses direction at the frontier of the 

precipitation region and the return current area. The extension of the 

characteristic curves into the negative potential domain, would g ive 

much too large return current densities as can be deduced from Fig. 3. 

Indeed, if the potential became negative ( i .e. if the ionosphere were at 

a negative potential with respect to the magnetosphere) all the thermal 

electrons of the ionosphere would be accelerated out of the ionosphere, 

and all the ions would be precipitated. Th i s process mechanism would 

build up an inversely directed charge-separat ion electric field opposing 

the applied negative field aligned potential. 

In f ig . 4 the (J - cp ) characteristics are plotted for 4 different 
-3 -3 -3 densities of the magnetosheath particles i.e. : 5 cm , 10 cm , 20 cm 

-3 

and 50 cm . Since, J ^ is directly proportional to the magnetosheath 

electron density, the total parallel electric current is enhanced when 

the warm electron density is increased. 

Figure 5 illustrates the influence of an increase of the temperature 

of the ionospheric electrons corresponding to an increase of the para-

meter T c from 2000 K to 6000 K. A larger average thermal velocity of 

the cold electrons enhances their escape f lux. A larger potential cpQ, 

corresponding to the zero-current condition, is then needed to reduce 

J c so that it becomes comparable to the current carried by the up -

ward accelerated cold ionospheric ions. On the contrary, when the 

temperature of the hydrogen ions increases, the value of cp is de-



F i g . 4.- Influence of a change in the number density (n^ ^ and n^ = 5 ; 10; 20; 

50 cm of the warm magnetospheath plasma on the J-cp characteristic of 

a dayside cusp magnetic flux tube. The other number densities and 

temperatures are summarized in Table 1. Note the enhancement of J t t > 

the total current ( ^ o t ^ resulting from the increased precipitation 

flux of warm electrons. 
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2 3 A 5 6 7 

FIELD-ALIGNED ELECTROSTATIC POTENTIAL DIFFERENCE (V) 

Fig- 5.- Influence of a change in the cold electron temperature (T = 2000: 
c.e ' 

3000; 4000; 5000; 6000 K) on the J- characteristic of a dayside cusp 

magnetic flux tube. The other number densities and temperatures are the 

same as for the standard model (see Table 1). Note that the value of 

the field aligned potential for which the total current vanishes, 

increases when the temperature of the ionospheric electrons is in-

creased . 



creased sl ight ly. This is shown in Fig. 6 for the parameter values T H + 

= 1500 K, 3000 K and 6000 K. 

The (J - cp ) characteristic of open magnetospheric f lux tubes can 

also be modified by the fluxes of the heavier ions, such as H e + + , 

present in the magnetosheath plasma, or 0 + which is the major 

constituent in the ion-exosphere below 2000 - 3000 km alt i tude. 

The value of J,, ^ is always a small fraction of J , and is He++ p O 
generally much smaller than However, when the height of the 

electrostatic shock is below 2000 - 3000 km, the number of 0 + ions 

which are accelerated can exceed the f lux of the H + ions, but both 

ionospheric ion-fluxes remain negligible compared to the partial current 

carried by magnetosheath electrons impulsively injected in the dayside 

cleft ionosphere. 

The (J - cp) characteristics of open magnetospheric f lux tubes can 

also be modified by the presence of secondary electrons in the zone of 

particle precipitation. To evaluate the effect of these backscattered 

electrons, we assumed that they escape with a Maxwellian velocity 

distribution - the downward loss cone being empty - and that they have 

lost half of the kinetic energy they had before penetrat ing into the 

atmosphere. The net downward current ( J g ) t ransported by these 

backscattered secondary electrons can then be calculated by means of 

eq. ( 6 ) where E is replaced by E and N by N . I n f ig . 7 0*6 S.6 C•6 S•6 

the dashed characteristic has been obtained by assuming that N g = 0 , 

and therefore Jg = 0; the solid curve shows the total field aligned 

current ( including J ) when N = 5 cm E = 4 0 eV, the other s.e s .e s .e 
boundary conditions being the same as those of Table 1. The addition 

of a population of secondary electrons reduces the total upward cur rent 

density. 
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I 

FIELD-ALIGNED ELECTROSTATIC POTENTIAL DIFFERENCE (V) 

Fig. 6.- Extension of the t ) characteristics of fig. 5 , for higher values 

of the field aligned potential <p. Note the increase of the total upward 

current when the partial (down ward) current carried by the ionospheric 

electrons is enhanced with T 
c. e 
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Fig. 7.- Effect of secondary electrons on the J-cp characteristics of a dayside 
magnetic flux tube. The dashed line corresponds to the standard model 
in which non secondary, electrons were taken into account. The solid 
line illustrates the results When secondary electrons of 40 eV average 

-3 
energy are assumed to have a density of ng . = 5 cm at the 1000 km. 
Note that the presence of escaping secondary electrons reduces the 
total upward current for values of the potential difference which are 
not much larger than the average energy of these additional outflowing 
electrons. 
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4. DISCUSSION AND CONCLUSIONS 

Stationary solutions fail to be quasi-neutral when the field aligned 

potential exceeds a critical value (see e . g . : S tern , 1981). When cp 

exceeds this critical value, there is a multiplicity of d i f ferent solutions 

corresponding to the same boundary conditions. The system is then 

probably unstable, and can jump or oscillate from one solution to 

another. Not all these solutions are quasi -neutral . The partial and total 

electric current densities are the same, however, since the boundary 

conditions in the ionosphere remain unchanged. Therefore , the 

characteristic curves described above are appropriate even when the 

parallel electric field becomes non-stationary in the electrostatic shock 

region. A non-stationary electric potential distribution is likely to 

develop electrostatic turbulence in the region of oscillating shocks or 

double layers. Magnetospheric electrons can be scattered while they 

traverse the acceleration region as a result of interaction with the 

electrostatic waves generated at the shock. I t is generally assumed that 

the magnetic moment of the electrons and ions is conserved dur ing the 

traversal of the narrow region where they are accelerated by a large 

parallel electric f ie ld. Nevertheless this can fail to be t rue when the 

electrostatic waves have a large amplitude in the direction normal to the 

magnetic field direction. In his case the perpendicular energy of the 

t raversing particles may be modified, and their magnetic moment will 

then be changed non-adiabatically. As a result of this non-adiabatic 

pitch angle scattering, the net f lux of precipitated magnetospheric 

electrons will be reduced. Indeed, strong wave particle interactions 

reduce J w ( i ) by scattering particles into the upward directed loss 

cone which has been assumed empty in the present calculations and ( i i ) 

by increasing the small pitch angles of precipitating electrons so that 

they become trapped. 

The effects of wave-part icle interactions, or of the contribution of 

J Q + to the field aligned f luxes, are corrections which still have to be 

worked out quanti tat ively. Nevertheless, the values of the fluxes 
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deduced within the framework of an ideal collisionless kinetic theory are 

adequate zero order approximations, good enough to facilitate a grasp 

of the basic physical processes involved, and appropriate to i l lustrate 

the effect of a change in the boundary conditions in the ionosphere or 

in the magnetosphere. 

A magnetic f lux tube in which currents flow out of the ionosphere 

into a hot magnetospheric plasma cloud constitutes a non-ohmic com-

ponent of a global circuit . The DC potential generator is at high alt i -

tude, the load is the ionosphere where the transverse Pedersen 

currents flow horizontally through a resistive medium. The return 

current flowing outside the precipitation region forms another non-ohmic 

part of the magnetosphere-ionosphere electric system. This circuit has 

dynamic characteristics which di f fer from the static characteristics 

discussed in the present paper. 

The perpendicular electric fields produced by the magnetospheric 

generator ( e . g . the V x 5 field of a moving plasma cloud, or the 

charge separation electric field between two plasma regions of d i f ferent 

temperature) are due to potential differ*encies (<P|y|) between adjacent 

magnetic field lines; qp^ is equal to the sum of ( i ) the field aligned 

potential in the precipitation zone (qp), ( i i ) the potential drop along 

field lines in the return current area (cp* ~ 1 - 1 .5 Vo l t ) , and ( i i i ) the 

ionospheric potential difference between these field lines (cp(). The net 

field aligned current J increases when cp^ increases. The curve 

J (qp ) is the dynamic characteristic of the system. But since cp̂  is 

not equal to qp, this dynamic characteristic of the circuit di f fers from 

j^ot(cp), the static characteristic corresponding to one isolated f lux tube 

which is only one single component of the global magnetosphere-iono-

sphere circuit . 
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