
I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX-616-68-345 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ 

PREPRINT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 THE GEOMAGNETIC TAIL 

NORMAN F. N E S S  

, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 
\ 

GPO PRICE $ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

/ CSFTI PRICE(S) $ 
‘ I  a 

1%. I 

, -  

, 
SEPTEMBER 1968 2, L r n  

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl d x  

‘, Hard COPY (HC) - 
\ 

Microfiche zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(M F) 

ff 653 July 65 

GODDARD SPACE FLIGHT CEN 
GREENBELT, MARYLAND 

6 , 

\ 



Norman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF. Ness 
Laboratory for Space Sciences 

NASA-Goddard Space Flight Center 
Greenbelt, Maryland 

September zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1968 

THE GEOMAGNETIC TAIL 



- 1 -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
In t roduc t ion  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 -  The s o l a r  wind i n t e r a c t i o n  wi th the  geomagnetic f i e l d  leads  

t o  a number of d i s t i n c t i v e  and s i g n i f i c a n t  phenomena. 

of these i's t he  format ion of an extended geomagnetic t a i l  and 

imbedded plasma sheet .  

geomagnetic t a i l  i s  roughly p a r a l l e l  o r  a n t i - p a r a l l e l  t o  the ea r th -  

sun l i n e  o r  equ iva len t ly  the  d i r e c t i o n  of s o l a r  wind flow. 

5 years ago the  f i r s t  d i r e c t  measurements of these phenomena i n  s i t u  

were begun sys temat ica l l y  and s ince t h a t  t i m e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa g r e a t  weal th of 

experimental evidence has been co l lec ted  de f in ing  the  phys ica l  

p roper t i es  and dynamics of the  geomagnetic ta i l .  There is  as y e t  

no agreement on the  s p e c i f i c  physical  process which forms the  ta i l .  

This  paper  summarizes the  experimental observat ions wi th  re fe rence 

The most unique 

The o r i e n t a t i o n  of the  f i e l d  l i n e s  i n  t h e  

Approximately 

- 

- t o  t h e  seve ra l  t h e o r e t i c a l  models proposed (see  review by Dungey, 1968).  

Figure 1 i l l u s t r a t e s  both the  geometry of the geomagnetic t a i l  and 

the  e a r t h ' s  bow shock i n  c i s luna r  space and the o r b i t s  of those 

s a t e l l i t e s  which have s t i d i e d  t h e  geomagnetic ta i l .  
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Unl ike the  r a d i a t i o n  b e l t s ,  it cannot be s a i d  t h a t  t he  geomagnetic 

Piddington (1960), in a study of t h e  t a i l  was unexpected theo re t i ca l l y .  

phenomena of geomagnetic storms,suggested t h a t  t he  main phase decrease 

of the  t e r r e s t r i a l  f i e l d  w a s  assoc ia ted  w i th  the  format ion of a 

magnetic t a i l  extending from the  e a r t h  on the  n ight  s ide .  A t  t h a t  

t i m e ,  t he  s o l a r  wind was not considered t o  be a continuous f l u x  of 

plasma from the  sun so such a magnetic t a i l  was thought t o  be only 

a temporary d i s t o r t i o n  of the  geomagnetic f i e l d .  

Subsequently Johnson (1960) considered the  e f f e c t  of a continuous 

f l u x  of rap id ly  moving h igh ly  conducting s o l a r  plasma. 

t h a t  t he  p r inc ipa l  e f f e c t  would l e  t o  deform the  geomagnetic f i e l d  

and conf ine it t o  form roughly a cear drop shape w i th  a f r o n t  t o  

back r a t i o  of approximately 1 t o  6. H e  suggested t h a t  t he  t a i l  f i e l d  

l i n e s  would not be drawn out  t o  i n f i n i t y  al though the  poss ib le  presence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of hydromagnetic waves o r  o the r  energy sources might open the  t a i l  

of the  tear drop and thus modify the  confinement of t h e  f i e l d  t o  

extend t h e  t a i l  f u r the r .  

H e  proposed 

This suggest ion w a s  d iscussed by Dessler (1964) i n  a s tudy  of 

the length  of the  magnetospheric ta i l .  H e  concluded t h a t  t h e  

minimum length would be 100 

examining poss ib le  sources of i n t e r n a l  p ressu re  concluded t h a t  

hydromagnetic wave r a d i a t i o n  pressure  a lone was adequate t o  prevent  

the t a i l  from c los ing  before t h e  te rmina t ion  of t h e  e o l a r  wind, a t  

20 t o  50 AU. 

and suggested t h a t  100 RE w a s  probably more near l y  c o r r e c t .  

(%=Earth Radius zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 6378.1 Km) and 

Dungey (1965) regarded such leng th  estimates as unreasonable 

. 

H i s t o r i a l  Review 
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. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Experimental s t u d i e s  of t he  d i s t a n t  geomagnetic f i e l d  i n  the  

context  of the  geomagnetic t a i l  were begun by t h e  Explorer 6 s a t e l l i t e  

(Smith e t  a l . ,  1960: Sonet t  e t  a l . ,  1960) i n  1959 w i th  d e t a i l e d  

mapping of two components of the geomagnetic f i e l d  between 2-7.5 R . 

The measurements from Explorer 6 were performed over an azimuth 

range r e l a t i v e  t o  t h e  ear th-sun l i n e  of  approximately 60 

Large decreases i n  the  magnetic f i e l d  were de tec ted  a t  g r e a t  d i s tance  

from the e a r t h  and were i n i t i a l l y  in te rpre ted  as represent ing  the  

magnetic e f f e c t s  of a l a rge  s c a l e  permanent r i n g  cur ren t  located a t  

a geocent r i c  d i s tance  of 10 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR E .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
b zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 0 t o  150 West. 

I n  1961 t h e  Explorer 10 spacecraf t  performed vec to r  magnetic 

f i e l d  measurements from 2 t o  40 

135' West of the  ear th -sun l i ne .  

geomagnetic f i e l d  w a s  observed beyond 10 RE (Heppner et  a l . ,  1963) wi th  an 

increased magnitude and a steady o r ien ta t i on  noted. N o  evidence was 

found f o r  t h e  prev ious ly  repor ted r ing current .  Subsequent re-examination 

of t h e  e a r l i e r  Explorer 6 d a t a  (Smith, 1962: Smith e t  a l . ,  1964) 

ind ica ted  t h a t  those r e s u l t s  were cons is ten t  w i th  d a t a  from 

Explorer  10 only  w i th in  the  framework of an extended geomagnetic t a i l  

f i e l d  on the  n igh t  s i d e  of t he  earth.  

along a t r a j e c t o r y  a t  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A s i g n i f i c a n t  d i s t o r t i o n  of the  - 

From measurements of energet ic  p a r t i c l e s  on Explorer 12 Freeman 

(1964) concluded t h a t  t he re  ex is ted  a s t rong day n ight  asymmetry i n  the  

s p a t i a l  d i s t r i b u t i o n  of ene rge t i c  e lect rons a t  a l t i t u d e s  l e s s  than 

13.. 1 D The f i r s t  geocentr ic  s a t e l l i t e  t o  provide a lnss t  a fuii one 

year  s tudy of the  e a r t h ' s  environment was Explorer 14 i n  

1962-1963, wi th  an apogee of 15.9 5 .  
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An enhancement on the  n ight  s i d e  of the  e a r t h  as shown i n  F igure 2 

was studied by Frank (1964). 

detected a st rong d i s t o r t i o n  of the geomagnetic f i e l d  near  the  

midnight meridian p lane both i n  d i r e c t i o n  and magnitude. 

of these r e s u l t s  i s  presented i n  Figure 3 (Cah i l l ,  1966) which shows 

the  non-dipolar geometry of t he  observed geomagnetic f i e l d .  These 

r e s u l t s  suggested the  ex is tence of a t a i l  t o  the  magnetosphere but  

d id  not provide d a t a  from s u f f i c i e n t l y  l a rge  d i s tances  t o  d e t e c t  

the  f u l l y  developed geomagnetic ta i l .  

On the  same sa te l l i t e ,  Cah i l l  (1964a) 

A summary 

Prel iminary r e s u l t s  from the  Vela sa te l l i t e  on the  d i s t r i b u t i o n  

of energet ic  e l e c t r o n  f luxes  on the  n igh t  s i d e  of t he  e a r t h  a t  a 

geocent r i c  r a d i a l  d i s tance  of 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE were presented by Singer  e t  a l . ,  

(1965). These d a t a  confirmed the  ear l ier  r e s u l t s  obtained ind i ca t i ng  

the  ex is tence o f  an enhanced p a r t i c l e  f l u x  on the  n igh t  s i d e  

of the ea r th  and suggested t h a t  t h i s  broad reg ion extended from the  

boundary of the  trapped r a d i a t i o n  b e l t s  t o  s a t e l l i t e  apogee-perigee, 

both zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 16 RE. 

On the b a s i s  of these experimental r e s u l t s ,  Axford e t  a l . ,  (1965) 

and Dessler and Juday (1965) proposed separa te  models of t he  format ion 

of a permanent geomagnetic t a i l .  

two models,shown i n  F igure 4,  is the  p r e d i c t i o n  of a p lasma - 

neu t ra l  sheet and merging a t  a neu t ra l  l i n e  i n  t h e  work of Axford e t  a l . ,  

as shown i n  the  upper diagram. 

of the component of the  magnetic f i e l d  perpend icu la r  t o  t h e  n e u t r a l  

sheet  reverses d i r e c t i o n .  

The s i g n i f i c a n t  d i f f e rence  i n  the  

magnetic 

Beyond t h e  n e u t r a l  l i n e ,  t h e  d i r e c t i o n  
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Dessler and Juday (1965) proposed a model f o r  the  geomagnetic 

t a i l  w i th  neg l i g ib le  merging based upon the  argument t h a t  t he  conduct iv i ty  

of t he  plasma was s u f f i c i e n t l y  high t o  i n h i b i t  merging and ann ih i l a t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
sf zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf L d Z  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAliiies. T k l r  model is shown i n  the  lower ha l f  of Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i n  

which the  neu t ra l  sheet  is  represented by the  hor izon ta l  l i n e  and 

was proposed t o  extend t o  the terminat ion of  the  s o l a r  wind boundary. 

The geometry of t he  t a i l  t ransverse t o  the t a i l  axis w a s  suggested 

by both groups t o  be i n  t h e  form of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 wi th  t h e  ho r i zon ta l  bar  

represent ing  t h e  sur face  separat ing oppos i te ly  d i rec ted  f i e l d s .  

The ex is tence of a neu t ra l  l i ne  i n  the  geomagnetic t a i l  w a s  suggested 
I 

ear l ie r  by Dungey (1961). 

magnetic f i e l d  experiment, which ind icated the  ex is tence of an i n t e r -  

I n  studying the  r e s u l t s  of t he  Pioneer 5 

- p lanetary  magnetic f i e l d  component perpendicular t o . t h e  e c l i p t i c  plane 

(Coleman e t  a l . ,  1960), Dungey concluded t h a t  t he re  would be two 

c h a r a c t e r i s t i c a l l y  d i f f e r e n t  conf igurat ions t o  the geomagnetic f i e l d  

as t h e  r e s u l t  of t h e  in terconnect ion of i n te rp lane ta ry  and geomagnetic 

f i e l d  l i nes .  I n  the  case of opposi te ly  d i rec ted  f i e l d s ,  a neu t ra l  

po in t  developed on t h e  sunward s ide  of t he  e a r t h  and a n e u t r a l  l i n e  

on t h e  n igh t  s ide .  

I n  a recen t  review of the  large s c a l e  e l e c t r i c  f i e l d  i n  the  

magnetosphere , Obayashi and Nishida ( 1968) have summarized the  var ious  

t h e o r e t i c a l  models which have been proposed f o r  t he  magnetosphere. 

The d i s t i ngu ish ing  fea tu re  o f  the  d i f f e r e n t  models i s  based upon 

whether o r  not t he  magnetosphere i s  e l e c t r i c a l l y  sh ie lded from 

i n t e r p l a n e t a r y  space so t h a t  bulk motion of plasma across  the  magnetopause 
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is prohib i ted.  Both of  t h e  models shown i n  Figure 4 correspond t o  

a shie lded magnetosphere i n  which the  e f f e c t  of the i n te rp lane ta ry  

magnetic f i e l d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis ignored. Unshielded models of the  magnetosphere 

have been proposed by AlfGen (1964) and Dungey (1963) i n  which the  

in te rp lanetary  e l e c t r i c  f i e l d  is  imposed on the  magnetosphere. 

The mechanism for t he  format ion of t he  geomagnetic t a i l  s i m i l a r l y  

d i f f e r s  between the  models proposed. Axford and Hines (1961) proposed 

t h a t  a v iscous- l i ke  i n t e r a c t i o n  is  e f f e c t i v e  on the  magnetosphere 

boundary f o r  momentum t r a n s f e r  from the  s o l a r  wind. This then extends 

the geomagnetic f i e l d  on the  n ight  s i d e  of t he  ear th .  I n  the  case 

of the  model o f  Dungey and Levy, Petschek and Siscoe (1964),  merging 

of t he  i n te rp lane ta ry  and geomagnetic f i e l d s  occurs on the  s u n l i t  

hemisphere of t he  magnetosphere and f i e l d  l i n e s  are c a r r i e d  convect ive ly  

t o  the  night s i d e  of the e a r t h  forming the  extended geomagnetic ta i l .  

Parker ,  (1967) has s tud ied the  equ i l ib r ium of the  magnetopause boundary 

and concluded t h a t  no s t a b l e  conf igura t ion  i s  poss ib le  on a small  l eng th  

sca le .  This nonequil ibr ium leads t o  a mixing of geomagnetic l i n e s  of 

fo rce  w i th  the s o l a r  wind and thus produces a ' v i scous '  drag as the  p lasma 

f lows along t h e  magnetopause. The e ros ion  of f i e l d  l i n e s  proceeds a t  a 

rate whereby the  e n t i r e  t a i l  would be formed i n  on ly  103-105 seconds. For 

ear l ier  reviews of the  theory of t h e  magnetosphere and r e l a t e d  experiments 

the  reader  is referenced t o  the work of Obayashi (1964) and C a h i l l  (1964b). 
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Resu l ts  from IMP-1: 1964 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I '  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA comprehensive survey of the  geomagnetic f i e l d  boundary, d e t a i l e d  

measurements mapping tne e a r t h ' s  magnetic ta i l  and the  discovery of 

the imbedded neu t ra l  sheet  were performed i n  1964 by the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIMP 1 s a t e l l i t e  

(Ness, 1965). These d a t a  showed t h a t  t h e  geomagnetic f i e l d  extended 

out  f a r  out behind the  e a r t h  to  s a t e l l i t e  apogee, 31.4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR E ,  a d is tance 

ha l f  way t o  the  moon. A sample of the  measurements obtained is  shown 

i n  Figure 5 from o r b i t  number 41, t ha t  o r b i t  c l oses t  t o  the midnight 

meridian plane. The r e s u l t s  a r e  presented i n  s o l a r  e c l i p t i c  coord inates 

and demonstrate the  remarkable fea ture  t h a t  beyond 12 RE the  magnetic 

f i e l d  is  or ien ted  p a r a l l e l  t o  the  earth-sun l i n e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 0  = O o ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ = O O ,  180°) 

.- wi th  sense e i t h e r  towards (d  = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0') or  away (Q  = 180') from the  sun 

depending upon whether o r  not t h e  s a t e l l i t e  is  above o r  below a 

magnet ical ly neu t ra l  sur face i den t i f i ed  as the  neu t ra l  sheet .  

The magnetic neu t ra l  sheet  was observed t o  be r e l a t i v e l y  t h i n ,  

on the s c a l e  of a f r a c t i o n  of an ea r th  rad ius  th ick.  It should be 

noted t h a t  it is  not  poss ib le  from a s i n g l e  satel l i te observat ion t o  

uniquely determine a separa t ion  of space a d  t ime v a r i a t i o n s  wi thout 

an a p r i o r i  assumption as t o  the  invar iance of e i t h e r  the  s t r u c t u r e  

o r  t h e  motion. 

t h e  f i e l d  reve rsa l  which is  used t o  determine the  e f f e c t i v e  th ickness 

of t h e  region. 

geomagnetic f i e l d  ext rapolated using a simple geocentr ic  d ipo le.  

I n  add i t ion  it i s  necessary t o  consider the  model of 

The dashed l i n e s  i n  t h i s  f i gu re  represent  the  t h e o r e t i c a l  
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The presence of a f i e l d  reversal impl ies the  ex is tence of a 

plasma sheet and an elect r ic  cur ren t  assoc iated w i th  the  s p a t i a l  

g rad ien t  of the magnetic f i e l d .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA d e t a i l e d  study of t he  IMP 1 n e u t r a l  

sheet  cross ings by Speiser  and Ness (1967) has y ie lded the  equiva lent  

cur ren t  magnitude and d i r e c t i o n  necessary t o  form a phys ica l l y  

cons i s ten t  model of t h e  f i e l d  reversa l .  These cur ren ts  are der ived 

from t h e  cur l  of t he  magnetic f i e l d ,  J zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= vx H,  with the  assumption 
-# + 

t h a t  t he  geometry of t he  neu t ra l  sheet  is a two dimensional sheet .  

An i n t e r e s t i n g  f e a t u r e  of these observat ions has been the  

i d e n t i f i c a t i o n  of mu l t ip le  cross ings of t h e  neu t ra l  sheet  dur ing a 

s i n g l e  s a t e l l i t e  pass. This i s  i n te rp re ted  t o  represent  motion of 

t h e  neut ra l  sheet  r e l a t i v e  t o  the  sa te l l i t e .  Inspec t ion  of F igure 5 

w i l l  show t h a t  on May 3 a t  a d is tance  of 28 RE (a t  0600) the  n e u t r a l  

sheet  probably passed over t h e  s a t e l l i t e  twice w i th in  one hour. On 

occasions, ind iv idua l  cross ings of t h e  n e u t r a l  sheet  are observed t o  

occur a t  24 hour i n t e r v a l s .  This can be r e a d i l y  understood i n  terms 

of the d iu rna l  motion of the  e a r t h ' s  magnetic d ipo le  axis and t h e  

accompanying o s c i l l a t i o n  of the  o r i e n t a t i o n  of t h e  neu t ra l  sheet .  

I n  order t o  take  these f a c t o r s  i n t o  account,  Ness (1965) 

introduced a s o l a r  magnetospheric coord inate system i n  which t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAXZ 

plane is determined by the  ear th-sun d i r e c t i o n  and t h e  magnetic 

d ipo le  axis of  t h e  ear th .  

by the  IMP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 s a t e l l i t e  i n  the  geomagnetic t a i l  are shown i n  F igure 6. 

A sumary  of t he  vec to r  measurements obta ined 

The pos i t ion  of t he  neu t ra l  sheet  c ross ings  on o r b i t s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44-47 are a l s o  

ind icated.  These d a t a  show t h a t  t he  n e u t r a l  sheet  w i l l  be located 
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above the  s o l a r  magnetospheric equa to r ia l  p lane i n  the  nor thern 

hemisphere summer and correspondingly below i t  i n  t h e  winter .  

i s  because the  o r i g i n  of the neut ra l  shee t  does not begin a t  t h e  

e a r t h  but a t  t he  geomagnetic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAequat_or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1-t 1 d j c t i ~ ~ e ,  nf g p p y c ? ~ h ~ ~ ~ ~ - ~  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ 

10 RE (Murayama, 1966; Russel l  and Brody 1967; Speiser  and Ness 

1967). It is  p resen t l y  bel ieved t h a t  t he  n e u t r a l  sheet  is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgensral ly 

approximately p a r a l l e l  t o  the  so la r  magnetospheric equa to r ia l  p lane 

but located a t  a d is tance  from the  p lane which depends upon the  

"angle of attack" of the  s o l a r  wind on the  geomagnetic f i e ld ,XSS.  

T h i s  

P a r t i c l e  measurements on t h e  IMP 1 sa te l l i t e  by Anderson (1965) 

showed the ex is tence of in tense t rans ien t  b u r s t s  of e l e c t r o n  f l uxes  

(Ee > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45 kev) w i th  rap id rise and slow decay. 

o f  t h e  frequency of occurrence of these events ,  c a l l e d  e l e c t r o n  

i s lands ,he  concluded t h a t  it decreases w i th  increas ing d i s tance  

down the  geomagnetic t a i l  axis. Murayama (1966) i n  a separa te  

a n a l y s i s  of e l e c t r o n  f luxes (Ee >160 kev) measured on t h e  same 

sate l l i te ,was not  ab le  t o  confirm t h i s  r a d i a l  dependency. Because the  

s a t e l l i t e  motion r a d i a l l y  was so highly co r re la ted  w i th  the  motion 

t ransve rse  t o  t h e  neu t ra l  sheet ,  he concluded t h a t  t hese  events  

tended t o  occur more f requent ly  closer t o  the  n e u t r a l  sheet .  

I n  the  s p a t i a l  ana lys i s  

- 

" 

A sample of t he  e l e c t r o n  is land events  observed by IMP 1 is pres-  

ented i n  F igure 7. Simultaneous measurements w i th  the  magnetic f i e l d  

are a l s o  shown and ind i ca te  t h a t  f requent ly  the  e l e c t r o n  events  are 

assoc ia ted  w i th  l a rge  depress ions of t h e  magnetic f i e l d .  

o f  t h e  diamagnet ic e f f e c t s  of the observed e lec t rons  shows t h a t  they 

A ca icu ia t i on  
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represent  about only one percent  of t he  plasma energy requi red 

t o  decrease t h e  magnetic f i e l d  s t reng th  by the  observed value. 

evidence is obtained t h a t  the  i s land  events  a r e  due t o  e lec t rons  w i th  

energy considerably below the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45 kev threshold of the  ge iger  counters  

instrumented f o r  t hese  s a t e l l i t e s . T h e  source of these par t ic les is  

unknown. They could represent  r a d i a t i o n  b e l t  p a r t i c l e s  l o s t  t o  the  t a i l ,  

o r  accelerated i n  the  t a i l  by merging a t  t h e  neu t ra l  sheet  o r  en t r y  

from in te rp lane ta ry  space i n t o  the  t a i l  a t  l a rge  d i s tances  from the  

ear th .  Cah i l l  (1966) suggested t h a t  the l a rge  sca le  decrease of 

f i e l d  s t reng th  on the n ight  s i d e  of the  e a r t h  between 8-12 RE 

represents  the i n f l a t i o n  of t he  magnetosphere due t o  the  contained 

p 1 asma. 

Thus 

Cor re la t i ve  s t u d i e s  of t h e  v a r i a t i o n  of t he  r a d i a t i o n  b e l t  

boundaries and the  geomagnetic ta i l . have  a l s o  been conducted (Ness 

and Williams, 1966). From d i r e c t  measurements zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the  i nva r ien t  

l a t i t u d e  of t h e  boundary of t rapped r a d i a t i o n  i t  has been concluded 

t h a t  dur ing geomagnetic storms a motion of t h e  t rapping boundary t o  

lower l a t i t u d e s  is accompanied by an i nc rease  i n  the  geomagnetic 

t a i l  f i e l d  s t rength .  The p a r t i c u l a r  event s tud ied ,  shown i n  F igure 8 ,  

w a s  a geomagnetic storm i n  which the  magnetic t a i l  f i e l d  s t r e n g t h  

approximately doubled, from 15 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 gammas, fo l lowing t h e  sudden 

commencement 

A t  the  time of t h e  sudden commencement t h e  boundary of t h e  

magnetospheric ta i l  was observed t o  move i n  p a s t  t he  sate l l i te  b r i e f l y .  

Th is  determined the  s i z e  of t he  geomagnetic t a i l  and y ie lded an estimate 
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of the  t o t a l  contained magnetic f lux. Combined wi th  the  observat ions 

of the  i nva r ian t  l a t i t u d e  boundary motion, i t  w a s  concluded t h a t  t he  

increased magnetic f i e l d  s t reng th  of the geomagnetic t a i l  w a s  due 

t o  compression by the  piasma i n  the  magnetosheath and a l s o  the  add i t i on  

of new l i n e s  of f o rce  which were extended i n t o  the  t a i l  during t h i s  

storm event. A l l  storm e f f e c t s  observed by IMP 1 i n  1964 i n  t h e  

geomagnetic t a i l  were compared w i th  corresponding terrestr ia l  

observat ions and a high c o r r e l a t i o n  was found between t a i l  f i e l d  

magnitudes and t h e  p lanetary  magnetic a c t i v i t y  index Kp (Behannon and 

Ness, 1966). 

Corre la ted measurements of the response of the  magnetosphere and 

t a i l ,  observed by OGO-l., t o  an impinging in te rp lanetary  shock, 

observed by IMP-3 and Explorer 33 b e s s  and Taylor , 1967) , have been 

compared by Sugiura e t  a l . ,  (1968). Th is  ana lys is  suggests t h a t  t he  

d is tu rbance observed i n  the t a i l ,  a sudden increase,  is due t o  a 

hydromagnetic wave propagating wi th in  the  magnetosphere and adding 

new magnetic f l u x  t o  the  t a i l .  
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Formation and General Shape of t he  T a i l  

S ign i f i can t  measurements of the  ou te r  geomagnetic f i e l d  

demonstrat ing the  gradual  format ion of t he  geomagnetic t a i l  i n  t he  

dawn t o  midnight region of the magnetosphere were performed by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIMP 2 

( F a i r f i e l d  and Ness, 1967). Figure 9 presents  a sumnary of t hese  

measurements wi th  t h e  nonradia l  na ture  of t he  f i e l d  vec to rs  i n  t h e  

lower ha l f  of t he  f i gu re  i l l u s t r a t i n g  how the  f i e l d  i s  swept back by 

the  s o l a r  wind and the  t a i l  format ion i s  begun. From these observat ions 

i t  appears  t h a t  an e n t i r e  magnetic f i e l d  meridian p lane is  d i s t o r t e d  and 

de f lec ted  backwards i n t o  the  geomagnetic t a i l .  Hypothet ical  meridian 

p lanes a r e  sketched i n  as dashed l i nes .  

Data obtained f o r  reg ions 5 through 8 thus  formed are shown i n  

t h e  upper por t ion  of the f igure .  Here t he  r a d i a l  na tu re  of t he  f i e l d  

is observed i n  s e c t o r s  7 and 8 as w e l l  as t h e  ex i s tence  of the  f i e l d  

reversal region i n  sec to rs  5 and 6. 

t h e  formation of the  f i e l d  r e v e r s a l  reg ion  as c lose  t o  the  e a r t h  a s  

8 \, i n  agreement wi th  the  ear l ier  i n t e r p r e t a t i o n s  of t h e  IMP 1 

These d a t a  demonstrate d i r e c t l y  

u 

measurements. 

Extensive measurements of 

out  t o  d is tances  .of 80 R , w e l l  

performed by Explorer 33 (Ness 

e t  al. ,  1968). This sa te l l i t e  

E 

the  geomagnetic t a i l  and i t s  boundaries 

beyond t h e  o r b i t  of t he  moon, have been 

et  a l . ,  1967a; Behannon, 198; Mihalov 

represented an at tempt  by the  USA t o  o r b i t  

t he  moon which f a i l e d  and w a s  placed ins tead  i n t o  a ve ry  h igh apogee 
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e a r t h  o r b i t .  During the  f i r s t  f i ve  months apogee var ied  between 

70-80 RE with per igee varying between 8-15 RE due t o  per tu rba t ions  

by the  g r a v i t a t i o n a l  f i e l d  of t he  moon. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mznninn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr a- ---a cf the d is tan t  ~zgcztosheath,  bow shock zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwziiie aid geumagrietic 

t a i l  from the  dawn f lank  of t he  ea r th ' s  bow shock t o  the  dusk f l ank  

extended zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeyend the  lunar  o r b i t a l  d is tance of 60 RE. 
boundaries of the  geomagnetic ta i l  observed by Explorer 33 is shown 

i n  Figure 10. It i s  noted t h a t  mul t ip le  observat ions of the t a i l  

boundary a r e  a cornon fea tu re  of the magnetopause observat ions.  

v a r i a t i o n  can be due t o  waves propagating on the  sur face  of the  

magnetopause,, the  expansion and contract ion of t he  e n t i r e  magnetosphere 

i n  response t o  a varying s o l a r  w i n d  f l u x  o r  a change i n  the  r e l a t i v e  

pos i t i on  o r  aspec t  of the  boundary due t o  a varying angle between 

t h e  e a r t h ' s  magnetic d ipo le  ax i s  and the  s o l a r  wind ve loc i ty .  

A summary of the  

This 

- 

An a t tempt  t o  sketch i n  average boundary pos i t i ons  has been made 

and i l l u s t r a t e s  the  asymmetry observed i n  these da ta .  A separa te  

ana lys i s  of t hese  observat ions i n  planes t ransverse  t o  the  XSE ax is  

has ind ica ted  t h a t  t he  geometry of the  geomagnetic t a i l  t ransverse  

t o  i ts  ax i s  i s  not cy l i nd r i ca l  but  r a t h e r  elongated i n  a d i r e c t i o n  

perpendicu lar  t o  the  s o l a r  magnetospheric equa to r ia l  plane. The 

d i s tance  from the  t a i l  axis t o  the  magnetopause is  est imated t o  be 

approximately 50% grea te r  i n  a d i rec t i on  perpendicular t o  the  neu t ra l  

shee t  than the  d i s tance  of approximately 20 

Lnui asymmetry is i n  agreement w i t h  the model of the  geomagnetic t a i l  

proposed by Axford e t  a l .  

i n  the  neut ra l  sheet .  

rnl. _. 

(1965) and Dessler and Juday (1965). 
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Typical measurements i n  the  geomagnetic t a i l  are shown i n  F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

11. The lower por t i on  of the f i gu re  presents  24 hours of d a t a  obtained 

dur ing a p a r t i c u l a r l y  qu ie t  time when the  p lanetary  magnetic a c t i v i t y  

index w a s  0, 0, 0, 1, 1, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO+, 0+, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO - t ,  and shows how very steady the  

geomagnetic t a i l  f i e l d  can be. These d a t a  represent  the  average 

magnetic f i e l d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand i ts  RMS dev ia t i on  computed from 16 i nd iv idua l  

vec to r  measurements a t  5.12 second in te rva l s .  The energy present  

i n  t h e  magnetic f i e l d  f l u c t u a t i o n s  i s  less than one percent  of t he  

ambient steady magnetic f i e l d  energy dens i ty .  Note t h a t  throughout 

the  24 hour i n t e r v a l  covered i n  t h i s  diagram there  appears t o  be 

no evidence fo r  modulation of the  f i e l d  magnitude o r  o r i e n t a t i o n  due 

t o  the  wobble of the  nonaxial geomagnetic d ipo le.  

The upper por t i on  of Figure 11 i l l u s t r a t e s  a more d is tu rbed time 

i n  the  geomagnetic t a i l  when the  magnetic a c t i v i t y  index rose  from 

1-, O+, 1, 1, 1 t o  9, 3, 4+. Preceding the  sudden commencement 

storm a t  1502 UT an i n t e r v a l  of magnetic f i e l d  magnitude f l u c t u a t i o n s  

is observed w i th  very long per iod ,  approximately 20 minutes. These 

a r e  a l s o  observed t o  be present  a f t e r  t he  sudden commencement which 

has a r i s e  t i m e  of approximately 8 minutes. Note t h a t  a t  1720 the  

f i e l d  o r i en ta t i on  a s  measured by 8 changes abrupt ly .  Comparison of 

simultaneous plasma d a t a  w i th  the  MIT group has revealed the  motion 

of the  magnetopause boundary p a s t  the  s a t e l l i t e  a t  t h i s  t ime i n  response 

t o  varying s o l a r  wind condi t ions.  

A recent t h e o r e t i c a l  s tudy by S m i t  (1968) has shown t h a t  

the  eigenmodes of the  magnetosheath-magnetosphere system include 

long low frequency per iods of 6-7 minutes. 
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Stud ies  of the  n a t u r a l  resonances of t he  geomagnetic t a i l  have been 

conducted -by McClay and Radoski (1967) and P a t e 1  (1967). 

t he  t a i l  i s  represented by a cy l i nd r i ca l  wave guide of rad ius  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

dens i t y  5pIcm- and B = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40y, with r e t l e c t i n g  w a i l s  and neu t ra i  shee t ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAKcZiay 

and Radoski deduce t h a t  the  lowest per iods a r e  on the  order  of 20-35 minutes 

f o r  TM o r  TE modes. Patel's study (1967) assumes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa double cy l inder  geometry, 

each of rad ius  7 RE, dens i t y  =lp/cm3 and B = 10 garmnas. 

t h a t  eirgen-periods of the order  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24-32  minutes represent  the mixed 

t ransverse  and long i tud ina l  mode, in agreement w i th  observat ions.  These 

s t u d i e s  suggest t h a t  the  t a i l  i t s e l f  i s  t he  source of these observed 

long per iod f luc tua t ions .  

Assuming t h a t  

H e  concludes 

A sumnary of the  geomagnetic t a i l  observat ions obtained by 

- 
Explorer 33 dur ing o r b i t s  1 through 8 is  shown i n  F igure 12. The 

L hour ly  average vec to rs  were obtained by l i n e a r l y  averaging the  prev ious ly  

re ferenced 82 second averages of t h e  magnetic f i e l d  components. 

average s o l a r  magnetospheric components are pro jec ted  onto t h e  XSM-Z 

and Y planes w i th  as many d a t a  points  shown as poss ib le  t o  prevent 

excess ive  overlapping. I n  t h e  upper po r t i on  of t he  f i gu re  t h e  f i e l d  

reversal reg ion is  wel l -def ined and a grad ien t  of t he  f i e l d  magnitude 

is evident  along the  geomagnetic t a i l .  The lower two f i gu res  suggest 

poss ib l y  a skewing of t he  f i e l d  vector  al though t h i s  is  spur ious 

due t o  the  use of an 

dur ing  i n i t i a l  phases of d a t a  ana lys is  (Behannon, 19 68). 

The 

SM 

SM 

incor rec t  spin a x i s  o r i e n t a t i o n  of the spacecra f t  
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T a i l  F i e l d  Gradient and Neutra l  Sheet Merging 

An inpor tan t  result of t h e  mapping of the geomagnetic t a i l  by 

Explorer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA33 has been the determinat ion of a genera l  decrease i n  t a i l  

f i e l d  magnitude w i th  d i s t a n c e  down t h e  ta i l .  Figure 13 sunrmarizes 

average f i e l d  magnitudes as a func t ion  of d i s t a n c e  along t h e  ea r th -  

sun l i n e .  

w a s  c l e a r l y  i n  t he  t a i l  w a s  sub jec ted  t o  a mul t i p le  c o r r e l a t i o n  and 

reg ress ion  ana lys is  (Behannon, 1968). I n  t h i s  study, 

t he  hour ly average f i e l d  magnitude is the dependent 

independent va r iab les  

the  t a i l ,  the magnetic a c t i v i t y  index, Kp, and the  perpendicu lar  d i s tance ,  

ZSM, of t h e  s a t e l l i t e  from t h e  s o l a r  magnetospheric e q u a t o r i a l  plane. 

The bes t  c o r r e l a t i o n  obtained w a s  between f i e l d  magnitude and d i s tance  

down the  t a i l  and w i th  decreas ing coherency the  p lanetary  magnetic 

a c t i v i t y  index Kp and f i n a l l y  t ransve rse  d i s t a n c e  from t h e  neu t ra l  

shee t  ZsM . Behannon (1968) has found t h a t  IBIalXSEl 

wi th  a standard dev ia t i on  of 3.1 gammas (See Figure 13) .  

Data from a t o t a l  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA740 hours dur ing which Explorer  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA33 

v a r i a b l e  and 

a r e  the d i s tance ,  XSE, of t h e  spacec ra f t  down 

-0 .3+  0.2 - 

Severa l  d i f f e r e n t  formulat ions have been obta ined by o the r  workers 

(Mihalov e t  a l . ,  1968) w i th  a s i m i l a r  experiment on the  same spacec ra f t  

and a r e  summarized i n  t he  fo l lowing equat ions:  

-0.7 3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 t , O .  0 19 
IBI = (191.4 _+ 14.2) R 

IBI = (26.8 & 2.2) exp ( -  R ,  
59.4*.9 

where R represents  t h e  d is tance  down t h e  t a i l  i n  e a r t h  r a d i i .  
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The f i e l d  magnitudes pred ic ted  by the regress ion  curve f o r  the  

i n t e r v a l  between -10 

t a i l  f i e l d  magnitude of 16 gammas found ear l ie r  by t h e  IMP 1 sa te l l i te  

i n  t h a t  reg ion.  

and -30 RE are cons is ten t  w i th  t h e  median 

The observed f i e l d  magnitude gradient  i n  t h e  t a i l  can r e s u l t  

e i t h e r  from an increase i n  t h e  cross sec t i ona l  area of the  t a i l  wi th  

d i s tance  down the  t a i l  and/or by reconnect ion of f i e l d  l i n e s  across 

the  n e u t r a l  sheet .  

concluded t h a t  up t o  30 t he  average f i e l d  component t ransverse  

t o  t h e  neu t ra l  sheet  plane is northward. The d a t a  obtained by 

Behannon (1968) is no t  conclus ive regarding t h e  sense of the t ransverse  

component beyond 30-50 RE due t o  va r ia t i ons  i n  the  p o l a r i t y .  

Earl ier  analyses by Spe iser  and Ness (1966) 

- 
The occurrence of both northward and southward components 

t ransve rse  t o  the  neu t ra l  sheet  were i n te rp re ted  by Mihalov e t  a l . ,  

(1968) as i nd i ca t i ng  t h a t  magnetic f i e l d  loops are observed cross ing 

t h e  f i e l d  r e v e r s a l  region. I n  the ana lys is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e i r  d a t a  obtained 

on Explorer 33 they conclude t h a t  s t a t i s t i c a l l y  a southward 

component i s  observed when t h e  s a t e l l i t e  is  beyond 60 . % 
I n  a study of IMP 3 observat ions of the  geomagnetic t a i l  f i e l d  

(Spe iser  and Ness, 1967), it and n e u t r a l  sheet  a t  d is tances  t o  40 R 

w a s  suggested t h a t  cau t ion  be exercised i n  reaching conclusions regarding 

t h e  northward or southward d i rec ted  sense of t h e  magnetic f i e l d  near 

t h e  f i e l d  r e v e r s a l  region. 

o r i e n t a t i o n  of t h e  n e u t r a l  sheet  and t h e  e f f e c t  t h i s  has upon the  

E 

This i s  due t o  the  a p r i o r  unknown 
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attempt t o  determine t h e  component t ransve rse  t o  t h e  n e u t r a l  sheet .  

Indeed, i f  appeared a t  t i m e s  from IMP 3 t h a t  t h e  n e u t r a l  sheet was 

t ipped by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas much a s  30 from being p a r a l l e l  t o  t h e  s o l a r  magnetospheric 

equa to r ia l  p lane .  Thus it i s  bel ieved t o  be premature i n  concluding 

t h a t  t h e  neutra l  l i n e  i n  t h e  geomagnetic t a i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAis present  a t  30-60 R zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

E' 
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PLASMA SHEET OBSERVATIONS 

Ear ly  measurements by Gringauz e t  a l . ,  (1960) and Freeman (1964) 

suggested the  presence of e lec t rons  of low energy ( E O  200 eV) 

l a r g e  d i s tances  on t h e  n igh t  s ide  of the earth w e l l  beyond the  Van A l len  

r a d i a t i o n  b e l t s .  The most comprehensive observat ions of t he  plasma 

sheet  i n  the geomagnetic t a i l  have been performed by the  Vela series 

of sate l l i tes  (Singer e t  a l . ,  1965 : Montgomery e t  a l . ,  1965). These 

s t u d i e s  have shown t h a t  energet ic  e lec t rons  (E>45 kev) when observed 

i n  the  magnetotai l  are normally observed simultaneous w i th  low energy 

e lec t rons  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(E<20 kev) al though i t  is poss ib le  t o  observe low energy 

e l e c t r o n s  i n  the  absence of high energy e lec t rons  (Bame e t  a l . ,  1966). 

a t  

Discussion of the  Vela s a t e l l i t e  program and assoc ia ted  instrument 

- and spacecra f t  d e t a i l s  have been presented by Singer  (19651, and Coon 

Examples of t he  e l e c t r o n  spectrum measured a t  d i f f e r e n t  t i m e s  (1966). 

by Vela i n  t he  magnetosheath and plasma sheet  a r e  shown i n  Figure 14. 

The average energy of each spectrum is approximately determined by the  

s p e c t r a l  peak. 

Resu l ts  obtained from a t yp i ca l  pass through the  geomagnetic 

t a i l  a r e  shown i n  F igure 15. 

t h e  d e t e c t a b l e  l i m i t  of t he  instrument, lo7 cm2 / sec ,  omni-direct ional  

f o r  EeC200 eV and Id cn?/sec f o r  E> 45 kev. 

d a t a  t h e  spacecra f t  appears t o  have been imbedded i n  the  plasma s h e e t ,  

as evidenced by the  low energy e lec t ron  f lux.  

P r i o r  t o  0700 the  e l e c t r o n  f l u x  i s  below 

For the  remainder of t h i s  

The v a r i a t i o n s  of the  



- 20 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
e lec t ron- f lux  (E> 45 kev) i n  t h i s  d a t a  show the  similar f a s t  r i s e  and 

slow decay c h a r a c t e r i s t i c s  t h a t  were descr ibed as e l e c t r o n  is lands  

observed by IMP 1 by Anderson (1965). 

Examples of t he  d i f f e r e n t i a l  energy spec t ra  obtained a t  t he  

l e t t e r e d  t imes i n  F igure 15 a r e  shown i n  F igure 16. It is  seen t h a t  

the  energy d i s t r i b u t i o n s  are genera l l y  broader than a Maxwellian w i th  

a super-thermal high energy t a i l  t h a t  can be f i t t e d  wi th  a negat ive 

exponent power l a w  spectrum. Montgomery (1968) has shown t h a t  dur ing 

d is turbed times t he  assumption of a power-law spectrum f o r  Ee> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40 kev zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
is b e t t e r  than a Maxwell-Boltzman whi le dur ing q u i e t  t i m e s  the  opposi te  

is t r ue .  The average energy of the  spectra i n  F igure 16 f o r  t h i s  t i m e  

i n t e r v a l  range from 1 t o  7 kev whi le number d e n s i t i e s  range from .1 t o  

.3/cm3. 

assuming e q u i p a r t i t i o n  of energy between the  e l e c t r o n  component of 

the plasma and the  p o s i t i v e  component y i e l d s  f i e l d  magnitudes of 

approximately 18 t o  20 gammas. These r e s u l t s  a r e  i n  exce l l en t  agree- 

ment w i thsepara te  measurements by IMP 1 of the magnetic f i e l d  

s t reng th  i n  t h i s  reg ion  of space. 

A computation of the  equiva lent  magnetic f i e l d  i n t e n s i t y  

While located i n  the  magnetotai l  t he  obse rva t i ons  of  the p o s i t i v e  

component of t he  plasma have been i n t e r m i t t e n t  due t o  t h e i r  low f l u x  

l eve l .  During these l im i ted  observat ions pro ton  number d e n s i t i e s  a r e  

found of approximately the same value as t he  e l e c t r o n  number d e n s i t y  

w i th  average energ ies  ranging t o  above 10 kev. 

Extensive measurements of the  s p a t i a l  d i s t r i b u t i o n  of t he  plasma 

sheet  have shown t h a t  the  e lec t rons  between 15.5 and 20 RE OCCUPY a 

t h i c k  sheet  o r  s l a b  s t r e t c h i n g  across  t h e  geomagnetic t a i l .  The plasma 
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sheet  th ickness observed near the  midnight meridian p lane i s  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR~ although the  sheet  appears t o  f l a r e  out  by about a f a c t o r  of 

2 near the  boundaries of the  geomagnetotail. 

I 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp k c e  Qf syEE?letry Qf the n!asms zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAr sheet "FFears t =  l i e  

midway between the  s o l a r  magnetospheric and geomagnetic equa to r ia l  p lanes. 

This shows the  s i g n i f i c a n t  e f f e c t s  of t he  geomagnetic d ipo le  o r i e n t a t i o n  

a t  t h i s  d is tance.  Thus depending upon the season of the  year the  plasma 

sheet  w i l l  be found e i t h e r  above o r  below the  s o l a r  magnetospheric 

equa to r ia l  p lane,as w a s  determined from the IMP 1 magnetic f i e l d  da ta  

f o r  the  f i e l d  reve rsa l  region. 

A summary of the  Vela da ta  s p a t i a l  d i s t r i b u t i o n  i n t e r p r e t a t i o n  and 

reg ion covered i n  the  geomagnetic t a i l  is  shown i n  Figure 17.  These 

r e s u l t s  n ice ly  compliment the separate r e s u l t s  obtained by the  IMP 1 

magnetic f i e l d  measurements i n  es tab l i sh ing  the  genera l  yea r l y  v a r i a t i o n  

of t he  plama sheet  o r i e n t a t i o n  and the balance of magnetic and plasma 

pressure ,  which may be due t o  l oca l  acce le ra t ion  mechanisms. I n  

Montgomery's study (1968) of the de ta i led  s p a t i a l  d i s t r i b u t i o n  of 

ene rge t i c  e lec t ron  f luxes ,  Eo40 kev, he concluded t h a t  they do not 

form a continuous non-thermal high energy t a i l  but  represent  a second 

populat ion w i th  a maximum f l u x  a t  m10 kev. These f luxes a r e  found t o  

occur most o f t e n  on the  dawn s i d e  of the  magnetosphere. 

The f i r s t  j o i n t  measurements of the  magnetic f i e l d  and plasma 

sheet  of the  geomagnetic t a i l  were performed on the  ou t  bound pass of 

the  h e l i o c e n t r i c  space probe Pioneer 7 i n  i966 (Lazarus e t  a i . ,  i968). A 

summary of t he  spat ia l  d i s t r i b u t i o n  of the  observat ions t ransverse  t o  

the  ear th-sun l i n e  is  shown i n  Figure 18. The v a r i a t i o n  i n  d is tance 
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from the  s o l a r  magnetospheric equa to r ia l  p lane,  as measured by ZsM, 

is  due t o  the d iu rna l  wobble of t he  geomagnetic d ipo le  ax is .  

Observation of e l e c t r o n  f luxes  are ind icated on the  t r a j e c t o r y .  Note 

t h a t  the neut ra l  shee t  is  pred ic ted  t o  be observed near 0145 and 

subsequently at  approximately 1845 on the  bas i s  of an i dea l  sheet  

model. 

Experimental observat ions obtained a r e  shown i n  F igure 19. 

Typical  e lec t ron  d e n s i t i e s  a r e  observed of approximately 0. 5/cm3 

wi th  most probable speeds of approximately lo4 km/sec, corresponding 

t o  an e lec t ron  energy dens i ty  of about 250 e l e c t r o n  volts/cm? 

experiment protons of t he  same energy and concentrat ion w i l l  occur a 

f a c t o r  of 4 below the  de tec tab le  threshold of t h e  instrument.  

For t h i s  

S ign i f i can t  v a r i a t i o n s  of the  e l e c t r o n  f l u x  and magnetic f i e l d  

magnitude are  observed i n  an t i co r re la t i on .  This  aspect  of the  r e s u l t s  

is emphasized i n  the  lower po r t i on  of t he  f i g u r e  where the  t o t a l  plasma 

p lus  magnetic p ressure  is  presented. It has been assumed t h a t  t he  

unmeasured proton pressure i s  equal t o  the  e l e c t r o n  pressure .  Note 

t h a t  t he  t o t a l  pressure  remains near ly  cons tan t  dur ing those 

i n t e r v a l s  when the re  are s i g n i f i c a n t  v a r i a t i o n s  of e i t h e r  f i e l d  o r  

e l e c t r o n  f lux.  There a r e ,  however, s i g n i f i c a n t  v a r i a t i o n s  i n  the  t o t a l  

p ressure  which are assumed t o  r e f l e c t  v a r i a t i o n s  i n  e x t e r n a l  cond i t ions  

i n  the magnetos hea th.  

A se l f -cons is tency  arguement has been employed t o  s tudy  t h e  proton 

pressure  fo r  i n t e r v a l s  when t h e  t o t a l  p ressure  i s  approximately cons tan t ,  

from 0000 t o  0630 and 0700 t o  0930. The r e s u l t s  obta ined suggest  t h a t  
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t he  proton pressure  is  a f a c t o r  o f  1.2 t o  2.8 times the  e l e c t r o n  

pressure.  T rans i t i ons  between low B h igh P regions and high B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IUW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf regiuris appear LO be a d is t ingu ish ing  fea tu re  of these d a t a  

suggest ing a sharp boundary t o  the  p l a s m a  sheath.  

1 -  

Simultaneous w i th  the  loss of  de tec tab le  e l e c t r o n  f l u x  from 

0930 t o  1545 i s  the geomagnetic bay a c t i v i t y  recorded a t  Col lege, 

Alaska. Bay associated decreases i n  the  geomagnetic t a i l  f i e l d  

magnitude have a l s o  been observed by OGO-1 (Heppner e t  a l . ,  1967). 

Q u a l i t a t i v e l y  and roughly quan t i t a t i ve l y  these observat ions agree 

w i th  t h e  co l l apse  rebu i ld  theo r ies  t h a t  have been suggested i n  var ious  

forms by Atkinson (1966), Axford (1965) and Dungey (1965) whereby a 

t a i l  implosion a t  the  neu t ra l  sheet  feeds energy t o  the bay d is turbance.  

Var ious processes acce l l e ra t i ng  p a r t i c l e s  i n  t h e  n e u t r a l  sheet 

have ranged from s teady-s ta te  acce le ra t ion  as studied by Spe iser  (1966), 

t o  a f l a r e  type mechanism i n  the  t a i l  as suggested by Piddington (1967). 

I n  t h i s  model rap id  ann ih i l a t i on  of f i e l d  l i n e s  across  t h e  neu t ra l  

shee t  would feed energy t o  part ic les and acce le ra te  them t o  poss ib ly  

a u r o r a l  energ ies.  This suggest ion requ i res  t h a t  merging take  p lace  

spo rad ica l l y  i n  the  ta i l .  C o w i  e t  a l .  (1966) have s tud ied the  s t a b i l i t y  of 

t h e  n e u t r a l  shee t  reg ion i n  t h e  context  of t h e  Fu r th  e t  a1.,(1963) 

t e a r i n g  mode f i n i t e  r e s i s t i v i t y  i n s t a b i l i t y .  Murayama and Simpson (1968) 

have r e c e n t l y  completed a d e t a i l e d  study of the  c o r r e l a t i o n  of IMP-1 

magnet ic f i e l d  d a t a  n e u t r a l  shee t  cross ings and e l e c t r o n  f luxes.  It 

w a s  found t h a t  the  peak f l u x  (E0160 kev) occurs a t  the  f i e l d  reversals 

found by Spe iser  and Ness (1966) and t h a t  f luxes  are cont inuously 

+ 
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present .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATwo poss ib le  sources are: 

(a) The n e u t r a l  sheet  is  well-connected, f o r  par t ic le  

propagation, t o  a reg ion of the magnetosphere where 

the acce le ra t i on  of e lec t rons  occurs o r  

(b) the e lec t rons  are acce le ra ted  i n  the  neu t ra l  sheet .  

Detai led magnetic f i e l d  components and RMS dev ia t ions  obtained 

by the  Pioneer 7 passage through t h e  neu t ra l  sheet  are shown i n  F igure 

20. 

neu t ra l  sheet  i s  severa l  gammas northward. 

sheet  region, rap id  f l uc tua t i ons  of t he  magnetic f i e l d  up t o  

5 cps, 

d a t a  show t h a t  electromagnet ic no ise i s  present  a t  the  f i e l d  reve rsa l  

i n  t h e  core of the  plasma sheet .  

It is seen here t h a t  t he  f i e l d  component BZSM t ransverse  t o  the  

Note t h a t  i n  the  n e u t r a l  

t he  upper pass band of the  instrument,  are observed. These 

On the lunar  o r b i t i n g  spacecra f t  Luna 10, Gringauz e t  a l .  (1966) 

reported upon the  de tec t i on  of the  plasma sheet  i n  the  geomagnetic t a i l  

a t  lunar  d is tances .  

d id  not ob ta in  a c l e a r  i nd i ca t i on  of the ex is tence of the E a r t h ' s  t a i l .  

Ness (1967) has suggested t h a t  the  apparent d a t a  inconsis tency is due 

t o  the immersion of the  Luna 10 spacecra f t  i n  the  p lasma shee t ,  when 

weak and va r iab le  d i r e c t i o n  f i e l d s  would be expected r a t h e r  than a 

wel l -def ined t a i l  f i e l d  geometry. 

However on the  same spacecra f t  Dolginov e t  a l .  (1966) 
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The D is tan t  Geomagnetic T a i l  

While e a r t h  o r b i t i n g  spacecraf t  have shown t h a t  the t a i l  extends 

t o  the  d i s tance  of the  moon's o r b i t  and beyond, s t i l l  being w e l l -  

def ined a C  80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe fl.r.ct nppcr tun i t -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtc dc tec t  the t a i l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfar ciowii- 

st ream a t  3300 RE by Mariner 4 w a s  not successfu l  (Van A l len ,  1965). 

The next oppor tun i t ies  were p rw ided  by t he  Pioneer 7 and 8 h e l i o c e n t r i c  

space probes whose o r b i t s  are shown i n  F igure 21. Throughout the  

i n t e r v a l  on Pioneer 7 from September zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 t o  30 the o r i e n t a t i o n  of the  

i n te rp lane ta ry  f i e l d  was observed in f requent ly  t o  c lose ly  p a r a l l e l  the 

ear th-sun l i n e  (Ness e t  al . ,  196%). Simultaneous wi th  these 

observat ions,  anomalous plasma flow condi t ions were detec ted  by Wolfe 

e t  a l .  (1967). A t  no t i m e  dur ing the 

geomagnetic t a i l  and imbedded neut ra l  

Dessler (1964). 

- 

A sample of t he  r e s u l t s  obtained 

observat ions was a f u l l y  developed 

shee t  observed as proposed by 

from de ta i l ed  measurements by 

Pioneer  7 is shown i n  Figure 22. Fie ld  or ientat ion 's  of approximately 

d=180°, 8=Oo i nd i ca t i ng  a n t i - s o l a r  d i rec ted  f i e l d s  from the  southern 

hemisphere of the  geomagnetic t a i l  were detected f o r  l im i ted  t i m e s  

dur ing  t h i s  two hour i n te rva l .  These were associated w i th  anamolous 

plasma condi t ions as ind icated.  General ly throughout t h i s  i n t e r v a l ,  

t h e  geomagnetic t a i l  f i e l d  is i d e n t i f i a b l e  by i t s  o r i e n t a t i o n  and f i e l d  

magnitude of approximately 8 gama.  

It is bel ieved t h a t  a t  these large d is tances  the  geomagnetic t a i l  

is no longer composed of oniy two d i s t i n c t  bundles of oppos i te ly  d i rec ted  

f i e l d  l i n e s  separated by a s i n g l e  neut ra l  sheet .  The t a i l  i s  thought 
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t o  be separated i n t o  a number of f i laments i n  c lose  proximity,  

poss ib ly  in te r tw ined,  which whi le  s t i l l  maintaining d i r e c t  

connection t o  the e a r t h  no longer preserve the Well-defined 8 

c ross  sec t ion  t a i l  geometry observed i n  c i s - l una r  space. 

I f  one extends beyond 80 Re the computed regress ion  curves of 

f i e l d  magnitude grad ien t  shown i n  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA13, it i s  found t h a t  t he  

magnitude w i l l  decrease t o  a value of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 gammas between 125-175 RE 

dur ing t imes of low Kp. On t h i s  b a s i s ,  t he  t a i l  i s  l e s s  w e l l -  

def ined beyond approximately 200 RE s ince  the  t a i l  f i e l d  magnitude 

decreases t o  the  q u i e t  t i m e  i n te rp lane ta ry  level a t  t h a t  d i s tance .  

F a i r f i e l d  (1968) has compared simultaneous d a t a  from c is lunar-space 

and Pioneer 7 and suggests  

i s  not necessa r i l y  a unique in te rp re ta t i on ,due  t o  t h e  v a r i a b i l i t y  of 

the observed magnetic f i e lds ,and  t h a t  a coherent t a i l  might be 

present a t  1000 RE. 

t h a t  a f i l amentary  model of t he  t a i l  

More recen t l y  observat ions by the  Pioneer 8 spacecraf t '  a t  a 

d is tance of approximately 500 RE have been performed. The r e s u l t s  

obtained y ie ld  a s i m i l a r  i n t e r p r e t a t i o n  t o  t h a t  of Fioneer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 .  The 

geomagnetic t a i l  is not wel l -def ined a t  500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE as a simple coherent 

8 geometry but appears t o  be represented  by many separa te  f i laments  

(Mariani and Ness, p r i v a t e  communication). 
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During the  p a s t  sevea years, experimental inves t iga t ions  of  the  

e a r t h ' s  magnetic t a i l  and imbedded neut ra l  sheet  have es tab l i shed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi.ts 

permanent ex is tence as an extens ion of the  magnetosphere w i th  l i n e s  

of fo rce  c lose ly  p a r a l l e l i n g  the  earth-sun l i n e .  Opposi te ly d i rec ted  

f i e l d  l i n e s  are separated by a f i e l d  r e v e r s a l  reg ion 

approximately .1 t o  1 RE t h i c k  and f requent ly  i n  motion. The plasma 

sheet  surrounding the  neu t ra l  sheet  appears t o  be th i cke r ,  up t o  4-6 

i n  the  cen te r  of t h e  t a i l ,  f l a r i n g  t o  approximately twice t h a t  near the 

dusk and 

The 

of  80 

dawn magnetopause boundarys. 

geomagnetotai l  is  s t i l l  wel l -def ined out t o  r a d i a l  d i s tances  

al though a t  d is tances  of 500 and 1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE it appears t o  have 

broken up i n t o  separate f i laments.  The t a i l  does not appear t o  be 

c y l i n d r i c a l  i n  shape, having a width of approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA40  i n  the  p lane 

of the neu t ra l  sheet  and approximately 60 RE i n  the  perpendicu lar  d i rec t i on .  

Mu l t ip le  c o r r e l a t i o n  and regress ion  ana lys i s  shows t h a t  t he  f i e l d  

magnitude decreases from approximately 16 gamma a t  20 RE t o  7 gammas a t  

80 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.  
magnetic ca i l  i n  assoc ia t i on  wi th  t r a n s i e n t  e l e c t r o n  events.  The 

occurrence of t hese  e l e c t r o n  b u r s t s  decreases wi th  the  d i s tance  from t h e  

n e u t r a l  sheet .  The i n j e c t i o n  of these p a r t i c l e s  i n t o  the  geomagnetic 

t a i l  has recen t l y  been s tud ied by the Lunar Explorer 35 spacecra f t  

w i th  the  ~ C I :  used as an occi l l t ing disk. Both LLn (1968) and Van Al ien  

and Ness (1968) have concluded, from q u i t e  d i f f e r e n t  phys ica l  view 

p o i n t s ,  t h a t  t h e  e lec t ron  events observed i n  the  geomagnetic t a i l  are 

due t o  i n j e c t i o n  i n t o  the  t a i l  a t  a d is tance  beyond the  moon. 

Impulsive f i e l d  magnitude decreases have been observed i n  the  
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Geomagnetic storms have been observed i n  the  t a i l  i n  c o r r e l a t i o n  

w i th  world wide t e r r e s t r i a l  d is turbances.  Typica l ly  the  t a i l  f i e l d  

magnitude increases by a f a c t o r  of 2 o r  more dur ing the  main phase of 

the  sudden commencement storm. The magnitude increase is  due t o  both 

a compression of the  magnetosphere t a i l  and the  add i t i on  of magnetic 

f l u x  f r o m t h e  magnetosphere a s  po la r  cap regions expand t o  lower 

l a t i t u d e s .  

Theoret ica l  s tud ies  of the  mechanism responsib le  f o r  t he  format ion 

of the  geomagnetic t a i l  have not ye t  reached agreement. One theory 

requ i res  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa v iscous- l i ke  i n t e r a c t i o n  on t h e  boundary of the  magnetosphere 

t o  t r a n s f e r  momentum t o  the  geomagnetic f i e l d  and e x e r t  the  stresses 

necessary t o  extend f i e l d  l i n e s  down-stream as tk s o l a r  wind flows p a s t  

the  ea r th .  

f i e l d  l i nes  on the s u n - l i t  hemisphere of the  magnetosphere and 

subsequent convection of connected i n te rp lane ta ry  and geomagnetic f i e l d  

l i n e s  t o  form the  geomagnetic t a i l .  

A second model proposes the  ex is tence of rap id merging of 

- 

Agreement now does seem t o  be reached i n  the  a rea  of 

merging of f i e l d  l i n e s  across the n e u t r a l  sheet .  Dess le r  (1968), on 

the  b a s i s  of experimental s t u d i e s  of t h e  p lasma shee t ,  has recen t l y  

re-assessed h i s  t h e o r e t i c a l  model proposed ear l ier  which pred ic ted  no 

merging i n  the  geomagnetic t a i l .  The lower po r t i on  of F igure 23 

presents  the modified model With merging occur ing a t  t h e  n e u t r a l  l i n e ,  

which i s  proposed t o  e x i s t  a t  a d i s tance  of about 15 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE beyond the  

ea r th .  The recent  r e s u l t s  from Explorer  33 (Mihalov, 1968) may g ive  

support  to the idea t h a t  t he  n e u t r a l  l i n e  has been crossed somewhere 

between 30-60 behind the  ea r th .  For completeness, a diagram of t he  
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geomagnetic t a i l  discussed by Piddington (1967), expanding 

upon h i s  e a r l i e r  d iscuss ions,  i s  presented i n  the  upper po r t i on  of 

F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23. 

Outstandifig Problems 

Future s t u d i e s  of t he  geomagnetic t a i l  w i l l  be d i rec ted  t o  

reso lu t i on  of the  fol lowing major quest ions:  

1. What mechanism forms the  geomagnetic t a i l ?  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 .  A t  what d i s tance  behind the e a r t h  does the  coherent w e l l -  

ordered t a i l  cease t o  ex i s t?  

3.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIs merging of f i e l d  l i n e s  across t h e  neu t ra l  sheet  a 

continuous o r  impulsive process and where does t h i s  take 

p lace? 

A r e  auro ra l  p a r t i c l e s  accelerated by f l a r e - l i k e  processes 

i n  the  geomagnetic t a i l ?  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 .  What is  the  source of t h e  energy and by what processes 

a r e  e lec t rons  accelerated t o  form the f luxes  observed both 

i n  the  n e u t r a l  sheet  and the t a i l ?  

It i s  poss ib le  t h a t  continued ana lys i s  of ava i l ab le  spacecra f t  

r e s u l t s  may answer these quest ions.  

t h e  geomagnetic t a i l  and in te rp lanetary  medium a r e  now being s tud ied  

so t h a t  t he  t i m e  sequence o f  events regard ing the  response of the  

magnetosphere and t a i l  t o  propagating d is turbances i n  the  s o l a r  wind 

can be es tab l i shed.  I n  an overview of our s o l a r  system, among the  

moon and p lane ts  it appears tha t -  the e a r t h  and probably J u p i t e r  are 

Simultaneous observat ions of both 

unique i n  possessing long magnetic t a i l s  due t o  the i n t r i n s i c  magnetic 

P lane ta ry  f i e l d .  While the  corresponding f i e l d  geometry fo r  Venus 
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and Mars i s  not w e l l  known it appears t h a t  t h e i r  a f t - f low p a t t e r n  may 

mre c lose ly  resemble t h a t  of t he  moon where a wake i s  formed r a t h e r  

than a d i s t i n c t i v e  t a i l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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FIGURE CUTIONS 

Figure 1 E c l i p t i c  p lane p ro jec t i on  of high apogee (> 20 RE) spacecra f t  

t h a t  have provided experimental observat ions of t he  geomagnetic 

t a i l  from 1961-1968. Not shown are t he  c i r c u l a r  o r b i t s  of 

the  Vela series, between 15-19 R 

data on t h e  imbedded plasma sheet  o r  t he  o r b i t  of Explorer 14, 

apogee = 15.9 RE. 

Schematic diagram of t h e  s p a t i a l  d i s t r i b u t i o n  of e lec t rons  

(Ee > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA45 kev) obtained by Explorer 14 i n  1963 near the  noon- 

midnight geomagnetic meridian p lane (Frank, 1964). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A composite of se lec ted  magnetic f i e l d  observat ions by 

Explorer 14 pro jec ted  i n t o  a l o c a l  geomagnetic meridian plane. 

The shaded a rea  shows the  range of geomagnetic l a t i t u d e s  

which obtained s i g n i f i c a n t  
E ’  

Figure 2 

Figure 3 

of the a n t i - s o l a r  d i r e c t i o n  i n  t h e  midnight meridian p lane 

( C a h i l l ,  1966). 

Figure 4 Schematic diagrams of two theo r ies  of t h e  geomagnetic t a i l ,  

c i r c a  1965. The upper ve rs ion  i s  based upon magnetic merging 

a t  a n e u t r a l  l i n e  whi le  the  lower f i g u r e  assumes no merging. 

Figure 5 Magnetic f i e l d  measurements of t h e  geomagnetic t a i l  near  t h e  

midnight meridian p l a n e  by X M P  1. The f i e l d  d i r e c t i o n  

c lose ly  p a r a l l e l s  the  ear th-sun l i n e  w i th  a rap id  change from 

a n t i s o l a r  t o  s o l a r  d i rec ted  sense whi le  inbound a t  a r a d i a l  

d i s tance  of 16 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE (Ness, 1965). Dashed l i n e s  represent  t h e  

t h e o r e t i c a l  geomagnetic f i e l d .  

I n t e r p r e t a t i o n  of IMP 1 geomagnetic t a i l  f i e l d  ( vec to rs )  and Figure 6 

n e u t r a l  sheet  c ross ings  (do ts )  w i t h i n  2 of t h e  noon- 

midnight meridian p lane i n  s o l a r  magnetospheric coord inates.  
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xss represents  the  geomagnetic l a t i t u d e  of the  subso lar  

po in t ,  the  "angle of attack" of t he  s o l a r  wind flow 

(Spe iser  and Ness, 1966). 

Simultaneous e lec t ron  f lux  (Ee> 45 kev) and magnetic f i e l d  

measurements by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIMP 1 i n  1964 showing decreased f i e l d  

magnitudes across  mul t ip le  plasma sheet  c ross ings  between 

25-27 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 hours l a t e r  between 17-18 R Note 

co r re la ted  f i e l d  decreases and f l u x  inc reases ,  Anderson's 

e l e c t r o n  i s lands ,  throughout t h i s  inbound pass (Anderson 

and Ness, 1966). 

Simultaneous measurements of t he  geomagnetic t a i l  by IMP 1 

and the boundary of  trapped r a d i a t i o n  by the  sate l l i te  1963- 

38C (+) during a geomagmtic storm i n  1964. The inva r ian t  

l a t i t u d e ,  , i s  t h e o r e t i c a l l y  p red ic ted  us ing the  observed 

f i e l d  magnitude, which i s  seen t o  be p o s i t i v e l y  co r re la ted  

w i th  Kp (Ness and W i l l i a m s ,  1966). 

P ro jec t i on  of hour ly average magnetic f i e l d  measurements 0btaine.d 

by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIMP 2 on the  equator ia l  p lane ( lower f igure)  and on four  

curved meridian p lanes (upper f i gu re ) .  This i l l u s t r a t e s  

the  format ion of t h e  geomagnetic t a i l  by t h e  streaming 

s o l a r  wind ( F a i r f i e l d  and Ness, 1967). 

F igure 7 

E '  

Figure  8 

Figure  9 

F igu re  10 Summary of Explorer 33 bow shock and magnetopause traversals, 

ro ta ted  i n t o  the  e c l i p t i c  p lane assuming c y l i n d r i c a l  synnnetry 

about the  ear th-sun l i n e  (Behannon, 1967). 
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Figure 11 

Figure 1 2  

Figure 13 

Figure 14 

F igure 15 

Figure 16 

Representat ive magnetic f i e l d  d a t a  i n  the  geomagnetic t a i l  

obtained by Explorer 33 on September 14, 1966 (upper f i gu re )  

and October 21, 1966 (lower f i gu re ) .  P o s i t i o n  of sa te l l i t e  

i n  so la r  e c l i p t i c  coord inates is  given a t  bottom (Behannon 

19 67). 

Average vec tor  magnetic f i e l d  observed i n  the  geomagnetic 

t a i l  by Explorer 33 during July-November 1966. The 

uppermost f i g u r e  represents  the  p ro jec t i on  on the  noon- 

midnight plane i n  s o l a r  magnetosphere coord inates.  The 

lower two f i gu res  represent  separa te  p ro jec t i ons  on the  

equator ia l  p lane f o r  d a t a  obtained e i t h e r  above o r  below the 

plane ZSM=3 RE (Behannon, 1967). 

D is t r i bu t i on  of undisturbed hour ly average magnetic t a i l  

f i e l d  magnitudes as a func t ion  of d i s tance  obtained by 

Explorer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA33 dur ing July-November, 1966. Data po in ts  c i r c l e d  

represent  l a rge  inc reases  followed one hour l a te r  by a 

corresponding inc rease i n  Kp (Behannon, 1967). 

Spectrums of e lec t ron  count ing rates measured i n  the  

magnetosheath and the p lasma sheet  by t h e  Vela s a t e l l i t e s  

(Bame e t  a l .  , 1967). 

Measurements of the  e l e c t r o n  component of t h e  plasma sheet  by 

Vela 2B showing t h e  absence of the  e l e c t r o n  populat ion (Ee> 350 kev) 

while c ross ing  the  sheet .  The arrows i n d i c a t e  t h a t  t h e  f l u x  was 

less than d e t e c t o r  background l e v e l  ( B a m e  e t  a l . ,  1967). See 

Figure 16. 

D i f f e r e n t i a l  e l e c t r o n  energy spectrums obta ined a t  l e t t e r e d  
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times i n  F igure 15. The negat ive exponent va lues  f o r  t he  

power-law high-energy t a i l  are given shown (Bame e t  a l .  ,1967). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pio i * rn  17 Interpret-ti~n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof thm A ~ . - G 4 - . . * - t 4 m -  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA,-.G tLn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- l - - - -  -h,-c in *L- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
L &e..* - C.UL L V ~ L L I ~ U U L ~ L L V I ~  LJL LUG y-caauua ~ I I C S L  LIIC 

geomagnetic t a i l  f o r  xss= + 1 2 O .  

of che plasma sheet  determined from the Vela measurements is 

i nd ica ted  a t  17  RE (Bame e t  a l . ,  1967). 

Pioneer 7 t r a j e c t o r y  ( so l i d  l i ne )  i n  the  Ysm-Zsm plane. 

shaded por t ions  represent  i n t e r v a l s  w i th  s i g n i f i c a n t  e l e c t r o n  

f luxes .  The do t ted  curve g ives  the  pred ic ted  neu t ra l  sheet  

pos i t i on  using the  model shown i n  the  i n s e r t  (Lazarus e t  a l . ,  

1968). 

The ac tua l  range of pos i t i ons  

F igure 18 The 

F igure  19 Measurements of t he  magnetic f i e l d  i n t e n s i t y  and e l e c t r o n  
- 

I v e l o c i t y  and dens i ty  by Pioneer 7 i n  1966. Vert ical  ba rs  and 
- 

do ts  i nd i ca te  ranges of uncer ta in ty  of t he  p lasma parameters 

assuming d i f f e r e n t  spec t ra l  shapes. Gaps i n  plasma d a t a  

i nd i ca te  f luxes  less than de tec to r  threshold.  The f i e l d  

decrease from 0100 t o  0130 represents  t r a v e r s a l  of the neu t ra l  

sheet  (Lazarus e t  a l .  , 1968). 

F igure  20 Deta i led magnetic f i e l d  measurements and RMS dev ia t ions  obtained 

by Pioneer  7 i n  1966 showing inc rease i n  f l u c t u a t i o n s  as f i e l d  

reve rsa l  reg ion is t ranversed. 

F igu re  21 E c l i p t i c  plane pro jec t ions  of t he  t r a j e c t o r i e s  of P ioneers 7 and 

8 showing passage through the  geomagnetospheric t a i l  and wake 

reg ions a t  1000 RE and 500 RE respec t ive ly  i n  1966 and 1968. 
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Figure 22 Detai led magnetic f i e l d  measurements of an t i - so la r  d i rec ted  

f i e l d  l i n e s  by Pioneer 7 assumed t o  be extended from the 

Earth t o  1000 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARE. An ind i ca t i on  of anomalous plasma condi t ions 

observed by t he  MIT group on the same spacecra f t  i s  ind icated.  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23 Schematic diagrams of the  geomagnetic f i e l d  and t a i l  formed 

by the  s o l a r  wind. Compare the  lower diagram wi th  t h a t  i n  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 showing a change from no merging across  the  neu t ra l  

sec t ion  i n  the  t a i l  t o  merging occur ing r e l a t i v e l y  c lose  t o  

the ea r th .  
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