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Abst rac t  

Exp lo re r  34 plasma da ta  a r e  p r e s e n t e d  which provide  t e s t s  of  

c u r r e n t  theories of the  n a t u r e  of  t h e  boundary between t h e  e a r t h ' s  

magnetosheath and t h e  i n t e r p l a n e t a r y  medium. It i s  shown t h a t  a 

d i scon t inuous  t r a n s i t i o n  between the magnetosheath and t h e  i n t e r p l a n e t a r y  

medium i s  s e e n  s imul taneous ly  i n  t h e  p ro ton  spec t rum,  t h e  f low d i r e c t i o n ,  

and t h e  magnet ic  f i e l d  i n t e n s i t y ,  d u r i n g  both  geomagnet ical ly  q u i e t  and 

d i s t u r b e d  t i m e s .  A f e w  boundary c r o s s i n g s  w e r e  observed f o r  which rrhe 

plasma s p e c t r a  appear  t o  i n d i c a t e  a d i f f u s e  t r a n s i t i o n ;  but  a d e t a i l e d  

s t u d y  of an  extreme example of such a c r o s s i n g ,  based on s imul taneous  

measurements of  t he  s p e c t r a ,  the f low d i r e c t i o n ,  and t h e  magnetic f i e l d  

i n t e n s i t y ,  shows t h a t  the  apparent  d i f f u s e n e s s  i s  a c t u a l l y  the  r e s u l t  

o f  a complex m i c r o s t r u c t u r e  which c o n s i s t s  o f  a number of  c l o s e l y  

spaced d i s c o n t i n u i t i e s  t h a t  could be due t o  m u l t i p l e  c r o s s i n g s  of a 

bow shock. Observat ions of  t he  v e l o c i t y  f i e l d  i n  t h e  neighborhood of 

t h e  o u t e r  boundary of t h e  magnetosheath a r e  p re sen ted  and a r e  compared 

w i t h  r e s u l t s  of  t h e  f l u i d  theory,  which p r e d i c t s  a s t a n d i n g  shock. It i s  

shown t h a t , a l o n g  the  boundary on t h e  f l a n k  of t h e  magnetosheath, t h e  

r a t i o s  of t h e  magnetosheath flow speed t o  the  i n t e r p l a n e t a r y  flow speed 

a re  i n  c l o s e  q u a n t i t a t i v e  agreement w i t h  a p r e d i c t i o n  of  t h e  f l u i d  

theo ry .  T h i s  p r e d i c t i o n  i s  e s s e n t i a l l y  independent of  t h e  Mach number and t h e  

a d i a b a t i c  exponent .  

30' < 8 < l o o o ,  where 8 i s  t h e  s u n - e a r t h - s a t e l l i t e  a n g l e .  

o f  t h i s  f low i s  i n  good agreement w i t h  the  bow shock t h e o r y .  

We observe a h i g h l y  direct ional  f low i n  the  r e g i o n  

The d i r e c t i o n  - c -  



I. I n t r o d u c t i o n  

I .  

I .  

I .  

Axford (1962) p red ic t ed  t h a t  a s t and ing  shock wave should e x i s t  

permanently on t h e  sunward s i d e  of t h e  e a r t h  a s  a r e s u l t  of t h e  flow 

of  t he  supe r son ic  i n t e r p l a n e t a r y  plasma p a s t  t h e  e a r t h ' s  magnetosphere. 

Kel logg (1962) independent ly  proposed t h e  same i d e a  and c a l c u l a t e d  

t h e  shape of t h e  shock boundary us ing  c l a s s i c a l  aerodynamic theo ry  

f o r  supe r son ic  flow p a s t  an obs t ac l e .  More r e f i n e d  c a l c u l a t i o n s  

of  t he  shock shape were la te r  publ ished by S p r e i t e r  and Jones  (1963) 

who used the  f l u i d  theory  wi th  more r e a l i s t i c  boundary cond i t ions .  

An a l t e r n a t i v e  theory  f o r  t he  i n t e r a c t i o n  between t h e  i n t e r p l a n e t a r y  

plasma and t h e  e a r t h ' s  magnetic f i e l d  was subsequent ly  publ ished 

by Berns t e in  e t  a1 (1964) ,  Freder icks  e t  a1  (1965) ,  and by Scar f  e t  

a1 (1965) This  f ree- f low theory i m p l i e s  a g radua l ,  b road ,  d i so rde red  

t r a n s i t i o n  between t h e  magnetosphere and t h e  i n t e r p l a n e t a r y  medium. 

Ness (1967) i n  h i s  review of experimental  work on t h e  s o l a r  wind 

geomagnetic f i e l d  i n t e r a c t i o n  has noted t h a t  t h e r e  i s ,  a t  p r e s e n t ,  

disagreement  a s  t o  which of these  two t h e o r i e s  i s  a p p l i c a b l e .  

There a r e  a number of  observa t ions  which suppor t  t h e  shock theory :  

Boundary th i ckness .  The magnetic f i e l d  d a t a  of Ness e t  a 1  (1964) and 

Heppner e t  a1 (1967) c o n s i s t e n t l y  showed a t h i n  boundary between the  

magnetosheath and t h e  i n t e r p l a n e t a r y  medium. Heppner e t  a1 (1967) 

have determined t h a t  t h e  th ickness  of t h e  boundary seen  i n  the  magnetic 

f i e l d  i s  less than  %250 km, Argo e t  a1 (1966) r e p o r t e d  t h a t  they saw 

no evidence f o r  a d i f f u s e  boundary i n  t h e  plasma d a t a  f r o m  Vela 2 .  
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Boundary shape. Dryer and Heckman (1967) have reviewed both  plasma 

and magnetic f i e l d  o b s e r v a t i o n s  of  t h e  p o s i t i o n  of t h e  boundary and 

have found t h a t  t h e  o b s e r v a t i o n s  are c o n s i s t e n t  w i t h  t h e  shock theory .  

V e l o c i t y  f i e l d .  Examining t h e  flow near  t h e  boundary a t  about 60"' and 

300' s o l a r  e c l i p t i c  longi tude  and between _+ 56' e c l i p t i c  l a t i t u d e ,  

Argo e t  a 1  (1967) found t h a t  f o r  13 c r o s s i n g s  t h e  r a t i o  of t h e  magneto- 

s h e a t h  flow speed t o  t h e  i n t e r p l a n e t a r y  flow speed agreed w i t h  t h e  

theory  Qf S p r e i t e r  e t  a 1  (1966) and Dryer e t  a1 (1966).  

a n  o r d e r e d ,  d i r e c t i o n a l  f low, as t h e  shock theory  p r e d i c t s ,  

Temperature r a t i o s .  S p r e i t e r  e t  a1 (1968) have noted t h a t  t h e  o b s e r v a t i o n s  

o f  the temperature r a t i o s  r e p o r t e d  by Argo e t  a1 (1967) agree  w i t h  

t h e  shock theory,  

They observed 

Observa t iona l  evidence a g a i n s t  t h e  shock theory  and i n  suppor t  

of  t h e  f ree- f low t h e o r y  was presented  by Wolfe e t  a1 (1966a, 1966b): 

Boundary th ickness ,  Wolfe e t  a1 (1966b) r e p o r t e d  t h a t  they  observed 

a d i f f u s e  boundary f o r  more than  h a l f  of t h e  f i r s t  twenty-one o r b i t s  

of IMP 1 .  They suggested t h a t  t h e  s o l a r  wind may be only margina l ly  

capable  of  producing a detached bow shock and t h a t  t h e  shock may not 

form d u r i n g  geomagnet ical ly  q u i e t  p e r i o d s  when t h e  s o l a r  wind f l u x  

and speed i s  low. 

V e l o c i t y  f i e l d .  Using d a t a  from f o u r  s a t e l l i t e s  (two near  t h e  s u b s o l a r  

p o i n t  and one f a r  o u t  on each  f l a n k  of t h e  magnetosheath,  near  t h e  

magnetopause), Wolfe e t  a 1  (1966a) found no i n c r e a s e  i n  t h e  bulk  speed 

as t h e  plasma flows around t h e  magnetosphere. T h i s  is  i n c o n s i s t e n t  

w i t h  t h e  shock theory .  



. . .  

. 

, - 3 -  

C l e a r l y ,  t h e  evidence i n  support  of t h e  f l u i d  theory  i s  s u b s t a n t i a l  

and convincing,  The evidence a g a i n s t  t h e  f l u i d  t h e o r y  concerns t h e  

boundary t h i c k n e s s  and t h e  flow v e l o c i t y  behind t h e  boundary. I n  

t h i s  paper  w e  examine t h e  problem of t h e  boundary t h i c k n e s s ,  us ing  

s imultaneous plasma and magnetic f i e l d  d a t a ,  and w e  examine t h e  plasma 

v e l o c i t y  t a k i n g  c a r e  t o  cons ider  several of  t h e  v a r i a b l e s  involved. 

Our r e s u l t s  provide  a d d i t i o n a l  support  f o r  t h e  f l u i d  theory.  
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11. Instrument ,  O r b i t  and Data  Reduct ion 

Explorer  34, launched on 2 7  May 1967, c a r r i e s  a plasma 

experiment provided by the  p re sen t  a u t h o r s .  Since a f u l l  t e c h n i c a l  

d e s c r i p t i o n  w i l l  be p re sen ted  e l sewhere ,  (Og i lv i e ,  McIlwrai th  and 

Wilkerson,  1968) only  a condensed v e r s i o n  w i l l  be given h e r e .  

Ins t rument .  The experiment makes o b s e r v a t i o n s  o f  t h e  spectrum of ions  

i n  the  energy per  u n i t  charge range 310 eV per  charge t o  5100 e V  per  

charge .  F i f t e e n  energy i n t e r v a l s  of  width 4.5X a r e  sampled, and t h e i r  

c e n t e r  e n e r g i e s  form a geometr ic  s e r i e s  wi th  a r a t i o  of 1 .24 .  A n  

obse rva t ion  c o n s i s t s  of count ing  ions  whose e n e r g i e s  Ea11 i i i  the  pass  

band, and whose t r a j e c t o r i e s  w i t h i n  the  s o l i d  a n g l e ,  o f  t h e  ana l y s e r  

du r ing  one s a t e l l i t e  r e v o l u t i o n .  A s  t h e  s e n s i t i v e  angu la r  ~ o n t x  o f  the  

experiment  c ros ses  the  a n t i - s o l a r  d i r e c t i o n ,  t he  energy sampled i s  

changed t o  the next  i n  o r d e r .  The exper imenta l  program i s  shown i n  

F igure  1, where i t  w i l l  b e  seen  t h a t  i n  t h e  course  of  n ine  t e l eme t ry  

sequences o r  about  t h r e e  minutes ,  t h r e e  s p e c t r a  a r e  t aken .  The f i r s t  

o f  t h e s e  i s  the  energy spectrum of p r o t o n s .  The second i s  t h e  energy 

spectrum of doubly cherged he l ium ions  and the  t h i r d  c o n s i s t s  of  15 

success ive  readings  on t h e  same pro ton  energy ' s t e p ' ;  hel ium d a t a  

w i l l  no t  be d i scussed  i n  t h i s  paper .  

The t i m e  r e s o l u t i o n  o f  t h e  experiment  i s  s p e c i f i e d  

a s  fo l lows :  A s i n g l e  obse rva t ion  of  t h e  i o n s  of one s p e c i e s  a t  one 

energy pe r  u n i t  charge s e t t i n g  occupies  2 . 6  seconds , a complete 

spectrum of i ons  o f  a s i n g l e  s p e c i e s  r e q u i r e s  approximate ly  one minute 

t o  r eco rd  and t h e s e  a r e  r epea ted  every  3 minutes .  Th i s  program con t inues  I 
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+ wi thou t  i n t e r r u p t i o n .  o r  He", i s  s e l e c t e d  

unambiguously by s e t t i n g  t h e  v e l o c i t y  s e l e c t o r  i n t e rposed  between the  

ana l y s e r  and the  d e t e c t o r .  

The ion  t o  be s t u d i e d ,  H 

A s  an  example of  the OpeTatiOn of t h i s  d e v i c e ,  F igure  2 shows 

a t y p i c a l  solar wind p ro ton  spect,rum. 

between the  two i o n s  may be expressed a s  the  r a t i o  of  the number of 

counts  wi th  the  ins t rument  ad jus t ed  t o  observe ion  A ,  per  i n c i d e n t  ion 

B ,  va lues  of about  a r e  t y p i c a l .  The background seen i n  F igure  2 

i s  a func t ion  of t he  o p e r a t i o n  of  t h e  computer which compresses t h e  

d a t a  before  t r ansmiss ion ,  and i s  no t  caused by t h e  d e t e c t o r .  I t  is  

completely expla ined  and determined d u r i n g  t h e  r eco rd ing  o f  each 

spectrum so  t h a t  i t  may r e a d i l y  be s u b s t r a c t e d  be fo re  d a t a  r e d u c t i o n ;  

t h e r e  has  been no change i n  t h i s  r a t e  du r ing  t h e  f i r s t  7 8  days i n  o r b i t .  

The th re sho ld  i n d i c a t e d  i n  t h i s  f i g u r e  r e p r e s e n t s  a l e v e l  of  t h ree  

s t a n d a r d  d e v i a t i o n s  above the  background l e v e l .  Counting r a t e s  exceeding  

t h e  th re sho ld  a r e  regarded  a s  s i g n i f i c a n t .  

The degree of s e p a r a t i o n  achieved  

The s e n s i t i v e  cone o f  the in s t rumen t ,  which i s  two degrees  

i n  azimuth and - + 9 O  i n  a p lane  con ta in ing  t h e  s p i n  a x i s ,  r o t a t e s  w i th  

i t s  a x i s  of symmetry i n  the  plane o f  the  e c l i p t i c .  

number o f  p a r t i c l e s  d e t e c t e d  by the instrument  i n  success ive  16ths o f  

By r eco rd ing  the  

a r e v o l u t i o n ,  a se r ies  of 16 numbers, C i ,  i s  o b t a i n e d .  Counting 

s t a r t s  when the  o p t i c a l  a s p e c t  sensor ,  looking  o u t  i n t o  a cone of 

a n g l e  1' bhose a x i s  i s  normal t o  the  face  of t he  s e c t o r  oppos i t e  t o  

t h a t  occup'ied by the  plasma d e t e c t o r ,  sees t h e  sun .  The 16 s u b t o t a l  

counts  then d e s c r i b e  the  azimuthal  d i s t r i b u t i o n  of f l u x  recorded  a s  
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a his togram of 16  b a r s .  One of t he  te lemetered  q u a n t i t i e s  i s  t h e  

number of the a n g u l a r  s e c t o r  from which t h e  g r e a t e s t  s u b t o t a l  count 

Cy" was recorded.  A s  seen  from Figure  5 ,  and t a k i n g  i n t o  account  

t h e  15% degree displacement  of  t he  s e n s i t i v e  cone of  t h e  ins t rument  

and t h e  4 degree a b e r r a t i o n  c o r r e c t i o n ,  c o l d  plasma f lowing r a d i a l l y  

from t h e  sun w i l l  be "seen" by t h e  instrument  i n  s e c t o r  9 ,  19% degrees  

from the boundary between s e c t o r s  8 and 9 .  T h u s  plasma f lowing from 

a d i r e c t i o n  d i s p l a c e d  by more than  about 3 degrees  westward of t h e  

sun w i l l  be d e t e c t e d  i n  s e c t o r  10,  l a t e r  i n  t h e  r o t a t i o n .  A d e f l e c t i o n  

of the  flow d i r e c t i o n  towards t h e  e a s t  by more than  19% degrees  w i l l  

cause d e t e c t i o n  d u r i n g  t h e  t r a v e r s a l  of  s e c t o r  8 .  These qua1 , i t a t ive  

a n g u l a r  e s t i m a t e s  can be r e f i n e d  i f  t h e  shape of  t h e  a n g u l a r  d i s t r i -  

b u t i o n  i s  assumed; t h i s  p o i n t  w i l l  n o t  be pursued h e r e .  

O r b i t .  Figure 4 a  shows t h e  t r a j e c t o r y  of Explorer  34 dur ing  o r b i t  2 ,  

and i t  shows t h e  p o s i t i o n  of apogee on o r b i t s  2 t o  20.  I t  can be seen  

t h a t  ' t h e  s a t e l l i t e  was launched a t  a s u n - e a r t h - s a t e l l i t e  angle  8sE=106u 

and apogee moved a t  t h e  ra te  of approximately 4.3' per  o r b i t  toward 

t h e  s u b s o l a r  p o i n t ,  OsE decreas ing .  

4 . 3  days. 

The o r b i t a l  p e r i o d  i s  approximately 

Apogee and p e r i g e e  are 34 RE and < 1 RE, r e s p e c t i v e l y .  

The o r b i t a l  p l a n e  i s  n e a r l y  perpendicular  t o  t h e  e c l i p t i c  plane.  

P r o j e c t i o n s  of t h e  t r a j e c t o r y  i n  t h e  X,  Z p l a n e  a r e  shown i n  F i g u r e  4b 

f o r  s e v e r a l  o r b i t s ;  t h i s  i s  t h e  p r o j e c t i o n  which is s e e n  when viewing 

away from the s u n  along t h e  ear th-sun  l i n e .  

The s p i n  a x i s  o f  t h e  s a t e l l i t e  i s  o r i e n t e d  2.5O t o  t h e  normal of  

t h e  e c l i p t i c  p lane ;  i n  what fo l lows ,  w e  s h a l l  n e g l e c t  t h i s  small ang le .  
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Reduct ion o f  Data t o  Obtain F lu id  Parameters  D e t a i l s  of t he  d a t a  

r e d u c t i o n  program a r e  given i n  a r e p o r t  by Og i lv i e  e t  a1 . (1967) .  B r i e f l y ,  

t h e  f l u i d  parameters  n ,  u and T a r e  obta ined  from t h e  observed s p e c t r a  as 

fo l lows  (see F igure  2) .  1) The working spectrum c o n s i s t i n g  of NOC ad jacen t  

b a r s  i s  ob ta ined  by s e t t i n g  counts  equa l  t o  ze ro  i n  those  energy 

channels  i n  which t h e  counts  a r e  less than  some t h r e s h o l d .  2 )  The 

remaining counts  a r e  c o r r e c t e d  for  background and t h e  counts  i n  

channel  i ( i  = LF, NOC-1) are then conver ted  t o  a va lue  o t  t h e  d i s t r i -  

bu t ion  func t ion  (dn/dv) by means of  t he  equa t ion  

which i s  obta ined  from t h e  s o l u t i o n  of  the  un fo ld ing  problem t h a t  i s  

g iven  by Ogilvi’e e t  a l .  3 )  The f i r s t  t h r e e  b a r s  i n  t h e  new working 

spectrum a r e  f i t t e d  by t h e  func t ion  

2 f ( v )  = vexp[a.+ijiv+yiv 1 3 

t o  o b t a i n  a r e p r e s e n t a t i o n  t o  the a c t u a l  observed d i s t r i b u t i o n  

f (v)  = - (v)  between channels  LF and LF+1; the  nex t  t h r e e  ba r s  

(LF+l ,  LF+2, and LF+3) are  s i m i l a r l y  f i t t e d  t o  o b t a i n  an  appros imat icn  

t o  f ( v )  between LF+1 and LF+2, and t h i s  process  con t inues  u n t i l  an 

a n a l y t i c a l  approximation t o  f ( v )  i s  ob ta ined  by f i t t i n g  a l l  of the  

observed channels t o  segments of t h e  func t ion  given by (1). 4 )  The 

f l u i d  parameters  a r e  c a l c u l a t e d  by i n t e g r a t i n g  t h e  func t ion  f a (v )  

which i s  ob ta ined  by t h e  f i t t i n g  procedure:  

dn 
dv 
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nm 

0 
n f J f a  (v) dv 

e.> = 1 yco v f a (v )  dv 
n Jo 

This procedure g ives  r e l i a b l e  va lues  of  the  f l u i d  parameters  i n  t h e  

i n t e r p l a n e t a r y  medium when t h e  number o f  b a r s  i n  t h e  working spectrum 

i s  g r e a t e r  than  o r  equa l  t o  t h r e e .  I n  t h e  magnetosheath, however, 

t h e  parameters o b t a i n e d  i n  t h i s  way must be used wi th  c a u t i o n .  The 

reason  i s  t h a t  i n  t h e  magnetosheath, where t h e  tempera ture  may be 

h igh  and t h e  bulk  speed low, t h e  angu la r  spread  of t h e  d i s t r i b u t i o n  

f u n c t i o n  may be g r e a t e r  than  t h e  a p e r a t u r e  of  t h e  in s t rumen t .  Con- 

scquen t ly ,  t h e  d e t e c t o r  may n o t  accep t  a l l  of t h e  p a r t i c l e s ,  and the  

observed d i s t r i b u t i o n  f,(v) (which i s  an  i n t e g r a l  o f  f ( e )  over  a 

f r a c t i o n  of v e l o c i t y  space)  may be s i g n i f i c a n t l y  d i f f e r e n t  from t h e  

a c t u a l  speed d ' i s t r i b u t i o n  f u n c t i o n  f ( v )  (which i s  an  i n t e g r a l  of f($) 

over  a l l  of t h e  v e l o c i t y  space ) .  This e f f e c t  h a s  been s t u d i e d  i n  

d e t a i l  for a convected maxwellian d i s t r i b u t i o n ,  Equat ions  ( ~ 1 8 )  and 

(A26) i n  the  Appendix g ive  t h e  v a l u e s  o f  dnfdv which should be observed 

f o r  a given d e n s i t y ,  t empera ture ,and  bu lk  speed i f  t h e  flow d i r e c t i o n  

makes an  angle  8, w i t h  t h e  a x i s  of t he  acceptance  cone of  t he  d e t e c t o r  

which has  a ha l f -wid th  A@ 

observed f o r  a g iven  n ,  T, and u have been computed from ( 3 ) ,  ( 4 ) ,  and 

(5)  by s e t t i n g  ta = dn/dv where dn/dv i s  g iven  by (A 18) and (A 20). 

v 

9'. The no, To, and u0 which shyuld be 
I 
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The r e s u l t s  a r e  shown i n  F igure  5 .  I t  can be seen  t h a t  t he  mean 

speed <v> i s  e s s e n t i a l l y  independent of 8,. The mean speed is  g e n e r a l l y  

h ighe r  than  t h e  flow speed v ,  b u t t h i s  d i f f e r e n c e  i s  less than  5% when 

the  temperature  i s  less than  5 x 105'K. 

is r e l a t i v e l y  i n s e n s i t i v e  t o  8, when T e 5 x 1050K, bur i t  i s  

more than  a f a c t o r  of two lower than the  a c t u a l  d e n s i t y  when T 2 10 

Thus, i n  the magnetosheath we can s e t  <v> = u when T % 1O6'K wi th  an 

The d e n s i t y  

50 K. 

e r r o r  less than  io%, but  tile errvrs in d e n s i t y  iiiay be :urge tf iio 

c o r r e c t i o n s  are made. I n  t h e  i n t e r p l a n e t a r y  medium t h e  f l u i d  parameters  

a r e  c o r r e c t  t o  5 10% i f  T <, 5 x ~ O ~ O K .  
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111. Existence of  a Discont inuous T r a n s i t i o n  Between t h e  Magnetosheath 

and t h e  I n t e r p l a n e t a r y  Medium. 

The bow shock t h e o r i e s  which were mentioned i n  t h e  I n t r o -  

d u c t i o n  imply t h a t  t h e  boundary between t h e  magnetosheath and t h e  

i n t e r p l a n e t a r y  medium should be v e r y  t h i n .  Hydromagnetic shock t h e o r i e s  

such a s  t h a t  of Kennel and Sagdeev (1967) g ive  a shock t h i c k n e s s  some- 

what l a r g e r  than  a n  ion  c y c l o t r o n  r a d i u s ,  viz .  L = few x 100 km - . l  R E .  

Shock t h e o r i e s  involv ing  i o n  wave i n s t a b i l i t i e s ,  

such a s  t h a t  of Tidman (1967), give a shock t h i c k n e s s  on t h e  o r d e r  of 

t h e  bulk-speed d i v i d e d  by t h e  i o n  plasma frequency i n  t h e  i n t e r p l a n e t a r y  

medium, viz.  L few x 10 km .01 R E .  The magnetic f i e l d  measurements 

of Heppner e t  a l .  (1967) show t h a t  t h e  major change d u r i n g  a bow shock 

c r o s s i n g  o c c u r s  w i t h i n  30 seconds,from which they  conclude t h a t  t h e  

th ickness  of  t h e  bow shock i s  l e a s  than  1 R E .  Thus,  a l though t h e r e  

i s  no agreement a s  t o  p r e c i s e l y  what t h e  shock t h i c k n e s s  should b e  and 

a l though i t  i s  d i f f i c u l t  t o  measure t h e  t h i c k n e s s  because of motions 

o f  t h e  shock, proponents of any shock theory  would probably agree  t h a t  

a n  upper l i m i t  t o  t he  apparent  shock t h i c k n e s s  i s  % .1 RE. 

Explorer  34 s a t e l l i t e  t y p i c a l l y  moves approximately 1 RE i n  s e v e r a l  

minutes  near  t h e  o u t e r  boundary, and s i n c e  t h e  plasma a n a l y z e r  r e c o r d s  

Since the  

success ive  pro ton  s p e c t r a  a t  t h r e e  minute i n t e r v a l s ,  t h e  shock theory  

i m p l i e s  t h a t  a shock c r o s s i n g  viewed on a scale of several hours  would 

appear  a s  a d i scont inuous  t r a n s i t i o n  between t h e  i n t e r p l a n e t a r y  medium 

and t h e  magnetosheath i n  t h e  overwhelming m a j o r i t y  of c a s e s .  On t he  

o t h e r  hand, t he  f r e e  f low theory  a p p a r e n t l y  impl ies  a very  d i f f u s e  
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o u t e r  boundary wi th  a s c a l e  on the o r d e r  of  a few e a r t h  r a d i i  ( s ee  

!?rolfe e t  a l ,  1966b). 

The purpose of t h i s  s e c t i o n  i s  t o  show t h a t  we observe a 

d iscont inuous  t r a n s i t i o n  between t h e  magnetosheath and i n t e r p l a n e t a r y  

medium d u r i n g  both q u i e t  and d i s t u r b e d  t i m e s .  We s h a l l  show t h a t  

t h i s  t r a n s i t i o n  i s  seen  s imultaneously ( w i t h i n  t h e  t h r e e  minute r e s o -  

l u t i o n  of t h e  plasma probe)  by the magnetometer and t h e  plasma probe.  

Quiet T i m e  T r a n s i t i o n .  W e  s h a l l  f i r s t  d e s c r i b e  a t r a n s i t i o n  between 

t h e  magnetosheath and t h e  i n t e r p l a n e t a r y  medium which w a s  observed when 

t h e  s a t e l l i t e  moved from 17.4 RE t o  14.0 RE a t  a n  earth-sun-apogee a n g l e  

o f  -58' i n  t h e  i n t e r v a l  1600 UT-1900 UT on J u l y  10, 1967. We wish t o  

emphasize t h a t  J u l y  10 was a very q u i e t  day. I t s  IAGA d e s i g n a t i o n  i s  

Q Q ,  t h e  three-hour  Kp i n d i c e s  f o r  t h i s  day are O', O+, 1, 1-, Of,  1, 2 .  

The lowest graph i n  Figure 6 shows t h e  magnetic f i e l d  i n -  

t e n s i t y  a s  a f u n c t i o n  of t i m e .  The low v a l u e s  of  B i n  t h e  i n t e r v a l  

1600 UT - 1804 UT a r e  c h a r a c t e r i s t i c  of  t he  q u i e t  t i m e  i n t e r p l a n e t a r y  

magnetic f i e l d s ,  and t h e  l a r g e  magnetic f i e l d  i n t e n s i t i e s  i n  t h e  

i n t e r v a l  1804 UT - 1900 UT a r e  c h a r a c t e r i s t i c  of t h e  o u t e r  magneto- 

s h e a t h  ( see  Ness, 1967).  The d e t a i l e d  magnetic f i e l d  d a t a  show t h a t  

t h e  t r a n s i t i o n  between t h e s e  two r e g i o n s  occurred  i n  l e s s  than  20 

seconds .  During t h i s  t i m e  t h e  s a t e l l i t e  mo$Ied .005 R E .  

The plasma f low d i r e c t i o n  i n  t h e  i n t e r v a l  1600 UT - 1900 UT 

on Ju ly  10 i s  shown above t h e  magnetic f i e l d  d a t a  i n  F igure  6 .  P r i o r  

t o  1804 UT t h e  flow i s  i n t o  channel 9 a s  one worild expec t  f r 3 m  the 

n e a r l y  r a d i a l  s o l a r  w i n d .  A f t e r  1804 111' the f l o w  i s  i n t o  channc.1 11, 
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S e c t i o n  V shows t h a t  such a flow d i r e c t i o n  i s  c o n s i s t e n t  

w i t h  t h a t  p r e d i c t e d  by t h e  theory  of  S p r e i t e r  e t  a l .  (1966) 

f o r  t h e  reg ion  of t h e  magnetosheath j u s t  behind t h 8  bow shock a t  @SE = 58'. 

Thus ,  the change i n  flow d i r e c t i o n s  i n  F igu re  6 i n d i c a t e s  a d i s c o n t i n u i t y  

a t  1804 UT. The width of t h e  t r a n s i t i o n  determined i n  t h i s  way i s  

l e s s  than  t h r e e  minutes which cor responds  t o  L < .05 R E .  
cr 

Plasma s p e c t r a l  d a t a  f o r  1600-1900 UT on J u l y  10 a r e  summarized 

i n  t h e  top graph of F igure  6 ,  which we r e f e r  t o  a s  a plasma spectrogram 

o r  "plasmagram". The v e r t i c a l  a x i s  of t h e  plasmagram shows speeds 

corresponding t o  t h e  c e n t e r s  of t h e  v e l o c i t y  channels  of t h e  plasma 

d e t e c t o r .  Each column of numbers i n  t h e  plasmagram shows a messure  

o f  t h e  counts ( see  Table 1 )  which were recorded  i n  t h e  v a r i o u s  energy 

channels  d u r i n g  a one minute i n t e r v a l .  I n  o t h e r  words, each column 

r e p r e s e n t s  a complete pro ton  spectrum. The plasmagram i s  a s e r i e s  of 

t h e s e  s p e c t r a  o rde red  on a l i n e a r  t i m e  s c a l e .  The narrow s p e c t r a  i n  

t h e  i n t e r v a l  1600 UT - 1804 UT a r e  c h a r a c t e r i s t i c  of t h e  i n t e r p l a n e t a r y  

s p e c t r a  which are  observed d u r i n g  q u i e t  t i m e s .  The low bulk  speed 

(u x 300 km/sec) ag rees  wi th  t h e  q u i e t  t i m e  i n t e r p l a n e t a r y  bulk  speed 

r e p o r t e d  by Wolfe e t  a l .  (1966b) and by Hundhausen e t  a1. (1967) and 

a l s o  wi th  t h e o r e t i c a l  p r e d i c t i o n s .  The low tempera ture  (T 2 2 x 10 K)  

i s  a l s o  t y p i c a l  of t he  q u i e t  i n t e r p l a n e t a r y  medium. The broad s p e c t r a  

40 

a f t e r  1804 UT a r e  undoubtedly magnetosheath s p e c t r a .  

t h e  low energy ends of t h e s e  spec:tra because t h e  peaks occurred  nea r  

t h e  lowest energy  s t e p  o f  t h e  inEtrument,  so w e  cannot compute a mean 

speed o r  t empera tu re .  Never the less  i t  i s  c l e a r  t h a t  t h e  mean speed 

We do n o t  observe 
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has  decreased and the  temperature  inc reased  cons ide rab ly  a f t e r  1804 UT. 

These s p e c t r a  show a v a r i a b i l i t y  which i s  c h a r a c t e r i s t i c  of magneto- 

shea th  s p e c t r a  which w e  observed on o t h e r  o r b i t s .  

I n  summary, the  combined plasma and magnetic f i e l d  d a t a  i n  

F igure  6 show a d i scon t inuous  t r a n s i t i o n  (boundary t h i c k n e s s  < .1  RE) 

between the  i n t e r p l a n e t a r y  medium and t h e  e a r t h ' s  magnetosheath du r ing  

a geomagnetic q u i e t  t i m e .  Th i s  ag rees  wi th  t h e  f l u i d  theory .  It i s  

c l e a r l y  incompatible  w i t h  t h e  f r e e  flow theory  of t h e  t r a n -  

s i t i o n  r eg ion .  I t  i s  a l s o  i n c o n s i s t e n t  with the  hypo thes i s  t h a t  

a d i scont inuous  t r a n s i t i o n  e x i s t s  on ly  a t  d i s t u r b e d  t imes .  
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A "Diffuse" T r a n s i t i o n  During t h e  f i r s t  15 o r b i t s  of Exp lo re r  

34 many d i scon t inuous  t r a n s i t i o n s  were observed a s  t h e  s a t e l l i t e  

moved between t h e  i n t e r p l a n e t a r y  medium and t h e  magnetosheath. 

However, t h e r e  are a few c a s e s  (a 5%) i n  which t h e  plasma s p e c t r a l  

d a t a  a lone  show a t r a n s i t i o n  between t h e  magnetosheath and t h e  

i n t e r p l a n e t a r y  medium which appea r s  t o  be d i f f u s e .  An extreme 

and unusual example of such a t r a n s i t i o n  i s  shown i n  t h e  plasmagram 

i n  F igu re  7. 

I n  F igure  7 t h e  broad, f l u c t u a t i n g  s p e c t r a  w i t h  low coun t s ,  

which were observed d u r i n g  t h e  i n t e r v a l  2110-220 UT,are c h a r a c t e r i s t i c  

magnetosheath s p e c t r a .  The narrow s p e c t r a  w i t h  h ighe r  count ing  

r a t e s ,wh ich  were observed between 2230 and 2330 UT,a re  c h a r a c t e r i s t i c  

i n t e r p l a n e t a r y  s p e c t r a .  There appears  t o  be a g radua l  t r a n s i t i o n  

between these  two types  of  s p e c t r a  i n  t h e  i n t e r v a l  2200-2230 UT, 

During t h i s  t ime t h e  s a t e l l i t e  moved .7 R E o  
boundary occurred  d u r i n g  a geomagnet ica l ly  q u i e t  pe r iod  i n  which 

t h e  3 hour Kp index remained nea r  1 f o r  18 hours .  Thus, i n  t h e  

absence of  magnetic f i e l d  d a t a  and wi thout  i n fo rma t ion  about t h e  

plasma flow d i r e c t i o n , i t  is zasy t o  s e e  how one might i n f e r , w i t h  

some j u s t i f i c a t i o n ,  t h a t  a d i f f u s e  o u t e r  boundary might e x i s t  d u r i n g  

a geomagnetic q u i e t  pe r iod .  However, we s h a l l  now show t h a t  more 

comprehensive d a t a  f o r  t h i s  pe r iod  i n d i c a t e  such  a conc lus ion  i s  

probably i n c o r r e c t  

T h i s  a p p a r e n t l y  d i f f u s e  



- 15 - 

The magnetic f i e l d  i n t e n s i t y  shown i n  F igu re  7 i n d i c a t e s  

t h a t  t h e  s a t e l l i t e  w a s  i n  t h e  magnetosheath between 2100 UT and 

2217 UT. 

dec rease  t o  t y p i c a l  i n t e r p l a n e t a r y  i n t e n s i t i e s .  Th i s  d i s c o n t i n u i t y  

w a s  accompanied by a d i s c o n t i n u i t y  i n  t h e  flow d i r e c t i o n  from 

channel  11, which i s  t y p i c a l  of t h e  magnetosheath,  t o  channel 10, 

which i s  commonly observed i n  t h e  i n t e r p l a n e t a r y  medium. A change 

i n  t h e  c h a r a c t e r  of t h e  spectrum can  a l s o  be observed near  1211 UT. 

The spectrum change a lone  is ambiguous, b u t  t h e  combination of 

A t  2217 UT t h e  magnetic f i e l d  d a t a  show a d i scon t inuous  

obse rva t ions  j u s t  desc r ibed  d e f i n i t e l y  imp l i e s  t he  c r o s s i n g  of a 

t h i n  boundary. 

o f  t h a t  j u s t  desc r ibed ,  can be seen at  2323 UT. .Here t h e  magnetic 

f i e l d  i n c r e a s e s ,  t h e  d i r e c t i o n  changes from s e c t o r  9 t o  10,and t h e  

spectrum broadens,  i n d i c a t i n g  an a b r u p t  t r a n s i t i o n  from t h e  

i n t e r p l a n e t a r y  medium t o  the  magnetosheath. 

Another d i s c o n t i n u i t y ,  which is t h e  complement 

I n  t h e  i n t e r v a l  between 2231 UT and 2234 UT (marked M i n  

F igu re  7) t h e  magnet ic  f i e l d  da ta  a r e  c h a r a c t e r i s t i c  of  n e i t h e r  t h e  

magnetosheath nor t h e  i n t e r p l a n e t a r y  medium. Th i s  o b s e r v a t i o n  is  

n o t  i n c o n s i s t e n t  w i t h  t h e  shock t h e o r y ,  f o r  i t  is p o s s i b l e  t h a t  t h e  

shock moved r a p i d l y  i n  and o u t  du r ing  t h i s  i n t e r v a l  so t h a t  bo th  

magnetosheath and i n t e r p l a n e t a r y  s p e c t r a  were recorded  bu t  no t  

c l e a r l y  t i m e  reso lved .  

i n t e r v a l  and t h e  counts  were t o o  low t o  draw conclus ions  from i t ,  

Another "mixed" r eg ion  can  be  seen between 2330 UT and 2335 UT i n  

Only one spectrum was recorded du r ing  t h i s  



Figure  7. Here two s p e c t r a  can be ;een, b u t  a g a i n  t h e  counts  

are too  low t o  determine whether th"y i n d i c a t e  i n t e r p l a n e t a r y  

o r  magnetosheath cond i t ions .  However, t h e  magnetic f i e l d  d a t a  

s t r o n g l y  suggest t h a t  bo th  cond i t ions  were observed i n  t h i s  

i n t e r v a l  as a r e s u l t  of  m u l t i p l e  c r o s s i n g s .  

F i n a l l y ,  l e t  us  cons ide r  t h e  p e c u l i a r  spectrum a t  2358 UT. 

The spectrum i s  v e r y  broad which i s  i n d i c a t i v e  of  t h e  magnetosheath,  

bu t  t h e  flow is  from channel  9 ,  which is  i n d i c a t i v e  of the  

i n t e r p l a n e t a r y  medium. 

by r e f e r r i n g  t o  t h e  magnetic f i e l d  d a t a .  The magnetic f i e l d  

i n t e n s i t y  shows t h a t  a d i scon t inuous  t r a n s i t i o n  from t h e  rnagneto- 

shea th  t o  the i n t e r p l a n e t a r y  medium occurred w h i l e  t h e  spectrum 

w a s  be ing  recorded. This  impl ies  t h a t  t h e  spectrum should be a 

mixture  o f  a magnetosheath spectrum and an i n t e r p l a n e t a r y  spectrum, 

c o n s i s t i n g  of low counts  which were recorded i n  t h e  low energy channels  

be fo re  t h e  boundary c r o s s i n g  and h ighe r  counts  which were recorded i n  

t h e  h i g h e r  energy channels  a f t e r  t he  c ros s ing .  

show t h e s e  c h a r a c t e r i s t i c s .  Moreov2r;the o b s e r v a t i o n  of flow 

from channel 9 is c o n s i s t e n t  w i th  t i i s  i n t e r p r e t a t i o n ,  f o r  w e  

p l o t t e d  t h e  flow d i r e c t i o n  which was recorded when t h e  h i g h e s t  

count w a s  measured, and i n  t h i s  ca se  t h e  h i g h e s t  count  w a s  measured 

i n  t h e  i n t e r p l a n e t a r y  p a r t  of t h e  mixed spectrum. 

T h i s  p e c u l i a r  dilermna is  r e a d i l y  reso lved  

The observed spectrum does 

We conclude t h a t  a l though t h e  unusual plesmagram shown i n  

F igure  7 may s u g g e s t ,  a t  f i r s t  s i g h t ,  a d i f f u s e  t r a n s i t i o n  from 
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the magnetosheath to the interplanetary medium, the apparent 

diffuseness actually is the result of a complex microstructure, 

which is revealed by simultaneously examining the plasmagrag, 

the flow direction, and the magnetic field intensity. The 

microstructure consists of a series of discontinuities,which we 

interpret as multiple crossings of a thin boundary between the 

magnetosheath and the interplanetary medium. 
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Typica l  T r a n s i t i o n s  On May 30, 1967,an unusual combina t ion 'of  

" t y p i c a l "  bow shock c r o s s i n g s  was observed i n  a s i x  hour i n t e r v a l .  

Th i s  i s  shown i n  F igure  8 ,  which w e  s h a l l  now d i s c u s s  i n  d e t a i l .  

A t  1429 UT on May 30, 1967, a sudden commencement was observed  

a t  magnetic o b s e r v a t o r i e s  around t h e  world.  A t  t h i s  t i m e  ( t o  t h e  r e -  

s o l u t i o n  o f  our plasma a n a l y z e r ) , a  marked d i s c o n t i n u i t y  i n  t h e  plasma 

and magnetic f i e l d  parameters  was observed by IMP F which was nea r  

t h e  bow shock, a t  R 

time t h e  geomagnetic f i e l d  w a s  q u i e t  ( f o r  t he  f i r s t  fou r  3-hour 

33.0 RE, flplOCP(See F igu re  8).  P r i o r  t o  t h i s  

i n t e r v a l s  on May 30, t h e  Kp i n d i c e s  a r e  2', 2 ,  2+ and 2-) . A f t e r  

1429 UT on May 30, t h e  geomagnetic f i e l d  was d i s t r u b e d  ( f o r  t h e  l a s t  

f o u r  3-hour i n t e r v a l s  on t h e  d a t e  t h e  Kp i n d i c e s  are 6 -  , 6 ,  6+, 6-) . 

Thus, F igu re  8 shows d a t a  f o r  both a q u i e t  pe r iod  and a d i s t u r b e d  

p e r i o d .  

During t h e  q u i e t  pe r iod  i n  F igu re  8 , w e  see two t y p e s  of re- 

g ions .  Between 1100 UT and 1308 UT, and between 1336-1406 UT,we 

observe  a cool  plasma w i t h  a low magnetic f i e l d  moving n e a r l y  r a d i a l l y  

from t h e  sun  a t  415 km/sec. Th i s  i s  c l e a r l y  a "qu ie t "  i n t e r p l a n e t a r y  

plasma. Between 1308 UT a t  1336 UT, and between 1406 UT and 1429 UT, 

t h e  d a t a  i n  Figure  8 i n d i c a t e  t h a t  t h e  s a t e l l i t e  was i n  t h e  q u i e t  

magnetosheath.  Note t h a t  d i scon t inuous  t r a n s i t i o n s  occur red  s imul t aneous ly  

i n  the  plasma and magnetic f i e l d  d a t a  a t  1308 UT, 1336 UT, and 1406 UT. 

We assume t h a t  t h e s e  a r e  t h e  r e s u l t  of motion of t h e  bow shock back 

and f o r t h  p a s t  t h e  s a t e l l i t e .  We s e e  such m u l t i p l e  c r o s s i n g s  on 

n e a r l y  eve ry  o r b i t .  
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J 

During t h e  d i s t u r b e d  per iod  i n  F igu re  8 (1429 UT - 1700 UT), 

w e  a g a i n  see two types  of r eg ions .  Between 1429 UT and 1557 UT, and 

between 1609 UT - 1700 UT,we see a h o t ,  h igh  speed plasma wi th  a 

l a r g e  magnetic f i e l d  whose v e l o c i t y  f l u c t u a t e s  a p p r e c i a b l y .  This  

r e g i o n  i s  c l e a r l y  t h e  d i s t u r b e d  i n t e r p l a n e t a r y  medium. The o t h e r  

r e g i o n ,  between 1557 UT and 1609 UT i n  F igu re  8 ,  i s  probably t h e  d i s -  

t u rbed  magnetosheath.  This  is suggested by t h e  ve ry  broad s p e c t r a ,  

the flow d i r e c t i o n  ( s e c t o r  11) the h i g h  magnetic f i e l d :  and the  low 

bu lk  speed .  Note t h a t  d i scont inuous  t r a n s i t i o n s  between t h e  d i s t u r b e d  

magnetosheath and t h e  d i s t o r t e d  i n t e r p l a n e t a r y  medium occur red  1557 UT 

and a t  1609 UT. 

The above r e s u l t s  l e a d  u s  t o  t h e  fo l lowing  i n t e r p r e t a t i o n s  

of  t h e  e v e n t s  i n  F igure  8.  P r i o r  t o  1409 UT,the s a t e l l i t e  was nea r  

t he  bow shock,and t h e  plasma near  t h i s  r eg ion  was r a t h e r  q u i e s c e n t .  

The bow shock was l o c a l l y  moving i n  and out ,and  twice i t  moved o u t  

p a s t  t h e  s a t e l l i t e  so t h a t  twice the  in s t rumen t s  sampled t h e  magneto- 

s h e a t h .  J u s t  be fo re  1429 UT,the s a t e l l i t e  was i n  the  magnetosheath. 

A t  1429 UT a d i s c o n t i n u i t y  (presumably a shock wave which w a s  p ropagat ing  

i n  t h e  i n t e r p l a n e t a r y  medium) a r r i v e d  a t  t h e  s a t e l l i t e , a n d  t h e  d i s t u r b e d  

plasma behind t h i s  d i s c o n t i n u i t y  drove t h e  bow shock p a s t  t he  s a t e l l i t e ,  

toward t h e  e a r t h .  Thus, a t  1429 UT t h e  s a t e l l i t e  emerged from t h e  q u i e t  

magnetosheath i n t o  a d i s t u r b e d  region i n  the  i n t e r p l a n e t a r y  medium. 

The bow shock cont inued  t o  move in and o u t .  A t  1557 UT i t  moved o u t  

p a s t  t h e  s a t e l l i t e  and i t  re turned  a t  1609 UT, g iv ing  u s  a b r i e f  look 

a t  t h e  d i s t u r b e d  magnetosheath. 
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This  even t  i s  unusua1,but i t  a l s o  s e r v e s  t o  i l l u s t r a t e  t h e  

f e a t u r e s  of t h e  o u t e r  boundary which a r e  commonly observed i n  the  

plasma and magnetic f i e l d  d a t a ,  namely, m u l t i p l e ,  d i scon t inuous  t r a n -  

s i t i o n s  between t h e  i n t e r p l a n e t a r y  medium and t h e  magnetosheath d u r i n g  

both  q u i e t  and d i s t u r b e d  t imes .  
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IV. g u i e t - t i m e  Flow Speeds Near t h e  Outer  Magnetosphere 

Boundary 

Theory. S p r e i t e r  e t  a1 (1966) have used t h e i r  s t eady  s t a t e  

aerodynamic model of  t h e  e a r t h ' s  bow shock t o  compute us/ui, 

ns/niand Ts/Ti a t  p o s i t i o n s  along t h e  bow shock f o r  q u i e t  

i n t e r p l a n e t a r y  c o n d i t i o n s ;  he re  u ,  n and T a r e  the  flow speed,  

d e n s i t y  and tempera ture ,  r e s p e c t i v e l y ,  and the  s u b s c r i p t s  s and i 

r e f e r  t o  t h e  magnetosheath and i n t e r p l a n e t a r y  medium, r e s p e c t i v e l y .  

The au tho r s  show t h a t  t h e s e  ratios depend on ly  on the  i n t e r p l a n e t a r y  

f r e e - s t r e a m  Mach number M, and the a d i a b a t i c  exponent y when t h =  

r a t i o s  are cons idered  as func t ions  of X/D,  where X is t h e  d i s t a n c e  

measured from t h e  e a r t h  toward the sun a long  t h e  ea r th - sun  l i n e ,  

and D i s  g iven  i n  u n i t s  of e a r t h - r a d i i  by t h e  equa t ion  

where p i s  t h e  i n t e r p l a n e t a r y  proton d e n s i t y  and H i s  t h e  e a r t h ' s  
i Po 

mean permanent magnetic f i e l d  a t  t h e  geomagnetic equator  ( H P  

It i s  found t h a t  t h e  d e n s i t y  and tempera ture  r a t i o s  are r a t h e r  

s e n s i t i v e  t o  t h e  va lues  of M, and y. 

= , 3 1 2 ) .  
0 

Since  y i s  e s s e n t i a l l y  

* unknown and s i n c e  M a v a r i e s  w i t h  t ime ,  we s h a l l  not cons ide r  d e n s i t y  and 
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t empera ture  i n  t h i s  r e p o r t .  On t h e  o t h e r  hand, i t  is  found t h a t  t h e  

t h e o r e t i c a l  flow speed r a t i o  is not s e n s i t i v e  t o  t h e  v a l u e s  

of M, and y i n  t h e  r e g i o n  X / D  5.6. Thus t h e  speed r a t i o  g i v e s  

a means of t e s t i n g  the  shock theory  which does not r e q u i r e  an  

e x a c t  knowledge of y ,  and i t  g i v e s  e s s e n t i a l l y  a s i n g l e  curve 

w i t h  which we may compare speed r a t i o s  t h a t  a r e  observed du r ing  

a v a r i e t y  of i n t e r p l a n e t a r y  c o n d i t i o n s .  

To compare t h e  t h e o r e t i c a l  speeds w i t h  t h e  observed speeds ,  

i t  m u s t  be understood t h a t  t h e  theory  as p resen ted  by S p r e i t e r  

e t  a1 (1966) g i v e s  t h e  flow speed u which is  e s s e n t i a l l y  t h e  speed 

w i t h  which t h e  d i s t r i b u t i o n  f u n c t i o n  is  convected, whereas t h e  

measuremenFs g i v e  t h e  mean speed of t h e  observed p a r t i c l e s  

which depends on both  the  convec t ion  and t h e  thermal motion of 

p a r t i c l e s .  S p e c i f i c a l l y ,  t h e  flow v e l o c i t y  u is  de f ined  i n  t e r m s  

o f  t h e  complete, normalized d i s t r i b u t i o n  f u n c t i o n  by t h e  equa t ion  

4 

where d z  i n d i c a t e s  t h a t  t h e  i n t e g r a t i o n  ex tends  over  al l  of v e l o c i t y  

space .  Th i s  d e f i n i t i o n  of  flow speed is in t roduced  when t h e  f i e l d  

equat ions  are d e r i v e d  by t a k i n g  moments of t h e  Boltzman e q u a t i o n .  

The mean speed , on t h e  o t h e r  hand, i s  d e f i n e d  by t h e  equa t ion  

aY 

( 7 )  
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where f ( v )  is t h e  speed d i s t r i b u t i o n  which is obta ined  by 

i n t e g r a t i n g  f ( z )  over  a l l  d i r e c t i o n s .  

To re late  t o  < v > r e q u i r e s  an assumption about f ( < ) .  

S ince  t h e  f l u i d  theo ry  assumes a s t e a d y ,  e q u i l i b r i u m  f low, the  

p rope r  assumption is  t h a t  f(v) should be maxwellian. 
4 

Using C a r t e s i a n  coord ina te s ,  i t  is  easy  t o  v e r i f y  t h a t  i f  t h e  

d i s t r i b u t i o n  f u n c t i o n  f ( v )  is  maxwellian i n  a frame moving wi th  
+ 

speed u ,  t hen  t h e  magnitude of  the  flow v e l o c i t y  c a l c u l a t e d  from 

( 7 )  is equa l  t o  u ,  i . e . ,  = u. I n  t h e  Appendix it is  shown 

t h a t  f o r  a maxwellian d i s t r i b u t i o n  which is  convected w i t h  speed 

(see (A16). 

r e l a t e d  t o  u by t h e  equat ion  

S u b s t i t u t i n g  t h i s  i n t o  (7 )  w e  f i n d  t h a t  < v > is 

where 

w =J- 2 kT 
m 

It  is convenient  t o  w r i t e ( 1 1 )  i n  t h e  form 

w(km/sec) = 13 p x  
104 
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Note tha t  the  most probable  speed v which is  obta ined  by 

s e t t i n g  t h e  d e r i v a t i v e  of f (v )  i n  (8) equa l  t o  ze ro ,  i s  equa l  

2 t o  t h e  mean speed t o  o r d e r  (w/u) . Thus t h e  mean speed,  t h e  most 

probable  speed and t h e  flow speed u are equa l  when w/u < < 1. 

example, i n  t h e  i n t e r p l a n e t a r y  medium T w 5 x 10 

so  +($)* M .003 and <v> a v M Isl. 
d i f f e r e n c e  between <v> and may be s i g n i f i c a n t .  S ince  t h e  

h ighe r  order  terms i n  (9 )  depend on t h e  magnetosheath tempera ture ,  

which is h igh ly  v a r i a b l e  and cannot be a c c u r a t e l y  determined d i r e c t l y ,  

a simple comparison between experiment and theo ry  is not  p o s s i b l e  

when the h ighe r  o r d e r  terms are s i g n i f i c a n t .  

S p r e i t e r  e t  a1  (1966) it i s  apparent  t h a t  t h e  h ighe r  o r d e r  

t e r m s  w i l l  be l a r g e  when t h e  i n t e r p l a n e t a r y  tempera ture  and 

Mach number a r e  high. For t h e  purpose of  t e s t i n g  the  shock 

theo ry ,  w e  s h a l l  cons ide r  on ly  bow shock c r o s s i n g s  f o r  which Ti 5 

5 x lO4'K. 

t h e  region X/D 5 . 6  and Ts - < 5 x 1050K i n  t h e  r eg ion  X/D < 5 - .5 .  

For these numbers, we f i n d  t h a t  t h e  magnitude of  t h e  t e r m  &(?I2 
is less than  .05 and consequent ly  <v > M us. 

P '  

For 

4 and u = 400 km/sec,  

I n  t h e  magnetosheath,  t h e  
P 

From F igure  15 of 

I n  t h i s  c a s e ,  t h e  theory  p r e d i c t s  t h a t  Ts € - 10% i n  . 

S 

To summarize, w e  have noted t h a t  t he  bow shock theo ry  g i v e s  

a s i n g l e  curve f o r  t h e  flow speed r a t i o  i n  t h e  r eg ion  X / D  5 C . 6 ,  

which is  no t  s e n s i t i v e  t o  t h e  v a l u e s  of  M, and assumptions 

concerning y. We have shown t h a t  du r ing  " q u i e t  t i m e s "  

(T - < 5 x lo4%, u - < 450 km/sec) t h e  f low speed can be determined 
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w i t h  an accuracy of a few percent .  

agreement between t h e  measured and p r e d i c t e d  flow speed r a t i o s  

i n  t h e  r eg ion  X / D  < 

of t h e  shock theory.  We shall now p resen t  plasma d a t a  from 

t h e  f i r s t  t e n  o r b i t s  of Explorer  34 which show t h a t  t h e  theory  

does indeed m e e t  t h i s  test. 

T h u s , q u a n t i t a t i v e  

. 6  is a necessary cond i t ion  f o r  t h e  v a l i d i t y  - 
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Observa t ions  

f o r  bow shock c r o s s i n g s  which w e  s h a l l  now d i s c u s s  were obta ined  

The measurements o f  flow speed r a t i o n s  U s / U i  

dur ing  the f i r s t  t e n  o r b i t s  of Exp lo re r  34 when t h e  s a t e l l i t e  

moved from 8 = 106' t o  8 M 60°. Many boundary c r o s s i n g s  were 

observed ,s ince  m u l t i p l e  c r o s s i n g s  occurred  on n e a r l y  every  o r b i t ,  

bu t  on ly  a few of t h e s e  c r o s s i n g s  are s u i t a b l e  f o r  the  tes t  

desc r ibed  above. We s e l e c t  d a t a  accord ing  t o  t h e  fo l lowing  c r i t e r i a :  

1) The temperature  on the  i n t e r p l a n e t a r y  s i d e  of  t h e  

boundary must be less than  5 x 10 K .  40 

2) A t  least  f i v e  i d e n t i f i a b l e  s p e c t r a  on each s i d e  of t h e  

boundary must be  a v a i l a b l e .  Thus, c r o s s i n g s  which occurred 

wi th in  15 minutes  of one another  are not  cons idered .  

3) The flow speed i n  the magnetosheath must be s u f f i c i e n t l y  

h igh  (us  > 5 270 km/sec) t h a t  t h e  peak o f  t he  d i s t r i b u t i o n  

f u n c t i o n  can c l e a r l y  be seen.  

When t h e s e  c r i t e r i a  are app l i ed  w e  are l e f t  w i t h  boundary 

c r o s s i n g s  f o r  t h e  f i r s t  t e n  o r b i t s  f o r  which w e  can compute u /u  

as a f u n c t i o n  of X/D. For each of t h e s e  boundary c r o s s i n g s  w e  
s i  

have a t  l e a s t  f i v e  v a l u e s  of u on both  s i d e s  of t h e  boundary. 

:de have computed t h e  r a t i o  U s / U i  f o r  each  c r o s s i n g  i n  two ways. 

1). By averaging the  f i v e  va lues  o f  us and ui. 

method s u f f e r s  from t h e  d isadvantage  t h a t  t h e  

p l a s m a  parameters may change d u r i n g  t h e  f i f t e e n  minutes  

r equ i r ed  t o  o b t a i n  f i v e  s p e c t r a .  

Th i s  



- 27 - 

2). By us ing  t h e  va lues  of u and u a p p r o p r i a t e  t o  
S i 

two s i n g l e  spec t r a .  I n  o r d e r  t o  avoid problems w i t h  

"mixed" s p e c t r a  we have n o t  used t h e  two s p e c t r a  

between which t h e  boundary c r o s s i n g  took  p l a c e  , b u t  

have employed t h e  s p e c t r a  preceding  and fo l lowing  t h e s e .  

We have v e r i f i e d  t h a t  bo th  methods of computing u s / u  

e s s e n t i a l l y  t h e  same r e s u l t .  

of t h e  s t eady  f low assumption. 

g i v e  i 

T h i s  g i v e s  a check on t h e  v a l i d i t y  

The r e s u l t s  are shown i n  F igure  9 where us/ui are p l o t t e d  

as a f u n c t i o n  of X/D, where D i s  computed from n and ui us ing  (5) .  i 

The e r r o r  b a r s  i n  F igu re  9 are s imply estimates which were 

ob ta ined  by equa t ing  A U  t o  one-half  t h e  d i f f e r e n c e  of  t h e  maximum 

and t h e  minimum v a l u e s  of  t he  f i v e  measurements of u and c a l c u l a t i n g  

A(u /v . )  from t h e  equa t ion  
s 1  

The l a r g e s t  e r r o r  b a r s  i n d i c a t e  e i t h e r  a low us, i n  which case  w e  

have set us equa l  t o  t h e  most probable  speed,  o r  a f l u c t u a t i n g  

flow speed i n  the shea th  and i n t e r p l a n e t a r y  medium. 

The t h e o r e t i c a l  curve i n  F igure  9 i s  taken  from F igure  14 of 

S p r e i t e r  e t  a L  (1966). It i s  evident  t h a t  t he  observed speed r a t i o s  

are i n  q u a n t i t a t i v e  agreement with t h e  theory  w i t h i n  t h e  e r r o r s  of 

measurement. The measured and observed speed r a t i o s  d i f f e r  by 

less t h a n  10%. 
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V .  Flow Di rec t ions  Near t h e  Outer Boundary. 

I n  t h i s  s e c t i o n  the  flow d i r e c t i o n s  which were observed i n  

the  magnetosheath near  t he  o u t e r  boundary i n  the  i n t e r v a l  30' 5 8 5; 100' 

a r e  compared wi th  the cor responding  flow d i r e c t i o n s  p red ic t ed  by the  

shock model of S p r e i t e r  e t  a l . (1966)  

I n  Sec t ion  I1 it was exp la ined  t h a t  t he  flow d i r e c t i o n  i s  

measured by determining i n  which of 16,22.5O s e c t o r s  t h e  maximum number 

of  coun t s  was recorded du r ing  one s a t e l l i t e  r o t a t i o n .  The r e l a t i o n  

between t h e  s e c t o r  number and t h e  a c t u a l  d i r e c t i o n  wi th  r e s p e c t  t o  the  

sun i s  shown i n  F igure  4 .  

The flow d i r e c t i o n  d a t a  which w i l l  be p re sen ted  were s e l e c t e d  

acco rd ing  t o  t h e  fo l lowing  c r i t e r i a :  

1 )  The da ta  w e r e  ob ta ined  w i t h i n  . 5  RE of a c l e a r l y  de f ined  

boundary c r o s s i n g  which was w i t h i n  2 .5  RE of t he  t h e o r e t i c a l  

boundary f o r  M, = 8, y = 2. 

2 )  The flow d i r e c t i o n  determined f o r  a given r o t a t i o n  i s  

used i f  and only  i f  t he  t o t a l  number of counts  recorded 

dur ing  t h a t  r o t a t i o n  i s  g r e a t e r  than  6550. 

the number 6550 i s  based on a s tudy  of t h e  onboard computer 

The choice  of 

which determines t h e  flow d i r e c t i o n .  This  c r i t e r i o n  e l i m i n a t e s  

much of t he  d a t a  i n  t h e  magnetosheath,  where t h e  count ing  

r a t e  i s  low, but  i t  guarantees  t h a t  t he  d a t a  which a r e  

s e l e c t e d  a r e  a o c u r s t e .  

Seven of the  f i r s t  18 o r b i t s  c f  Explorer  34 gave more thar.  

one measurement of t he  flow d i r e c t i o n  which s a t i s f i e s  t he  two c r i t e r ? i a  
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above.  The measurements a r e  summarized i n  Table 2 .  Accurate d a t a  

were obta ined  on o r b i t s  2 ,  3, 5, 7 ,  1 2 ,  14,and 18. On each o r b i t  

t h e  most probable  flow d i r e c t i o n  was i n t o  s e c t o r  11. However, a few 

obse rva t ions  of flow i n t o  s e c t o r  10 and s e c t o r  1 2  were recorded ,  t h i s  

cou ld  i n d i c a t e  a small v a r i a b i l i t y  of t h e  flow d i r e c t i o n  o r  a r e s i d u a l  

i n s t rumen ta l  e f f e c t .  It i s  u s e f u l  t o  de f ine  a mean s e c t o r  f o r  each 

o r b i t  by the  equa t ion  

where Ni i s  t h e  number of  obse rva t ions  of flow i n t o  s e c t o r  S i .  For 

example, on o r b i t  2 ,  16 measurements of the  flow d i r e c t i o n  were mad? 

which s a t i s f i e d  the  s e l e c t i o n  c r i t e r i a ;  4 measurements i n d i c a t e d  flow 

i n t o  s e c t o r  10 ,  and 12 measurements i n d i c a t e d  flow i n t o  s e c t o r  11, 

so the  mean s e c t o r  15 10.7 5 . 4 .  Values of the mean s e c t o r s ,  given 

i n  Table 2 ,  show t h a t  t h e  flow was predominantly i n t o  channel 11;  

t h e  RMS e r r o r s  i n  the  mean s e c t o r s  shows t h a t  the  flow was h i g h l y  

c o  1 1 i m a  t e d  . 
me measured most probable, flow d i r e c t i o n s  a r e  compared wi th  

t h e  t h e o r e t i c a l  flow d i r e c t i o n s  of  S p r e i t e r  e t  a 1  (1966) i n  F igu re  1 0 . .  

This F igure  shows the  t h e o r e t i c a l  boundary and t h e  t h e o r e t i c a l  strean - 

l i n e s  f o r  the  model w i th  MaD = 8,y = 2 , D  =10 RE ( S p r e i t e r  e t  a 1  have 

shown t h a t  t h e  s t r e a m l i n e s  f o r  EI, = 8 , ~  = 5/3 and D =10 RE a r e  

e s s e n t i a l l y  the  same). The measured flow d i r e c t i o n  f o r  each boundary 

c r o s s i n g  i s  shown i n  Figure 10 a s  flow i n t o  a narrow s e c t o r  which is 

p laced  a t  the  shock boundary a t  t h e  a p p r o p r i a t e  8 .  It i s  e v i d e n t  t h a t  

t h e  p r e d i c t e d  and measured flow d i r e c t i o n s  a r e  i n  good agreement.  
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V I .  Conclusions 

We have presented  plasma and magnetic f i e l d  d a t a  from 

Exp lo re r  34 which a r e  r e l e v a n t  t o  t h e  s tudy  of t h e  n a t u r e  of 

t h e  boundary between the  magnetosheath and t h e  i n t e r p l a n e t a r y  

medium. The r e s u l t s  may be summarized as fo l lows:  

1) The boundary i s  c h a r a c t e r i z e d  by a d i scon t inuous  change 

i n  the pro ton  spectrum, t h e  flow d i r e c t i o n  and t h e  magnetic 

f i e l d  i n t e n s i t y .  The d i s c o n t i n u i t i e s  i n  t h e  p l a sma  and 

magnetic f i e l d  are s imultaneous w i t h i n  t h e  3-minute 

r e s o l u t i o n  of  t h e  plasma ana lyze r .  The t h i n  boundary i s  

observed du r ing  bo th  geomagnet ica l ly  q u i e t  and d i s t u r b e d  

t imes.  There i s  no evidence f o r  a d i f f u s e  boundary as 

suggested by t h e  f r e e  flow theo ry .  

2) 

q u a n t i t a t i v e l y  ( w i t h i n  10%) w i t h  a p r e d i c t i o n  of t h e  

shock theo ry  of S p r e i t e r  e t  a1 (1966) which i s  e s s e n t i a l l y  

The flow speed i n  t h e  r e g i o n  - .65 5 5 .65 ag rees  

independent of  t h e  Mach number and t h e  a d i a b a t i c  exponent.  

3) The measured flow d i r e c t i o n  i n  t h e  reg ion  30° < 0 2 1000 
N 

agrees  c l o s e l y  w i t h  t h e  t h e o r y  of S p r e i t e r  e t  a1 (1966).  

flow is  h igh ly  d i r e c t i o n a l ,  as p r e d i c t e d .  

The 

Reca l l  t h a t  o t h e r  measurements which have been publ i shed  - 
plasma measurements of t h e  p o s i t i o n  of t h e  o u t e r  boundary (Dryer 

s 

and Heckman, 1967), magnetic f i e l d  measurements of  t h e  p o s i t i o n  of 

t h e  boundary th i ckness  (Heppner e t  a l .  1967),  and t h e  p l a s m a  measure- 

ments Of  the  change i n  d e n s i t y ,  bu lk  speed,  and tempera ture  a c r o s s  

t h e  boundary at  15 RE (Argo e t  a l . ,  1967) - a r e  a l s o  i n  q u a n t i t a t i v e  
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agreement with predictions of the shock theory. 

together with the resu l t s  of t h i s  paper provide strong, quantitative 

support for the f lu id  theory of the interaction of the solar wind 

with the earth's magnetosphere. 

These observations 
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APPENDIX 

The purpose of t h i s  appendix i s  t o  p re sen t  t h e  convected 

maxwellian d i s t r i b u t i o n  func t ion  f ( z )  i n  s p h e r i c a l  coord ina te s ,  

and t o  c a l c u l a t e  t h e  f u n c t i o n a l  form of t h e  d i s t r i b u t i o n ,  dn/dv,  

which the IMP F plasma probe records  i n  a convected maxwellian 

plasma. 

I n  a coord ina te  system which moves wi th  t h e  plasma the  

maxwellian d i s t r i b u t i o n  has t h e  form 

-a[v 2 +vy 2 +vz 2, 
X 

3 
= A e  d n  4 

f ( v ) =  
av,dvydvz 

where 

m 
2kT 

c y = -  

and 
3 12 m 

2nkT 
A = n  (-1 

A 1  

A2 

A3  

1 

Consider a f ixed  coord ina te  system such t h a t  t h e  vz  a x i s  i s  

p a r a l l e l  t o  t h e  s p i n  a x i s  (approximately pe rpend icu la r  t o  t h e  

e c l i p t i c  plane)  and t h e  bulk v e l o c i t y  i s  i n  t h e  v -v p lane .  I n  
Y Z  

a I’pherical  coord ina te  system t h e  bulk  v e l o c i t y  makes an ang le  

eo wi th  t h e  e c l i p t i c  p lane  and a p a r t i c l e  has a v e l o c i t y  g iven  by 

( v ,  8 ,  8 ) .  The t ransformat ion  equat ions  which r e l a t e  (vx,vy,  vz)  

t o  ( v ,  e ,  0 )  a r e  
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v = vcos e s i n  0 
X 

vz = v s i n  8 - u s i n  eo 

It fo l lows  t h a t  

A4 

v 2+v +vz2 = v2+u2 - 2 u v c o s ~ c o s ~ c o s ~ o  - 2 u v s i n Q ~ i n 0 ' ~  A 5  
X Y  

and it  can r e a d i l y  be shown t h a t  t h e  J a c o b i a n  of tile transfcrmatim 

is 

A 6  

S u b s t i t u t i n g  A 5  and A 6  i n t o  A 1  g ives  t h e  f i r s t  r e s u l t :  

-cu[v2+u2 -2ucoseovcosecosg -2us ineovs in@ 3 dn 2 
A7 = AV case 2 dvd8dg 

T h i s  is t h e  equat ion  f o r  t h e  d i s t r i b u t i o n  f u n c t i c n  of a maxwellian 

gas  convected w i t h  speed u ,  expressed i n  s p h e r i c a l  coord ina te s .  

The Explorer  34 p lasma probe has a narrow a p e r a t u r e  which 

I 
I 
~ 

I 

I 

I 

admits  only p a r t i c l e s  f o r  which 

t o  t h e  v e l o c i t y  component v cos 8;  but  If31 < -- A@ = 9' f o r  t h e  

p a r t i c l e s  which a r e  de tec ted ,  so ~ C O S  8 E v .  

t h e  v e l o c i t y  d i s t r i b u t i o n  over  a l l  0 by v i r t u e  

t h e  vz  a x i s ,  and i t  i n t e g r a t e s  over t h e  i n t e r v a l  -ne 5 e( fie by 

-08 - z  < 8 < Ae. It is s e n s i t i v e  only  

The probe i n t e g r a t e s  

of i t s  s p i n  about 
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v i r t u e  of i t s  a p e r a t u r e  i n  t h e  9 d i r e c t i o n .  Thus, t h e  ins t rument  

measures 

where 

, 

A 8  

+[ 2auvcos90cosO]cos0 

Q(9 ,ne) 5 cos9 e dQd9 A9 

A9 +2cruvsin9,sin0 

i. e 0 

0 

rhe  0 i n t e g r a l  i n  Q(90,ii@) is &qual  t o  

where Io is  t h e  modif ied Bessel f u n c t i o n  of o r d e r  zero.  

S ince  CY is  on t h e  o rde r  of t h e  r e c i p r o c a l  of  t h e  thermal  

speed squared which i s  g e n e r a l l y  much less than  uv, and s i n c e  w e  

a r e  i n t e r e s t e d  i n  s m a l l  0 

expansion f o r  t h e  Bessel f u n c t i o n  t o  o b t a i n  

and 0 ,  w e  can  use  t h e  asymptot ic  
0 

A 1 0  

A f  1 



- 35 - 

The remaining i n t e g r a l  i n  ( A 8 )  is t hen  

2auv( sineosine+coseocose)  
- 

,/cos@ de A12 

JG- 
Q =  

0 J2cruvcosBo 
-ae I -  

We are i n t e r e s t e d  i n  smal l  8 

t h e  flow i s  n e a r l y  normal t o  the s p i n  a x i s  of t h e  d e t e c t o r ) ,  so w e  can 

( s i n c e  A M o )  and s m a l l  Go, ( s i n c e  

expand t h e  t r i gonomet r i c  func t ions  i n  a T a y l o r ' s  s e r i e s  t o  o b t a i n  

A 1  3 

Completing t h e  square  i n  t h e  exponent ia l  and neg lec t ing  compared 

w i t h  2 g ives  

A 1 4  

Note t h a t  t h i s  i m p l i e s t h a t  the 8 dependence of t h e  d i s t r i b u t i o n  

f (v )  i s  approximately Gaussian w i t h  a maximum a t  8=8 . T h i s  is 

a common assumption ( A r g o  e t  a l .  1967). Now w e  s h a l l  d i s t i n g u i s h  

+ 

0 

two cases .  

1. I n t e r p l a n e t a r y  Medium. I n  t h e  i n t e r p l a n e t a r y  medium e s s e n t i a l l y  

a l l  of  t h e  p a r t i c l e s  move wi th  (@-eo) s m a l l ,  of  o rde r  3 degrees ,  

and 8, is commonly of t h e  same o r d e r ,  so w e  can extend t h e  

l i m i t s  in(A14) t o  5 @. 
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I n  t h i s  case 

2u uv 
n e  Q, = - 

CYUV 
A 1 5  

Thus, we f i n d  from (A8) 

medium 

and (A14)  t h a t  i n  t h e  i n t e r p l a n e t a r y  

where 

- 
,/A = . 4 3 6 ~ 1 0 - ~  i f c g s  u n i t s  are used. 

2nk 

2. Mametosheath.  I f  t h e  flow speed is low and t h e  tempera ture  

is  high,  as may occur  i n  t h e  magnetosheath,  then  one cannot  

extend the  l i m i t s  of t h e  i n t e g r a l  i n  (A13). However, t h e  

i n t e g r a l  can  be expressed i n  terms of error func t ions :  

- - 2CYuv 
- - -  n e  { e r f  [&YUV < e , + A 0 ) ]  + e r f [ b u v  (eo-Ae)]] A 1 7  

%I 2auv 

and w e  f ind t h a t  
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, 

where 

b) I f  8 > A8 
0 

A 19 

then 

and a is  given by (A19). 
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Figure  Capt ions 

F i g u r e  1. Th i s  shows how t h e  te lemet ry  encoding t a k e s  p l a c e .  Data 

f o r  f i v e  s p i n s ,  1/3 of a spectrum, are t r a n s m i t t e d  du r ing  

one sequence. The instrument  c y c l e s  between t h e  p ro ton ,  

helium, and f l u k t u a t i o n  modes 

t h r e e  minutes ,  are requi red  t o  o b t a i n  a complete spectrum, 

Three c y c l e s ,  approximately 

which c o n s i s t s  of 15 measurements. 

F igu re  2.  T h i s  shows t h e  d e f i n i t i o n  of a working spectrum and i l l u -  

s t r a t e s  t h e  fitting procedure. The spectrum shown he re  ( a  

d i s t u r b e d  magnetosheath spectrum) i s  not  t y p i c a l .  It w a s  

chosen t o  demonstrate  t h a t  a g e n e r a l  f i t t i n g  procedure is 

needed because t h e  s p e c t r a  are not  a l l  maxwellian. The 

dashed l i n e  between any two b a r s  i s  obta ined  by f i t t i n g  

t h r e e  b a r s  t o  a convected maxwellian d i s t r i b u t i o n ;  f o r  

example, t h e  curve  between b a r s  1 and 2 i n  t h e  working 

spectrum i s  obtained by f i t t i n g  b a r s  1, 2 ,  and 3. 

F i g u r e  3. The upper diagram shows t h e  arrangement of t h e  d e t e c t o r  

r e l a t i v e  t o  t h e  sun senso r  i n  t h e  s a t e l l i t e .  The s e n s i t i v e  

0 cone of t h e  d e t e c t o r  i s  NN 2 wide. The r o t a t i o n  d i r e c t i o n  

shown h e r e  is t h a t  which i s  seen  by an  obse rve r  s o u t h  of 

t h e  e c l i p t i c  plane.  The lower diagram shows t h e  s e c t o r  

p a t t e r n  r e l a t i v e  t o  t h e  e a r t h - s u n  l i n e ,  which i s  seen  by an  

observer  n o r t h  o f  t he  e c l i p t i c  plane.  The on-board computer 

s t o r e s  t h e  counts  which are recorded as t h e  s e n s i t i v e  cone 

moves through each o f  t hese  s e c t o r s ;  t he  counts  are recorded 

i n  t h e  sequence given by t h e  numbering of  t h e  s e c t o r s .  
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F i g u r e  4 .  Figure  4a shows t h e  e c l i p t i c  p l ane  p r o j e c t i o n  of t h e  o r b i t  

2 t r a j e c t o r y  of Exp lo re r  34, and i t  shows t h e  p o s i t i o n  of 

apogee f o r  o r b i t s  2 t o  20. F igu re  4b shows t h e  Y-Z p r o j e c t i o n  

( p r o j e c t i o n  i n  a p l ane  pe rpend icu la r  t o  t h e  e a r t h - s u n  l i n e )  

f o r  o r b i t s  2 ,  6 ,  10, 14, 18 and 20. 

F igu re  5. We have c a l c u l a t e d  t h e  mean speed <v> and d e n s i t i t y  no 

which would be observed by t h e  plasma d e t e c t o r  i f  t h e  a c t u a l  

d i s t r i b u t i o n  f u n c t i o n  is  a convected maxwellian d i s t r i b u t i o n  

w i t h  d e n s i t y  n,  t empera ture  T ,  and bo th  v e l o c i t y  u. Here 

we show how <v>/luI and no/n v a r y  as a f u n c t i o n  of  eo, where 

8, i s  t h e  d i r e c t i o n  of as shown i n  F igu re  11. 

F igure  6 .  A plasmagram, t h e  flow d i r e c t i o n s ,  and t h e  magnetic f i e l d  

+ 

4 

i n t e n s i t y  are shown f o r  a four -hour  i n t e r v a l  d u r i n g  a ge3- 

magne t i ca l ly  q u i e t  day (IAGA d e s i g n a t i o n ,  Q Q ) .  

d i scon t inuous  boundary c r o s s i n g  can be seen  a t  1804 UT.. 

There appears  t o  be a v e r y  b r i e f  excur s ion  i n t o  t h e  magneto- 

shea th  a t  1710 UT. 

The plasmagram above seems t o  i n d i c a t e  a d i f f u s e  t r a n s i t i o n  

between t h e  magnetosheath and t h e  s o l a r  wind; bu t  t h e  flow 

d i r e c t i o n  and magnetic f i e l d  i n t e n s i t y  i n d i c a t e  t h a t  t h e  

apparent  d i f f u s e n e s s  i s  t h e  r e s u l t  of a complex m i c r o s t r u c t u r e  

c o n s i s t i n g  of many d i s c o n t i n u i t i e s .  The l e t t e r s  S, I ,  and 

M i n d i c a t e  magnetosheath, i n t e r p l a n e t a r y  medium, and "mixed", 

r e s p e c t i v e l y .  

A d i s t i n c t ,  

F igu re  7. 

. 
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Figure  10. The s o l i d  curves  show the  t h e o r e t i c a l  s t r e a m l i n e s  and shock 

boundary computed by S p r e i t e r  e t  a l .  (1966) f o r  M, = 6, 

y = 2 ;  t h e  s t r eaml ines  f o r  y = 5 / 3  a r e  e s s e n t i a l l y  t h e  same. 

The observed flow d i r e c t i o n  was in to  the  s o l i d  s e c t o r s  

which a r e  shown. The s e c t o r s  shown he re  have been moved 

s l i g h t l y  i n  each case  so t h a t  they f a l l  on the  t h e o r e t i c a l  

shock boundary. The d a t a  were s e l e c t e d  so  t h a t  t h e  observed 

hcwndary and flow di rec t_ ion  wore in most c a s e s  within I R m  

of  t h e  t h e o r e t i c a l  boundary. 

--El 

Figure  11. T h i s  shows t h e  coord ina te  system which i s  used f o r  the  

c a l c u l a t i o n s  i n  the  Appendix. 
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Figure  8.  An unusual combination of  t y p i c a l  t r a n s i t i o n s  between t h e  

magnetosheath and t h e  s o l a r  wind. The d i s c o n t i n u i t y  a t  

1409 UT was produced by a n  i n t e r p l a n e t a r y  shock wave t h a t  

presumably drove t h e  bow shock toward t h e  e a r t h  p a s t  t h e  

s a t e l l i t e ,  which was i n  t h e  magnetosheath j u s t  be fo re  

1409 UT. P r i o r  t o  1409 UT w e  s e e  samples of  the  q u i e t  

magnetosheath and q u i e t  s o l a r  wind; a f t e r  1409 UT we s e e  

samples of t h e  d i s t u r b e d  magnetosheath and the  d i s t u r b e d  

s o l a r  wind. The m u l t i p l e  c r o s s i n g s  shown h e r e  a r e  commonly 

observed;  w e  c o n s i d e r  t h e s e  t o  be t h e  r e s u l t  of motions of 

a s i n g l e  t h i n  boundary. 

F igure  9 .  This shows t h e  r a t i o  of  t h e  measured mean speed on t h e  

magnetosheath s i d e  of t h e  boundary t o  t h e  measured mean 

speed on t h e  s o l a r  wind s i d e  of t h e  boundary, p l o t t e d  a s  

a f u n c t i o n  of  X / D ,  where X i s  t h e  c o o r d i n a t e  of  t he  s a t e l l i t e  

on t h e  e a r t h - s u n  l i n e ,  and D i s  the  t h e o r e t i c a l  p o s t i o n  of 

t h e  magnetopause boundary a t  t h e  s u b s o l a r  p o i n t .  The d a t a  

were s e l e c t e d  so t h a t  t h e  i n t e r p l a n e t a r y  tempera ture  was 

< 5 x lO4'K; f o r  t h e s e  d a t a  t h e  mean speed i s  e s s e n t i a l l y  

e q u a l  t o  t h e  flow speed. The s o l i d  curve i s  t h e  t h e o r e t i c a l  

f low speed r a t i o  given by S p r e i t e r  e t  a l .  (1966).  The 

t h e o r e t i c a l  curve i s  e s s e n t i a l l y  independent of t h e  Mach 

number and t h e  a d i a b a t i c  exponent y i n  t h e  i n t e r v a l  shown. 
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