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INTRODUCTION 

The space round the ea r th  is filled with charged  pa r t i c l e s  whose distr ibution significantly affects  the 
propagat ion  of low-f requency  rad iowaves .  The overwhelming major i ty  of the pa r t i c l e s  a re  compara t ive ly  
low-energy  (~ 50 keV) e lec t rons  and ions; the densi t ies  and energy  f luxes of the subre la t iv is t ic  and r e l -  
a t iv is t ic  pa r t i c l e s  which make up the radia t ion bel ts  a re  cons iderably  s m a l l e r  than those of the low-energy  
p la sma;  in p rac t i ce  these  pa r t i c l e s  a r e  unimportant  f r o m  the point of view of radiowave propagat ion  and 
do not have any significant effect  on such geophysical  phenomena as  a u r o r a s  or  magnet ic  and ionospheric  
s t o r m s .  

It will be seen that the mapping of the low-energy  p l a s m a  dis t r ibut ion in the magne tosphere ,  which 
is ve ry  impor tant  for  unders tanding the in te rac t ion  of e l ec t romagne t i c  waves  and pa r t i c l e s ,  i s  stil l  f a r  
f r o m  comple te .  

Expe r imen t s  on ea r th  sa te l l i t es  and other spacec ra f t  during the l as t  decade have led to substant ia l  
changes  in our ideas of the physica l  p r o p e r t i e s  of n e a r - e a r t h  space,  which had previous ly  been based  on 
many  y e a r s  of ground obse rva t ions .  In pa r t i cu la r ,  the size of the e a r t h ' s  p l a s m a  sheath - the ionosphere  - 
which cons i s t s  of v e r y  low-energy  (thermal) pa r t i c l e s ,  turned out to be much bigger  than anticipated.  The 
rad ia t ion  be l t s  were  d i scovered .  It was  found that  the shape of the geomagnet ic  field at g rea t  d is tances  
f r o m  the ear th  in the d i rec t ion  of the sun di f fers  marked ly  f r o m  that  of a dipole and that in the an t i so la r  
d i rec t ion  it loses  all  r e s e m b l a n c e  to it, fo rming  a magnet ic  tai l  which s t r e t ches  for  many hundreds of 
ea r th  rad i i .  

All these  recen t ly  d i scovered  phenomena a re  c lose ly  connected with geomagnet ic  d i s turbances  caused 
by the in te rac t ion  of the e a r t h ' s  field with the so la r  wind; this  in terac t ion  sets  up a compl ica ted  dis t r ibu-  
t ion of charged  p a r t i c l e s  nea r  the ea r th  with ve loc i t ies  ranging f r o m  t h e r m a l  to re la t iv i s t i c  va lues .  The 
spat ia l  dis t r ibut ion of these  c h a r g e d - p a r t i c l e  f luxes is  to a g rea t  extent de te rmined  by the s t ruc tu re  of the 
magnet ic  f ield nea r  the ear th  and in turn  s t rongly affects  the shape of this f ield (especia l ly  at geocentr ic  
d i s t ances  of ~(7-10)Re,  where  Re is the rad ius  of the ear th) .  

The height of the region at about 4R e, for  which there  is a sharp  drop in the cha rged -pa r t i c l e  den- 
si ty of the cold p l a s m a  sheath, as  d i scovered  in 1959 (Gringanz et al. ,  1960a; Gringauz,  1961a), turned 
out to depend s t rongly on geomagnet ic  act ivi ty (Carpenter  1963, 1966a). 

After  the d i scovery  in 1958 of c l ea r ly  defined radia t ion  bel t s  during the expe r imen t s  designed to 
study cosmic  r a y s  (Van Allen, 1958; Vernov et al . ,  1958) it s eemed  that the outer  boundary of the be l t s  
[ ~ (7-8)Re in the equator ia l  plane] was also the l imi t  of the n e a r - e a r t h  space.  The t r apped - r ad i a t i on  zone 
was  thought at that t ime  to be s y m m e t r i c  about the geomagnet ic  dipole [the var ia t ions  with local t ime  were  
only d i scove red  at the end of 1961 (O'Brien,  1963)]. 

So, when in 1959 it was  found f r o m  Soviet lunar  f l ights designed to study the in te rp lane ta ry  p l a s m a  
that  outside the outer  rad ia t ion  bel t  there  were  reg ions  with cons iderable  fluxes of low-energy  e lec t rons  
(E > 200 eV) which had not been  r e c o r d e d  by the c o s m i c - r a y  counters ,  it was  na tura l ly  a s sumed  that  there  
was  a th i rd  radia t ion  bel t  consis t ing of v e r y  soft e lec t rons ,  s imi l a r  in shape to the outer  bel t  but differing 
in the lower  energy  and higher  flux va lues  (Gringauz et al . ,  1960a; Gringauz et al . ,  1960b). In 1961 this  
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a b c d 

Fig. 1. Structure of the geomagnet ic  field dis turbed by the so la r  wind 
( ea r th ' s  magne tosphere  in the magnet ic  mer id ian  plane; Hess ,  1967) : 
a) rad ia t ion  bel ts ;  b) cape region; c) p l a s m a  layer ;  d) neutra l  sheet.  

zone was named the o u t e r m o s t  cha rged -pa r t i c l e  zone (Gringauz, 196D ; it was  not r ea l i zed  at the t ime  that 
the p rope r t i e s  of the f luxes va r i ed  with local  t ime.  

It i s  now known that the low-energy  e lec t ron  fluxes beyond the outer  bel t  in the midday di rec t ion be-  
long t o  the unstable radia t ion zone which s t r e t ches  up to the magnetospher ic  boundary,  and to the par t ia l ly  
the rmal i zed  so la r  p l a s m a  behind the shock f ront  which a r i s e s  f r o m  the in teract ion between the supersonic  
so la r  wind and the geomagnet ic  field. The f luxes on the midnight side a re  obse rved  in the unstable r ad i a -  
t ion zone and in the p l a s m a  l aye r  of the magnetotal l  which contains the neut ra l  sheet.  When these  e l ec t ron  
f luxes were  f i r s t  d iscovered,  however ,  the r e a l  dif ference between the midnight and midday s t ruc tu r e s  of 
the e a r t h ' s  field outside the radia t ion  be l t s  [i.e., at ~ (7-10)Re] was unknown. The cu r r en t  r ep resen ta t ion  
of the s t ruc tu re  of the magne tosphere  is shown in the r ecen t  d i ag ram of Fig. 1 (Ness,  1967). 

The p r e sen t  su rvey  makes  f requent  r e f e r e n c e  to this  d iagram;  it should be  pointed out, however,  that 
although the f igure  shows seve ra l  cha rged -pa r t i c l e  zones,  it does not depict  the full d is t r ibut ion in the 
magne tosphere  (it was  apparent ly  not the au thor ' s  intention to do so). Thus, it does not show the p l a s m a  
sheath surrounding the ear th  - the ionosphere  - which is made up of ve ry  low-energy  (thermal) pa r t i c l e s  
and which contains a boundary which c r o s s e s  inside the energet ic  t r apped - r ad i a t i on  zone (more  exact ly,  
inside the outer  rad ia t ion  belt). Again, while the radia t ion bel t  on the night side is shown surrounded by 
p lasma ,  on the day side no p l a s m a  is indicated beyond the bel t ,  though in fact  it does exis t  in the unstable 
radia t ion  zone and f a r t he r  out in the t rans i t ion  l ayer  beyond the magne tospher ic  boundary.  

It is quite c l ea r  that the stable field s t ruc tu re  with the enormous  elongation in the an t i se la r  d i r ec -  
t ion shown in Fig. 1, which was  so unexpected by the ideas of the f if t ies,  is the r e su l t  of the superposi t ion 
on the e a r t h ' s  dipole field of another  field f r o m  some fa i r ly  stable sy s t em of e lec t r i c  cu r r en t s .  It is a lso 
obvious that these  cu r r en t s  cannot be c rea ted  by the fluxes of charged pa r t i c l e s  with E < 50 keV in the r a -  
diation bel ts ,  because  these  a re  compara t ive ly  close to the ear th  and the field is st i l l  a lmos t  dipole; m o r e -  
over ,  the kinetic energy  of the pa r t i c l e s  per  unit volume (Zmv2/2) is only a smal l  f rac t ion  of the magnet ic  
field energy B2/8~. The c u r r e n t s  should however  be fo rmed  by the compara t ive ly  low-energy  (E < 30-50 
keV) charged par t ic le  f luxes which exis t  beyond the radia t ion bel ts .  

It is,  in fact ,  these  f luxes which apparent ly  "top-up" the radia t ion  bel t s  and become a l l - impor t an t  in 
causing a u r o r a s  andother  re la ted  phenomena;  for  this r eason ,  s eve ra l  authors  have cal led them "auro ra l  
radia t ion ."  Dess l e r  and Juday (1965) used  this name for  the low-energy  p l a sma  which en te r s  the polar  r e -  
gions f r o m  the magnetota i l  and is connected with the neut ra l  sheet .  O 'Br ien  (1966, 1967) extended this  idea 
to include the cha rged-pa r t i c l e  f luxes in the day and night pa r t s  of the unstable radia t ion zones,  i .e. ,  
8 <  L <  10.* 

Low-energy  cha rged -pa r t i c l e  f luxes also exis t  inside the rad ia t ion  bel ts ,  though they are  v e r y  va r i -  
able in t ime;  they s o m e t i m e s  exceed the much more  stable h igh -ene rgy  par t ic le  f luxes (Gringauz et al., 
1965, 1966a; P ize l la  et al., 1966) and can cause  magnet ic  s t o r m s  (Frank,  1967). 

* For  the use  of the coordinate  L, see below. 
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It follows f r o m  this that the s ~ d y  of the low-energy  p l a s m a  is one of the main  p rob l ems  in magneto-  
spher ic  physics ;  the pr inc ipa l  f ea tu re s  of the magne tosphere  and the main  events  which occur  in it a re  de- 
t e rmined  by the dis t r ibut ion of this p lasma ,  by its p r o p e r t i e s  and behavior  (all of which in turn depend on 
the so la r  wind). This  survey  cons ide rs  the low-energy  p l a s m a  (energies  f r o m  the rma l  up to about 45 keV) 
in the va r ious  reg ions  of the magne tosphere ,  in o rde r  of inc reas ing  distance f r o m  the ear th .  The main  e m -  
phas is  is on exper imenta l  r e su l t s .  

Despi te  the impor tance  of this subject ,  it has  developed much more  slowly than the study of h igh-en-  
e rgy  t rapped radiat ion.  This  is par t ly  explained by the difficulty in making ins t ruments  to r e co rd  low-en-  
erg57 charged pa r t i c l e s  because  of the necess i ty  of excluding the effects  of so lar  u l t rav io le t  r a y s  and the 
secondary  effects  of ha rd  radiat ion.  

In the f i r s t  y e a r s  af ter  the d i scovery  of the low-energy  p l a s m a  in the magnetosphere ,  the inves t iga-  
t ion was c a r r i e d  on using "integral" ins t ruments  which showed only that  the par t ic le  ene rg ie s  lay between 
hundreds  of e lec t ron  vol ts  and the lowest  va lues  r e co rded  by the h igh-energy  counters  (Gringanz et al., 
1960; Gringauz et  al. ,  1964; F reeman ,  1964) ; in r ecen t  y e a r s  m e a s u r e m e n t s  have been made to de te rmine  
the par t i c le  energ ies  much more  accura te ly  (Vernov et al., 1965, 1966; Wolfe et al. ,  1966a, 1966b, 1967; 
Bame et al . ,  1967; Frank,  1967a, 1967b; Vasyl iunas,  1968b). 

The exper imen ta l  r e s u l t s  on low-energy  fluxes and the in te rpre ta t ion  of par t ic le  p rob l ems  during 
the l as t  few y e a r s  (1965-1968) a re  d iscussed  in a s e r i e s  of survey  a r t i c l e s  and in introductions to or iginal  
pape r s  (Bezrukikh and Gringauz,  1965; Tay lor  et al., 1965; Gringauz and Khokhlov, 1965; Carpen te r ,  1966; 
O 'Br ien ,  1967; Dungey, 1967; Ness ,  1967; Binzack,  1967; Frank,  1967a; Vasyliunas,  1968b; etc.) .  

This  s u r v e y r e p r e s e n t s  an a t tempt  at a shor t  s u m m a r y  of the informat ion published before  the Wash-  
ington Symposium.* Space does not allow a d iscuss ion  of the p rob l ems  of record ing  low-energy  cosmic  
pa r t i c l e s ,  although these  a re  undoubtedly of g rea t  in teres t .  

We shall  make  use  of the magnet ic  shell  p a r a m e t e r  L introduced by McHlwain (1961) ; for  a dipole 
field this  is equal to the dis tance f r o m  the center  of the ear th  to the magnet ic  shell  e x p r e s s e d  in units of 
Re.  For  high lat i tudes (with L > 8-10), this p a r a m e t e r  is devoid of meaning since the geome t ry  of the r e a l  
f ield co r r e sponds  to the p ic ture  of Fig. 1. However,  many authors ,  in present ing  exper imenta l  r e su l t s ,  use  
L even for  values  g r e a t e r  than 10 and we shall  do the same .  

In Table 1 we give some of the c h a r a c t e r i s t i c s  of sa te l l i t es  which have flown through the magneto-  
sphere  with ins t rument s  designed for  studying the p l a s m a  and which a re  mentioned again below. 

i. THE EARTH'S PLASMA SHEATH (OUTER IONOSPHERE) 

It is sensible to start with terminology. This section will deal with the region up to 20,000-30,000kin 
in height, which is filled with thermal electrons and protons (energies not exceeding a few electron volts). 

In the l i t e r a tu r e  (as has  been  pointed out before ,  Gringauz,  1967), many dif ferent  names  have been 
used for  this  region:  "the ionized component  of the geocorona" (Gringauz et al. ,  1960) ; "the protono-  
sphere"  (for example ,  He i s le r  and Bowhill, 1965); "the magne tosphere"  (Taylor  et al . ,  1965); "the p l a s m a -  
sphere"  (Carpen te r ,  1966) ; "the outer  ionosphere"  (Gringauz,  1966). When the e lec t ron  or ion densi t ies  
a r e  m e a s u r e d  by means  of rocke t s  f r o m  1500-2000 km upwards  (i .e. ,  f r o m  ionospheric  heights),  no singu- 
l a r i t i e s  a re  detected r ight  up to the reg ion  where  the density begins  to dec rea se  rapidly  (the "knee").  In 
other  words ,  there  is no boundary between the no rma l  ionosphere  and the region under  d iscuss ion .  Indeed, 
no a t tempts  have ever  been  made even to define a conventional boundary.  There fo re ,  although the t e r m  
" p l a s m a s p h e r e "  is becoming more  and more  popular ,  "the outer  ionosphere"  s e e m s  to me a m o r e  appro-  
p r i a t e  name.  

There  have been a number  of observa t ions  of both ion and e lec t ron  components  of the outer  iono- 
sphere .  It is now poss ib le  to d i scuss  with some cer ta in ty  its physica l  p roper t i e s ,  and in pa r t i cu la r ,  the 
exis tence  (at l eas t  at t e m p e r a t e  geomagnet ic  lat i tudes at d is tances  of ~ 3R e to ~ 6Re) of a region where  
the re  is a sharp  b r e a k  (drop) in the height var ia t ion  of cha rged -pa r t i c l e  concentra t ion (the so-ca l led  "knee'S. 
We shall  take the boundary of the outer  ionosphere  to be the l imi t  of the reg ion  below the knee and call  it 
the "p l a smapause"  (af ter  Carpen te r ,  1966). 

* International Symposium on the Physics of the Magnetosphere, September 3-13, 1969. 
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TABLE 1 

Spacecraft Date of Apogee Perigee Instruments for detecting 
launch (km) (km) Inclination low-energy plasma 

1. Luna 1 

2. Luna 2 

3. Explorer 12 

4. Alouette 1 

5. Explorer 14 

6. Mars 1 

7. Injun 3 

8. IMP 1 

9. }~lektron 2 

i0. t~lektron 4 

11. Vela 2B 

12. OGO 1 

13. IMP 2 

14. Explorer 22 

15. I~un 4 

16. Zond 2 

17. Vela 3A 

18. Vela 3B 

19. Aloue~e 2 

20. Luna 10 

21. OGO 3 

22. Explorer 33 

1/2/1959 

9/12/1959 

8/16/1961 

9/29/1962 

10/2/1962 

11/]./1962 

83,600 

1000 

6700 

(circular orbit) 

85,300 I 300 

Interplanetary station 

12/13/1962 2785 

191,230 

68,200 

66,235 

115,140 

150,000 

93,910 

2495 

237 

197 

460 

460 

90,920 

280 

197 

530 

Interplanetary station 

115,840 106,370 

122,080 100,570 

2980 500 

Moon satellite 

11/27/1963 

1/'30/1964 

7/11/1964 

7/17/1964 
11/5/1964 

10/4/1964 

10/19/1964 

11/21/1964 

11/30/1964 

7/2o/1965 

7/20/1965 

11/29/1965 
3/31/1966 

6/7/1966 

8/17/1966 

122,300 295 

440,000 50,000 

33 ~ 

80 ~ 

33 ~ 

70.4 ~ 

33 ~ 

61 ~ 

61 ~ 

40 ~ 

31 ~ 

33 ~ 

81 ~ 

35 ~ 

34 ~ 

80 ~ 

31 ~ 

7 ~ 

Charged-particle traps 

Charged-particle traps 

CdS detector; spherical electrostatic 
analyzer 

Ionospheric sounder; ELF radiation 
receiver  

Spherical electrostatic analyzer 

Charged-particle traps 

Electron multiplier 

Charged-particle trap (analyzer with 
retardation potential and modula- 
tion-type Faraday pan). Spherical 
electrostatic analyzer 

Charged-particle trap. Electrostatic 
analyzer 

Charged-particle trap; spherical 
electrostatic analyzer 

Spherical electrostatic analyzer 

Faraday pan (modulation-type 
charged-particle trap) ; spherical 
electrostatic analyzer 

Charged-particle trap; analyzer with 
retardation potential and modula- 
tion-type Faraday pan; spherical 
electrostatic analyzer 

Cylindrical Langmuir probe; iono- 
spheric sounder 

Scintillation counter for energy flux 

Integral and modulation-type charged- 
particle traps 

Spherical electrostatic analyzer 

Spherical electrostatic analyzer 

Ionospheric sounder 

Ion trap; electron trap; trap for re-  
cording thermal ions, modulation- 
type Faraday pan 

Modulation-type charged-particle 
trap; four cylindrical electrostatic 
analy zer s 

Modulation-type charged-particle 
trap 
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TABLE 1 (continued) 

Spacecraf t  

23. P ioneer  7 

24. ATS 1 

25. Exp lo re r  35 

Date of 
launch 

s/17/1966 

12/7/1966 

7/19/1967 

Apogee(km) I Perigee(kin) 

In te rp lane ta ry  stat ion 

I 
Synchronous orbit 

35,800 

Moon satellite 

I 

Inclination 
Ins t ruments  for  detecting 

low-energy  p l a sma  

Modulation-type cha rged -pa r t i c l e  
t rap;  q u a r t e r - s p h e r e  ana lyzer  

T r a p  for  r ecord ing  t h e r m a l  ions 

Modulation-type cha rged -pa r t i c l e  
t r ap  

N(c~ ~ et al. 
to 4-60"51i" 59" 61' 6Y - 

(56")C40'~ (:?Y) (23") (20 o) - 
, %  

t03 io o N , ~  ~ to 2 

I I 
I0' 2 3 ~, 

Geocentric distance 
(in earth radii) 

Fig. 2. E lec t ron  density n e 
( f rom whis t l e r  a tmospher ics)  
and ion density n i (Luna 2 
data) as functions of geocen-  
~:ic dis tance.  The invar iant  
and geomagnet ic  (in pa ren -  
theses) la t i tudes in te rsec ted  
by Luna 2 a re  shown at the top 
of the f igure  (Carpenter ,  1963). 

The f i r s t  d i rec t  m e a s u r e m e n t s  of posi t ive ion densi t ies  in the outer  
ionosphere  were  made in 1959 by means  of the cha rged -pa r t i c l e  t r aps  on 
board  the Soviet moon rocke t s  Luna 1 and Luna 2 (Gringauz et al., 1960; 
Gringauz,  1961). The expe r imen t s  d i scovered  the exis tence at heights of 
~ 20,000 km (R ~ 4Re) of a region of increased  ra te  of fal l  in charged-  
par t ic le  concentrat ion,  a sor t  of "plateau" in the height distr ibution,  and 
gave the f i r s t  rough e s t ima te  of the ion t e m p e r a t u r e  T i at 4R e (namely,  
that T i was  not g r e a t e r  than some tens of thousands of degrees ) .  

A ve ry  impor tant  s tage in the study of this region was the d i scovery  
of the knee in the equator ia l  height dis t r ibut ion of the e lec t ron  density ne 
f r o m  the analys is  of whis t l e r  propagat ion  data (Carpen te r ,  1963). This 
work  was the beginning of a s e r i e s  of studies by Carpen te r  and his  col-  
leagues,  which produced valuable s ta t i s t ica l  data showing the height v a r i -  
at ions of the knee in the outer  equator ia l  ionosphere as a function of lo- 
cal  t ime and geomagnet ic  act ivi ty.  

Figure 2, which is taken f r o m  the f i r s t  publication by Carpen te r  
(1963), shows an n e prof i le  obtained f r o m  whis t le r  data; the open c i r c l e s  
denote the values  of ion density ni de te rmined  in 1959 f r o m  Luna 2. C a r -  
penter  cons idered  the ag reemen t  between these data to be sa t i s fac tory .  

In discussing the difference between the Luna-2 data and Carpenter's results, Obayashi (1964) pointed 
~Jut that a possible cause of the discrepancy might be the difference in geomagnetic latitudes at which the 
studies were made. The ionospheric temperature vs height curve can vary strongly with latitude - at high 
latitudes the temperature might be larger because the thermal conductivity of the ionosphere is extremely 
anisotropic; this can affect the height distribution of charged-particle density. Carpenter and Smith (1964) 
noted that the discrepancy between the equatorial-plane n e profile in Fig. 2 and the Luna-2 data might be 
due to the decrease in density with latitude at comparatively low heights since the n i measurements started 
at N 2000 km at a geomagnetic latitude of 60 ~ 

Carpenter (1966) subsequently reduced a vast amount of experimental data on whistlers recorded at 
high-latitude stations in the Antarctic and involving hundreds of thousands of sonograms. Figure 3 shows 
the averaged data on the position of the knee in the geomagnetic equatorial plane for days of moderate ac- 
tivity (Kp = 2-4). 

The dashed line shows the posit ion of the knee f r o m  1500 LT on July 28 through 0430 on July 29, 1963. 
The curve  depicting the average  diurnal  var ia t ion  of the knee (plasmapause)  for days of modera te  act ivi ty 
has  the following p rope r t i e s :  

1. The sma l l e s t  geocentr ic  dis tance (3-3.5Re) is observed  in the morning  around 0600. 

2. At about 1800 there  is a rapid  inc rease  in the height of the knee with R changing f r o m  3.5 to 5. 
The r e tu rn  movement  is much s lower  and l a s t s  about 10 h. 

3. F r o m  0600 to noon, the height i n c r e a s e s  smoothly.  

In the f i r s t  r e f e r e n c e s  to the p la smapause ,  it was  noted that  i ts  height depended strongly on the level  
of geomagnet ic  d is turbance (Carpenter ,  1963; Carpen te r  and Smith, 1964). The deta i ls  of this dependence 
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Fig. 3. Measured position of plasmapause as a func- 
tion of local t ime. The numbers  show the values of R 
in units of R e. The dotted curve cor responds  to in- 
c reased  magnetic activity, and the dashed curve to de- 
c reased  activity (Carpenter,  1966). 
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Fig. 4. Position of the plasmapause as a function of geomagnet-  
ic activity for the period July 28-31, 1963; universal  time (Car-  
penter,  1966). 

were published later  (Carpenter ,  1966). An example is shown in Fig. 4, f rom which it can c lear ly  be seen 
that an increase in disturbance brings the knee c loser  to the earth. The author pointed out that a change in 
activity is, as a rule,  followed 6 h la ter  by the change in height. 

An analysis of the vast  whist ler  data, taken together with the ion m a s s - s p e c t r o m e t e r  resu l t s  (Taylor 
et al., 1965) described below, enabled Carpenter  to propose a pre l iminary  model of the distribution of the 
thermal  plasma round the earth. In this model, the earth is surrounded by a plasma sheath which rota tes  
together with it. For  moderate geomagnetic activity, the projection of this sheath on the equatorial  plane 
descr ibes  a c i rc le  (Fig. 3) (apart f rom the 1700-2400 LT section). With increased activity, the sheath con- 
t rac t s  and becomes more asymmetr ica l ;  as Kp decreases ,  the opposite occurs .  

Figure 5 shows an idealized meridian projection of the daytime par t  of the plasma sheath (~ 1400 LT). 
The shaded region is bounded by the magnetic shell L = 4 and corresponds  to ne = 102 cm -3 ; outside this 
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Fig. 5. Model of the dis tr ibut ion of t he rma l  p l a sma  in a m e r i d -  
ian sect ion of the magne tosphere  at about 1400 LT (modera te  geo- 
magnet ic  act ivi ty,  Kp = 2-4) (Carpen te r ,  1966). 

Fig. 6. Height dis t r ibut ion of ion densi ty (n9 i n a r e g i o n  c lose  to 
the magnet ic  equator ia l  plane; data f r o m  cha rged -pa r t i c l e  t r a p s  
on Elektron 2 (Bezrukikh and Gringauz,  1965). 
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Fig. 7. a) Ion density ni as a function of height  H, geocentr ic  distance 
R, and L-coord ina te  (nighttime, J a n u a r y - F e b r u a r y ,  1964); data f r o m  
t~lektron 2 (Bezrukikh,  1968) : 1) 31.01, 1964, Kpm = 3o; 2) 12.02, 1964, 
Kpm = 40; 3) 14.02, 1964, Kpm = 50. b) Relat ion between posit ion of the 
knee in L-coord ina tes  and the m a x i m u m  K-index in the course  of the day 
preceding  the m e a s u r e m e n t s ;  data f r o m  t~lektron 2 and Elektron 4 
(Bezrukikh,  1968). 

region,  n e ~ 1 cm -3. Carpen te r  suggests  that during low magnet ic  act ivi ty the field line L = 4 r e p r e s e n t s  
a fa i r ly  sharp  boundary.  Nea re r  the ear th ,  however ,  the difference between the ne on the two sides of the 
boundary can get cons iderably  sma l l e r .  In Fig. 5 this pa r t  of the field line is shown dashed.  The average  
of all  the whis t le r  data (Carpenter ,  1966) obtained during modera t e  act ivi ty has  shown that the height d is -  
t r ibut ion has  a sharp  b r e a k  at  d is tances  of about 4Re both during the day and at night. While at night, how- 
ever ,  the change in n e is 30-100 t imes  in a dis tance of 0.15Re, during the day it was reduced to ten t imes .  

Measu remen t s  of the ion component  of the t h e r m a l  p l a s m a  by means  of cha rged -pa r t i c l e  t r ap s ,  which 
s t a r t ed  on the Soviet lunar c ra f t  in 1959, were  continued in 1964 in the t~lektron s e r i e s  of sa te l l i tes .  Some 
p r e l i m i n a r y  r e su l t s ,  obtained on ]~ lektron 2 and r e f e r r i n g  to the equator ia l  reg ions  of the outer  ionosphere ,  
we re  published in 1965 (Bezrukikh and Gringauz,  1965; Gringauz et  al., 1966): m o r e  detailed r e s u l t s  a r e  
given by Bezrukikh (1968). F i g u r e s  6 and 7 show examples  of the r e su l t s  obtained f r o m  m e a s u r e m e n t s  
made by the ]hekiron sa te l l i tes .  It can be seen f r o m  Fig.  7 that conclusions s i m i l a r  to those of Carpen-  
t e r  may  be drawn f r o m  these data,  
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Fig. 8. Proton and helium ion density as 
a function of the coordinates;  m a s s - s p e c -  
t romete r  data f rom OGO-1 (Taylor et al., 
1965). Continuous line - November 2, 1964. 
Dashed l i n e -  November 10, 1964. Dash-dot  
l i n e -  November 26, 1964. 

The ion components of the outer ionosphere have also 
been studied by means of Bonnet radiofrequency mass  spec- 
t r ome te r s  on satelli tes OGO-1 and OGO-3 (Taylor e t a l . ,  1965; 
Taylor  e t a l . ,  1968}. On these satell i tes the position of the 
plasmapause was obtained by means of charged-par t ic le  t rap 
plasma detectors (Vasyliunas, 1968). In addition, traps were 
used to obtain data on the outer ionosphere in IMP-2 (Serbu 
and Maier,  1966a, 1966b; Binzack, 1967). 

Figures  8 and 9 give some resul t s  of the ion mass -  
spec t rometer  measurements  made on OGO-1 (Taylor, et al., 
1965). The resul t s  showed that in the overwhelming major i ty  
of cases ,  the plateau in the height variat ion of ni gets lower 
during periods of high magnetic activity and vice versa .  This 
compress ion  of the outer ionosphere during disturbed periods 
is studied in Taylor et al. (1968) in connection with the OGO-1 
and OGO-3 data for 1965-66. The authors conclude that there 
is a negative corre la t ion  between the L-coordinate  of the 
plasmapause at any time and the maximum value of Kp inthe 
preceding 24 h. During the solar f lare events of July 15, 1965 
and June 7-9, 1966, when Kp was equal to 5, the plasmapause 
descended f rom L = 6 to L = 3.3. 

During the flight of OGO-1 and OGO-3, Carpenter ,  Park,  and Taylor  (1968) made severa l  simultane- 
ous measurements  of the knee by three independent methods:  analysis  of whis t lers  recorded  in the Ant- 
arc t ic ;  ion spec t rometer  measurements  on the satellite; and ELF measurements  on board.  In the last  
method the cross ing of the plasmapause is distinguished by a sudden change in the nature of the received 
ELF signal. The observed L-values  of the knee lay within the l imits  3.2-5.5. Simultaneous measurements  
made on board and on the ground and corresponding to a local t ime difference of about 1 h gave the same 
position for the plasmapause (within the experimental  e r r o r  l imits of • 0.2Re). The resul t s  f rom the m a s s -  
spec t rometer  and ELF experiments  agreed to within about 0.1Re. 

- - 4  I 
r ' > < ,  :, \ \  

Fig. 9. Sections of the OGO-1 orbits  on which reductions in ion 
density were observed. The continuous part  of each line c o r r e -  
sponds to a uniform decrease  in density with height; the s tar t  of 
the dashed line shows the position of the sharp fail in cur ren t  
(Taylor et al., 1965). 
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These experiments  show that both ground-based whist ler  observations and satellite measurements  
are  re l iable .  They also provide evictence that the plasmapause (at least  in moderate  latitudes) does in fact  
have the shape of a geomagnetic sheath. 

The OGO-1, OGO-3, and IMP-2 satell i tes also had MIT plasma detectors  designed to record  e lect rons  
(Binzack, 1967; Vasyliunas, 1968). An analysis  of the readings  of these instruments  and of the cha rac te r -  
is t ics  of the record ings  showed that as a resu l t  of cer ta in  secondary p rocesses ,  which we will not discuss 
here ,  they rel iably detected the instants when the satell i tes c rossed  into regions  of high posit ive-ion con- 
centration,  i.e., the entrance to the plasmapause.  A compar ison  between the changes in the position of the 
plasmapause and the variat ions in magnetic activity led the authors to conclusions s imilar  to those of Car -  
penter  and Taylor  et al. In par t icular ,  Binzack takes the plasmapause under quiet conditions to correspond 
to L = 6 and for other values of Kp to be given approximately by the empir ical  equation 

A = 6 -  0.6Kp, 

where the Kp index r e fe r s  to the time of observation. 

It should be noted that the IMP-2 satellite made simultaneous measurements  with charged-par t ic le  
t raps  of both the e lectron and ion components of the plasma sheath; the part icle  energy was analyzed by 
the re tarding-potent ia l  method (Serbu and Maier, 1966a, 1966b). In their  interpretat ion of the data, the 
authors did not discover  a knee in the charged-par t ic le  distribution. We have pointed out before (Gringauz, 
1967) that this contradicts  a number of separate  independent observat ions.  Indeed, it is even in contradic-  
tion to the simultaneous measurements  made on the same satellite (Binzack, 196~. The cause of these 
d iscrepancies  needs to be determined.  

Serbu and Maier concluded f rom the IMP-2 resu l t s  that for 4Re < R < 10Re, the ion tempera ture  is 
considerably higher than the electron tempera ture  (Te ~ 1-2 eV, T i ,-~ 4-8 eV). These values of T i a re  much 
g rea te r  than the upper es t imates  for  R < 5.5 R e fromthel~lektron-2 data (Bezrukikh et al., 1967). It fol- 
lows f rom theoret ical  models of the outer ionosphere (Heisler and Bowhill, 1965; Gliddon, 1966; Bauer,  
1967) that in the absence of any selective heating or cooling sources  for the electron and ion gases ,  T i 
should not exceed Te; no sat isfactory mechanism for selective heating has been discovered.  Investigations 
of the lower ionosphere made in recent  y e a r s  have shown that the geomagnetic field exerc i ses  a large 
measure  of control  over its behavior.  A number of ionospheric proper t ies  which are  eonnected with the 
t r anspor t  of charged par t ic les  along magnetic tubes of force  are  discussed in the survey by Roedere r  (1967) 
on conjugate-point phenomena. Considerable latitude gradients  have been found at high latitudes. These 
a:'e connected with the trough in e lectron density which has been observed at heights between 1000 km and 
t;le F 2 layer  maximum on Alouette-2 ionograms (Thomas et al., 1964), and also at a height of ~ 1000 km 
on the Langmuir  probe resu l t s  f rom Explorer  22 (Brace and Reddy, 1965). Strikingly small  values were 
found f rom high-lati tude Alouette-2 ionograms at heights of 1500-3000 kin, where for L > 6, n e varied 
f rom 8 to 100 cm -3 , and the boundary of the n e = 30 cm-3region was found to move in geomagnetic latitude 
f rom midday to midnight by 8 ~ (Hagg, 1967). The authors of these experiments  note the s imilar i ty  between 
these high-lat i tude effects at low heights and the knee which is observed at great  heights at low latitudes. 
Although the re la t ion between these effects seems to us indisputable, it cannot serve as a complete explan- 
ation of the existence of the knee, if only for the reason  that the low-altitude phenomena at high latitudes 
are  themselves  still in need of explanation. Moreover ,  as Angeramy and Carpenter  (1966) have noted, there 
is some disagreement  between var ia t ions  in the position of the knee in the equatorial  plane and changes in 
the lower ionosphere at high latitudes. 

In 1961, the Axford and Hines theory of high-lati tude geophysical  phenomena and magnetic s to rms  was 
published; a model of the magnetosphere was put forward in which the outer layers  contained a plasma in 
convective motion. The source of the motion was taken to be the v iscous- type  interact ion between the mag-  
netospheric  p lasma and the solar  wind. As a resu l t  of the p lasma motion in a magnetic field, e lec t r ic f ie lds  
are  set up. Near the geomagnetic dipole a forbidden zone is created into which the convecting plasma can- 
not penetrate;  the size of this zone is defined by a geomagnetic latitude of 62 ~ which corresponds  in the 
equatorial  plane to ~ 4.5Re. It is quite c lear  that the fo rm of the var ia t ion of p lasma density with distance 
must  be different inside and outside the forbidden zone. 

In the same year ,  another model was suggested with the convecting plasma motion being caused by 
the joining-up of the field lines in the magnetotail  with those of the interplanetary field (Dungey, 1961). 
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Thus, soon after the publication of the f i r s t  experimental  resu l t s  f rom moon rockets  on the p lasma 
density at a few ear th  radii ,  independent theoret ical  arguments  appeared which predicted the existence of 
a break in the plasma distribution at about 4.5Re. There then appeared a ser ies  of theoret ical  papers  in 
which the common feature was the acknowledgement of the existence of convection and of a forbidden zone 
and in which the boundary of this zone was direct ly identified with the knee (Block, 1966; Nishida, 1966; 
Dungey, 1966; Samokhin, 1966, 1967, 1967a, 1968; Kavanagh et al., 1968; Brace,  1967). These papers  dif- 
fer  in their  choice of the cause of convection and of the forbidden zone and in the configuration of the postu- 
lated magnetospheric  e lec t r ic  field; in some the rotat ion of the earth is of essen t ia l  importance,  in others 
it is ignored. Nevertheless,  the convective p lasma motion remains  one of the main features  of all the 
models.  

Until recent ly,  of course ,  ideas about the convective circulation were  based on indirect data (ground- 
based drift observations of au rora  and radio scintillations, high-lati tude geomagnetic disturbances,  and so 
on); lately, however,  measurements  f rom the geostat ionary ATS-1 satellite seem to have produced direct  
experimental  evidence (Freeman,  1967; Freeman  et al., 1968; Freeman  and Young, 1968). A movement 
of the thermal  magnetospheric  ions (E ~ 1 eV) at ~ 30 kin.  sec "~ has been established. The authors est i-  
mate that this corresponds  to an electr ic  field of ~ 5 m V - m  -~ directed ac ros s  the magnetosphere f rom 
the morning to the evening side. 

In the Dess ler  and Michel model (1966), the variat ion of p lasma density is explained without r ecou r se  
to convective motion in t e r m s  of the evaporation of p lasma f rom the polar ionosphere along the field lines 
of the open magnetotail .  In the latest  papers  of Axford (1968) and Banks and Holzer (1968) arguments  and 
numerical  calculations are  given in favor of a supersonic effusion of p lasma f rom the polar ionosphere 
(called by the authors "the polar wind") which could also serve to explain the existence of the knee. A dis- 
cussion of these papers  could well form the subject of a special  survey on its own and we hope to attempt 
this in a subsequent repor t .  

In conclusion, the sum total of the available experimental  data on the cold (thermal) magnetospheric  
p lasma shows that there is a charac ter i s t ic  surface - the boundary of the outer ionosphere or plasmapause 
- which apparently divides the par t  of the plasma which is in convective motion f rom the par t  of the plas-  
ma which is in convective motion f rom the par t  which ro ta tes  with the earth.  The plasmapause is situated 
inside the outer radiat ion belt; it contrac ts  (gets c loser  to the earth) with increased magnetic activity and 
expands with decreased activity. 

If we use the Carpenter  (1966) model, as defined in the equatorial  (Fig. 3) and meridian (Fig. 5) planes, 
we must  bear  in mind the following points:  

1. The method used to obtain the e lectron density f rom whist ler  data gives n e only in the equatorial  
plane. 

2. In construct ing the cold p lasma sheath model in the meridian plane, Carpenter  relied part ly on 
the resu l t s  of Taylor et al. (1965) f rom OGO-1. However, the orbit  of this satellite, like those of IMP-2 
and OGO-3, had a comparat ively  small  inclination, and so the data obtained r e f e r  to geomagnetic latitudes 

45 o . It was for this reason  apparently that the author stated that the dashed par t  of the boundary field 
line in the figure cor responds  to a region where the shape of the knee is not sufficiently well established. 

It should be noted that in the charged-par t ic le  profi les  obtained in 1964 with t raps  onElektron 4, 
those for which there is no c lear ly  distinguishable knee are  those corresponding to latitudes > 45 ~ (Bez- 
rukikh, 1968). It must  also be r emembered  that the OGO posit ive-ion densities are accurate  to within a 
factor  of 5 only because of the difficulties in reducing the values of cur rent  to part icle  densit ies (Taylor 
et al., 1965) ; s imilar  difficulties were met  in the analysis of the ]~lektron data (Bezrukikh and Gringauz, 
1965). Therefore ,  the Carpenter  model must  be approached with some caution and not be considered as 
final, especially in view of the fact  that the author himself  calls  it "prel iminary."  

2.  L O W - E N E R G Y  (E~  40 k e V )  P A R T I C L E  F L U X E S  

IN  T H E  T R A P P E D - R A D I A T I O N  Z O N E  

Ear ly  es t imates  of the part icle fluxes in the radiat ion belts by the authors of the f i r s t  Amer ican  and 
Soviet experiments  were  much too high; on the other hand, the energies  were  taken as too small.  The elec-  
t ron flux in the outer belt was considered to be 101~ em -2 �9 see -1 at energies of E > 20 keV. These 
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Fig .  10. Values of the proton (E < 50 kelO flux 
as  a function of the L -coo rd ina t e  during a mag-  
net ic  d i s tu rbance ;  data  f rom e l e c t r o s t a t i c  an-  
a l y z e r  on OGO-3 (Frank ,  1967) : a) July 7, 1966, 
p r e - s t o r m ;  b) July 9, main  phase;  c) July 11, 
r e c o v e r y  phase;  d) July  13, p o s t - s t o r m .  |  
show intensi ty;  O�9169 show upper  l imi t .  

e s t i m a t e s  we re  connected with the fact  that ,  in o rde r  to 
i n t e r p r e t  the ins t rument  r ead ings ,  it was n e c e s s a r y  to 
make some insuff ic ient ly  e s t ab l i shed  assumpt ions  about 
the p a r t i c l e  energy  spec t rum.  Despi te  the fact  that  the 
Luna-2 da ta  had shown that  the to ta l  e l e c t r o n  flux in the 
outer  r ad i a t i on  be l t  could not exceed 2 �9 107 cm -2 - sec  -1 
(Gringauz et  a l . ,  1960; Gringauz et  al . ,  1963), other  ex- 
p e r i m e n t s  before  1962- 63 accepted va lues  th ree  o r d e r s  
of magnitude g r e a t e r .  Such l a rge  f luxes led many au- 
thor s  to be l i eve  that  the energe t ic  charged  p a r t i c l e s  
t r apped  in the outer  be l t  could be the cause  of magnet ic  
s t o r m s  and that  the i r  dumping into the a tmosphere  could 
d i r e c t l y  produce a u r o r a s .  

When the reduced  e s t i m a t e s  of the e l ec t ron  fluxes 
and the h a r d e r - e n e r g y  spec t rum became  widely accepted ,  
i n t e r e s t  in the outer  r ad i a t i on  be l t  as the cause  of im-  
por tan t  geophys ica l  phenomena weakened cons ide rab ly .  
It is  apparen t ly  i nc rea s ing  again,  now that  i t  has  been 
es t ab l i shed  that  in the outer  be l t  t he re  a re  l ow-ene rgy  
e l ec t ron  f luxes  which va ry  s t rongly  with t ime  and which 
have an energy  dens i ty  that  s o m e t i m e s  be c om e s  quite 
cons ide rab le .  

We begin  with a look at the inner be l t  (L ~ 2). Re-  
por t s  on the low-ene rgy  p l a s m a  flux he re  a re  few innum-  
b e t .  F r e e m a n  (1962) i n t e rp re t ed  the Injun-1 CdS r e s u l t s  
at a height  of ~ 1000 km at L > 1.7 as  evidence of protons  
with energy 0.5 keV < E < 1 Mev, c a r r y i n g  an energy 
flux of 50 e rgs .  em -2 �9 sec  -1 . 

F r a n k  and Swisher  (1968), using data  obtained in 1966 f r o m  an e l e c t r o s t a t i c  ana lyze r  in OGO--3, noted 
that  for  L < 1.7 the max imum energy  f luxes of r e c o r d e d  pro tons  (100 eV-50 kelO was 10-100 t i m e s  s m a l l e r  
than the value given by F r e e m a n .  They a lso  pointed out that  an ana lys i s  of the 1965 Injun-4 r e s u l t s  (unpub- 
l ished) showed that  for  protons  with E > 30 keV, the energy flux in the inner  be l t  was a lso  10-100 t i m e s  
s m a l l e r  than F r e e m a n ' s  f igure .  Since these  th ree  e x p e r i m e n t s  we re  done at  widely d i f ferent  t imes ,  one 
cannot exclude the poss ib i l i t y  that  the d i s c r epancy  is due to changes in the na ture  of the bel t  be tween 1961 
and 1966. 

Apparen t ly ,  the only r e s u l t s  so far  r e p o r t e d  for  p ro tons  with E < 50 keV at L < 2 r e f e r  to a magnet -  
i ca l ly  d i s tu rbed  pe r iod ;  they a r e  shown in Fig .  10 (which gives  the upper  l imi t ing  va lues ;  Frank ,  1967b). 
No r e s u l t s  for  e l e c t r o n s  with E < 50 keV have been publ ished.  

The informat ion  ava i lab le  on the l ow-ene rgy  p l a s m a  in the outer  r ad ia t ion  be l t  is  more  deta i led .  
During the f l ight  of t u n a  1 in January ,  1959 m e a s u r e m e n t s  we re  made with cha rged -pa r t i c l e  t r a p s  at d i s -  
t ances  g r e a t e r  than ~ 5Re ; e l ec t ron  fluxes of ~ 2 - 108 em -2 �9 sec -~ were  found for  an energy  E > 200 eV; 
th is  f igure  exceeds  by about an o r d e r  of magnitude the h igh -ene rgy  e l ec t ron  flux at the max imum of the 
outer  be l t  (Gringauz et  a l . ,  19601o). The subsequent  a n a l y s i s  showed that  these  f luxes were  pa r t ly  r e c o r d e d  
in the morning  sec t ion  of the magne tosphere  ins ide  the outer  be l t .  

F r e e m a n  et  al .  (1963) r e c a l l e d  that with E x p l o r e r  22 it s o m e t i m e s  happened that  l ow-ene rgy  e l ec t rons  
were  obse rved  in the dayt ime s ec to r  with max imum fluxes at  R ~ 7Re; in the m a j o r i t y  of c a se s ,  however ,  
such e l ec t rons  were  not detected.  The authors  did not e l abo ra t e  fu r the r  on these  obse rva t ions .  

On s e v e r a l  t r a n s i t s  of t~lektron 2 a c r o s s  the outer  bel t ,  the c h a r g e d - p a r t i c l e  t r a p s  r e c o r d e d  cons id-  
e r ab l e  e l e c t r o n  f luxes (up to 3 " 108 cm -2 �9 sec-% in the energy  range  100 eV -< E -< 50 keV. On other  t r a n s i t s ,  
the flux was below the lower  l imi t  of the ins t rument ,  i .e . ,  l e s s  than 2 �9 107 em -2 �9 sec -1 (Bezrukikh et  al . ,  
1965; Gringauz et  a l . ,  1966). In both c a s e s ,  the t r apped  e l ec t rons  in the outer  be l t  with E > 100 keV, whose 
m e a s u r e m e n t  is  de sc r ibed  by Vernov et  al .  (1965) and Kuznetsov et  al .  (1965), had an a lmos t  cons tant  flux 
( i ts  value  va r i ed  by about • This  led the au thors  to conclude that  there  is  a soft e l ec t ron  component in 
the outer  r ad ia t ion  bel t ,  d i s t inguished f rom the energe t i c  t r apped  r ad i a t i on  by i ts  g r e a t e r  va r i a b i l i t y .  
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Fig.  11. Regions of enhanced low-ene rgy  e l ec t ron  intensi ty  in 
L - c o o r d i n a t e s  and the max imum flux va lues  in va r i ous  energy 
in t e rva l s ;  sphe r i ca l  e l e c t r o s t a t i c  ana lyze r  data f rom t~lektron 2. 
The v e r t i c a l  l ines  co r r e spond  to the posi t ion of the outer  be l t  
(Vernov et  al . ,  1965): e e e - 1  keV; �9169169 keV; +++ - 5keV; 
•215215 - 10 keV; ~ - t ime  over  which r e s u l t s  were  avai lable ;  

�9 - s u d d e n  commencemen t  of :magnetic stor:m. sc 

This conclusion was conf i rmed by data  obtained on the same sa t e l l i t e  f rom an e l e c t r o s t a t i c  ana lyzer  
(for typica l  r e s u l t s  see Fig.  11; Vernov et  a l . ,  1966). In addit ion,  an indicat ion of the boundar ies  of the 
outer  r ad ia t ion  be l t  was  de r ived  f rom the m e a s u r e m e n t s  of p a r t i c l e s  with E > 100 keV; it can be seen that  
p a r t i c l e s  with ene rg i e s  0.1-10 keV a re  not a lways  observed  inside the bel t .  

F igure  12 shows for  a number  of p a s s e s  the L - c oo r d i na t e s  and loca l  t i m e s  at  which the cha rged-  
p a r t i c l e  t r a p s  r e g i s t e r e d  the soft e l e c t r o n  f luxes d e s c r i b e d  by Bezrukikh et aI. (1965) and Gringauz et al .  
(1966). The c i r c l e s  and the squa res  joined by the dashed l ines  show the value of L and T at which dur ing 
any one pass  the sa te l l i t e  r e c o r d e d  a flux equal to half  the maximum value obse rved  on that  pass .  The 
c r o s s e s  denote the bounda r i e s  of the outer  be l t  as  defined by the sharp  drop in the flux of e l ec t rons  with 
E > 100 keV (Kuznetsov et  al . ,  1965). When the sa te l l i t e  c r o s s e d  the boundary of the bel t ,  t he re  was no 
change at  a l l  in the cu r r en t  f rom the c h a r g e d - p a r t i c l e  t r a p ;  the e l ec t ron  f luxes continued to be observed  
beyond the l im i t s  of the bel t .  

F rank  (1966) has  r e p o r t e d  on obse rva t ions  f rom the Exp lo re r -12  CdS de tec to r  of t e m p o r a l  changes 
in the in tens i t i e s  of l ow-ene rgy  e l ec t ron  f luxes in the outer  r ad ia t ion  be l t  dur ing magnet ic  s t o r m s .  He con- 
c ludes that at the beginning of the giant  magnet ic  s t o r m s  of October  1 and 29, 1961, the e l ec t ron  energy 
flux in the range  100 eV < E < 40 keV i n c r e a s e d  sharp ly  at  L = 2.8-4,  r each ing  a max imum value of 1000 
e r g s  �9 cm -2 �9 sec  -~. No e s t i m a t e s  of the i n c r e a s e  in pa r t i c l e  flux were  made.  F rank  sugges ted  that  the low- 
energy  e l ec t rons  he obse rved  fo rm a r ing  c u r r e n t  cen te red  at  L = 3, which is pa r t ly  r e spons ib l e  for  the 
main phase of the s t o r m s .  

Also  in 1966, the r e s u l t s  we re  publ ished of the Exp lo re r -14  m e a s u r e m e n t s  on the flux of e l ec t rons  
with E = 5-10 keV (P ize l l a ,  Davis ,  and Wi l l i amson ,  1966). The m e a s u r e m e n t s  were  made by means  of a 
photomul t ip l ie r  f i t ted with a pe r iod i ca l l y  changing a b s o r b e r  in the co l l ima to r ;  th is  enabled the pitch angles  
of the e l ec t rons  to be measu red ;  the r e c o r d i n g s  were  made in the morning  pa r t  of the magne tosphere  
(08-10 hours  LT). High energy  p a r t i c l e s  were  also r eco rded .  
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Fig .  12. V a l u e s  of L - c o o r d i n a t e  and l o c a l  t i m e  fo r  which  e l e c t r o n  
f l uxes  wi th  E > 100 eV w e r e  o b s e r v e d  on ]~lektron 2 ( d e t a i l s  in tex t ) .  

Some of the authors' conclusions are as follows. There is a region of trapped electrons having a 

mean energy of about i0 keV and a maximum intensity of 109 em -2 - sec -i at L = 8; both the value of the 

maximum intensity and the position change markedly with time. The electrons are trapped because they 

occur in the morning sector (the boundary of the magnetosphere crossed through L = 12) and because their 

distribution in pitch angle is typical of that for trapped particles. The authors note that the energy spec- 

trum of these electrons is not continuous with that of the electrons at smaller L values and thus that they 

must not be considered as the tail of the more energetic trapped electrons, but must have some other origin 

and lifetime. They were not observed on all the passes of the satellite. 

Pizella et al. consider these electrons to be the same as those discovered by Luna 1 on January 2, 

1959 (Gringauz et al., 1960) when the inner boundary of the zone containing them corresponded to L = 5 at 

a geomagnetic latitude of ~ 20 ~ and the local time was about the same as in their measurements. The au- 

thors noted the absence of any clear correlation between the electron-flux measurements and the magnetic 
conditions; they did not do a detailed analysis because of the limited amount of data. 

It is interesting to compare the Pizella et al. results with those made on ]~lektron 2 for E > i00 eV. 

Some of the measurements in both series were made in the morning hours (see Fig. 12). In both cases, the 

fluxes were observed to be very variable, and sometimes they exceeded by more than an order of mag- 

nitude the high-energy electron flux in the outer belt. These common features suggest that the 5-10 keV 
fluxes measured by Explorer 14 in the outer belt have the same origin and properties as the fluxes re- 

corded by Elektron 2 and Luna I. 

Measurements of the flux of charged particles with energies of hundreds and thousands of electron 
volts were also made on OGO-I and OGO-3,which passed through the outer radiation belt. The MIT plas- 

ma detectors on these satellites, modulation-type charged-particle traps, could record electrons with en- 
ergies from 40 eV to E ~ 2 keV but were of comparatively low sensitivity. They did not find any electron 

fluxes in the evening or night sectors of the magnetosphere (Vasyliunas, 1968). 

1011 



A 

:::I 
tOT~ 

tOSLzf 

tO ~ 

: _ 40: 

,0,,, ,% ,%, ) 
oGo-3 ,0,-,,,,,,,,I ,,,,,,,,I ~ ,,,~,,~ 

,o 8 s ~o 

107 ~0 

: ,,,,,,,,I ,,,,,,I,llo~ I011 ,,,,,,,.I ,,.,,.I ,,,, 
t03 404. IO ~ 40 ~ |0 ~ I0 4 ~0 ~ 40 ~ ~07, ~04 ~10 s 

Electron energy (eV) 

F ig .  13. I n t e g r a l  e n e r g y  s p e c t r a  of sof t  e l e c t r o n s ;  
OGO-3  e l e c t r o s t a t i c  a n a l y z e r  ( F r a n k ,  1967b) : 
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F ig .  14. E l e c t r o n  e n e r g y  s p e c t r u m  
f r o m  OGO-3 e l e c t r o s t a t i c  a n a l y z e r  
f o r  June  15, 1966 at  0704 UT at a 
d i s t a n c e  of 3.4R e wi th  L = 3.9 
( F r a n k ,  1967b). 

S a t e l l i t e  OGO-3 was  a l s o  f i t t ed  wi th  e l e c t r o s t a t i c  a n a l y z e r s  
wi th  e n e r g i e s  f r o m  ~ 100 eV to ~ 50 keV and a s e n s i t i v i t y  c o n s i d -  
e r a b l y  g r e a t e r  than  tha t  of e a r l i e r  i n s t r u m e n t s  u s e d  fo r  s tudy ing  
the  l o w - e n e r g y  p l a s m a  in the  r a d i a t i o n  b e l t s  ( F r a n k ,  1967b, c). 
F i g u r e  13 shows the e n e r g y  s p e c t r a  of sof t  e l e c t r o n s  in  the  o u t e r  
b e l t  fo r  v a r i o u s  m a g n e t i c  s h e l l s  (3.4 -< L -< 8) on June  23, 1966 
{ m a g n e t i c a l l y  qu ie t  day) and June  25, 1966 ( s e v e r e  m a g n e t i c  d i s -  
t u r b a n c e ) .  I t  c a n  b e  s een  tha t  in both c a s e s  s i g n i f i c a n t  e l e c t r o n  
f l uxes  w e r e  r e c o r d e d  at  a l l  v a l u e s  of L,  wi th  m a x i m a  in the  e n e r g y  
r a n g e  f r o m  s e v e r a l  h u n d r e d  e l e c t r o n  v o l t s  to 1 keV.  The m a g n e t i c  
d i s t u r b a n c e  c o i n c i d e s  wi th  a s h a r p  i n c r e a s e  in  the  f lux.  F i g u r e  14 
shows  one of the  s p e c t r a  ob ta ined  at  L = 3.9 on June  15, 1966,when 
the f lux  of e l e c t r o n s  wi th  e n e r g i e s  103-104 eV w a s  s e v e r a l  o r d e r s  
of m a g n i t u d e  s m a l l e r  than  those  in the p r e v i o u s  d i a g r a m  ( F r a n k ,  1967). 

T h e s e  da t a  c o n f i r m  the e x i s t e n c e  of a h igh ly  v a r i a b l e  soft  
e l e c t r o n - f l u x  componen t  in the o u t e r  r a d i a t i o n  b e l t  and g ive  the  f i r s t  
d e t a i l e d  e n e r g y  s p e c t r a  fo r  t h i s  c o m p o n e n t .  

On OGO-3,  F r a n k  (1967c,  d) a l s o  ob ta ined  the only da t a  o n t h e  
soft  p r o t o n  c o m p o n e n t  in the  o u t e r  b e l t .  E a r l i e r  l o w - e n e r g y  

c h a r g e d - p a r t i c l e  d e t e c t o r s  on s a t e l l i t e s  which  c r o s s e d  the t r a p p e d - p a r t i c l e  r e g i o n ,  i nc lud ing  the e l e c t r o -  
s t a t i c  a n a l y z e r s  on I M P - 1  (Wolfe  e t  a l . ,  1966a) and t~lektron 2 (Vernov  et  a l . ,  1966), w e r e  i n s u f f i c i e n t l y  
s e n s i t i v e  to r e g i s t e r  p o s i t i v e  ions  and gave  only u p p e r  l i m i t s  for  the  ion  f lux.  T y p i c a l  r e s u l t s  have  a l r e a d y  
b e e n  shown in F ig .  10 fo r  the f lux  of p r o t o n s  wi th  E < 49 keV at  L = 8. An e x a m p l e  of the  d i f f e r e n t i a l  e n e r g y  
s p e c t r u m  of t h e s e  p r o t o n s  at  L = 3.9 ( t o g e t h e r  wi th  a s i m u l t a n e o u s  e l e c t r o n  s p e c t r u m )  i s  g iven  in F ig .  14. 
In a n a l y z i n g  the  r e s u l t s  of the  m a g n e t i c  f i e l d  m e a s u r e m e n t s  m a d e  wi th  E l e k t r o n  2, Dolg inov  e t  aI .  (1965) 
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concluded that there must  be a ring cu r r en t  formed by soft protons in the outer belt; at the t ime, as they 
noted, there  was no experimental  evidence of such par t ic les  available. 

An analysis  of the considerable variat ions in the flux of low-energy protons and e lect rons  in the 
outer radiat ion belt in June-July  1966 during some moderate  magnetic s to rms  led Frank (1967d) to the 
conclusion that the total energy of these par t ic les  during the increase  phase was sufficient to cause the r e -  
duction in magnetic field observed at the surface of the earth at low and middle latitudes and that it was 
prec ise ly  these par t ic les  which during s torms create  the external  r ing cur ren t  s imilar  to that suggested 
by Chapman and F e r r a r o  (1932). An est imate Showed that the observed Dst disturbance of 507 c o r r e -  
sponded to the following total energie s for par t ic les  with 200 eV ~ E ~ 50 keV lying between L = 1 and 
L = 8: 2.1 �9 1022  ergs  for  protons and 5.3 �9 1021ergsfor e lectrons.  The observed lifetime ~" for 30-50 keV 
protons during the rapid decay after  the main phase of the s torm was of the order  of tens of hours.  Swisher 
and Frank (1968) showed that these values of 7 could be explained by a process  of charge exchange between 
the protons and exospheric hydrogen atoms.  

3. L O W - E N E R G Y  C H A R G E D - P A R T I C L E  F L U X E S  

B E Y O N D  T H E  R A D I A T I O N  B E L T S  

In the Introduction we mentioned the f i r s t  d iscovery of low-energy electron fluxes (E > 200 eV) be-  
yond the radiat ion belts  by the f i r s t  moon rockets  in 1959 (Gringauz et al., 1960a, b, 1961b). The intensity 
of these fluxes significantly exceeded (by at least  an order  of magnitude) the flux of e lectrons with E > 50 
keV in the outer belt. F rom 1961 onwards, s imilar  fluxes were observed by Soviet and Amer ican  space-  
craf t ,  as will be descr ibed below. (We remind the r eade r  that some data on the orbits  of these craf t  can 
be found in the table in the Introduction.) 

The outermost  charged-par t ic le  belt, by which in 1961 was meant the intermediate zone between the 
ea r th ' s  radiat ion belts and the solar  wind, also includes (as has recent ly  become clear) the t ransi t ion zone 
on the noon side between the shock front (caused by the flow of the supersonic solar  wind round the geomag- 
netic field) and the boundary of the magnetosphere (the magnetopause).  On the night side it includes the 
p lasma layer ,  which contains the neutral  sheet (Gringauz and Khokhlov, 1965; O'Brien,  1967). In this sur-  
vey we give a br ief  summary  of the information on the t ransi t ion zone plasma. This is because,  f i r s t ly ,we  
ourse lves  originally included it in the outermost  charged-par t ic le  belt, and because,  secondly, if the low- 
energy plasma flux is incident on the magnetosphere through the neutral  points [as is suggested by severa l  
authors  including Pletnev et al. (1965)], its source cannot be the disturbed solar wind, but ra ther  the t rans -  
formed plasma f rom the t ransi t ion layer  which bounds the magnetosphere.  

The understanding of the physical  nature of the low-energy charged-par t ic le  fluxes in var ious  par ts  
of the magnetosphere  and outside it has  been great ly  helped by magnetic-field measurements .  These, in 
par t icular ,  have led to some theoret ical ly important  d iscover ies  [see, for example, Axford (1962)] about the 
proper t ies  of the shock wave front and the magnetospheric  boundary (magnetopause) (Explorer  12, Cahill 
and Amazeen, 1963) and the nature  of the neutral  sheet in the night sector  ( IMP-l ,  Ness et al., 1964). As 
noted above, Fig. 1 gives the present  picture of the geometry  of the magnetic field round the earth.  

During the many c ross ings  of the daytime par t  of the magnetopause by Explorer  12 in 1961, the l o w -  
energy CdS crys ta l  detector gave resu l t s  which were interpreted as evidence of e lect rons  with 200 eV -< 
E -< 40 keV and a flux of 109-10 l~ cm -2 �9 sec -1 in the t rans i t ion  layer  (Freeman et al., 1963). In 1963-64 
IMP-1 measured  electron fluxes in the t ransi t ion layer  of ~ 108 cm -2 �9 sec -~ for E > 100 eV (Serbu, 1965) 
and of 108 cm -2 �9 sec -~ for 65 ~ E ~ 210 eV and also posi t ive- ion spec t ra  (Bridge et al., 1965). Similar spec- 
t r a  were also measured  by Wolfe et al. (1966a). There have been other experiments  in the transi t ion layer ,  
in par t icular ,  by means of posi t ive- ion e lect ros ta t ic  analyzers  in OGO-1 and IMP-2 (Wolfe et al., 1966a, b) 
and ion and electron analyzers  in Vela 2 (Gosling et al., 1967). 

The resu l t s  obtained in the period after  the launching of IMP-1 can be summarized  as follows. In the 
t ransi t ion layer  there are e lect rons  with energies  E > 100 eV (Serbu, 1965) and in the range 65 ~ E ~ 210 
eV (Bridge et al., 1965)with fluxes ~ 108 cm -2 �9 see -1. Such e lect rons  are  not present  in the undisturbed so- 
l a r  wind. The e lectron energy spectrum, as derived f rom the Vela data is shown in Fig. 15a (Bame et al., 
1967). The proton component of the solar  wind undergoes the following changes behind the shock front:  the 
energy spect rum widens considerably;  the steady velocity drops; the density increases  by a factor  of about 
2; the tempera ture  r i s e s  by about a factor  of 5. The kinetic energy of the protons in the t ransi t ion layer  
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Fig. 15. Proton energy spect ra  measured in 
the transi t ion zone by various satell i tes (Wolfe 
et al., 1966b) : a) Vela 2B, October 5, 1964, 
1903-1916 UT; b) IMP-2, October 5, 1964, 
2029-2224 UT; e) IMP-2, October 5, 1964, 
0654-0917 UT; d) OGO-1, October 4, 1964, 
2010-2030 UT. On the right side of the dia- 
gram,  the circled numbers  correspond to the 
position of the satell i tes in the transi t ion zone 
when the measurements  were made. 
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Fig. 16. Distribution of e lect rons  with 200 
eV -< E -- 40 keV in the equatorial  plane (Van 
Mien,  1064) : - - -  ) possible extrapolation; 
~ )  diseontinuities in the observations;  
OOO) measurements  reduced to the plane of 
the geomagnetic equator along the e a r t h - s u n  
line. a) Freeman,  200 eV <- Ee -< 40 keV, J0 ~ 
109-10 l~ cm -2 �9 see -1, b) Neugebauer et al., 
Ep ~ 1 keV, J0 ~ 108 era-2 " see'~, e) Freeman,  
200 eV - Ee -< 40 keV, J0 ~ 10C101~ " sec-~, 
d) Gringauz et al., Ee >- 200 eV, J0 -< 2 �9 108 
em -2 �9 see -~, e) Bridge et al., Ep ~ 500 eV, J0 ~ 
107-108 cm -2 . sec-1. 

is one-half  that of those in the undisturbed solar  wind: 
the loss is apparently explained by the heating of elec-  
t rons and the generation of hydromagnetic  waves in the 
t ransi t ion layer  (Wolfe et al., 1966). It is interesting to 
note that directly after the f i rs t  lunar - rocke t  experi-  
ments (Gringauz et al., 1960; Shklovskii et al., 1960), 
the formation of e lectron fluxes with E > 200 eV beyond 
the t rapped-radia t ion zone was explained in fact by the 
t r ans fe r  of energy f rom the solar  wind protons to the 
e lect rons  as the wind hit the geomagnetic field. 

The proton energy spect ra  obtained over a short  
t ime interval on October 4-5,  1964 in Vela 2]3 (Gosling 
et al., 1966), IMP-2,and OGO-1 (Echo) in var ious  par ts  
of the t ransi t ion layer  are  shown in Fig. 15 (Wolfe et al., 
1966b). 

We now go on to the nighttime part  of the magneto-  
sphere.  The measurements  with CdS crys ta l s  on Ex- 
p lore r  12 confirmed the existence of a flux of 200-eV 
elec t rons  beyond the outer radiat ion belt onthe night side. 
The distribution of e lectrons with 200 eV ~ E ~ 40 keV in 
the equatorial  plane of the magnetosphere is shown in 
Fig. 16 in the fo rm in which it was drawn in 1964 f rom 
the Explorer -12  data (Van Allen, 1964) with a big spatial 
discontinuity between the day and night zones. 

At the end of 1962 the charged-par t ic le  t raps  in the 
Mars-1  spacecraf t  recorded  electron fluxes with E > 70 
eV beyond the outer belt on the night side at small  geo- 
centr ic  distances (2R e < R < Re) but at high invariant 
h ~ 65-67~ et al., 1964; Gringauz, 1964). This 
experiment  confirmed the original suggestion contained in 
the "third radiation belt" hypothesis  (Gringauz et al., 1960) 
that the inner boundary of the soft e lect ronf luxes  is situated 
along the outer limit of the radiation belt, i.e., along the 
magnetic sheaths. 

Fri tz  and Gurnett (1965) la ter  repor ted  that Injun 3 
had observed 10-keV elect rons  beyond the outer radiat ion 
belt at the same latitudes as Mars 1. The authors con- 
sider that they were detecting the same fluxes as both 
Luna 1 and Mars 1. 

In 1964 the ]~lektron-2 spherical  analyzer  recorded  
e lect rons  with energies  f rom 100 eV to 10 keV outside 
the t rapped-radia t ion belt in the southern par t  of the mag- 
netosphere at geomagnetic latitudes up to ~ 60 ~ in the 
morning hours  and near  midnight (Vernov et al., 1965; 
Vernov et al., 1966). The fluxes were as high as ~ 109 
cm -2 �9 sec-l.keV -I at E = 0.2 keV and ~ 5 �9 107 em -2. sec -1 �9 
keV -~ at E ~ 10 keV; it was found that the extent of the 
~ 1-keV electron region was la rger  than that for  the 
~ 10-keV region.  A tendency was noticed for the spec- 
t rum to become softer fa r ther  away f rom the earth.  The 
size of the region and the value of the fluxes varied 
strongly with a charac te r i s t ic  t ime of about one day and 
were  positively cor re la ted  with magnetic activity. Some 

of the a reas  where the Elektron-2 charged-par t ic le  t raps  detected electrons with E > 100 eV beyond the 
outer belt have already been shown in Fig. 12. 
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Fig. 17. Dist r ibut ion of low-energy  cha rged -pa r t i c l e  f luxes round 
the ear th  (Gringauz and Khokhlov, 1965): a) project ion onto plane 
of the ecl ipt ic;  b) pro jec t ion  onto mer id i an  plane in so la r  el l iptic 
coord ina tes .  The pa r t s  of the spacec ra f t  t r a j e c t o r i e s  where  f luxes 
we re  r eco rded  a re  shown by the continuous and dashed lines; for  
Elektron 2 only those sect ions of the orbi t  where  soft e lec t rons  were  
obse rved  are  shown (cha rged-pa r t i c l e  t r ap  data). The outer bound- 
a ry  of the outer  r ad ia t ionbe l t  is shownby a thin line and a comb s y m -  
bol. The suggested posit ion of the ou t e rmos t  cha rged -pa r t i c l e  r e -  
gion is shown by dots.  

F igure  17 gives the dis tr ibut ion of low-energy  cha rged -pa r t i c l e  f luxes ( f rom var ious  satel l i te  data), 
as  it was  seen in 1965 (Gringauz and Khokhlov, 1965). Pro jec t ions  a re  given onto (a) the plane of the ec l ip-  
tic and (b) the mer id ian  plane in a so lar  e l l ipt ical  coordinate  sys tem.  It was  noted in the d iscuss ion  of this 
d i ag ram that  the re  was  then (1965) no proof  that the day and night reg ions  in which fluxes of e lec t rons  hav- 
ing energ ies  ~40 keV were  actual ly joined to fo rm a single unit (see Fig.  17b), although the high-lat i tude 
m e a s u r e m e n t s  f r o m  Mars  1 and ]~lektron 2 (Fig. 17b) gave some r ea son  to bel ieve that they were  in fact  
joined, at leas t  at high lati tudes,  to produce a single region with a compl ica ted  shape.  
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Fig. 18. Proposed pressure  balance between the mag- 
netic field in the magnetospheric tail (without allowance 
for the plasma) and an unmagnetized electron gas in an 
idealized model of the neutral sheet.  The resul ts  of 
charged,  particle observations relevant to the interpreta- 
tion of the neutral sheet are shown. 

On the other hand, no case had then occur red  where a spacecraf t  with the appropriate electron detec-  
to rs  had c rossed  beyond the outer zone and not discovered low-energy electrons.  Since the outer boundary 
of the t rapped-radiat ion zone is closed, it was possible to suppose that the low-energy electron regions be-  
yond it also formed a single unit. This does not mean that the p lasma fluxes in the day and night parts  must  
have a common origin and identical proper t ies .  

On the bas is  of these arguments ,  the authors of Fig. 17 found it possible to suggest that the low-en- 
ergy e lectron fluxes in the meridian plane are  situated in the region shown by the dots. We may note that, 
even now, the absence of measurements  in the high-latitude par t  of the magnetosphere makes it impossible 
to judge the final accuracy of Fig. 17b. The Elektron-2 resu l t s  led Gringauz and Kholdllov (1965) to the 
pre l iminary  conclusion that there is a connection between the observed intensity of the soft e lectron flux 
and the orientation of the ea r th ' s  magnetic-dipole axis relat ive to the direct ion of the sun, with maximum 
fluxes being observed in the morning sections of the satellite orbit  when the south magnetic pole is at its 
greates t  inclination f rom the sun and conditions are  most  favorable for the solar  p lasma f rom the t rans i -  
tion layer  to penetrate into the magnetosphere through the southern neutral point. This conclusion was con- 
f i rmed by fur ther  reduct ion of the data by Khokhlov (1966), who also noted that there was an e a s t - w e s t  
a symmet ry  in the distribution of soft e lectrons (the fluxes are  more  intense and more  frequent in the morn-  
ing than in the evening). 

Among the most  important  scientific r esu l t s  f rom IMP-1 is the confirmation of the fact that t hemag-  
netosphere is highly elongated in the ant isolar  direction. Evidence for this was also provided by the ear-  
l ier  magnetic measurements  on Explorer  10 (Happner et al., 1963) and Explorer  12 (Cahill, 1963); and by 
the discovery of an essential ly new phenomenon-  the magnetically neutral  sheet (see Fig. 1) in the night- 
time magnetosphere (Ness et al., 1964; Ness, 1965). 

As Axford et al. (1965) have noted, a neutral  sheet in the magnetotail  must  be filled with a p lasma 
flux of enhanced intensity to balance the p ressu re  of the magnetic fields situated on ei ther  side of it and 
directed in opposite senses.  The magnetic field of the tail (outside the neutral  sheet) measured  by IMP-1 
was "~ 17 7. Ness (1965) has drawn on a single diagram (Fig.. 18) the resu l t s  of the various authors concerning the 
charged-par t ic le  fluxes in the night magnetosphere which could create  the plasma p ressu re  necessa ry  for 
the existence of a neutral  sheet. The region where the energy and flux values satisfy the given magnetic 
resu l t s  is shown shaded. Since our resul ts  fall in this region, Ness (1965) suggested that the Luna-2 elec-  
t ron flux measurements  are related to the neutral  sheet (an opinion also expressed by Gringauz and 
Khokhlov, 1965). Subsequently (1966), Pioneer  7 ca r r i ed  out simultaneous magnetic and plasma measure -  
ments,  as the spacecraf t  c rossed  the night magnetosphere at distances of up to ~ 40Re, and confirmed the 
co r rec tnes s  of the idea of a quasistatic magnetotail  in which the sum of the part ial  magnetic and plasma 
p re s su re s  is constant (Lazarus ,  Siscoe, and Ness, 1968). This experiment  is discussed in slightly more  
detail below. 

1016 



40 

z0 

== 

2o 

I I I I I I I I  I 

I 
P 

I I I I I l l l l  I 

Vela 3A 

t 1 11111,  l ~  I 

a) 
[ | l [ I l l l  t 1 t T I t ~ I I  I i ~ ]  

I , l J ~ , , , l  t i 11*111  I 

* S 3 A  

c) 
i ~ i i 1 1 ~ 1 }  I 1 I L l l l t  I 

\ 

i S I I I H I I  1 l l l l l i l [  I I 

o,4 t. b) 10 0,I t d) t0 
Electron energy (keY) 

Fig.  19. E lec t ron  energy s pe c t r a  m e a s u r e d  on Vela sa t e l -  
l i te:  a) in t r ans i t i on  r eg ion  (in f ront  of shock wave) ; b, c, 
and c~ in the  p l a s m a  l aye r  of the magne to ta i l  (Bame et al . ,  1967). 

Star t ing in 1964, the Vela  sa t e l l i t e s  made de ta i led  m e a s u r e m e n t s  of e l ec t ron  energy  s p e c t r a  in the 
range  350 eV - E -< 20 keV a c r o s s  the magneto ta i l  at d i s t ances  of R ~ 17R e (Bame et  a l . ,  1967). Examples  
of the s p e c t r a  obtained on the sphe r i ca l  e l ec t ron  a n a l y z e r s  a r e  shown in Fig .  19, b, c, and d. In addit ion 
to e l ec t rons ,  pos i t ive  ions (mainly protons,  of course)  we re  d i scove red  for the f i r s t  t ime .  The i r  flux was  
na tu ra l ly  much s m a l l e r .  According  to the au tho r s '  e s t i m a t e s ,  the pro ton  and e l ec t ron  dens i t i e s  a r e  a lmos t  
equal  to 1 cm-3; the two energy spec t r a  have ve ry  s i m i l a r  shapes .  The mean  e l ec t ron  ene rg i e s  we re  in 
the r ange  200 eV to 12 keV. The f luxes we re  often i so t rop ic ,  though the an iso t ropy  fac to r  could be a s h i g h  
as  2. 

F u r t h e r  de ta i led  s tudies  of the p l a s m a  with pa r t i c l e  e n e r g i e s  f rom ~ 200 eV to ~ 50keVwere  m a d e b y  
m e a n s  of the h igh - sens i t i v i t y  c y l i n d r i c a l  e l e c t r o n  a n a l y z e r s  on OGO-3 in the magneto ta i l  at  8R e < R < 20R e 
(Frank ,  1967). (The r e s u l t s  f r o m  th is  sa te l l i t e  r e f e r r i n g  to the r ad i a t i on  be l t s  have a l r e a dy  been  d i s cus sed  
iro Sec. 2.) These inves t iga t ions  complemented  the Vela r e s u l t s .  The informat ion  on the posi t ion of the 
p l a s m a  in the magne tospher ic  ta i l  obtained f rom the e l e c t r o s t a t i c  ana lyze r  data on Vela and OGO-3 
can be s u m m a r i z e d  as  fol lows:  the neut ra l  sheet  l i e s  ins ide  the p l a s m a  l a y e r  which always has  the 
g r e a t e r  th ickness .  On Vela i t  was a r b i t r a r i l y  a s s um e d  that  the boundary of the p l a s m a  l a y e r  was where  the 
e l e c t r o n  flux was 6 �9 107 cm -2 �9 see  -1. With th is  definit ion,  the th ickness  at  R ~ 17Re turned out to be s e v e r a l  
ea r th  r a d i i .  On OGO-3 e l ec t ron  f luxes were  obse rved  at  R ~ 19.5Re for  a d is tance  of ~ 12Re above the 
neu t ra l  sheet  (for a given m e a s u r e m e n t  ha l f -way  between the neu t ra l  shee t  and the no r the rn  boundary of 
the magne tosphere) .  

Anderson  (1965) and F r a n k  (1965) r e p o r t e d  sa t e l l i t e  obse rva t ions  in the t a i l  of spo rad i ca l l y  appear ing  
and d i s appea r ing  " i s lands"  of e l ec t rons  with E > 45 keV. Bame et  al.  (1967) and F r a n k  (1967a) cons ide r  
these  to belong to the t a i l s  of the spec t r a  of l ow-ene rgy  p l a s m a - l a y e r  e l ec t rons  and suggest  that the i r  ap-  
p e a r a n c e  and d i sappea rance  a r e  explained by a r ap id  heat ing ( i nc rease  in mean energy) of the e l ec t rons  in 
th is  l a y e r  and a sudden cooling, i .e . ,  r a p i d  changes in the energy spec t rum.  F rank  (1967a) a l so  notes  r ap id  
spa t i a l  and t e m p o r a l  va r i a t i ons  in the e l ec t ron  f luxes .  The energy  dens i ty  near  the "peaks"  does not de-  
c r e a s e  with R (R > 13Re) and is  a lmos t  a lways as  high as  10 -9 e rg"  cm -3, despi te  the fact  that  the ave rage  
e n e r g i e s  d e c r e a s e  with R [as was  noted by Vernov et  al .  (1966) f rom Elekt ron-2  data].  

The d i sp l acemen t  of the energy  peaks  toward h igher  va lues  at  s m a l l e r  R, accompanied  by the b r o a d -  
ening of the spec t rum,  gives grounds for  be l iev ing  that  an e l ec t ron  a c c e l e r a t i o n  p r o c e s s  is  effect ive,  at  
l e a s t  in the t a i l  r eg ion  f rom ~ 10 to 20Re. Since the peak shif ts  by s e v e r a l  k i loe l ec t ron  vol ts  at a d is tance  
of ~ 10Re, this  can be a s c r i b e d  to an e l e c t r i c  f ie ld  of ~ 5000V/10Re -~ 100 m V - k m  -i (Frank ,  1967a). 

The value quoted above fo r  the energy  dens i ty  i s  evidence that  the e l e c t r o n s  s e r i ous ly  affect  the mag-  
net ic  f ield at  R > 8Re. 
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Fig. 20. Posi t ion of the region (shaded) 
of enhanced intensity of low-energy  e lec-  
t rons  (E -< 1.7 keV) in the plane of the 
geomagnet ic  equator  (Vasyliunas,  1968). 
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Fig. 21. The same as Fig. 20 for  m e -  
r id ian  sect ion along the line CC' of 
(Vasyliunas,  1968). 

In the s imul taneous p l a s m a  and magnetic  m e a s u r e m e n t s  
on Pioneer  7 (Lazarus ,  Siscoe, and Ness,  1968), only e lec t rons  
with E -< 1.6 keV were  r eco rded  in the tail .  It can be seen 
f r o m  F r a n k ' s  r e s u l t s  (1967a) that for  R close  to 8Re the Pio-  
nee r  de tec tors  could only obse rve  the lowest  energy  e lec t rons ;  
an accura te  de terminat ion  of the p l a sma  p r e s s u r e  is the re fo re  
difficult.  Never the less ,  the s imul taneous m e a s u r e m e n t s  a re  
i m p r e s s i v e  and do provide evidence for  the quasis ta t ic  model 
of the magnetota i l  in which the sum of the magnet ic  and par t i -  
cle par t ia l  p r e s s u r e s  is  constant  and equal to the total (dy- 
namic ,  t he rma l ,  and magnetic) p r e s s u r e  of the surrounding 
so la r  p lasma ,  no rma l  to the sur face  of the magnetosphere .  
Additonal support  for  this model is provided in par t i cu la r  by 
the s imul taneous  sharp  dec r ea se  in magnet ic  p r e s s u r e  and in- 
c r e a s e  in p l a s m a  p r e s s u r e  which were  obse rved  when Pioneer  
7 en tered  the p l a s m a  l aye r  and the r e v e r s e  changes noted on 
exit,  and also by the phenomena r eco rded  on enter ing the neu- 
t r a l  sheet  (par t ic le  density r ema ined  a lmos t  constant,  but ave r -  
age par t ic le  veloci ty  inc reased  significantly).  

Bame et al. (1967) suggested that the p l a sma  l aye r  in the 
magnetota i l  begins  at the night boundary of the t r a p p e d - r a d i a -  
tion region and that its or ientat ion at f i r s t  coincides with the 
equator ia l  plane and then, f a r t he r  f r o m  the ear th ,  with the di- 
r ec t ion  of the so la r  wind. This is,  in fact ,  how it is shown in 
Fig. 1 (Ness,  1967). The other m e a s u r e m e n t s  do not con t ra -  
dict this  p ic ture ,  and Vasyl iunas '  r e s u l t s  (1968b) obtained f r o m  
OGO-1 and OGO-3 d i rec t ly  conf i rm it. These  r e su l t s  were  ob- 
tained by means  of the MtT d e t e c t o r s  which could r e c o r d  the 
lowest  energy e lec t rons  in the p l a s m a  layer  (100 eV -<- E -< 
1650 eV). Figure  20 shows the dis tr ibut ion of low-energy  e lec-  
t rons  in the equator ia l  plane as given by the Vela and OGO data. 
Coinciding with the ou te r  l imi t  of the low-energy  region is the 
boundary of the magne tosphere  (defined by the exis tence of 
significant pos i t ive- ion  fluxes); on the inner side there  is a 
c lea r  boundary close to (and possibly  coincident with) the edge 
of the t r apped- rad ia t ion  zone. The analogous dis tr ibut ion in 
the mer id i an  section,  cor responding  to late evening, ( line CC' 
on Fig. 20) is shown in Fig. 21. The high-lat i tude deta i l s  have 
been taken f r o m  the Mars -1  r e su l t s .  

The observa t ions  descr ibed  by Vasyl iunas show that the flux of low-energy  pa r t i c l e s  jus t  beyond the 
l imi t  of the outer  rad ia t ion  bel t  is not a cha r ac t e r i s t i c  of the nighttime magne tosphere  alone, but also a l -  
ways occu r s  in the evening and possibly  the dayt ime sect ions.  It will be ve ry  in te res t ing  to see the 
Vasyl iunas data for  the dayt ime sec tor .  These  r e su l t s  s t rongly support  the idea of an ou te rmos t  charged-  
par t ic le  bel t  surrounding the radia t ion  bel t s  on all  s ides,  as  was proposed e a r l i e r  by us (Gringauz,  1961a, 
1964; Gringanz and Khokhlov, 1965). It is,  however ,  somewhat  unexpected to find such a definite inner 
boundary to the observed  e lec t ron  fluxes,  which cease  quite sharply  nea r  the l imi t  of the outer  belt .  This  
sharp  boundary was  not observed  on other  spacec ra f t  (see,  for  example ,  Figs.  12 and 17 for  the charged-  
par t ic le  t rap  r ecord ings  of e lec t rons  with E > 100 eV on Elektron 2). It s e e m s  also that Frank  did not de- 
tec t  it on OGO-3, or  at l eas t  he did not mention it in his  pape r s  (1967a, b). It is  poss ib le  that  it is a cha r -  
ac t e r i s t i c  only of those low-energy  e lec t rons  (E < 1.6 keV) whose dis t r ibut ion is shown in Figs.  19 and 20. 

During bay- type  magnet ic  s to rms ,  there  is a movement  of the inner boundary of the soft  e lec t ron  r e -  
gion toward the ea r th  (Vasyliunas,  1968), as shown in Fig. 22. The author has  noted the poss ib le  connection 
between this and the cor responding  movement  of ion fluxes repor ted  e a r l i e r  by F r e e m a n  and Niaguire (1967). 
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Fig. 22. Schematic distribution of low-energy e lect rons  (E < 1.7 keV) 
in the everdng sector  of the equatorial  plane of the magnetosphere 
(Vasyliunas, 1968) : a) magnetically quiet period; b) magnetically dis-  
turbed period. 

To conclude this par t  of the survey,  we will mention some plasma measurements  made in other par ts  
of the tail. The existence of the tail  at distances R < 31Re was proved by the IMP-1 resul t s  (Ness et al., 
1964). As r ega rds  p lasma proper t ies ,  the magnetotail  differs f rom the undisturbed interplanetary space 
and the t ransi t ion layer  behind the shock front in the sharp decrease  in proton flax. This c r i te r ion  was 
used to define the tail with the f i r s t  lunar satellite Luna 10, which was launched in March 1966; the resu l t s  
showed that in each month the moon takes four days to c ro s s  the magnetotail,  i.e., the length of the tail is 
not less  than ~ 80R e (Gringauz et al., 1966). Inside the tail, e lect ron fluxes ~ 108 em -2 �9 sec -~ were  ob- 
served for  e lectrons with E > 70 eV (apparently the p lasma layer) .  

Also in 1966, magnetic measurements  on the earth satellite Explorer  33 showed that the length of the 
magnetotail  was not l ess  than 510,000 kin; they thus conf i rmed the Luna-10 resul t  that the moon passes  
through the tail (Ness et al., 1967; Ness, 1967). 

Of ve ry  great  interest  are  the p lasma and magnetic measurements  made on Pioneer  7 at a distance 
of ~ 1000Re. At the moment,  only pre l iminary  resu l t s  are  available. In contras t  to the p lasma measu re -  
ments  in the taiI made with IMP-1 (Wolfe et al., 1966c) and Luna 10 (Gringauz et al., 1966), the e lec t ro-  
static ana lyzer  data f rom Pioneer  7 for the region around the e a r t h - s u n  line did not show a sharp fall in 
the solar  plasma ion flux, but did indicate a marked distort ion in the shape of the ion energy spectra  
(Wolfe et  al., 1967). The authors believe that either Pioneer  7 was in a turbulent zone beyond the magneto- 
sphere or  that at these large dis tances the solar  wind diffuses inside the tail. 

Ness et al. (1967) described simultaneous magnetic measurementswhicha l so  showed a difference 
between the observed field and the undisturbed interplanetary field, but in their  opinion it is not yet  pos-  
sible to draw any final conclusion about the nature of these differences.  Fairfield (1968), in comparing the 
simultaneous field measurements  in Pioneer  7 at N 1000Re and in Explorers  33 and 35 in the interplanetary 
space around the earth,  came to the conclusion that Pioneer  7 was observing oscil lat ions in the magneto-  
tail.  It seems to us, however,  that a final solution of this question requi res  fur ther  compar isons  between 
the two sets of measurements  on this satellite. 

CONCLUSIONS 

The study of the low-energy plasma in various parts of the magnetosphere shows that its properties 
(part icularly,  its distribution) vary  with geomagnetic disturbance.  This is true both of the p lasma in the 
outer ionospher~ which is apparently rotat ing with the earth,  and of the plasma above the plasmapause.  

Nobody now doubts that a geomagnetic disturbance r ep resen t s  changes in some proper ty  (or p roper -  
ties) of the solar  wind, although the var ious  authors have different opinions on the details. Some of the 
proper t ies  which have been suggested as determining the Kp index are  the velocity (Snyder et al., 1963), 
the direct ion of the interplanetary field (Dessler  and Walters ,  1964), the direction of the p lasma velocity 
(Coleman, 1967), and so on. Whichever of these authors is c loses t  to the truth, it is quite c lear  that the 
position of the plasmapause and of the boundary of the t rapped-radiat ion zone, the distribution and p roper -  
t ies of the magnetospheric  plasma with 100 eV < E < 50 keV, and the au ro ras  and magnetic s to rms  caused 
by the par t ic les  in this p lasma are all ult imately connected with p rocesses  ar is ing in the interplanetary 
medium. Measurements  made simultaneously inside and outside the magnetosphere have so far  only led 
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to some rough empi r i ca l  re la t ionships ,  such as  that between the speed of the so la r  wind and Kp (Snlder 
et al. ,  1963) or  between the e lec t r i c  field in the evening mer id ian  plane and the so la r  wind veloci ty  
(Vasyliunas,  1968a). 

There  is  eve ry  r e a s o n  to hope that  in the nea r  future expe r imen t s  will make it poss ib le  to choose 
the c o r r e c t  idea f r o m  the wealth of avai lable  hypotheses  on the eormections between the p r o c e s s e s  inside 
and outside the magne tosphere ,  or  if n e c e s s a r y ,  to c r ea t e  a new theory .  The r e su l t s  of fu r ther  m e a s u r e -  
ments  on the low-energy  p l a s m a  would seem,  together  with magnetic-f ield m e a s u r e m e n t s ,  to be fundamen-  
tal  to this purpose .  

We would like to indicate some impor tant  s t i l l -unsolved tasks  in the exper imenta l  study of the low- 
energy  p l a s m a  and some re la ted  p rob l ems  which have not been d iscussed  (or have been inadequately dis-  
cussed) in this survey.  

1. Despi te  the cons iderable  p r o g r e s s  achieved (especia l ly  by the OGO satell i tes) in recen t  y e a r s  in the 
study of the low-energy  p l a s m as  - both the t he rma l  type and that with energ ies  f r o m  hundreds of e lec t ron  
vol ts  to tens of k i loe lec t ron  v o l t s -  work  on the mapping of the flux distr ibution in the magne tosphere  and 
i ts  va r ia t ions  is st i l l  f a r  f r o m  being completed.  In the region R > 2Re at geomagnet ic  lat i tudes q~n > 45 ~ 
the only m e a s u r e m e n t s  so f a r  a re  those of Mars  i and the l~lektron sa te l l i tes .  This  region,  which is in- 
t e rmed ia te  between the intensively studied pa r t  of the magne tosphere  with e m <  45~ and the a r ea  in which 
a u r o r a s  and other  s imi l a r  phenomena occur,  and which is cha rac t e r i zed  by high lat i tudes but low heights,  
mos t  cer ta in ly  r e qu i r e s  fu r the r  investigation. 

2. As pointed out in the p r ev i ous  section,  the data obtained f r o m  t~lektron 2 a re  evidence of a r e l a -  
tion between the observed  soft  e lec t ron  f luxes and the angle of inclination of the dipole field and support  the 
hypothesis  that the so la r  wind pene t ra tes  f r o m  the t rans i t ion  layer  into the magne tosphere  through the neu- 
t r a l  points of the magnetopause .  In o rder  to prove  this,  it would be ve ry  useful  to have d i rec t  m e a s u r e -  
ments  of the value and di rec t ion of the low-energy  p l a sma  fluxes in the immedia te  neighborhood of the neu- 
t r a l  points;  this  r equ i r e s  sa te l l i tes  with suitable orb i t s .  

3. It is not ye t  c l ea r  what is  the source  of the low-energy  p l a s m a  which takes  pa r t  in the convect ive 
motion in the magne tosphere  - whether  it is the t e r r e s t r i a l  ionosphere or  the so la r  p l a s m a  penet ra t ing  
through the open tail  or  the magnetopause .  It s e e m s  that the p l a sma  would be much colder  in the f i r s t  case  
than in the second. It is the re fo re  very  impor tan t  to work  out a re l i ab le  method of measu r ing  a p l a sma  
t e m p e r a t u r e  of the o rder  of f rac t ions  or units of an e lec t ron  volt  at concentra t ions  of 1 0  2 c m  -3  (in the outer  
ionosphere) or i cm -3 (above the p lasmapause) .  

4. In th is  survey  there  has  not been space for  the p rob lem of magne tospher ic  e lec t r i c  f ie lds  [although 
they were  mentioned in connection with the d i scovery  of p l a s m a  convection by ATS-1 and the hardening of 
the spec t r a  at the edge of the outer  bel t  (OGO-3, ]~lektron 2)]. The action of an e lec t r ic  field can explain 
the movement  of e lec t rons  with E ~ 2 keV during a magnet ic  s t o r m  (see Fig. 22). The survey  by Obayashi 
and Nishida (1968) is specif ical ly  devoted to l a r g e - s c a l e  e lec t r ic  f ields inthe magne tosphere .  

There  is  no doubt that the movement  of charged  pa r t i c l e s  in the magnetosphere  (especial ly  low-en-  
e rgy  ones) is de te rmined  la rge ly  by e lec t r ic  f ields.  There fo re ,  d i rec t  m e a s u r e m e n t s  of such f ields mus t  
definitely be included in any future p r o g r a m  of low-energy  p l a s m a  studies .  

[ 

The author cons iders  it his  p leasant  duty to thank V. V. Bezrukikh and E. K. Solomatina for the i r  
help in the p repa ra t ion  of this survey.  
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