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, 

This  r e p o r t  con ta ins  a d e s c r i p t i o n  of t h e  experimental  payload of a 

Nike-Tomahawk sounding rocke t ,  and a n  expos i t i on  of t h e  s c i e n t i f i c  r e s u l t s  

der ived  from i t s  launch i n t o  a breakup aurora  from F t .  Church i l l ,  Manitoba, 

Caqada on A p r i l  25, 1968. The important s c i e n t i f i c  r e s u l t s  included:  

1. 

2. 

3 .  

4.  

5. 

6 .  

7 .  

8. 

The adequacy and u t i l i t y  of an  e n e r g e t i c  n e u t r a l  hydrogen spec- 

t rometer  has  been demonstrated i n  a f l i g h t  experiment. 

The measured p r e c i p i t a t e d  t o t a l  hydrogen f l u x e s  were 

cm sec str-' wi th  an e-fold energy of %l keV. 

'"5 x lo8 
-2 -1 

The measured doppler  s h i f t e d  H 

c o n s i s t e n t  w i th  those  t h e o r e t i c a l l y  p red ic t ed  f o r  t h e  observed hy- 

drogen f l u x e s  and energy spec t r a .  

i n t e n s i t y  and a l t i t u d e  p r o f i l e  were B 

' 

Peaked e l e c t r o n  energy s p e c t r a  were observed. 

t h e  peak energy a b r u p t l y  s h i f t e d  from t h e  i n t e r v a l  1,l - 2.5 keV 

t o  t h e  i n t e r v a l  2.5 - 6 keV. The maximum e l e c t r o n  f l u x e s  were 
%lo8 cmm2 sec-' str-' keV-', 

The t o t a l  energy p r e c i p i t a t i o n  was %lo  ergs/cm2 sec dur ing  t h e  

f l i g h t ,  

ranged from 25-50% of t h e  t o t a l  rate, 

During t h e  f l i g h t ,  

The energy p r e c i p i t a t e d  by t h e  e n e r g e t i c  hydrogen a lone  

A unique event  i n  which both hydrpgen and e l e c t r o n  P r e c i p i t a t i o n  

ceased a b r u p t l y  wee observed. 

DC e lec t r ic  f i e l d s  of 25 - 50 mv/m i n  the North-South d i r e c t i o n  

1 

were observed. 

The AC e l e c t r i c  E ie ld  experiment r e s u l t s  were ve ry  similar t o  those 
previous ly  r epor t ed  f o r  a temperate l a t i t u d e  f l i g h t  and ehowed 

seve re  modulation at: t h e  s p i n  frequency and i t s  harmonics. The be- 

havior  of t h e  f i e l d s  showed no c o r r e l a t i o n  wi th  par t ic le  p r a c i p i t a -  

t i o n  rates, 
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I. INTRODUCTION 

This  program was i n i t i a t e d  i n  1967 wi th  two r e l a t e d  o b j e c t i v e s  i n  mind. 

F i r s t l y ,  i t  was des i r ed  t o  conduct a s imple and inexpensive f l i g h t  demonstra- 

t i o n  of two n e u t r a l  hydrogen experiments,  which had been conceived a t  TRW f o r  

eventua l  u se  as d e t e c t o r s  f o r  e n e r g e t i c  n e u t r a l  hydrogen atoms i n  t h e  inter- 

p l ane ta ry  medium, i n  an  environment where measurable f l u x e s  of e n e r g e t i c  hy- 

drogen atoms were expected. Secondly, i t  was des i r ed  t h a t  t h e s e  measurements, 

p rovid ing  more than  j u s t  an  instrument  test ,  would c o n t r i b u t e  s i g n i f i c a n t  

s c i e n t i f i c  information,  

t h e s e  o b j e c t i v e s ,  t h e  two n e u t r a l  hydrogen d e t e c t o r s  were incorporated i n t o  

a comprehensive Nike-Tomahawk rocket  payload. The rocke t ,  NASA 18,33CE, was 

launched i n t o  a pos t  breakup aurora  from F t e  Churchi l l ,  Manitoba, Canada on 

25 A p r i l  1968. 

Because an a u r o r a l  experiment admirably s a t i s f i e d  both 

Our philosophy i n  t h e  payload s e l e c t i o n  was d i r e c t e d  toward ob ta in ing  

a r a t h e r  complete measurement of t h e  f l u x  and energy spectrum of t h e  pre- 

c i p i t a t e d  e n e r g e t i c  p a r t i c l e s ,  p ro tons ,  hydrogen atoms, and e l e c t r o n s ,  The 

d i r e c t  p a r t i c l e  measurements were supplemented by both ground based and ve- 
h i c l e  borne photometers t o  permit s tudy  of t h e  p a r t i c l e - l i g h t  r e l a t i o n s h i p s  

and t o  g ive  a g r e a t e r  degree of confidence i n  t h e  p a r t i c l e  measurements. 

Also, we  included experiments t o  measure both e lectr ic  and magnetic f i e l d s  

and thus  s tudy  p o s s i b l e  r e l a t i o n s h i p s  between t h e i r  c h a r a c t e r i s t i c s  and t h e  

behavior  of t h e  p r e c i p i t a t i n g  p a r t i c l e s .  

The f i n a l  payload provided a s u f f i c i e n t  number of experiments wi th  suf -  

f i c i e n t  redundancy t o  permit 8 reasonable  assessment of inst rument  performance 

and a l s o  t o  y i e l d  s i g n i f i c a n t  S c i e n t i f i c  information.  

This  r e p o r t  inc ludes  8 concise  d e s c r i p t i o n  o f  t h e  complete pczyloRd, 

a u r o r a l  condi t ione  f o r  t h e  f l i g h t ,  t h e  l i m i t a t i o n s  of t h e  equipment, the re- 
s u l t s ,  and our  assessment of t h e  s i g n i f i c a n c e  o€ them reeuLts  wi th  frepoef t o  

a u r o r a l  physics .  

Continuous Channel M u l t i p l i e r  (CCM) c h a r a c t e r i s t f c e  are found fn t h e  Appendix. 

A b r i e f  d e s c r i p t i o n  of some l abora to ry  s t u d i e s  o f  Bendix 
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11. DESCRIPTION OF THE PAYLOAD 

A. Summary of t h e  Experiments 

The ins t ruments  flown on Nike-Tomahawk rocke t  NASA 18.33 CE included:  

1. An energy spectrometer  f o r  e n e r g e t i c  n e u t r a l  hydrogen atoms i n  

t h e  range 0.6 - 22 keV. 

2.  A d e t e c t o r  f o r  measuring t h e  f l u x e s  of only e n e r g e t i c  n e u t r a l  

hydrogen atoms o r  t o t a l  e n e r g e t i c  hydrogen inc luding  n e u t r a l  

atoms, pro tons ,  and nega t ive  ions.  

3 .  An energy spectrometer  f o r  pro tons  and e l e c t r o n s  i n  t h e  range 

0.5 - 21 keV. 

4. Two AC electric f i e l d  d e t e c t o r s ,  o r i e n t e d  t o  y i e l d  bo th  t h e  

e lectr ic  f i e l d  perpendicular  t o  t h e  s p i n  a x i s  of t h e  r o c k e t  

(EL) and p a r a l l e l  t o  t h e  s p i n  a x i s  (E ) over t h e  frequency 

range  10 Hz - 30 kHz. 
II 

5, A DC e lec t r ic  f i e l d  d e t e c t o r  o r i e n t e d  t o  measure E 

6 ,  Two f l u x g a t e  magnetometers o r i e n t e d  t o  measure B 
I 

I and B I I  to 
t h e  v e h i c l e  s p i n  a x i s  i n  o rde r  t o  g ive  t h e  a spec t  of t h e  rocke t  

w i t h  r e s p e c t  t o  t h e  e a r t h ' s  magnetic f i e l d ,  

7. Two s e n s i t i v e  search  c o i l  magnetometers o r i en ted  t o  measure 

t o  t h e  v e h i c l e  s p i n  axis i n  order  t o  i n v e s t i g a t e  

ionospher ic  c u r r e n t  systems and f a s t  hagne t i c  f l u c t u a t i o n e ,  

and B II 1 

B 8.  A f i l t e r  photometer system t o  determine t h e  doppler  s h i f t e d  H 
l i g h t  i n t e n s i t y  as a func t ion  of a l t i t u d e ,  

B, Detatled. Desc r ip t ion  of, t h e  Exneriment,al Pavlsad 

Severa l  d e t a i l e d  debc r ip t ions  of t h e  experiments and t h e i r  d a t a  pro- 

cess ing  systems have been publ ished dur ing  t h e  course  of t h i s  work. 

cop ie s  of t h e s e p b l i c a t i o n s  are appended t o  t h i s  r e p o r t ,  we w i l l  supplement 

t h i s  publ ished informat ion  only where r equ i r ed .  

Because 
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1. Ho Energy Spectrometer  

A complete d e s c r i p t i o n  of t h i s  instrument  is  given in  t h e  ap- 

pended paper") which w a s  p resented  a t  t h e  1968 COSPAR meeting i n  Toyko. 

Bas i ca l ly ,  t h i s  ins t rument ,  shown schemat ica l ly  i n  F ig .  1, cons i s t ed  of a 

charged p a r t i c l e  d e f l e c t i o n  system, a s t r i p p i n g  f o i l  f o r  t h e  i o n i z a t i o n  of 

i n c i d e n t  e n e r g e t i c  p e u t r a l  atoms, a hemispherical  e l e c t r o s t a t i c  ana lyze r  and 

two 8 rnm diameter  Bendix cont inuous channel m u l t i p l i e r s  (channel t rons)  used 

as d e t e c t o r s .  Inc iden t  pro tons  <30 keV and e l e c t r o n s  <80 keV were r e j e c t e d  

by t h e  combined e l e c t r o s t a t i c  and magnetic d e f l e c t i o n  systems, A known f r ac -  

t i o n  of t h e  i n c i d e n t  n e u t r a l s  were ionized  i n  t r a n s i t  of t h e  2 vgm/cm carbon 

f o i l *  a t  t h e  en t r ance  t o  t h e  ana lyzer  and subsequent ly  analyzed.  The resolu-  

t i o n  of t h e  ana lyzer  was %22% and v a r i e d  only s l i g h t l y  w i t h  t h e  energy of t h e  

i n c i d e n t  p a r t i c l e .  

measurement of 20 keV p a r t i c l e s  l eav ing  t h e  f o i l .  The geometr ica l  f a c t o r  w a s  

4 . 3  x c m  ster. The e f f i c i e n c y  of t h e  ins t rument ,  de f ined  as t h e  r a t i o  

of t h e  number of protons r each ing  t h e  d e t e c t o r s  t o  t h e  t o t a l  number of a tops  

i n c i d e n t  on t h e  f o i l ,  was energy dependent and ranged from 1 0  a t  2 keV t o  

2 x 10-1 a t  20 keV. 

2 

The ana lyze r  f a c t o r  was 5 kV/keV; thus  4 kV allowed 

2 

-3 

A -4 kV, 100 Hz, non-linear sawtooth v o l t a g e  was app l i ed  t o  one 

p l a t e  of t h e  ana lyzer  t o  provide  a sampling of t h e  energy Bpectrum every  10 

msec. The d e t e c t e d  events  were t i m e  s o r t e d  i n t o  f i v e  energy channels  0.6 - 
1.5, 1.5 - 3 . 4 ,  3 . 4  - 7 ,  7 - 11.5, and 11.5 - 22 keV r e s p e c t i v e l y ,  Each 

event  de3ected i n  a channel tu rned  on a cons tan t  c u r r e n t  sou rce  f o r  a f ixed  

t i m e  which c h a r g e d a c a p a c i t o r  t o  provide  a n  analog s i g n a l  t o  t h e  te lemet ry  

system. 

More complete d e t a i l s  of t h e  c i r c u i t r y ,  programming, and c a l i b r a t i o n  are 
found i n  t h e  appended paper.  

When t h e  c a p a c i t o r  v o l t a g e  reached f i v e  v o l t s ,  it was reset t o  z e r o p  

2. The Neu t ra l  and T o t a l  Kvd,rogen, .Flux D,etectdr 

This  d e t e c t o r  a l s o  i s  descr ibed  i n  g r e a t e r  d e t a i l  i n  an appended 

pub l i ca t ion (2 ) .  Bas i ca l ly  i t  cons i s t ed  o f  an  e l e c t r o s t a t i c  d e f l e c t i o n  syetem 

*Purchased from t h e  Yissum Research Development Corp., Jerusalem, Israel 
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f o r  removal of i n c i d e n t  pro tons  and a magnetic d e f l e c t i o n  system f o r  removal 

of e l e c t r o n s ,  a 2 pgm/cm2 carbon s c a t t e r i n g  f o i l ,  and a n  8 mm d iameter  ehan- 

n e l t r o n  d e t e c t o r  mounted 22' o f f  a x i s .  

i n  o rde r  t o  reduce t h e  UV s e n s i t i v i t y  of t h e  channel t ron .  

t i o n ,  t h e  d e t e c t o r  e f f i c i e n c y  w a s  approximately independent of i n c i d e n t  en- 

ergy over  t h e  range 2 - 20 keV and was 'L7 x 

was ' ~ 2 . 2  x lom2 cm 

The s c a t t e r i n g  technique  was employed 

I n , t h i s  conf igura-  

The geometr ica l  f a c t o r  
2 ster. With t h e  e l e c t r o s t a t i c  v o l t a g e  on, on ly  n e u t r a l  

p a r t i c l e s  were de tec t ed ;  w i th  t h e  v o l t a g e  o f f ,  t h e  t o t a l  hydrogen f l u x  

(Ho + H+ + H-) w a s  de t ec t ed .  

o f f  f o r  one second, cont inuous ly .  

t a ined  every two seconds. 

This  v o l t a g e  w a s  turned on f o r  one second and 

Thus t h e  r a t i o ,  Ho/Ho + H' + H-, was ob- 

The de tec t ed  even t s  were s t o r e d  and t r ansmi t t ed  i n  a manner 

The only mod i f i ca t ion  sihilar t o  t h a t  descr ibed  f o r  t h e  Ho spec t rometer .  

was t h a t  t h e  c a p a c i t o r  v o l t a g e  was reset t o  zero a t  t h e  complet ion of each 

ope ra t ing  mode i n  a d d i t i o n  t o  t h e  5 v o l t  reget. 

3. Proton-Electron Energv.,Spec,trt?meter 

This  instrument  was a convent iona l  90' c y l i n d f i c a l  e l e c t r o -  

s ta t ic  ana lyze r  and co l l ima to r  w i th  an ana lyze r  f i c t o r  of 5 kV/keV. 

c a l c u l a t e d  r e s o l u t i o n  was 11% f o r  i s o t w p i c  r a d i a t i o n .  This  was confirmed 

by l a b o r a t o r y  measurements u s ing  t h e  quas i - i so t rop ic  bource technique  des- 

c r ibed  i n  t h e  appended p ~ b l i c a t i o n ( ~ ) .  

The 

The geometr ica l  f a c t o r  was 1 .3  x 
2 cm ster, and s i n c e  a f o i l  was not  employed, t h e  d e t e c t o r  e f f i c i e n c y  

was assumed t o  be  100% f o r  a l l  p a r t i c l e s  pass ing  through t h e  ana lyze r .  The 

o u t s i d e  p l a t e  was s e r r a t e d  t o  reduce s c a t t e r i n g  e f f e c t 8  and UV s e n s i t i v i t y ,  

The ana lyzer  p l a t e  v o l t a g e  was provided by a p a i r  of 100 Mz, 
-4 kV sawtooth gene ra to r s  i d e n t i c a l  t o  t h a t  descr ibed  f o r  the Ho energy 
spec t rometer .  

second per iod  t o  g i v e  e l e c t r o n  d a t a .  

t h e  o t h e r  sweep f o r  one second t o  provide  proton data. 

onds, complete pro ton  and e l e c t r o n  s p e c t r a  were ob ta ined ,  

The o u t s i d e  ana lyzer  p la te  was d r iven  by ode sweep f o r  a one 

Then t h e  i n s i d e  p l a t e  was d r i v e n  by 
Thus every two get- 

Each sweep c y c l e  was time s o r t e d  i n t o  f ive  energy channels  a6 
descr ibed  f o r  t h e  Ho epectrometer .  Although t h e  analyzer fac tore  were t h e  
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same f o r  both ins t ruments ,  t h e  energy channels  d i f f e r e d  because of t h e  energy 

l o s s  incu r red  dur ing  p a r t i c l e  t r a n s i t  through t h e  f o i l .  For t h e  proton- 

e l e c t r o n  spec t rometer ,  t h e  channels  w e r e  0.5 - 1.1, 1.1 - 2.5, 2 .5  - 6, 

6 - 10.5,  and 10.5 - 21 keV. The de tec t ed  events  were s t o r e d ' a s  desc r ibed  

f o r  t h e  Ho spectrometer  w i t h  the only  mod i f i ca t ion  be ing  t h e  a d d i t i o n  of t h e  

capac i to r  reset a t  t h e  end of each measurement per iod ,  

C. Electr ic  F i e l d  Experiments 

The e lectr ic  f i e l d  experiments were intended t o  measure AC e l e c t r i c  

f i e l d s  o r i e n t e d  p a r a l l e l  and perpendicular  t o  the  e a r t h ' s  magnet ic  f i e l d  

over t h e  frequency range 30 Hz - 30 kHz and t o  measure DC e lectr ic  f i e l d s  

perpendicular  t o  t h e  magnetic f i e l d .  With t h e  except ion  of t h e  an tenna  con- 

f i g u r a t i o n ,  t h e  instrument  was similar t o  t h a t  descr ibed  by S c a r f ,  Crook, 

and F r e d r i ~ k s ' ~ )  ; t h e i r  d e s c r i p t i o n  is  included i n  t h e  appendix. 

A s i m p l i f i e d  b lock  diagram of t h e  instrument  i s  shown i n  Fig.  2 ,  

B a s i c a l l y  i t  cons i s t ed  of t h r e e  s e p a r a t e  antenna systems wi th  t w o  d u p l i c a t e  

e l e c t r o n i c  charnels f o r  t h e  AC meagurements and one channel  f o r  the DC mea- 

surement. The two AC channels  each cons i s t ed  of a broad band (30 Hz - l kHz) 

output  connected d i r e c t l y  t o  t h e  te lemet ry  and s i x  narrow band f i l t e r  ou tpu t s  

a t  1.3, 2.3, 3.9,  7.35, 14.5,  and 30 kHz connected t o  t h e  t e l eme t ry  commutator. 

Because any environmental  DC e l e c t r i c  f i e l d  pe rpend icu la r  t o  t h e  

s p i n  axis, inc luding  v x B/c induced E f i e l d ,  would be  modulated a t  t h e  s p i n  

frequency, a band pass  f i l t e r  a t  t h e  s p i n  frequency (QlHz) was employed i n  

t h e  DC channel t o  e l i m i n a t e  a l l  o the r  f requencies .  This  technique  tended 

t o  e l i m i n a t e  any s t e a d y  p o t e n t i a l  d i f f e r e n c e  between t h e  two antenna ele- 
ments ( con tac t  p o t e n t i a l s ,  etc.) which would obscure true f i e l d  meaeure- 

ments. However, v a r i a t i o n s  i n  t h e s e  s t eady  p o t e n t i a l  d i f f e r e n c e s ,  p a r t i c -  

u l a r l y  those  a s s o c i a t e d  wi th  t h e  v e h i c l e  s p i n ,  such as could be  caueed by 

shadowing of l i g h t  o r  p a r t i c l e s  which would change c o n t a c t  p o t e n t i a l s ,  were no t  

e l imina ted  by t h i s  technique.  

Four 4 cm r a d i u s  s p h e r i c a l  c o l l e c t i n g  s u r f a c e s  provided t h e  requi red  

t h r e e  sets of antenna elements. The u s e  of such l a r g e  diameter  c o l l e c t i n g  
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sphe res  introduced a problem of stowage of t h e s e  elements w i t h i n  t h e  s h e l l  

p r i o r  t o  deployment. 

2 m i l  s t a i n l e s s  s teel  which could b e  tw i s t ed  t o  f i t  when stowed b u t  which 

expanded t o  be  n e a r l y  s p h e r i c a l  when deployed. 

w e r e  employed f o r  t h e  AC and DC E measurements, 

w e r e  achieved by connect ing toge the r  a l t e r n a t e  s t r i p s  of each c o l l e c t o r  and 

then  i s o l a t i n g  each set from t h e  o t h e r .  

achieved wi th  t h e  s a c r i f i c e  of on ly  ha l f  t h e  Co l l ec t ing  area. It should be  

noted t h a t  no a t tempt  w a s  made t o  c l e a n  o r  coa t  t h e s e  c o l l e c t i n g  s u r f a c e s  

t o  o b t a i n  a more uniform s u r f a c e  work func t ion .  

Therefore  each c o l l e c t o r  w a s  made of 1 2  s t r i p s  of 

The same p a i r  of c o l l e c t o r s  

Here s e p a r a t e  an tennas  1 
Thus two s e p a r a t e  systeme w e r e  

The c o l l e c t o r s  were placed on s m a l l  boomlets a t  t h e  end of a 1 

meter boom, which extended 88.6 cm from t h e  rocke t  s h e l l ,  i n  such a manner 

t h a t  one p a i r  w a s  a l igned  p a r a l l e l  t o  t h e  s p i n  axis (E 1 and t h e  o t h e r  

p a i r  formed an  a r r a y  perpendicular  t o  both t h e  axial  and r a d i a l  o r i e n t a t i o n s  

of t h e  rocke t  (E ). I n  t h e  des igna t ion  of E i t  w a s  assumed t h a t  

t h e  rocke t  s p i n  a x i s  would be  reasonably p a r a l l e l  t o  t h e  magnetic f i e l d .  

The d i s t a n c e  between each p a i r  of c o l l e c t o r s  was $40 cm. The c o l l e c t o r s  

were connected t o  t h e  e l e c t r o n i c s  package by low capac i ty  c o a x i a l  c a b l e s  

about  150 c m  long.  The antenna a r r a y  w a s  s i t u a t e d  $172 cm from t h e  t i p  of 

t h e  rocke t  payload; t h e  ang le  a t  t h e  top  of t h e  rocke t  s h e l l  between t h e  

rocke t  axis and t h e  antenna a r r a y s  w a s  54'. 

It 

1 1 and El l  

I 

Scar f ,  e t  a d 4 )  have considered t h e  response of such a n  i n s t r u -  

ment and antenna a r r a y  f o r  ambient plasmas of very  low d e n s i t y  such as 

t hose  found i n  t h e  o u t e r  magnetosphere o r  i n t e r p l a n e t a r y  medium, 

cdses ,  they  conclude t h a t  t h e  input  impedance of t h e  dev ice  would b e  en- 
t i r e l y  c a p a c i t i v e  and eva lua te  t h e  response  on t h a t  b a s i s .  

d e n s i t i e s  ( lo5  - 10 / c m  ) encountered dur ing  t h i s  f l i g h t ,  however t h e  

shea th  r e s i s t a n c e  should be  on t h e  o rde r  of lo6 - 1 0  S l  and t h e  response  

should b e  p r i m a r i l y  resistive over t h e  e h t i r e  frequency range,  

i npu t  resistance was 5 x lo8 fl and was l a r g e  compared t o  t h i s  shea th  re- 
s i s t a n c e ,  i t  is concluded t h a t  t h e  response of t h e  antenna a r r a y  could be 

i n t e r p r e t e d  i n  terms of t h e  theory  a p p l i c a b l e  t o  convent iona l ,  r e s i s t i v e l y  

I n  t h e s e  

A t  t h e  plasma 
6 3  

7 

Since t h e  

coupled Langmuir probes ( 5 )  . 
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D. Fluxgate Magnetometer 

Two perpendicular fluxgate sensors were mounted inside the rocket 
shell to provide a measure of the instantaneous vehicle orientation with re- 
spect to the earth's magnetic field. The units were of conventional design; 
a block diagram is shown in Fig. 3. 

E. H, Photometer 
~ 

The H photometer was intended to measure the altitude profile of B 
the doppler shifted H light emitted by the precipitated energetic hydrogen 
flux. Basically, it was a two channel instrument, one located at h = 4858i 
correspofiding to the expected maximum of the doppler shifted line and the 
other set at X 48741 to provide a)measure of the background light intensity 
in the H region. The wavelength sections were provided by two narrow band 
filters having 21 FWHM*. RCA 4439 photomultiplier. tubes were used for both 
channels. The light passing through each filter was focussed by a 5.08 cm 
focal length lens with a lens stop set to gather light from a cone with ai4' 
half angle opening off the spin axis of the rocket.. 
transmitted through the filters were close to those stipulated above. 
stop also served to define the solid angle of the detectors. 

f3 

B 

Thus the wavelengths 
The 

A block diagram of the complete photometer is shown in Fig, 4. 
Because of the large uncertainty existing in the expected magnitude of out- 
put currents, logarithmic amplification was employed prior to the telemetry. 

In order to begin these measurements at as low an altitude as pos- 
sible, the photomultiplier tubes and associated high voltage eupplfes were 
completely potted in RTV-11, Thus background measurements were initiated 
immediately after low voltage turn on and light measurement6 began with nose 
cose deployment. 

*Purchased from Thin Film Products, Inc., Cambridge, Mass. 
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F. Search Co i l  Magnetometer 

A block  diagram of t h e  s e a r c h  c o i l  magnetometer is  shown i n  F i g .  5 ,  

The senso r s  were two i d e n t i c a l  i r o n  cored c o i l s  s i x  inches  i n  l e n g t h  w i t h  

200,000 t u r n s  of AWG 46 copper w i r e .  The s e n s i t i v i t y  w a s  about  7 pV/gamma a t  

1 Hz and had a broad s e l f  resonance a t  about  1 kHz due t o  i ts  se l f - induc tance  

and d i s t r i b u t e d  capac i tance .  Following a low-noise p reampl i f i e r  i n  each  chan- 

n e l ,  wideband te lemet ry  w a s  provided t o  look f o r  magnetic f l u c t u a t i o n s  i n  t h e  

20 t o  2000 Hz range. Symmetrical l oga r i thmic  a m p l i f i e r s  were used t o  provide  

a wide dynamic range. 

Ionospher ic  c u r r e n t  systems are expected t o  produce a magnet ic  

f i e l d  change of t h e  order  of a hundred gamma w i t h i n  a few t e n s  of seconds ,  

To d e t e c t  t h i s  change i n  t h e  l a r g e  s i n u s o i d a l  v a r i a t i o n  of t h e  B s e n s o r ,  t h e  

s i g n a l  w a s  peak r e c t i f i e d  by a c a r e f u l  adjustment  of t h e  d i scha rge  c u r r e n t  of 

t h e  f i l t e r  c a p a c i t o r .  Thus, t h e  magnitude of t h e  r i p p l e  w a s  a measure of t h e  

change i n  ampli tude of t h e  s inusoid  s i n c e  i t s  last  peak, To i n c r e a s e  t h e  

number of measurements dur ing  t h e  ionospher ic  t r a n s i t ,  t h e  s inuso id  w a s  in- 

v e r t e d  and a g a i n  peak r e c t i f i e d  t o  provide  two f i e l d  increment measurements 

per  r o t a t i o n .  

t h e s e  l a r g e  s p i n  e f f e c t s .  

achieved by a sampling technique s i m i l a r  t o  t h e  one used f o r  t h e  B measure- 

ment 

.L 

The B I I  measurement of f i e l d  change w a s  n o t  contaminated by 

A high  s e n s i t i v i t y  t o  magnitude changes w a s  

1 
To o b t a i n  t h e  vec to r  d i r e c t i o n  of t h e  ionospher ic  c u r r e n t  system, 

a s e n s i t i v e  measurement of any change i n  t h e  phase of t h e  B s inuso id  i s  re- 

qu i r ed .  It is  p o s s i b l e  f o r  a change i n  t h e  f i e l d  d i r e c t i o n  t o  man i fe s t  i t se l f  

only by a change of phase. 

v e r t i c a l l y  i n t o  a h o r i z o n t a l  North-South c u r r e n t  s h e e t ,  

sured by comparing t h e  zero c ros s ings  of t h e  B s inusoid  a g a i n s t  a t i m e  scale 

def ined  by a c r y s t a l  con t ro l l ed  o s c i l l a t o r ,  A s  wi th  t h e  B magnitude, mea-  

surements were l i m i t e d  t o  two per  rocke t  r o t a t i o n .  

1 
This  would be t h e  case i f  a rocke t  were s h o t  up 

The phase w a s  mea-  

1 
l 

G. High and Low Voltage Power 

A s i n g l e  supply was used t o  provide  low v o l t a g e  power f o r  a l l  t h e  

experiments.  Voltage r e g u l a t i o n  w a s  provided t o  compensate f o r  u n c e r t a i n t i e s  
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i n  t h e  f i n a l  loaded b a t t e r y  vo l t age .  

were included t o  power t h e  channel t rons  of each s e p a r a t e  experiment ,  i t  w a s  

later decided t o  o p e r a t e  t h e s e  s u p p l i e s  i n  p a r a l l e l  wi th  adequate  decoupl ing  

t o  provide  g r e a t e r  redundancy. L a s t l y ,  a s e p a r a t e  h igh  v o l t a g e  power supply  

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

i n  t h e  t o t a l  hydrogen f l u x  experiment.  

Although s e p a r a t e  h igh  v o l t a g e  s u p p l i e s  

H. Telemetry Assimments  

The complete payload r equ i r ed  t h e  u s e  of two te lemet ry  t r a n s m i t t e r s .  

In genera l ,  t h e  o u t p u t s  from each experiment were d iv ided  between t h e  two 

t r a n s m i t t e r s  t o  eliminate t h e  p o s s i b i l i t y  of a t o t a l  l o s s  of d a t a  from any 

given experiment because of a t r a n s m i t t e r  f a i l u r e .  

I. Arrangement of t h e  Payload i n  t h e  Rocket 

The phys ica l  arrangement of t h e  payload i s  shown i n  F i g ,  6. From 

top  t o  bottom t h e  arrangement w a s  as fo l lows:  

1. A l l  of t h e  p a r t i c l e  d e t e c t o r s  and t h e  photometer had t h e i r  aper-  

t u r e s  pointed upward i n  t h e  d i r e c t i o n  of t h e  rocke t  s p i n  a x i s ,  

A l l  channel t rons  and d i s c r i m i n a t o r s  were housed i n  t h i s  top  s e c t i o n ,  

The channel t rons  were contained wi th in  t h e  rocke t  shel l .  so t h a t  

they  were n o t  exposed t o  t h e  ambient ionosphere dur ing  t h e  f l i g h t .  

2 .  The h igh  v o l t a g e  sweep power s u p p l i e s  f o r  t h e  energy spec t rometers ,  

3 .  The h igh  v o l t a g e  DC power s u p p l i e s  f o r  t h e  channel t rons .  

4, The e l e c t r o n i c s  f o r  t h e  electric f i e l d  experiment,  and t h e  f l u x g a t e  

senso r  u n i t s .  

5 .  The boom s e c t i o n  conta in ing  one boom w i t h  four  s p h e r i c a l  antennas 

f o r  t h e  e lec t r ic  f i e l d  meter and one boom having two perpendicular  

s e a r c h  c o i l  s enso r s  on i t .  

28 p o l e  commutators and va r ious  test p o i n t s  f o r  t h e  payload elec- 
t r o n i c s .  

a l s o  was mounted i n  t h i s  s e c t i o n .  

I n  t h i s  s e c t i o n  were mounted two 5 r p ~ ,  

The e l e c t r o n i c s  package f o r  t h e  sea rch  c o i l  magnetometer 
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6 .  The count ing and t iming c i r c u i t s  f o r  t h e  va r ious  exper iments .  

7 .  The low vo l t age  power supply and t h e  f l u x g a t e  e l e c t r o n i c s .  

8 .  The in t e rconnec t  plugs f o r  t h e  t e l eme t ry  u n i t  suppl ied  b y  t h e  

Sounding Rocket Branch of GSFC. 

The complete payload s t a g e  w a s  9 '  4 3/4" high and weighed ' ~ 2 0 0  

pounds. Th i s  included t h e  experiments,  e j e c t a b l e  nose cone, t h e  t e l e m e t r y  

s e c t i o n ,  and a de-spin s e c t i o n .  

J. Problems i n  Performance 

Seve ra l  major d i f f i c u l t i e s  occurred dur ing  t h e  course  of t h e  f l i g h t  

which e i t h e r  r e s u l t e d  i n  t h e  Loss of d a t a  o r  increased  d i f f i c u l t i e s  i n  t h e  

d a t a  r e d u c t i o n  e f f o r t .  These inc lude  

1. A t  159 seconds a f t e r  launch,  one of t h e  two te lemet ry  t r a n s m i t t e r s  

f a i l e d  w i t h  t h e  fol lowing r e s u l t s :  (a) only  t h e  E broadband channel  and the  

E DC channel  of t h e  e l e c t r i c  f i e l d  experiment remained o p e r a t i v e ,  (b) bo th  

t h e  pro ton-e lec t ron  and Ho energy spec t rometers  l o s t  t h r e e  d a t a  channe l s  and 

f i v e  p o i n t  d i f f e r e n t i a l  energy spectra could no longer  be  obta ined ,  ( c )  one 

a spec t  magnetometer channel was no i sy  b u t  s t i l l  readable ,  Consequently our 

more d e t a i l e d  s t u d i e s  are l imi t ed  t o  t h e  e a r l y  po r t ion  of t h e  f l i g h t ,  

1 
1 

2,  The sea rch  c o i l  magnetometer appeared t o  be o p e r a t i v e  p r i o r  t o  de- 

ployment bu t  subsequent ly  went i n t o  a high n o i s e  mode f o r  t h e  remainder of t h e  

f l i g h t .  There i s  some p o s s i b i l i t y  t h a t  t h e  c a b l e s  t o  t h e  sea rch  c o i l s  were 

severed du r ing  boom deployment because none of t h e  boom switches i n d i c a t e d  de- 

ployment. However, t h e  a spec t  d a t a  i n d i c a t e  t h a t  both booms d i d  deploy  as 
intended.  

3 .  Ninety- f ive  seconds a f t e r  launch o r  18 seconds a f t e r  h i g h  v o l t a g e  

t u r q  on, t h e  one second c lock  output  s i g n a l  became erratic. Because t h i s  t iming 

system s e l e c t e d  t h e  ope ra t ing  modes f o r  several ins t ruments ,  they  no longer 
sampled t h e  environment as p resc r ibed .  The sampling was cont inued i n  an erratic 
b u t  known manner. 

quences c o n t r o l l i n g  t h e  energy s e l e c t i o n  of t h e  spec t rometers ,  

We have n o t  i d e n t i f i e d  any malfunct ions i n  t h e  t iming  se- 
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4,  A t  t h e  s a m e  t i m e  as t h e  i n t e r f e r e n c e  i n  t h e  t iming s i g n a l  sequences 

occurred,  b u r s t s  of counts  appeared a t  t i m e s  i n  t h e  pro ton-e lec t ron  spectrom- 

eter da ta .  These counts  could n o t  have been caused by high v o l t a g e  corona o r  

breakdown f o r  several reasons:  

turn-on of t h e  h igh  v o l t a g e ,  (b) they d i d  no t  a f f e c t  t h e  Ho a n a l y z e r  o r  t h e  

Ho t o t a l  d e t e c t o r ,  ( c )  t h e  r e p e t i t i o n  ra te  w a s  somewhat r e g u l a r ,  and (d)  each 

b u r s t  contained only  a l i m i t e d  l a r g e  number of counts ,  u s u a l l y  about  100. 

Although i t  would b e  p o s s i b l e  f o r  corona o r  breakdown t o  account for some of 

t h e s e  obse rva t ions ,  w e  f e e l  s t r o n g l y  t h a t  they cannot exp la in  t h e  t o t a l  p a t t e r n .  

We have ignored t h e s e  b u r s t s  i n  t h e  d e r i v a t i o n  of count ing  rates since t h e i r  

occurrence w a s  s u f f i c i e n t l y  in f r equen t  and obvious t h a t  meaningful data  could 

be ex t r ac t ed  from t h e  qu ie scen t  per iods .  

been observed i n  ground based tests and no obvious explana t ion  is  r e a d i l y  a t  

hand. 

(a) they  d i d  no t  appear u n t i l  18 seconds a f t e r  

These e f f e c t s  had n o t  p rev ious ly  

5. The use  of a s i n g l e  instrument  f o r  pro tons  and e l e c t r o n s  wi th  a 

dynamic range  i n  count ing rate of %lo4 r e s u l t e d  i n  a ve ry  low observed pro ton  

count ing rate.  Thus t h e  pro ton  d a t a  are l i m i t e d  by poor s t a t i s t i c a l  accuracy 

and a f a r  g r e a t e r  s e n s i t i v i t y  t o  contaminatiOn by t h e  descr ibed  spur ious  

counts .  Because of t h e s e  problems, i t  is d i f f i c u l t  t o  a s s i g n  a c a l c u l a t e d  

e r r o r  t o  t h e  pro ton  d a t a .  

f a c t o r  of t h r e e .  

t h e  e l e c t r o n  d a t a  are f a r  more accu ra t e .  

A reasonable  estimate might be  as l a r g e  as 2 a 

Because t h e  e l e c t r o n  count ing ra tes  were very  much h ighe r ,  

111. LAUNCH CONDITIONS AND FLIGHT HISTORY 

A. Criteria f o r  Launch 

The presence of e n e r g e t i c  hydrogen a u r o r a l  p r e c i p i t a t i o n  wae a man- 
da to ry  requirement  f o r  t h i s  f l i g h t ,  A t  most a u r o r a l  l a t i t u d e s  there are 
t h r e e  t i m e  pe r iods  i n  a usua l  day when e n e r g e t i c  hydrogen p r e c i p i t a t i o n  is 

presen t :  (1) i n  t h e  evening around 1700 o r  1800 l o c a l  time, (2) dur ing  t h e  

a u r o r a l  breakup event a t  about  midnight o r  l a t e r ,  and (3 )  i n  t h e  morning 

around 0300 t o  0600 l o c a l  t i m e ,  

s i t e  t h a t  w e  would a t tempt  t o  launch i n t o  a breakup au ro ra .  

It was decided b e f o r e  reaching  t h e  launch 

This  wae decided 
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because (1) t h e  f l u x e s  of bo th  hydrogen and e l e c t r o n s  are l a r g e  in  such  even t s ;  

(2) t h e  presence  of s t rong  a u r o r a l  e l e c t r o j e t s  are f a r  more l i k e l y  d u r i n g  break- 

up and s o  i t  would be  more l i k e l y  t o  o b t a i n  meaningful o b s e r v a t i o n s  by s e a r c h  

c o i l  magnetometer and t h e  e lectr ic  f i e l d  meter; (3) because both e l e c t r o n s  and 

hydrogen are p r e c i p i t a t i n g  i n  c o n t r a s t  t o  the evening and morning t i m e s  when 

e l e c t r o n  f l u x e s  are low, one can hope t o  l e a r n  more about  t h e  p r e c i p i t a t i o n  

mechanism by n o t i n g  t h e  s imi la r i t i es  and d i f f e r e n c e s  of t h e  two components; 

( 4 )  our  p a s t  exper ience  b e t t e r  q u a l i f i e d  us  t o  a n t i c i p a t e  t h e  t i m e  develop- 

ment of the breakup i n  o rde r  t o  determine when t o  launch t h e  r o c k e t ;  and (5) 

there exists a l a r g e r  number of p a s t  obse rva t ions  of t h e  breakup t y p e  a u r o r a  

t o  which our  d a t a  could be compared. 

The minimum f l u x  of hydrogen t h a t  w e  could observe  w a s  o n  the o r d e r  
5 -2 -1 -1 of 10  p a r t i c l e s  c m  sec str keV-' b u t ,  of course ,  w e  d e s i r e d  a f l u x  a t  

and Eather(7) w e  decided t h a t  an i n t e n s i t y  of  >30 Rayleighs of dopp le r  s h i f t e d  

H emission observed from t h e  ground would i n d i c a t e  a s u i t a b l e  f l u x  of pre-  

c i p i t a t e d  e n e r g e t i c  hydrogen. This  l i g h t  f l u x  w a s  set as t h e  prime launch 

cond i t ion .  However, on a r r i v i n g  a t  F t .  Church i l l ,  w e  found t h a t  D r .  F. 

Creutzberg h a d h i t i a t e d  a genera l  survey of t h e  H i n t e n s i t y  a t  F t .  C h u r c h i l l  

u s i n g  a t i l t i n g  f i l t e r  spectrophotometer  somewhat s i m i l a r  t o  t h a t  employed 

by Eather  and Jacka(8), 

maximum observed H i n t e n s i t y  had been on t h e  order  of 20 R. Although t h i s  

i n t e n s i t y  w a s  s u r p r i s i n g l y  low re la t ive  t o  o t h e r  obse rva t ions  and t h e o r e t i c a l  

p r e d i c t i o n s ,  w e  a l t e r e d  our prime launch  cond i t ion  t o  an  H i n t e n s i t y  of 5 R 

observed on t h i s  instrument .  

least 100 t i m e s  as l a r g e .  A f t e r  cons ide r ing  t h e  t h e o r i e s  of Chamberlfn (6)  

B 

B 

During t h e  p r i o r  t h r e e  months of t h i s  survey  t h e  

B 

B 

A secondary launch c o n d i t i o n  w a s  the presence  of a Class 1: t o  Class 

I1 v i s i b l e  a u r o r a  i n d i c a t i n g  s i g n i f i c a n t  e l e c t r o n  p r e c i p i t a t i o n .  The pres-  

ence of a t  least  a lOOy magnetic bay s o  t h a t  t h e  search c o i l  magnetometer 

would y i e l d  u s a b l e  d a t a  w a s  a t h i r d  cond i t ion .  It w a s  f e l t  t h a t  t h e r e  would 

be a s t r o n g  p o s s i b i l i t y  t h a t  a l l  t h r e e  cond i t ions  could b e  m e t  by a t y p i c a l  

breakup aurora.. 
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B. Actua l  Launch Condit ions 

The r o c k e t  w a s  flown from F t .  C h u r c A l l ,  Manitoba, Canada on 25 

A p r i l  1968. 

magnetic coord ina te s  are 69' N ,  38' W. 
Thegograph ic  coord ina tes  of t h e  s i te  are 49' N ,  94' W ;  and geo- 

The launch window w a s  only about  & 1 1 / 2  hours  from l o c a l  midnight  

because s u n r i s e  a t  h igh  a l t i t u d e  would make the v e h i c l e  photometer and 

p a r t i c l e  measurements suspec t .  A t  0001:40 l o c a l  t i m e ,  0601:40 UT, t h e  r o c k e t  

w a s  launched i n t o  a moderate breakup event .  The magnetic f i e l d  w a s  i n  t h e  

recovery phase of a 140y nega t ive  bay which was accompanied by a b r i g h t  break- 

up about  18 minutes  be fo re  t h e  breakup i n t o  which t h e  rocke t  w a s  launched,  

The magnetic f i e l d  w a s  s t i l l  depressed by an  approximately c o n s t a n t  lOOy dur- 

i ng  t h e  f l i g h t .  

dur ing  t h e  f l i g h t .  

was less than  1 / 2  db. 

There w a s  very  l i t t l e  30 ,NHk r iometer  abso rp t ion  b e f o r e  o r  

It is est imated t h a t  t h e  a u r o r a l l y  enhanced a b s o r p t i o n  

The t r a c k i n g ' r a d a r  gave t h e  d a t a  shown i n  Table I f o r  t h e  r o c k e t  

p o s i t i o n  i n  t h e  ve r t i ca l  p l ane  of f l i g h t .  The d i r e c t i o n  of launch was 15.0 

degrees  sou th  of east. The last  column of t h e  t a b l e  shows h e i g h t s  computed 

by assuming t h a t  t h e  d a t a  a t  2:14 (LOS-1) and 2:58 (LOS-2) gave t h e  proper  

p o s i t i o n s  on a f r e e  f a l l  t r a j e c t o r y .  

j e c t o r y  h e i g h t  of 235 km a t  06:05:3p. 

v s  t i m e  curves  is  

These assumptions g i v e  a maxihum tra- 
The equat ion  f o r  computing t h e  h e i g h t  

1 
€3 235 - 7 g [t(sec) - 5:3112 k i lome te r s  

2 where g = ,0098 km/sec . 
c l o s e  t o  t h e  measured he igh t .  

d i c a t i n g  t h a t  t he  atmospheric e f f e c t s  were no t  n e g l i g i b l e  below a h e i g h t  of 
45 km. The time a t  which t h e  rocke t  descended t o  45 h i s  c a l c u l a t e d  t o  be 
a t  06:08:48. 

The computed h e i g h t  a t  06:02:43 (AOS-2) is v e r y  

The o t h e r  computed va lues  are too  low, in-  

Using t h e  same two p o i n t s ,  LOS-1 and LOS-2, f o r  h o r i z o n t a l  p o s i t i o n  

g ives  a h o r i z o n t a l  v e l o c i t y  of 0,338 lan/sec. This  v e l o c i t y ,  when used t o  de- 

termine t h e  t r a j e c t o r y ,  r equ i r ed  t h e  atmospheric i n f luence  to begin a t  an 
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a l t i t u d e  of about  100 km. Using t h e  d a t a  a t  LOS-2, t h e  t i m e  a t  AOS-3, and a 

d i s t a n c e  s l i g h t l y  less than  f o r  AOS-3, gave a h o r i z o n t a l  v e l o c i t y  of 0.301 

km/sec. The equat ion  f o r  t h e  t r a j e c t o r y  is 

H = 235 - (R - 66) k i lometers ,  
vx 2 

where v 
t h e  r o c k e t ,  0 ,  from t h e  v e r t i c a l  was c l o s e  t o  10 ,5  degrees  between 45 km and 

120 km a l t i t u d e s .  

= 0.301 km/sec, g = .0098 km/sec2, R i n  k i lome te r s ,  The a n g l e  of 
X 

Ground-based ins t ruments  making measurements dur ing  t h e  f l i g h t  were 

(1) t i l t i n g  f i l t e r  spectrometer  f o r  H emission,  (2) a f i x e d  f i l t e r  photometer P 
f o r  H (3 )  a f i x e d  f i l t e r  photometer f o r  t h e  oxygen 55771 emiss ion ,  ( 4 )  a 
f i x e d  f i l t e r  photometer f o r  t h e  n i t r o g e n  39141 emission,  (5) t h r e e  a l l - sky  

cameras, (6) a 30 MHz r iome te r ,  and (7) a magnetometer, 

8’ 

C. F l f g h t , H i s t o r y  

Twenty seconds a f t e r  f i r i n g ,  t h e  low v o l t a g e  power supp ly  was turned 

on. 

ope ra t ion ,  

c losed  by t h e  rocke t  nose  coneD The a s p e c t  megnetometer gave p rope r  r@ading6,  

Both t h e  sea rch  c o i l  magnetometer and t h e  electric f i e l d  meter gave n o i s e  out- 

pu t s  as should be expected, 

e j e c t e d  and t h e  photometer responded t o  t h e  increased  l i g h t  i n t e n s i t y ,  

rocke t  was de-spun t o  about  1 r p s  and t h e  booms were deployed 47 seconds 

a f t e r  launch ,  

and €or t h e  remainder of t h e  f l i g h t ,  

the beginning of t h e  deployment, bu t  suddenly went i n t o  a h igh  nobee mode 
and remained i n  t h i s  cond i t ion  for t h e  rest of t h e  f l i g h t ,  Seventy-seven 

seconds a f t e r  launch,  the high v o l t a g e  was turned on f o r  a l l  of t h e  p a r t i c l e  

experiments and they all began count ing.  

The photometer,  t h e  electric f i e l d  meter and t h e  two magnetometers began 

The photometer read a t  a background level because i t  w a s  en- 

For ty  seconds a f t e r  launch t h e  nose cone was 

The 

The electric f i e l d  meter i n d i c a t e d  f i e l d s  as i t  was deployed 

The sea rch  c o i l  magnetometer i nd ica t ed  

5 ,  
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V I .  RESULTS 

A. Ground Based Measurements 

The ground based o p t i c a l  measurements performed dur ing  t h e  f l i g h t  

included : 

1, Measurement of t h e  doppler s h i f t e d  H i n t e n s i t y  w a s  performed by two B 
ins t ruments .  The t i l t i n g  f i l t e r  spectrophotometer* r equ i r ed  one minute  f o r  

each scan  of t h e  spectrum and had a 2.5' f i e l d  of view. It was h e l d  f i x e d  a t  

t h e  p o i n t  where t h e  rocke t  would e n t e r  t h e  %lo0 lun a l t i t u d e  reg ion  o n  t h e  up- 

l e g  p o r t i o n  of t h e  f l i g h t .  

A 2' f i e l d  of view f i x e d  f i l t e r  photometer,  cen tered  a t  48611 w i t h  

t h e  h a l f  i n t e n s i t y  wid th  of 2 4 . 7 i  was a l s o  employed. 

f l i g h t  t h i s  photometer w a s  d i r e c t e d  a t  t h r e e  d i f f e r e n t  p o s i t i o n s ,  ( a )  t h e  

p o i n t  a t  which t h e  r o c k e t  passed t h e  100 ldm level  on t h e  upleg  of the f l i g h t ,  

(b) a p o i n t  a t  t h e  100 km level below t h e  apogee p o i n t ,  and (c) t h e  p o i n t  a t  

which t h e  rocke t  passed t h e  100 km level  on t h e  downleg. I n t e n s i t y  r ead ings  

were obta ined  every 5 sec. Because of t h e  s p e c t r a l  width of t he  f i l t e r ,  t h e  

measured i n t e n s i t i e s  r ep resen ted  t h e  sum of bo th  H 

During t h e  c o u r s e  of t h e  

i n t e n s i t y  and background. B 
2 .  Measurement of atmospheric emissions a t  55771 and 39141 were per- 

formed w i t h  f i x e d  f i l t e r  photometers. 

gave i n t e n s i t y  d a t a  every 5 seconds. They were i n i t i a l l y  d i r e c t e d  a t  t h e  100 

km r eg ion  on the  up leg  f l i g h t ,  then s h i f t e d  t o  t h e  100  km reg ion  below apogee, 

and then  t o  t h e  100 km r e g i o n  on t h e  downward l e g .  

These bo th  had a 2' f i e l d  of view and 

3 ,  All-sky camera photographs,  w i t h  2 second exposures every 10 seconds 

were taken throughout t h e  f l i g h t .  

The temporal behavior  of t h e  ground based photometr ic  measurements 

beginning one minute  a f t e r  launch a r e  shown i n  F igs .  7A and B e  The t i l t i n g  

f i l t e r  H 

t h e  f l i g h t  whereas t h e  f i x e d  f i l t e r  photometer i n d i c a t e d  an  H 
24 R e a r l y  i n  t h e  f l . i g h t  decreas ing  t o  va lues  less than  10 R l a t e  i n  t h e  f l i g h t ,  

spectrophotometer  i nd ica t ed  an  IF i n t e n s i t y  between 5-8 R throughout 

B 
B B 

i n t e n s i t y  of 

*The measurementswre provided by Dr. F. Creutzberg of t h e  National Research 
Council  of Canada. 
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The A5577 photometer i nd ica t ed  a peak i n t e n s i t y  of 16.5 kR a t  0604810 de- 

c r e a s i n g  t o  less than  l kR l a t e  i n  t h e  f l i g h t .  The A3914 i n t e n s i t y  showed 

a t i m e  dependence similar t o  t h a t  of A5577 w i t h  a peak i n t e n s i t y  o f  'L3 kR. 

The a l l - sky  camera p i c t u r e s  showed a breakup au ro ra  i n  p r o g r e s s  a t  

launch. The form w a s  b r i g h t e s t  t o  t h e  n o r t h  of t h e  rocke t  t r a j e c t o r y  a t  t h e  

beginning  of t h e  f l i g h t .  The form began t o  move southward and t o  f a d e  as 

t h e  r o c k e t  neared apogee. I n  t h e  later h a l f  of t h e  f l i g h t ,  t h e  form had be- 

come ve ry  f a i n t  and had moved t o  t h e  soufh of t h e  rocke t .  

B. F l i g h t  Experiments 

The d a t a ,  t o  be shown i n  t h i s  s e c t i o n  f o r  a l l  t h e  p a r t i c l e  count ing  

experiments ,  has  been co r rec t ed  f o r  ins t rument  e f f i c i e n c y ,  r e s o l u t i o n ,  vari- 

a b l e  energy channel  width,  and geometr ica l  f a c t o r  b u t  no o t h e r  c o r r e c t i o n  

f a c t o r s  have been appl ied .  

1. Ho Energy Spectrometer 

Ten second averages of t h e  d i f f e r e n t i a l  f l u x  of n e u t r a l  hydrogen 

i n  each of t h e  f i v e  energy channels  are shown i n  Fig.  8. Channels 1, 3, 

and 5 were l o s t  a t  0604:lO UT as a r e s u l t  of t h e  te lemet ry  f a i l u r e ,  

eral, du r ing  t h e  per iod  of f u l l  t e l eme t ry  coverage, t h e  f l u x  showed an  in-  

crease of about  a f a c t o r  of two dur ing  t h e  f i r s t  minute of d a t a  and then  a 
r a p i d  dec rease  of about  equal  magnitude, The peak rate of 3 .5  x 1 0  

cm'2 sec-' str-' keV-' was reached i n  t h e  lowest  channel a t  0604:05 UT. 

A f t e r  t h e  t e l eme t ry  f a i l u r e ,  t h e r e  was an appa ren t ly  l a r g e r  i n c r e a s e  i n  pre-  

c i p i t a t e d  f l u x  which peaked a t  0604:45 UT; subsequent ly  t h e  n e u t r a l  f l u x  

f e l l  o f f  t o  a low rate a t  0605:30, There is no evidence f o r  a peaked Ho 
spectrum, nor  d i d  t h e  re la t ive count ing rates in t h e  channels  show any s i g -  

n i f i c a n t  v a r i a t i o n  i n d i c a t i v e  of a change i n  s p e c t r a l  shape. 

I n  gen- 

8 

2.  T o t a l  HydroRen Flux Detec tor  

The f l i g h t  record from t h i s  ins t rument  i s  shown i n  Fig.  9 f o r  t h e  

a l t e r n a t e  ope ra t ing  modes, (Ho + H+ + H-) and Ho. 

averages  of t h e  r a t i o ,  Ho/Ho + Ht + H-. 

c l u d e  (a) a count ing  ra te ,  i n  both  modes, which decreased s t e a d i l y  du r ing  t h e  

Also shown are t en  second 

The main f e a t u r e s  of t h i s  d a t a  in- 
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t i m e  0603:OO UT t o  0604:lO UT a f t e r  which i t  remained a t  a n e a r l y  c o n s t a n t  

r a t e  f o r  t h e  remainder of t h e  f l i g h t  and (b) an  i n i t i a l  Ho/Ho 9 H 

of ' ~ 0 . 4  which inc reased  du r ing  t h e  per iod  of decreas ing  count ing r a t e  and 

s t a b i l i z e d  near  0.9 once t h e  n e a r l y  cons t an t  count ing rates were observed.  

-?- 
9 H- r a t i o  

3. Pro ton  Energy Spectrometer 

As desc r ibed  ear l ier ,  t h e  observed pro ton  count ing rates were v e r y  

low because of t h e  s m a l l  geometry f a c t o r  necessary  t o  i n s u r e  t h a t  e l e c t r o n s  

d i d  n o t  s a t u r a t e  the ins t rument  when i t  opera ted  i n  t h e  e l e c t r o n  mode., 

10 shows t h e  observed t e n  second average d i f f e r e n t i a l  p ro ton  f l u x  i n  t h e  f i v e  

energy channels  d u r i n g  t h e  e a r l y  p o r t i o n  of t h e  f l i g h t .  The g e n e r a l  t i m e  be- 

havior  of t h e  p ro ton  r a t e  was similar t o  t h a t  observed by t h e  n e u t r a l  hydro- 

gen energy spec t rometer .  

F ig .  

4. E l e c t r o n  Eneray Spectrometer 

Ten second averages of t h e  e l e c t r o n  energy spectrometer  are  shown 

The s t r i k i n g  f e a t u r e  of t h e s e  d a t a  i s  t h e  changes , i n  the shape i n  F ig .  11. 

of t h e  spectrum. 

t h a t  d a t a  were a v a i l a b l e  from a l l  f i v e  chandels .  I n  t h e  e a r l y  p a r t  of t h e  

f l i g h t ,  Channel 2 showed a s t r o n g  peak; a t  0603:40 UT, t h e  f l u x  i n  Channel 

2 (1.1 - 2.5 keV) decreased  and Channel 3 (2,5 - 6 keV) showed t h e  h i g h e s t  

rates, 
sof tened  aga in .  

The spectrum was of a peaked n a t u r e  dur ing  t h e  e n t i r e  t i m e  

By 0605:30, t h e r e  was a s t r o n g  i n d i c a t i o n  t h a t  t h e  spectrum had 
I 

A f t e r  0606:30 t h e  count ing rates f e l l  t o  a low va lue .  

5. Veh ic l e  Borne H I n t e n s i t y  Measurements 

Fig. 12 shows the t i m e  dependence of t h e  H l i g h t  i n t e n s i t y  cor-  

r e c t e d  t o  t h e  z e n i t h  measured by t h e  v e h i c l e  borne photometers,  

has  been s u b t r a c t e d  from t h e s e  f luxes .  

measured va lue  of Q103 R t o  $30 R a8 t h e  rocke t  r o s e  through t h e  l i g h t  

emi t t i ng  reg ion .  

0 
Background 

The H i n t e n s i t y  dropped from a B 
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5. DC Electr ic  F i e l d  Measurements ( 

The t i m e  record  of t h e  DC electric f i e l d  measurement (E ) i s  shorn 

- 
,A 

I 
i n  Fig .  13. The p l o t t e d  v o l t a g e  i s  t h e  measured peak-to-peak v o l t a g e  d i f -  

f e r e n c e  dur ing  each s p i n  c y c l e  between t h e  two antennas which w e r e  s epa ra t ed  

by 40 cm. 

record .  

the output  s i g n a l s  appeared t o  have doubled. 

range  of t h e  logar i thmic  output  s i g n a l ,  t h e  reading  e r r o r s  correspond t o  

l a r g e  e r r o r s  i n  t h e  f i e l d  i n t e n s i t y .  We a t t r i b u t e  much of t h e  f l u c t u a t i o n  

i n  f i e l d  i n t e n s i t y  t o  t h i s  reading  e r r o r .  

The v x B / c  induced v o l t a g e  has  n o t  been sub t r ac t ed  from t h i s  

The gap i n  t h e  record  corresponds t o  a per iod  when t h e  f r equency  of 

Because of t h e  wide dynamic 

6. AC Electric F i e l d  Measurements 

The o u t p u t s  of t h e  2.3 kHz, 3.9 kHz, 7.35 kHz, and 30 kHz E chan- 1 
n e l s  and t h e  30 kHz E l l  

over  t h e  t i m e  per iod  3:OO - 3:56 UT. The o t h e r  channels  f o r  bo th  orfentg- 

t i o n s  were r a t h e r  s imilar ,  I n  gene ra l ,  t h e  Ell 

l a t i o n  than  E 
f requency i n  both cases .  

i n c r e a s i n g  a l t i t u d e .  Unfor tuna te ly  t h e  l o s s  of t h e  t r a n s m i t t e r  prevented  

measurements dur ing  t h e  i n t e r e s t i n g  time per iod  dur ing  which p a r t i c l e  p rec i -  

p i t a t i o n  ceased ab rup t ly .  

i n  ur l i t s  of v o l t s  are shown i n  Fig.  14A, B ,  and C 

showed a g r e a t e r  s p i n  modu- 

t h e  degree  of modulation decreased wi th  inc reas ing  channel  

Alga t h e  ampli tude of t h e  s i g n a l s  decreased  w i t h  
1; 

Fig .  1 5  shows s e l e d t e d  p o r t i o n s  of t h e  E broadband (30 Hz - 1 kHz) 1 
channel; t h e  E)) 
( ~ 3 0  Hz) o s c i l l a t i o n s  were seen a t  a l l  t i m e s .  

a t  0603:30 UT, t h e s e  b u r s t s  repea ted  a t  t h e  s p i n  frequency, 

they  repea ted  a t  twice t h e  s p i n  frequency and a t  0604:30  UT they showed 

s i g n s  of recurrence a t  f o u r  times t h e  s p i n  frequency;  subsequent ly  the 

r e p e t i t i o n  rate decreased t o  t h e  s p i n  frequency. 

t i o n s  a l s o  occurred ,  bu t  t h e s e  only repea ted  a t  t h e  spin frequency even dur ing  

t h e  t i m e  pe r iods  when t h e  30 Hz b u r s t s  repea ted  a t  rrlult iples sf t h e  sp$n fre- 
quency. With t h e  except ion  of t h e s e  changes i n  t h e  low f requency burst repetl- 
t i o n  rate, t h e  p a t t e r n s  were extremely r e p e t i t i v e  dur ing  t h e  en t i r e  f l i g h t  and 

showed l i t t l e  evidence of a randomness, 

ou tput  was r a t h e r  s imi la r .  Intense b u r s t s  of low frequency 

A f t e r  e n t e r i n g  t h e  ionosphere  

At 0604:OO UT 

Burs t s  of %lo0 Hz asc i l la -  
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I n  t h e  e a r l y  p o r t i o n  of t h e  f l i g h t  where t h e  d a t a  from the h i g h e r  

frequency channels  w a s  a v a i l a b l e ,  t h e  occurrence  of t h e  low f requency  b u r s t s  

w a s  c o r r e l a t e d  w i t h  t h e  observed minima i n  t h e  h igh  frequency s i g n a l s .  

6,  Aspect  Magnetometer 

Fig.  16  shows the components B as measured by the two f lux -  1 and B I l  
g a t e  magnetometers and t h e  computed t o t a l  f i e l d  B 

w i t h  a per iod  of Q4.9 min and a cone a n g l e  of %18’ i s  c l e a r l y  shown. 

rocke t  s p i n  ra te  w a s  3.83 Hz a t  power t u r n  on, decreased t o  3.27 Hz a t  

0602:19 UT and t o  0.69 Hz a f t e r  de-spin and deployment. 

P recess ion  of t h e  r o c k e t  T o  
The 

V I I ,  DISCUSSION OF RESULTS 

A. Hydrogen Energy Spec t ra  and Flux 

The magnitude and energy spectrum of t h e  t o t a l  e n e r g e t i c  hydrogen 
+ f l u x  (Ho+ H 

s p e c t r a .  

t h e  atmosphere and thus  t h a t  t h e  der ived  t o t a l  hydrogen f l u x  measured a t  low 

a l t i t u d e s  corresponds t o  t h e  t o t a l  p r e c i p i t a t e d  pro ton  f l u x  a t  t h e  t o p  of 

t h e  atmosphere. Because complete s p e c t r a  were obtained only  e a r l y  i n  t h e  

f l i g h t  f o r  a l t i t u d e s  (180 km because of t h e  telemetry f a i l u r e ,  w e  have 

+ H-) can be der ived  from e i t h e r  t h e  proton o r  t h e  n e u t r a l  atom 

We assume t h a t  e n e r g e t i c  n e u t r a l  atoms do not  exis t  a t  the t o p  of 

assumed t h a t  t h e  equ i l ib r ium f r a c t i o n s  Flm and Foco t a b u l a t e d  by A l l i s o n  (9) 

f o r  pro tons  p a s s i n g  through n i t r o g e n  gas  are a p p l i c a b l e  t o  t h e s e  measurements. 

Unfor tuna te ly  t h i s  t a b u l a t i o n  does no t  extend t o  energ iee  (4 keV. 

we  have e x t r a p o l a t e d  t h e  h igher  energy d a t a  f o r  Flco and Fom as shown i n  Fig.  

1 7  

Therefore ,  

F ig .  18 shows one r e p r e s e n t a t i o n  of a 1 0  second average energy 

spectrum of t o t a l  e n e r g e t i c  hydrogen i n c i d e n t  a t  t h e  top  of t h e  atmoephere as 
der ived  from t h e  n e u t r a l  energy spectrometer .  A s  can be seen, t h e  spectrum 

f i t s  w e l l  t o  a power law (Emn) dependence wi th  n = 3,2, In  conformity wi th  

o t h e r  p r e s e n t a t i o n s ,  F ig ,  19  shows t h e  spectrum p l o t t e d  f o r  a n  exponent ia l  

dependence showing a n  e-fold energy ah U keV and a maximum d i f f e r e n t i a l  f l u x  

of $5 x 10 cm 8 -2  sec-l str” keV-’, Also shown i n  F ig ,  19 i s  t h e  t o t a l  hydro- 
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gen spectrum de r ived  from t h e  pro ton  measurements. 

the pro ton  measurements, poor s t a t i s t i ca l  accuracy,  spu r ious  counts ,  and 

erratic sampling t i m e ,  w e  do n o t  b e l i e v e  t h a t  t h e s e  two de r ived  s p e c t r a  are 

i n  s i g n i f i c a n t  disagreement .  On t h e  o t h e r  hand, i t  i s  clear t h a t  t h e  e r r o r s  . 

i n  t h e  pro ton  experiment are  f a r  too  l a r g e  t o  j u s t i f y  any f u r t h e r  p h y s i c a l  

conclus ions .  

p a r i n g  pro tons  and n e u t r a l s  i f  t h e  pro ton  count ing sates had been more r e l i a b l e :  

(1) t h e  e x i s t e n c e  of charge-exchange equ i l ib r ium cond i t ions  i n c l u d i n g  t h e  

p o s s i b i l i t y  of a t r a n s i t i o n  t o  non-equilibrium cond i t ions  a t  a l t i t u d e s  .200 Km, 

(2) t h e  adequacy of t h e  e x t r a p o l a t i o n  of A l l i s o n ' s  t a b u l a t i o n  of e q u i l i b r i u m  

f r a c t i o n s  and charge-exchange and s t r i p p i n g  caoss-sec t ions  t o  low e n e r g i e s ,  

(3) p o s s i b l e  d i f f e r e n c e s  i n  t h e  charge-exchange and s t r i p p i n g  c r o s s - s e c t i o n s  

between atomic oxygen and molecular  n i t r o g e n ,  and ( 4 )  t h e  p o s s i b l e  e x i s t e n c e  

of a s i g n i f i c a n t  (10 mV/m) e l e c t r i c  f i e l d  p a r a l l e l  t o  t h e  e a r t h ' s  magnet ic  

f i e l d .  

Because of t h e  e r r o r s  i n  

However, t h e  fo l lowing  problems could have been s t u d i e d  by com- 

For t h e  p r e s e n t ,  w e  w i l l  employathe e n e r g e t i c  n e u t r a l  hydrogen 

d a t a  f o r  t h e  de t e rmina t ion  of t h e  t o t a l  e n e r g e t i c  hydrogen f l u x  and energy 

spectrum because of t h e  smaller e r r o r s  i n  t h e  experimental  d a t a  and t h e  much 

smaller c o r r e c t i o n  f a c t o r  r equ i r ed  t o  d e r i v e  t h e  t o t a l  hydrogen f l u x  from t h e  

measured n e u t r a l  f r a c t i o n ,  

Fig.  20A and B shows p l o t s  of t h e  t i m e  dependence of t h e  10 second 

average  maximum f l u x  and e-fold energy of t h e  e n e r g e t i c  hydrogen a t  t h e  top  

of t h e  atmosphere f o r  t h e  t i m e  per iod  p r i o r  t o  t h e  t e l eme t ry  f a i l u r e .  

i n  f l u x  and e-fold energy of g r e a t e r  than 2 20% are s i g n i f i c a n t .  

seen, t h e  s p e c t r a l  shape showed very l i t t l e  v a r i a t i o n  du r ing  t h i s  pe r iod  and 

t h e  f l u x e s  were h igh ,  'L5 x 10 cm eec-' str-' keV-', A f t e r  l o s s  of t h e  

transmitter, t h e  observed rates i n  Channels 2 and 4 ind ica t ed  l i t t l e  change 

i n  t h e  shape of t h e  spectrum u n t i l  p r e c i p i t a t i o n  ceased a t  0605:30 UT. 

t ype  of hydrogen p r e c i p i t a t i o n  was similar t o  t h a t  r epor t ed  by Chase 

except  t h a t  our  f l u x e s  were somewhat l a r g e r ,  

Changes 

As can be 

8 -2 

This  

, (10) 

The observed s p e c t r a  and f l u x e s  were remarkably c l o e e  t o  those one 

might expect t o  observe  f o r  a thermalized s o l a r  wind. Whalen, e t  al(ll ' ,  who 
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have r epor t ed  hydrogen energy s p e c t r a  measured dur ing  a pro ton  a u r o r a  occur- 

r i n g  earlier i n  t h e  evening, found a 12  keV e-folding energy above 30 keV and 

a f l u x  smaller than  ou r s ,  i . e . ,  a spectrum bea r ing  l i t t l e  resemblance t o  a 

thermal ized  s o l a r  wind. While t h e r e  i s  not  y e t  a s u f f i c i e n t  number of ex- 

pe r imen ta l  obse rva t ions ,  w e  f e e l  i t  i s  worthwhile t o  s p e c u l a t e  t h a t  (1) t h e  

hydrogen p r e c i p i t a t i o n  i n  pro ton  au ro ras  occur r ing  be fo re  and af ter  t h e  break- 

up per iod  i s  e x c i t e d  by a d i f f e r e n t  mechanism from t h a t  which is  o p e r a t i v e  

du r ing  t h e  breakup phase,  (2) dur ing  t h e  breakup phase t h e r m a l i z a t i o n  of s o l a r  

wind pro tons  occurs ,  b u t ,  a t  b e s t ,  on ly  a minor f r a c t i o n  of t h e s e  a r e  en- 

e rg ized ,  and (3) dur ing  t h e  breakup phase,  t h e  a u r o r a l  f i e l d  l i n e s  are open 

t o  t h e  the rma l i za t ion  r eg ion  t o  t h e  e x t e n t  t h a t  d i r e c t  p r e c i p i t a t i o n  of some 

of t h e s e  thermal ized  p a r t i c l e s  is  poss ib l e .  
.' 

B. E lec t ron  Spec t r a  

During t h e  t i m e  per iod  f o r  which complete s p e c t r a l  i n fo rma t ion  i s  

a v a i l a b l e  an  e l e c t r o n  energy spectrum peaked a t  low energy and a f l u x  of 

%lo8 cm'2 sec 

w i t h  o t h e r  obse rva t ions  by Evans (12) and by others'''' 13).  

two success ive  t e n  second average  e l e c t r o n  s p e c t r a ;  t h e  peak p o s i t i o n  showed 

a s h i f t  from Channel 2 (1,l - 2.5 keV) t o  Channel 3 (2.5 - 6 keV) between 

t h e s e  two measurements, Before t h i s  s h i f t ,  the peak was always i n  Channel 

2 and subsequent ly  i t  remained i n  Channel 3 .  A f t e r  t h e  te lemet ry  f a i l u r e ,  

t h e  observed rates i n  Channels 1 and 3 i n d i c a t e d  t h a t  t h e  peak remained i n  
Channel 3 u n t i l  0605:30 UT when p r e c i p i t a t i o n  ceased. 

-1 -1 str keV were observed. :Such a peaked spectrum i s  c o n s i s t e n t  

Fig.  2 1  shows 

During t h e  t i m e  of less than  t e n  seconds i n  which t h e  peak energy 

of t h e  e l e c t r o n s  s h i f t e d ,  t h e  rocke t  t r a v e l e d  only  about 2 km i n  a d i r e c t i o n  

perpendicular  t o  t h e  magnetic f i e l d  l ines .  If one a t t empt s  t o  a t t r i b u t e  t h i s  

change i n  peak energy t o  an e lec t r ic  f i e l d  perpendicular  t o  t h e  magnet ic  

f i e ld (13 ' ,  one o b t a i n s  a f i e l d  of a t  l eas t  1 volt /m;  t h i s  value i s  much 

l a r g e r  t h a n  r epor t ed  valuek f o r  E B (14' 15)or t h e  f i e l d s  a c t u a l l y  measured. 

F i e l d s  of t h i s  magnitude would a l so  r e s u l t  i n  a very  f a s t  E x B / B  d r f f t  of  

a u r o r a l  forms i f  app l i ed  a t  theae  a l t i t u d e s .  

by t h e  a l l - sky  camera photographic  d a t a .  It t h e r e f o r e  seems u n l i k e l y  t o  UB 

t h a t  t h i s  s h i f t  i n  t h e  peak energy of t h e  e l e c t r o n  spectrum can be explained 

i n  terms of a perpendicular  e l ec t r i c  f i e l d  a t  rocke t  a l t i t u d e .  

1 2 

Such drifts were no t  i n d i c a t e d  
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C. Cessa t ion  of P r e c i p i t a t i o n  

Fig.22A shows t h e  r a p i d  d e c l i n e  of t h e  1 .6  - 3 ,5  keV hydrogen f l u x  

du r ing  t h e  per iod 0605 - 0607 UT. The a l l - sky  photographs showed that  t h i s  

d e c l i n e  could have been a s s o c i a t e d  wi th  e i t h e r  a gene ra l  c e s s a t i o n  o f  a u r o r a l  

( I 6 )  has  c a l c u l a t e d  a c t i v i t y  o r  a slow movement of t h e  a u r o r a l  form. Davidson 

t h e  expected s p a t i a l  d i s t r i b u t i o n  of e n e r g e t i c  hydrogen a t  a l t i t u d e s  below 

250 km f o r  two pro ton  beams w i t h  d i f f e r e n t  p i t c h  ang le  d i s t r i b u t i o n s  a t  t h e  

top  of t h e  atmosphere. The i n i t i a l  beam i s  s i g n i f i c a n t l y  spread (over  t e n s  

of k i lome te r s )  because t h e  n e u t r a l s ,  produced as a r e s u l t  of charge exchange, 

are no longe r  cons t r a ined  by t h e  magnetic f i e l d .  For t h i s  reason ,  v e r y  r a p i d  

s p a t i a l  v a r i a t i o n s  i n  p r e c i p i t a t e d  hydrogen are n o t  expected t o  be  observed.  

However, as can b e  seen  i n  Fig.22A, a dec rease  of about  a f a c t o r  of 4 i n  t h e  

p ro ton  f l u x  occurred i n  a t i m e  per iod of less than  10  seconds.  During t h i s  

t i m e ,  t h e  t o t a l  d i s t a n c e  t r a v e r s e d  by t h e  rocke t  was approximately 1 0  km and 

t h e  north-south d i s t a n c e  w a s  on ly  about  2 km. 

I f  t h i s  v a r i a t i o n  was spa t i a l ,  then  t h e  p i t c h  a n g l e  d i s t r i b u t i o n  of 

t h e  p r e c i p i t a t e d  p ro tons  must have been very sha rp ly  peaked nea r  z e r o  deg rees ,  

An alternative s p a t i a l  exp lana t ion  would r e q u i r e  t h a t  t h e  zone of p r o t o n  

p r e c i p i t a t i o n  was moving i n  t h e  north-south d i r e c t i o n  a t  a speed of a t  least  

1 km/sec. 

over  a minimum nor th-south  d i s t a n c e  of $0.5 km (pro ton  c y c l o t r o n  d iameter  a t  

t h e  top  of t h e  atmosphere) would be c o n s i s t e n t  w i th  t h e  observed r e s u l t s  even 

i f  one assumes a n e a r l y  i s o t r o p i c  p i t c h  ang le  d i s t r i b u t i o n  €or t h e  p r e c i p i -  

t a t e d  pro tons ,  Here aga in ,  any north-south movement of t h e  p r e c i p i t a t i o n  

zone would increase t h e  ra te  of f a l l - o f f ,  

On t h e  o t h e r  hand, a r ap id  cut-off  of p r e c i p i t a t i o n  ex tending  

Two s i g n i f i c a n t  conclus ions  can t h e r e f o r e  b e  de r ived  from t h i s  ob- 
a e r v a t i o n o  I f  t h e  cause  f o r  t h e  f a s t  drop was only  s p a t i a l ,  t hen  the i n c i -  

den t  proton p i t c h  a n g l e  d i s t r i b u t i o n  must have been s h a r p l y  peaked near zero 
degrees .  I f  t h e  exp lana t ion  is temporal,  then  t h e  region from which the 

p r e c i p i t a t e d  pro tons  o r i g i n a t e d  must have behaved cohe ren t ly  t o  ehut  o f f  t he  

p r e c i p i t a t i o n .  

v e l o c i t y  of 1 km/sec because t h e  al l -eky camera p i c t u r e s  do not: show it .  

We a g a i n  minimize t h e  p o s s i b i l i t y  of any north-south drift  
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Fig .  22 B and C show t h e  r e l a t i o n s h i p s  between t h e  0.5 - 1 keV and 

6 - 10  keV e l e c t r o n s  dur ing  t h e  per iod  0605:OO - 0606:20 UT. 

r a te  i n  t h e  6-10 keV e l e c t r o n  peak dropped a b r u p t l y  a t  t h e  same t i m e  t h e  hy- 

drogen f l u x e s  decreased.  

o r d e r  of magnitude i n  t h e  energy con ten t  i n  t h e  p r e c i p i t a t e d  e l e c t r o n s .  

About 5 sec earlier,  the  lowes t  energy e l e c t r o n s  (0.5 - 1.2 keV) showed an 

i n c r e a s e  i n  f l u x .  Subsequent t o  t h e  d issappearance  of t h e  6 - 10 keV elee- 

t r o n s ,  t h e  f l u x  of low energy e l e c t r o n s  began t o  o s c i l l a t e  w i th  a n  %lo sec 

pe r iod  and then  ab rup t ly  decreased  a f t e r  about  45 seconds,  

of t h e  f l i g h t ,  t h e  n e u t r a l  hydrogen spectrometer  and t h e  e l ec t ron -p ro ton  

spec t rometer  d i d  n o t  show any s i g n i f i c a n t  i n c r e a s e  i n  count ing rates over  

t h e s e  low l e v e l s .  

The c o u n t i n g  

Th i s  drop corresponded t o  a dec rease  of a b o u t  an 

For t h e  remainder 

We b e l i e v e  t h e  desc r ibed  sequency of even t s  i n d i c a t e s  a c l o s e  re- 

l a t i o n s h i p  between e l e c t r o n  and pro ton  p r e c i p i t a t i o n .  

e n t i r e l y  independent p r e c i p i t a t i o n  processes  f o r  each class of p a r t i c l e s  

could r e s u l t  i n  t h e  observed p a t t e r n .  

It i s  u n l i k e l y  t h a t  

D. Evidence f o r  Rapid F luc tua t ions  i n , P r e c i p i t a t i o n  Rate 

F ig .  23 shows a t y p i c a l  sample of t h e  unreduced d a t a  recorded  i n  
two energy channels  of t h e  e n e r g e t i c  n e u t r a l  hydrogen spectrometer .  

a b c i s s a  i s  timeand t h e  o r d i n a t e  i s  t h e  ins tan taneous  v o l t a g e  a c r o s s  t h e  

s t o r a g e  c a p a c i t o r .  I n  t h i s  case, each recorded event  corresponded t o  a 

v o l t a g e  increment of 50 mv o r  of f u l l  scale. The d a t a  i n d i c a t e  t h a t  

The 

t h e  m a j o r i t y  of recorded coun t s  occurred i n  b u r s t s  of 2-7 counts  i n  a t i m e  

- <4 m/sec. 
counts  t h a t  appeared i n  t h e  e lec t ron-pro ton  spec t rometer .  I n  t h a t  case t h e  

count  b u r s t  appeared only occas iona l ly  and each b u r s t  c s n s f s t e d  of a l a r g e r  

number of counts .  Telemetry f i l t e r i n g  l i m i t s  t h e  r i e e  time of v o l t a g e  pulees 

t o  $4 m/sec, so t h a t  t h i s  rise time only  r e p r e s e n t s  a lower I l m i t :  t o  the ar- 
r iva l  ra te  of t h e  events ,  A s t a t i s t i ca l  a n a l y e i s  on mgmente of t h e  d a t a  in- 
d i c a t e d  only  a 0 , 0 5  s i g n i f i c a n c e  on an  x2 t e s t ;  we conclude t h a t  t h e  recorded 

p r e c i p i t a t i o n  rate was n o t  random i n  n a t u r e ,  

This  d i f f e r e d  cons iderably  from t h e  aforementioned b u r s t s  of 

The b u r s t s  never appeared s imultaneously i n  a l l  channels ;  t h i s  is t h e  

s t r o n g e s t  argument a g a i n s t  t h e i r  product ion by e i t h e r  e l e c t r o n i c  no iee  o r  v o l t -  

age  breakdown. Obviously, m u l t i p l e  pu l s ing  by t h e  d i sc r imina to r  on almost  every 
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event  could account  f o r  t h e  observed p a t t e r n .  However, g r e a t  care w a s  taken 

i n  the c i r c u i t  des ign  and i n  t h e  l a b o r a t o r y  test phase t o  e l i m i n a t e  s u c h  mul- 

t i p l e  pu l s ing  of t h e  d i s c r i m i n a t o r .  The r e s o l v i n g  t i m e  of t h e  channel t ron-  

d i s c r i m i n a t o r  arrangement w a s  $2 psec;  t hus  only  m u l t i p l e  pu l s ing  of the  chan- 

n e l t r o n  i t s e l f ,  as a r e s u l t  of i o n  feedback e f f e c t s ,  could r e s u l t  i n  m u l t i p l e  

counts .  T h i s  w a s  n o t  observed i n  t h e  l a b o r a t o r y  tests and w e  see l i t t l e  rea- 

son f o r  i t s  occurrence  du r ing  t h e  f l i g h t .  

The t i m e  r equ i r ed  f o r  a complete energy scan w a s  10  msec; the chan- 

The f a c t s  t h a t  s imul taneous  n e l  "on" t i m e s  ranged from $0.6 m s e c  t o  $3 msec. 

b u r s t s  w e r e  no t  observed i n  t h e  channels  and t h a t  a b u r s t  d u r a t i o n  w a s  less 

than  10  msec l ead  t o  several p o s s i b l e  conclusions:  

t a t i o n  occur s  i n  a series of b u r s t s ,  of v a r i a b l e  energy, each r e l a t i v e l y  mono- 

e n e r g e t i c  and w i t h  a d u r a t i o n  (10 msec. The long  t i m e  averaging  (>1 sec) em- 

ployed f o r  s t a t i s t i c a l  r easons  would obscure any mbnoenergetic f e a t u r e s .  

(2) 
w i th  a d u r a t i o n  less than  t h e  "on1' t i m e  of any g iven  channel  (0.6 - 3 msec) .  

Such a p a t t e r n  would p r e d i c t  t h e  source  t o  b e  loca ted  on ly  a few Km from t h e  

obse rva t ion  l o c a t i o n ,  an unreasonable  r e s u l t .  (3) The p r e c i p i t a t i o n  occur-  

r ed  i n  b u r s t s  w i t h  a broad energy spectrum from a source  loca ted  s u f f i c i e n t l y  

remote from t h e m c k e t  t h a t  t h e  t r a n s i t  t i m e  spread s i g n i f i c a n t l y  exceeded t h e  

t i m e  between b u r s t s .  

(1) The hydrogen p r e c i p i -  

- 

The p r e c i p i t a t i o n  occurred i n  b u r s t s  wi th  a broad energy spectrum b u t  

E. Energy Balance 

The t i m e  dependence of t h e  energy f l u x  p r e c i p i t a t e d  by both t o t a l  

e n e r g e t i c  hydrogen and by e l e c t r o n s  is shown i n  F ig .  24 f o r  t h e  t i m e  pe r iod  

du r ing  which f u l l  s p e c t r a l  d a t a  w a s  recorded.  These were c a l c u l a t e d  by 

numerical  i n t e g r a t i o n  of t h e  d i f f e r e n t i a l  f l u x  curves  f o r  each class of par- 

t icles.  The p r e c i p i t a t i o n  w a s  assumed t o  be i s o t r o p i c .  I n  gene ra l ,  t h e  

methods used were somewhat i n a c c u r a t e  and w e  estimate t h e  e r r o r  t o  b e  f 50%. 

One can a l s o  d e r i v e  a rough estimate of t h e  t o t a l  energy p r e c i p i -  
-I- t a t i o n  from t h e  observed i n t e n s i t y  o f  t h e  N2 (X3914;) emission us ing  the tech-  

n ique  ou t l ined  by Chamberlain(6).  For t h e  above desc r ibed  t i m e  per iod, ,  t h i s  



06484-6007-R0-00 

Page. 26 

good agreement w i t h  t h e  

measuremen'ts when one 

c a l c u l a t i o n .  Some of 

i on  p a i r  w a s  30 ev, (2)  

2 estimate y i e l d s  ' U O  ergs/cm sec. This  i s  i n  v e r y  

p r e c i p i t a t e d  energy f l u x  de r ived  from t h e  p a r t i c l e  

cons ide r s  t h e  assumptions t h a t  must b e  made i n  t h e  

t h e s e  assumptions were (1) t h e  energy r equ i r ed  pe r  

t h e  f r a c t i o n  of 39141 photons pe r  i o n i z a t i o n  w a s  2%, and (3)  d i f f e r e n c e s  i n  

t h e  i o n i z a t i o n  and e x c i t a t i o n  e f f i c i e n c i e s  between Ho, H', and e l e c t r o n s  i n  

t h e  1 keV energy range were neglec ted .  L a s t l y  t h e  ground based photometer 

w a s  n o t  po in ted  a t  t h e  exac t  s p o t  where t h e  p a r t i c l e  measurements w e r e  ob- 

t a i n e d ,  which in t roduces  f u r t h e r  e r r o r s .  

Other rocke t  and s a t e l l i t e  f l i g h t s  have ind ica t ed  t h a t  p r e c i p i t a t e d  

p ro tons  u s u a l l y  c a r r y  - (0.1 of t h e  t o t a l  p r e c i p i t a t e d  energy dur ing  a breakup 

a u r o r a  ( 6 y  7 y  17)" The l a r g e r  f r a c t i o n  observed i n  t h i s  f l i g h t  may b e  due t o  

t h e  f a c t  t h a t  t h i s  f l i g h t  w a s  near  t h e  edge of t h e  a u r o r a l  form, A s  shown 

p rev ious ly ,  i f  p ro tons  and e l e c t r o n s  enter t h e  atmosphere a t  t h e  same p o i n t ,  

t hen  t h e  pro tons  w i l l  d e p o s i t  t h e i r  energy over a much l a r g e r  area because  

of t h e  spreading  a s s o c i a t e d  wi th  charge exchange. Thus, i f  t h e  P r e c i p i t a t e d  

energy i n  bo th  beams were equa l ,  one would observe maximum d e n s i t y  of  energy 

d e p o s i t i o n  produced by t h e  e l e c t r o n  beam near t h e  c e n t e r  o f  t h e  form b u t  t h e  

r a t i o  H / e  would i n c r e a s e  t o  g r e a t e r  t han  u n i t y  as one moved outward, 

F. Ho T o t a l  Hydrogen Flux Detec tor  

There are several reasons  why t h e  r e s u l t s  of t h e  t o t a l  hydrogen 

f l u x  experimentnust  be quest ioned.  These inc lude  

a. 

b o  

C .  

There appears  t o  be no temporal c o r r e l a t i o n  i n  t h e  f l u x e s  ob- 

se rved  wi th  t h i s  ins t rument  and those  observed wi th  t h e  Ho 
energy spectrometer  and t h e  proton spec t rometer ,  

The t o t a l  hydrogen f l u x ,  as measured by this  ins t rument ,  i s  

about: a f a c t o r  of 100 lower than  t h a t  i nd ica t ed  by both  t h e  Ho 
energy spectrometer  and t h e  proton spec t rometer ,  

The r a t i o ,  Ho/Ho + H 

from 0.4 a t  U 2 0  h t o  0.9 a t  200 km. However, r a t i o s  lese than 
%Lo. 9") should only be  observed a t  altitudes e u f f l c i e n t l y  high 

4- 
4- H-, sham In Pig. 10 increaeee smoothly 
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t h a t  equ i l ib r ium cond i t ions  no longer  p r e v a i l .  It i s  ques t ion -  

a b l e  whether such non-equilibrium cond i t ions  were achieved  even 

a t  apogee and t h e r e f o r e  i t  i s  expected t h a t  t h e  r a t i o ,  Ho/H' 9 

H- + Ho, should probably have been a l t i t u d e  independent  b u t  

d e f i n i t e l y  n o t  d i r e c t l y  dependent on a l t i t u d e .  

We have specula ted  about  reasons  f o r  t h e s e  observed i n c o n s i s t e n c i e s  

wi thout  a r r i v i n g  a t  any s p e c i f i c  conclusion.  How&er, t h e  fo l lowing  state- 

ments about  t h e  experiment appear  t o  b e  v a l i d :  

1, The observed low count ing rates would b e  c o n s i s t e n t  w i t h  l o s s  of 

t h e  f o i l  dur ing  launch. However, even wi th  t h e  f o i l  comple te ly  

a b s e n t ,  some s c a t t e r i n g  should occur  f o r  p a r t i c l e s  i n c i d e n t  on 

t h e  suppor t ing  g r i d .  

dependent of t h e  presence  of t h e  f o i l  s i n c e  t h e  measured r a t i o  

should only  be  dependent on t.he a p p l i c a t i o n  and removal of t h e  

charged p a r t i c l e  d e f l e c t i o n  vo l t age .  

The Ho/Hf + H-. 4- Ho r a t i o  should be in-  

2,  The count ing  ra te  p a t t e r n s  i n  both ope ra t ing  modes appear  ex- 

t remely s t eady  and r e g u l a r  throughout t h e  e n t i r e  f l i g h t .  

show none of t h e  i r r e g u l a r i t i e s  and b u r s t  p a t t e r n s  which are 

t y p i c a l  of spu r ious  counts  caused by hfgh v o l t a g e  breakdown, 

They 

3 .  Precau t ions  were taken t o  enc lose  t h e  channel t ron  t o  prevent  

count ing  of t h e  ambient ionosphere.  I n  a d d i t i o n ,  t h e  30 v o l t  

n e g a t i v e  p o t e n t i a l  appl ied  t o  t h e  channel t ron  en t r ance  s u r f a c e  

should have precluded t h e  count ing of ambient e l e c t r o n s ,  b u t  

should a l s o  have been i n s u f f i c i e n t  t o  accelerate ambient i o n s  

t o  t h e  p o i n t  where they could be  d e t e c t e d  e f f i c i e n t l y .  Also,  

i t  is  n o t  apparent  how t h e  a p p l i c a t i o n  of t h e  d e f l e c t i o n  p l a t e  

v o l t a g e  could modify any ambient ionosphere which might have 

reached t h e  channel t ron  I n  a manner t o  y i e l d  t h e  observed ratloe. 

As descr ibed  i n  the appended r e p r i n t ( 2 ) ,  the ins t rument  hag some 
UV response  and counts  could be genera ted  by a u r o r a l  UV (a t  

lower a l t i t u d e s )  o r  poss ib ly  s u n l i g h t  (a t  t h e  h igher  a l t i t u d e s ) .  

However, such counts  would be independent of t h e  d e f l e c t i o n  p l a t e  

v o l t a g e  and are t h e r e f o r e  considered unimportant as a source  of 

counts .  

4 .  
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+ 
5. The observed change i n  t h e  Ho/H + H- + Ho r a t i o  c o u l d  b e  ac- 

counted f o r  by a gradual  s o f t e n i n g  i n  t h e  p r e c i p i t a t e d  p ro ton  

energy spectrum s i n c e  t h e  r a t i o  dec reases  w i t h  i n c r e a s i n g  energy,  

N o  evidence f o r  such a change i n  t h e  pro ton  energy spec t rum can  

b e  der ived  from e i t h e r  t h e  H o r  pro ton  spectrometer  d a t a ,  b u t  

i n  both cases t h e  maximum measured energy w a s  l i m i t e d  t o  20 keV. 

0 

6 .  The t i m e  dependence of t h e  observed r a t i o  could b e  i n d i c a t i v e  

of an  outgass ing  process .  However, i t  i s  d i f f i c u l t  t o  conceive 

of any s i t u a t i o n  where t h e  p r e s s u r e  i n  t h e  d e f l e c t i o n  system 

c o u l d ' b e  h igh  enough mm Hg) so  t h a t  t h e  i n c i d e n t  p a r t i c l e s  

could e i t h e r  undergo s i g n i f i c a n t  s c a t t e r i n g  o r  s t r i p p i n g  with- 

o u t  t h e  presence of comparable o r  g r e a t e r  p r e s s u r e s  i n  t h e  re- 

t i o n  near  t h e  channel t ron .  S ince  our  d a t a  i n d i c a t e s  channel- 

t r o n  breakdown occurs  a t  mm Hg, t h e  l a c k  of ev idence  f o r  

HV breakdown i n d i c a t e s  t h a t  ou tgass ing  should n o t  have  played 

a s i g n i f i c a n t  r o l e  i n  t h e  type  of behavior  seen by th i s  i n s t r u -  

ment 

G o  Doppler S h i f t e d  Hydrogen B a l m e r  L ine  Emission 

The photometer u n i t  was c a l i b r a t e d  a g a i n s t  a blackbody Source a t  

1000'K; t h e  fo l lowing  r e s u l t s  are g iven  i n  a b s o l u t e  terms based on th i s  con- 

f i g u r a t i o n .  Above 220 km, t h e  rocke t  probably began t o  see s u n l i g h t  since 
bo th  phototubes showed output  c u r r e n t s  g r e a t e r  than  1 pamp f o r  a a e v e r a l  min- 

u t e ' p e r i o d ,  The H i n t e n s i t y  du r ing  the  downleg p o r t i o n  of t h e  f l i g h t  shows 

l i t t l e  s t r u c t u r e  and was c o n s i s t e n t  w i th  t h e  absence of p a r t i c l e  p r e c i p i t a t i o n ,  
B 

F i g .  12 has  shown t h e  measured i n t e n s i t y ,  co r rec t ed  t o  the z e n i t h  

by a s imple  c o s i n e k c t o r ,  of doppler  s h i f t e d  I4 emission as a f u n c t i o n  of 

t i m e ,  The der ived  volume emission rate, photons/cm sec,  is shown in F i g .  25. 

A s t r o n g  peak ie observed i n  t h e  r eg ion  between 120-135 km, b u t  c l e a r l y  t h e  

emission was spread over a l a r g e r  a l t i t u d e  range ,  and, i n  f ac t ,  t h e  emission 

never reached background. 

r e l a t e d  wi th  observed increases i n  t h e  p r e c i p i t a t e d  hydrogen flux; t h i s  dem- 

o n s t r a t e s  t h e  d i f f i c u l t i e s  in performing an accura t e  a l t i t u d e  p r o f i l e  measure- 

B 3  

The peaks seen  at 165 km and 145 km were w e l l  cor- 
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ment dur ing  a breakup aurora .  It is  assumed t h a t  t h e  peak a t  102 Ism a l s o  w a s  

c o r r e l a t e d  w i t h  p a r t i c l e  f l u x  inc reases .  The r e l a t i v e l y  h igh  a l t i t u d e  of t h e  

main peak w a s  c o n s i s t e n t  w i th  t h e  observed s o f t  hydrogen energy spectrum and 

would b e  t o t a l l y  i n c o n s i s t e n t  w i th  e l e c t r o n  produced background emission.  

The observed f l a t t e n i n g  of t h e  hydrogen spectrum a t  h ighe r  ene rg ie s  could  

account  f o r  t h e  slow f a l l  o f f  i n  t h e  emission r a t e  observed a t  a l t i t u d e s  below 

120 km. 

Throughout t h e  pe r iod  of obse rva t ion ,  i t  i s  reasonable  t o  assume 
9 2  t h a t  t h e  p r e c i p i t a t e d  hydrogen f l u x  w a s  %6 x 10  / c m  

peak of t h e  volume emission,  t h e  emission ra te  was $4 x 10 

cm. 
p ro ton  cm obta ined  from Fig.  9B of Eather  and Burrows (18) f o r  t h e  n = 3 

curve  w i t h  r educ t ions  i n  f l u x  by a f a c t o r  of 2 ( f o r  r easons  given i n  Ea the r ’ s  

(7)) and by a f a c t o r  of 6 t o  t a k e  i n t o  account  t h e  Ha /H review 

p r e s e n t  emission ra te  curve  f a l l s  o f f  faster wi th  i n c r e a s i n g  a l t i t u d e  above 

t h e  peak than  t h e o r e t i c a l l y  p red ic t ed  f o r  i s o t r o p i c  p a r t i c l e  f luxes .  This  

may i n d i c a t e  a p a r t i c l e  p i t c h  ang le  d i s t r i b u t i o n  more h i g h l y  peaked i n  t h e  

forward d i r e c t i o n .  

sec. Therefore  a t  t h e  

photons/proton -9 

Th i s  v a l u e  i s  extremely c l o s e  t o  the  v a l u e  of 3.8 x 10’’ H photons/  

r a t i o .  The B 

Another p o s s i b l e  reason f o r  t h e  r a p i d  f a l l  o f f  w i t h  
a l t i t u d e  and somewhat lower peak p o s i t i o n  than  t h e o r e t i c a l l y  p red ic t ed  (18) is 

t h a t  t h e  atmosphere above F t .  Church i l l  was probably somewhat co lde r  than  

t h e  atmosphere they  assumed i n  t h e i r  t rea tment .  

A t  p r e s e n t ,  t h e r e  does no t  appear t o  be any obvious p h y s i c a l  ex- 

i n t e n s i t y  de r ived  from the v e h k l e  p l a n a t i o n  f o r  the d iscrepancy  i n  t h e  H 

borne photometer t oge the r  w i th  t h e  p a r t i c l e  measurements and t h a t  de r ived  

from ground based t i l t i n g  f i l t e r  photometer, 

l u t e  f l u x  c a l i b r a t i o n  of t h e  inetruments  were i n c o r r e c t a  A t  t h i s  t h e  we 
are s t i l l  cons ide r ing  t h i s  d i screpancy ,  

(3 ’ 

It is p o s s i b l e  t h a t  t h e  absoh 

H. AC Electric F ie ld  Measurement 

With t h e  except ion  of t h e  broadband (30 Hz - 1 kHe) E channel ,  1 
a l l  d a t a  from the AC electr ic  f i e l d  experiment was te rmina ted  a f t e r  8604:30 
UT because of the te lemet ry  f a i l u r e .  

dominated by t h e l a r g e  ampli tude (10 mV/m) b u r s t s  of 30 Hz and 150 Hz s i g n a l s  

This broadband data appeared t o  be  
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which r epea ted  p r i m a r i l y  a t  t h e  s p i n  frequency o r  a t  t i m e s  i n  m u l t i p l e s  there- 

o f .  These low frequency b u r s t s  appeared a t  t h e  same t i m e s  on t h e  E channel  

du r ing  i t s  per iod  of ope ra t ion .  
IC 

The g r e a t  r e g u l a r i t y  i n  t h e  o n s e t  p a t t e r n ,  

d u r a t i o n ,  and c e s s a t i o n  of success ive  b u r s t s  would appear  t o  p r e c l u d e  any 

n a t u r a l  sou rce  f o r  t h e  occurrence  of t h e s e  b u r s t s ,  

F ig .  26 is  a sample frequency spectrogram of t h e  broadband E 1 data; 
t h e  deg ree  of blackening i s  i n v e r s e l y  r e l a t e d  t o  t h e  i n t e n s i t y  of t h e  o u t p u t  

s i g n a l .  

no d e f i n i t e  low frequency c u t o f f  w a s  observed. 

As can be  seen  t h e  i n t e n s i t y  decreased wi th  i n c r e a s i n g  f requency;  

During t h e  per iod when p a r t i c l e  p r e c i p i t a t i o n  ceased ,  l i t t l e  change, 

i f  any,  w a s  observed i n  t h e  broadband E 

range.  Densitometer p l o t s ,  a t  s e l e c t e d  f r equenc ie s ,  of t h e  spectrogram seem 

t o  i n d i c a t e  a p a t t e r n  symetrical i n  a l t i t u d e  about apogee w i t h  a minimum a t  

apogee, 

which p r e c i p i t a t i o n  was p resen t  and dur ing  t h e  downleg when P r e c i p i t a t i o n  was 

absen t .  It is very  d i f f i c u l t ,  t h e r e f o r e ,  t o  a s s o c i a t e  t h e  AC electric f i e l d  

ampl i tudes  wi th  t h e  p a r t i c l e  p r e c i p i t a t i o n  rate.  

p a t t e r n  throughout i t s  f requency  1 

No s i g n i f i c a n t  d i f f e r e n c e s  were observed between t h e  upleg  d u r i n g  

Both t h e  E and E h igh  frequency channel  d a t a  showed a n  i n t e n s i t y  1 II 
modulat ion of about  a f a c t o r  of 10 a t  t h e  s p i n  frequency.  

an tenna  s e p a r a t i o n  t h e  ampli tudes ranged from a minimum of l O u v o l t s  t o  as 
For the 40 c m  

h igh  as 5 mV. J u s t  as wi th  t h e  broadband d a t a ,  t h e  i n t e n s i t y  decreased  w i t h  

i n c r e a s i n g  frequency and a l t i t u d e .  Any h igh  frequency c u t o f f  must have been 

a t  a f requency g r e a t e r  than  30 H z ,  t h e  h ighes t  f requency channel  employed. 

For those  channels  which d i d  n o t  show s t r o n g  s p i n  modulat ion,  t h e  magnitude 

of t h e  i n t e n s i t y  appeared t o  b e  equal  t o  t h e  minimum magnitude i n  the modulated 

channels ,  During a u r o r a l  f l i g h t s ,  Mozer has  obeerved ampli tudes similar 
t o  t h e s e  minimum va lues  bu t  he observed a f a r  smaller degree  of s p i n  modula- 

t i o n .  

The l a r g e  s p i n  modulation and t h e  gene ra l  ampli tude p a t t e r n s  are 
c o n s i s t e n t  wi th  t h e  d a t a  desc r ibed  by Shawhan and Gurne t t  (20) for a l aunch  from 
Wallopps I s l a n d .  The p recess ion  modulation c l e a r l y  seen i n  t h e i r  f l i g h t  was 
n o t  obvious i n  our  d a t a ,  However, because our magnetometer d a t a  Ind ica t ed  EL 

precess ion  per iod  on t h e  o rde r  of 4 . 9  minutes  f o r  t h i s  f l i g h t ,  it is  p o s s i b l e  
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t h a t  t h e  observed slow decrease  i n  i n t e n s i t y  wi th  i n c r e a s i n g  a l t i tude  might 

have been a s s o c i a t e d  wi th  t h i s  long p recess ion  pe r iod ,  Shawhan and Gurne t t  

s aw a c o r r e l a t i o n  of t h e  observed s p i n  modulation w i t h  t h e  alignmenc of t h e  

E and E an tennas  t o  t h e  geomagnetic f i e l d ,  In  our  experiment th i s  w a s  

n o t  t h e  case. The o r f e n t a t i o n  of t h e  E antenna w a s  almost c o n s t a n t  w i t h  

r e s p e c t  t o  t h e  f i e l d  because t h e  magnetometer d a t a  showed no i n d i c a t i o n  of 

a l a r g e  c o n i n g a g l e  during a s i n g l e  s p i n  per iod .  Secondly, t h e  d e g r e e  of 

s p i n  modulat ion w a s  frequency dependent and w a s  almost completely absent i n  

some channels .  W e  t h e r e f o r e  conclude f o r  our  experiment t h a t  o r i e n t a t i o n  

w i t h  r e s p e c t  t o  t h e  geomagnetic f i e l d  a l o n e  cannot b e  s i g n i f i c a n t l y  r e l a t e d  

t o  t h e  deg ree  of modulation, 

1 It 
II 

The phase r e l a t i o n s h i p s  between channels  are shown i n  F i g ,  27. A s  

can be  seen ,  thepzase  of t h e  s i g n a l s  tended t o  d r i f t  and a t  t i m e s  some chan- 

n e l s  appeared t o  b e  as much as 180" Q U ~  of phase wi th  each o t h e r ,  It i s  

d i f f i c u l t  t o  a s c r i b e  a s p e c i f i c  phase r e l a t i o n s h i p  between t h e  d i f f e r e n t  

channels  

Although t h e  Shawhan and Gurnet t  measurements began only above 

200 TGn and w e r e  performed a t  temperace l a t i t u d e s  whereas, t h e  p r e s e n t  measure- 

ments ranged only  from 100 - 180 Km and were performed a t  a u r o r a l  l a t i t u d e s  

du r ing  a breakup au ro ra ,  very g r e a t  s imilar i t ies  exis t  between t h e  observa- 

t i o n s .  Th i s  g r e a t  s i m i l a r i t y ,  t oge the r  w i th  t h e  l a c k  of any ev idence  f o r  a 

changed broadband p a t t e r n  a t  t h e  t i m e  p r e c i p i t a t i o n  ceased,  can l e a d  only  

t o  t h e  conc lus ion  t h a t  t h e  p r e s e n t  measurements show no dependence on a u r o r a l  

a c t i v i t y  

A s  poin ted  out  by Shawhan and Gurne t t ,  t h e i r  obse rva t ions  may b e  

t h e  r e s u l t  of t h e  h t e r a c t i o n  of t h e  v e h i c l e  w i th  t h e  environment. The g r e a t  

r e g u l a r i t y  i n  our  E-f ie ld  p a t t e r n s  suppor ts  such a n  i n t e r p r e t a t i o n .  For ex- 

ample, any assymetrical wake conf igu ra t ion  could p o s s i b l y  r e s u l t  i n  the  s p i n  

modulation; s u b s i d i a r y  wake conf igu ra t ions  would be  r equ i r ed  t o  account  f o r  

t h e  m u l t i p l e  s p i n  frequency obse rva t ions .  

a u r o r a l  l i g h t  and even s c a t t e r e d  s u n l i g h t  by t h e  rocke t  body might b e  of i m -  

por tance.  

Also shadowing from p a r t i c l e s ,  

On the o t h e r  hand, Mozer "'' does n o t  observe  modulations of t h e  
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ampl i tude  as g r e a t  as seen  i n  our  d a t a  even i n  cases where t h e  shadowing pos- 

s i b i l i t i e s  appear t o  be s imilar .  L a s t l y ,  though w e  b e l i e v e  i t  u n l f k e l y ,  t h e r e  

is some p o s s i b i l i t y  t h a t  s i g n i f i c a n t  p o r t i o n s  of t h e  r o c k e t  s h e l l  had i n s u l a t -  

i n g  s u r f a c e s  and t h a t  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  p o t e n t i a l  of t h e s e  sur -  

f a c e s . o c c u r r e d  dur ing  a s p i n  cyc le .  

n i f i c a n t l y  i n f l u e n c e  t h e  l o c a l  plasma parameters  t o  g i v e  t h e  observed re- 

s u l t s .  It should b e  pointed ou t  t h a t  t h e  t i m e  s t r u c t u r e  of t h e  p a r t i c l e  de- 

f l e c t i o n  p l a t e  and ana lyzer  sweep v o l t a g e s  bear  no resemblance t o  t h e  ob- 

se rved  modulations.  We t h e r e f o r e  d i scoun t  any p o s s i b i l i t y  of r o c k e t  borne 

e l ec t r i c  f i e l d s  causing any of t h e s e  observed E-f ie ld  p a t t e r n s .  

These p o t e n t i a l  d i f f e r e n c e s  cou ld  s ig -  

I. DC E l e c t r i c  F i e l d  Measurements 

The DC electric f i e l d  (E ) d a t a  shown i n  F i g o  1.3 i s  t h e  peak-to- 

peak v o l t a g e  measured between t h e  two antenna elements separa ted  by 40 cm.  

I n  o r d e r  t o  express  t h e  f i e l d  s t r e n g t h  i n  t h e  more convent iona l  dimensions 

of mv/m, i t  i s  necessary  t o  i n c r e a s e  t h e  measured v a l u e s  by a f a c t o r  of 

1 .25,  

apogee. 1 

1 

Thus t h e  minimum measured f i e l d  s t r e n g t h  was about  33 mv/m p r i o r  t o  

We have n o t ,  as y e t ,  c a r r i e d  ou t  a d e t a i l e d  point-by-point cal- 

' c u l a t i o n  of t h e  induced v x B/c electr ic  f i e l d  and consequent ly  t h i s  f i e l d  

However, w e  estimate t h e  has  not been sub t r ac t ed  from t h e  measured va lue ,  

maximum measured t o t a l  f i e l d  ranged between 2 and 3 t i m e s  t h e  v x B / c  e lec-  

t r i c  f i e l d .  We t h e r e f o r e  conclude t h a t  t h e  ambient E ranged between 25 - 
50 mv/m which is c o n s i s t e n t  w i t h  o t h e r  obse rva t ions  1 (14,151 

I There was some evidence  for an increase i n  t h e  measured f i e l d  
s t r e n g t h  between 0606:OO - 0606:lO UT which inc ludes  the. time interval.  dur- 

i n g  which l o c a l  p r e c i p i t a t i o n  ceased .  

w a s  n o t  accompanied by any measured inc rease  i n  the measured par t ic le  f l u x ,  

Therefore ,  w e  f i n d  i t  d i f f i c u l t  t o  a s s i g n  a s p e c i f i c  r e l a t i o n s h i p  between 

t h e  l o c a l  ra te  of p a r t i c l e  p r e c i p i t a t i o n  and t h e  electric f i e l d  s t r e n g t h .  

It should be  noted t h a t  all-sky camera photographs i n d i c a t e d  t h e  presence  of 

t h e  a u r o r a  i n  t h e  sky throughout t h e  f l i g h t  and t h e r e  may t h e r e f o r e  be l i t t l e  

r e l a t i o n s h i p  between t h e  e lectr ic  f i e l d  s t r e n g t h  and t h e  l o c a l  p r e c i p i t a t i o n  

rate. 

The subsequent dec rease  a t  0607:30 UT 
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A s  mentioned earlier,  t h e  gap i n  t h e  record  corresponds t o  the per -  

iod  when t h e  ou tpu t  s i g n a l s  were no t  r e g u l a r  and w e l l  behaved. 

t h i s  pe r iod  co inc ided  wi th  t h a t  when t h e  b u r s t s  of l o w  f requency AC e lec t r i c  

f i e l d  s i g n a l s  a t  m u l t i p l e s  of t h e  s p i n  ra te  were observed, If t h e s e  low 

frequency b u r s t s  contained frequency components w i t h i n  t h e  range  of t h e  s p i n  

frequency band pass  f i l t e r ,  t h e s e  could w e l l  d i s t o r t  t h e  DC ou tpu t  s i g n a l s ,  

I n  g e n e r a l ,  

In Fig .  28 t h e  phase r e l a t i o n s h i p  between t h e  DC E ou tput  and t h e  I 
B a s p e c t  magnetometer ou tput  i s  g iven  f o r  t h e  e n t i r e  f l i g h t .  With t h e  ex- 

c e p t i o n  of  a few p o i n t s ,  t h e  phase d i f f e r e n c e s  l a y  betweek 0 and - g o e ;  a t  

h ighe r  a l t i t u d e s ,  t h e  phase d i f f e r e n c e  w a s  predominantly near  -90". There  

w a s  no ev idence  f o r  a 180' r e v e r s a l  i n  t h e  E f i e l d  d i r e c t i o n  throughout  t h e  

f l i g h t .  

t h a t  a measured phase s h i f t  of 2 90" i n d i c a t e d  t h a t  t h e  antenna w a s  a l i g n e d  

p a r a l l e l  o r  a n t i - p a r a l l e l  t o  t h e  B component of t h e  geomagnetic f i e l d  when 

maximum ampl i tudes  were observed,, Therefore  w e  conclude cha t  t h e  e lec t r ic  

f i g l a  w a s  predominantly North-South f o r  t h e  h ighe r  a l t i t u d e s .  From t h e  

a v a i l a b l e  d a t a ,  we cannot s p e c i f i c a l l y  i d e n t i f y  t h e  p o l a r i t y  of t h f s  North- 

South e lectr ic  f i e l d ,  

1 

From t h e  antenna o r i e n t a t i o n  w i t h  r e s p e c t  t o  t h e  rocke t ,  w e  conclude 

1 

A t  a l t i t u d e s  below 100 Ian, t h e  magnitude of t h e  DC E e l e c t r i c  i 
f i e l d  inc reased  r a p i d l y  wi th  dec reas ing  a l t i t u d e ,  

exp lana t ions  f o r  t h i s  r e s u l t  which i n c l u d e  

There are several p o s s i b l e  

1. Below 100 km, t he  ionosphe r i c  e l e c t r o n  d e n s i t y  dec reases  v e r y  

r a p i d l y  w i t h  decreas ing  a l t i t u d e ,  

resist ive coupl ing between t h e  antenna and t h e  plasma may no 

longer  be  v a l i d  wi th  a consequent change i n  c a l i b r a t i o n ,  

t h e  dimensions of t h e  antenna shea ths  w i l l  i n c r e a s e  and assump- 

t i o n s  based upon t h e  presence  of c o l l i s i o n l e s s  plasma shea the  will 
no longe r  be v a l i d  because  of t h e  increased  atmospheric  cleneity. 

Therefore ,  t h e  increased  f i e l d  s t r e n g t h s  observed at Lswer a l t i -  
tudes  may be  e n t i r e l y  s p u r i o u s p  

Therefore  our assumption of  

Secondly,  

2 .  I f  wei assume E e 0 ,  t h e  measured r e a u f t e  h p P y  t h a t  V x E P  0. II 
The ground based magnetometer d a t a  does not g i v e  a eufficient dB,/dt 
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t o  account f o r  t h e s e  obse rva t ions ,  However w e  have no d a t a  on t h e  

magnitude and conf igu ra t ion  of l o c a l i z e d  ionospher ic  c u r r e n t  sys-  

t e m s  which would s a t i s f y  Maxwell's equa t ion ,  

3.  A s i g n i f i c a n t  E e l e c t r i c  f i e l d  a t  a l t i t u d e s  below 100 km. It 
Because of i t s  l i m i t a t i o n  t o  low a l t i t u d e s ,  t h e  e f f e c t s  of t h i s  large e l ec -  

t r i c  f i e l d  are n o t  considered t o  be  of importance i n  p a r t i c l e  a c c e l e r a t i o n s  

o r  p a r t i c l e  a u r o r a l  phenomena. If t h e  f i e l d s  w e r e  r e a l ,  they may have made 

s i g n i f i c a n t  modi f ica t ions  of t h e  a u r o r a l  e l e c t r o j e t  c u r r e n t  pattern.  

CONCLUSIONS 

Although t h e  report  i s  e n t i t l e d ,  "F ina l  Report", d a t a  r e d u c t i o n  

and a n a l y s i s  are an almost end le s s  process .  

of t h e  d a t a  would p e r m i t  more p o s i t i v e  answers t o  some of t h e  q u e s t i o n s  

which have been r a i s e d  i n  t h i s  r e p o r t .  However, i n  o rde r  t o  s a t i s f y  con- 

t r a c t u a l  o b l i g a t i o n s  w e  have prepared t h i s  r e p o r t  of t h e  c u r r e n t  status of 

t h e  d a t a  r educ t ion  and a n a l y s i s  phase of t h f e  program. 

We b e l i e v e  t h a t  f u r t h e r  s tudy  

Many of t h e  phys ica l  conclusions w e  have reached r e q u i r e  f u r t h e r  

experimental  and f l i g h t  s tudy.  

whether t h e  descr ibed breakup aurora  was unique o r  common, and t o  s tudy  

d i f f e r e n t  a u r o r a l  p a t t e r n s  wi th  the  descr ibed  ins t rumenta t ion  t o  de te rmine  

It is  p a r t i c u l a r l y  important  t o  determfne 

whether g e n e r a l i z a t i o n  of our  conclusions i s  j u s t i f i a b l e .  



064848-6007-R0-00 

Page 3 5  

ACKNOWLEDGEMENTS 

W e  wish t o  acknowledge t h e  c o n t r i b u t i o n s  of many i n d i v i d u a l s  t o  t h e  com- 

p l e t i o n  of t h i s  program. We i n c l u d e ,  a t  TRW: R. A. Alexander f o r  t h e  b a s i c  

e l e c t r o n i c  des ign  of t h e  p a r t i c l e  count ing  experiments ,  G.  M. Crook and A. 

Belobradic  f o r  t h e  des ign ,  f a b r i c a t i o n  and test of t h e  electric f i e l d  expe r i -  

ment, D. Blackwell  and J. Black f o r  t h e i r  f a b r i c a t i o n  e f f o r t ,  E. O f f e r  and 

W. Simpson who provided i n v a l u a b l e  suppor t  through t h e  e n t i r e  program, M r s .  

B. Bene f i e ld  f o r  h e r  he lp  i n  p r e p a r a t i o n  of t h e  f i n a l  r e p o r t ,  W. S l o t a ,  R. 

Brown, and H. Sanders f o r  des ign  and f a b r i c a t i o n  of t h e  boom assembly,  and 

G. W. McSherry f o r  h i s  a s s i s t a n c e  i n  c o n t r a c t u a l  m a t t e r s ,  

Most impor tan t  support  was provided by t h e  NASA Sounding Branch per-  

sonnel  s p e c i f i c a l l y ,  R. Shamaley, W. Conner, C .  Cambell, J, Rast, J, Wood, 

L. Pa rke r ,  H. Pedolsky, and J. Cameron and by t h e  Canadian Rocket Range 

p a r t i c u l a r l y  F. Creutzberg.  

Discuss ions  wi th  D. Evans, F, Mozer, D o  Judge, F, Se.arf, W o  B. Thompson, 

I. Axford, and H, T. Mann were most u s e f u l  dur ing  t h e  cour se  of t h e  program. 



06484-6007-R0-00 

Page 36 

LIST OF PUBLICATIONS SUPPORTED BY THIS PROGRAM 

1. 

2. 

3.  

4. 

5 .  

60 

R. L. Wax and W. Be rns t e in ,  "Energy Independent Detec tor  f o r  T o t a l  

Hydrogen Fluxes i n  t h e  Range 1-10 keV f o r  Space and Laboratory Applica- 

t i ons" ,  Review of S c i e n t i f i c  Ins t ruments ,  11, 1612 (1967). 

W. Be rns t e in ,  N. L. Sanders,  R. L e  Wax, "Technique f o r  t h e  Genera t ion  

of Quas i - I so t ropic  1-10 keV Proton Fluxes", Review of S c i e n t i f i c  In- 

s t ruments" ,  10,  1537 (1967) 

R. M. Alexander, W. Berns te in ,  N.  L.  Sanders ,  and R e  L. Wax, "An In- 

s t rument  f o r  t he  Measurement of Charged P a r t i c l e s  i n  t h e  Aurora", 

IEEE Transac t ions  on Nuclear Science,  NS-15, 1, 258 (1968). 

W. Berns t e in ,  R. L o  Wax, G. To Inouye, and N, Lo Sanders ,  "An Energy 

Spectrometer  f o r  Energe t ic  (1-20 keV) Neut ra l  Hydrogen Atoms", COSPAR, 

Tokyo, 1968. 

W e  Berns t e in ,  G. T o  Inouye, N.  L, Sanders,  and R. L, Wax, "Measurement 

of Low Energy (1-20 keV) Protons and Neutral. Hydrogen Atoms i n  A 

Breakup Aurora", t o  be presented a t  American Geophysical Union meeting 

i n  San Francisco,  Dee, 1968. 

R. L. Wax, W. Berns te in ,  N. Lo Sanders,  G. To Inouye, "Comparieon of 

Measured T o t a l  Hydrogen and E lec t ron  Fluxes and Spec t ra  (1-20 keV) i n  

a Breakup Auroral', t o  be presented  a t  American Geophysical Union meet- 
i n g  i n  San Francisco,  Dec. 1968. 



- 06484-6007-BO-00 

Page 37 

APPENDIX 

Channel t ron S t u d i e s  

As p a r t  of t h e  gene ra l  suppor t ing  e f f o r t ,  w e  have c a r r i e d  o u t  some l ab -  

o r a t o r y  measurements of channel t ron  p r o p e r t i e s  i n  order  to a s s e s s  t h e i r  ad- 

equacy as p a r t i c l e  d e t e c t o r s  and t h e  requirements  imposed on t h e  a s s o c i a t e d  

e l e c t r o n i c s .  

ou tpu t  p u l s e  h e i g h t  and pulse  he igh t  d i s t r i b u t i o n  on appl ied  v o l t a g e ,  (b) t h e  

dependence of ou tput  pu l se  h e i g h t  on count ing rate, ( c )  magnetic f i e l d  e f f e c t s ,  

and (d) o p e r a t i n g  p res su re  l i m i t a t i o n s .  Because of t h e  s h o r t  l i f e  r e q u i r e d  i n  

a r o c k e t  miss ion ,  w e  have not  a t tempted any d e t a i l e d  l i f e  s t u d i e s  i n  t h i s  

program. 

developed which does no t  appear  t o  cause  any observable  d e t e r i o r a t i o n  i n  chan- 

n e l t r o n  p r o p e r t i e s .  

These d a t a  have included (a) measurement of t h e  dependence of 

A s i m p l e  and r e l i a b l e  technique f o r  high vo l t age  p o t t i n g  has been 

In  a l l  measurements, t h e  channel t ron  was operated i n  a conven t iona l  RC 

coupled mannero 

n e g a t i v e  h igh  v o l t a g e  t o  t h e  cathode. 

E i t h e r  a p o s i t i v e  h igh  vo l t age  was appl ied  t o  t h e  anode o r  a 

In Appendix F ig .  1 a s e r i e s  of i n t e g r a l  b i a s  curves  are shown f o r  va r ious  

app l i ed  h igh  vo l t ages .  

source.  

observed; t h e  output  pu l se  ampli tude cont inued t o  inc rease  wi th  i n c r e a s i n g  

h igh  vo l t age .  

imum p u l s e  h e i g h t  without major r i s k  of breakdown or  corona, 

I n  t h i s  ca se ,  SrgO f3 r a y s  were used as t h e  e x c i t i n g  

Above 3200 v o l t s ,  a r e l a t i v e l y  narrow pu l se  he ight  d i s t r i b u t i o n  was 

Operation a t  3600 v o l t s  was f i n a l l y  s e l e c t e d  t o  o b t a i n  t h e  max- 

I n  Appendix F i g .  2 a s e r i e s  of i n t e g r a l  b i a s  curves are shown f o r  d f f -  

f e r e n t  count ing  rates wi th  3600 v o l t s  as the  appl ied  high v o l t a g e ,  I n  t h i s  
case ,  2 keV e l e c t r o n s  were used as t h e  e x c i t i n g  source.  From t h e s e  data ,  a 

pu l se  h e i g h t  decrement of about a factor of 7 was observed 88 the c~unting 
4 5 ra te  was increased  from 3 x 10 / s ec  t o  2.6 x 10 / e w e  A t  t h e  selected d i s -  

c r imina to r  ope ra t ing  b i a s  of Q60 mV one can sperate r e l i a b l y  a t  count ing  rates 
as high as 10 /sec without  s i g n i f i c a n t  changes i n  d i sc r imina to r  s t a b i l i t y  and 

no i se .  I n  gene ra l ,  w e  considered t h i s  counting ra te  range to be adequate and 
made no p rov i s ion  t o  prevent  m i s i n t e r p r e t a t i o n  of the data at  higher  count ing 

rates e 

5 
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The need f o r  a magnetic d e f l e c t i o n  system i n  c l o s e  proximity t o  t h e  

channel t rons  l e d  t o  some measurements of t h e  i n f l u e n c e  of such a f f e l d  on 

channel t ron  p r o p e r t i e s .  Q u a l i t a t i v e l y ,  a r educ t ion  i n  output  p u l s e  he igh t  

w a s  observed o n l y  above 100 gauss  f o r  f i e l d s  perpendicular  to t h e  e l e c t r o n  

pa ths  i n  t h e  channel t ron ,  

he igh t  between 60-100 gauss.  S ince  t h e  f i e l d  a t  t h e  channel t ron  i n  t h e  

f l i g h t  c o n f i g u r a t i o n  w a s  less than  10  gauss ,  t h e  channel t ron  should n o t  have 

been a f f e c t e d  by the f i e l d s .  

There w a s  some evidence f o r  an  inc reased  p u l s e  

In  g e n e r a l ,  w e  have determined t h a t  channel t rons  o p e r a t e  s a t i s f a c t o r i l y  

a t  ambient p r e s s u r e s  below 3 x mm Hg. There does n o t  appear t o  b e  any 

s i g n i f i c a n t  dependence of t h e  c h a r a c t e r i s t i c s  on p res su re  below this value .  

Breakdown OCCUFS a t  h ighe r  p r e s s u r e s ;  i n  gene ra l  recovery from t h e  breakdown 

c o n d i t i o n  was f a s t  and complete,  
\ 

We have found t h a t  channel t rons  respond q u i t e  wel l  to rhe p re sence  of 

an  i o n  gauge i n  themcuum system. 

t o  UV r a d i a t i o n  o r  e l e c t r o n s  l eak ing  ou t  of t h e  gvuge, However, it h a s  been 

necessary  t o  ex f ingu i sh  a l l  i o n  gauges I n  o rde r  t o  o b t a i n  a meaningful back- 

ground coun t ing  rate. I n  some i n s t a n c e s ,  however, an %on gauge proves t o  b e  

a u s e f u l  e x c i t i n g  source  and removes the n e c e s s i t y  for  i n s t a l l a t i o n  sf such 
a source  i n  the  vacuum system. 

'It 1s n o t  clear whether t h e  r e sponse  is 

Because of space  l i m i t a t f a n s  w e  have used t h e  8 mi d.I.amater a p e r t u r e  

cu r l ed  model channe l t ron  almoet exc lus ive ly ,  It has been necessary  t h a t  these 
be  po t t ed  i n  o r d e r  t o  provide  mechanical s t r e n g t h  and t o  s i m p l i f y  mounting, 

These were p o t t e d  i n  RTV-11 poured under vacuume 

p o t t i n g  compound l e a k  through the anode cap into the channeltron, 

I n  only  one case d i d  t h e  

The vacuum system i n  which these tests were conducted WBB conven t iona l  

i n  every r e s p e c t .  Two d i f f u s i o n  pumps were employed, one mercury end one o i l ;  

l i q u i d  n i t r o g e n  t r a p s  were a s s o c i a t e d  wi th  each pump, Pravieion for overnfght 
pumping ww n o t  made; t h e  system wa8 cut of f  f r o m  t h e  pumge each night and 

k.ept under  vacuum wi thout  pumping, The ayetern w86 alao opened t o  air fre- 

quent ly  f!or modi f fca t ione  i n  the appara tus .  The beeit balac preeeur s  attained 

was mm Hg, No apparent  degrada t ion  i n  channel t son  c h a r a c t e r i s t i c s  wae 
observed[ as a r e s u l t  of i n t e r m i t t e n t  a p e r a t i o n  under t h e s e  cond i t ions .  



06484-6007-R0-00 

Page 39 

REFERENCES 

1. 

2. 

3. 

4.  

5. 

6. 

7. 

8. 

9. 

10 .  

11 e 

12 @ 

13. 

14.  

W. Be rns t e in ,  R. Lo Wax, G o  T. Inouye, and N. L. Sanders ,  "An Energy 
Spectrometer  f o r  Ene rge t i c  (1-20 keV) Neut ra l  Hydrogen Atoms", p re sen ted  
a t  t h e  COSPAR Meeting, Tokyo, Japan,  1968. 

R. L o  Wax and W. Berns t e in ,  "Energy-Independent Detec tor  f s r  T o t a l  Hydrogen 
Fluxes  i n  t h e  Range 1-10 keV f o r  Space and Laboratory App l i ca t ions" ,  Rev. 
S c i .  Instr . ,  11, 1612-1615 (1967). 

W. Be rns t e in ,  N. L o  Sanders ,  and R. L. Wax, "Technique f o r  t h e  Genera t ion  
of Quas i - I so t ropic  1-10 keV Pro ton  Fluxes", Rev, Sci. I n s t r , ,  10,  1537 
(1967).  

F. L. S c a r f ,  G. M. CrOok, and R. W. F redr fcks ,  "Prel iminary Repor t  on De-  
t e c t i o n  of E l e c t r o s t a t i c  I o n  Waves i n  t h e  Magnetosphere", J. Geophys. 
R e s . ,  13 ,  3045 (1965) 

F. S. Mozer, " Ins t rumenta t ion  f o r  Measuring Electric F i e l d s  i n  Space", 
p re sen ted  a t  t h e  COSPAR Meeting, Tokyo, Japan,  1968, 

J. W. Chamberlain, Phys ics  of t h e  Aurora and Airglow, Academic P r e s s ,  
New York, 1961. 

R. H ,  Ea the r ,  "Auroral Pro ton  P r e c i p i t a t i o n  and Hydrogen Emission", Rev. 
of Geophysics, 5,  207-285 (1967), 

R. H. Ea the r  and F. Jacka ,  "Auroral Hydrogen Emission, Aust.. J, Phys , ,  
19 ,  241-274 (1966). 

S, K. A l l i s o n ,  "Experimental R e s u l t s  on Charge Changing C o l l i s i o n s  of 
Hydrogen and Helium Atoms and I o n s  a t  Kinetic Energies  above 0 e 2 keV" , 
R.ev. Mod. Phys., 30,  1137-1168 (1958). 

L. M. Chase, "Spec t ra l  Measurements ~f Auroral-Zone Pa r t i cbee" ,  J. Geophya, 
Rea., 73, 3869-3476 (1968).  

B, A, Whalen, I. B. McDFarmid, and E. Eo Budsinski ,  "Roc'ket Meaeurements 
i n  P ro ton  Aurora", Can. J, Phys., 45, 3247-3255 (1967), 

D, S ,  Evans, "A 10 cps P e r i o d i c i t y  i n  the P r e c i p i t a t i o n  of Auroral-Zone 
Elec t rons" ,  J. Geophys. Reso, 72, 4281-4291 (1967). 

R, D e  A l b e r t ,  "Energy and Flux V a r i a t i o n s  of Nearly Monoenergetic Auroral 
Electrons", J. Geophye. Reso, 72, 5811-5815 (1967),  

F. S. Mozer and P, Bruston, "Elecvric F i e l d  Measurements i n  the Auroral 
Ionosphere",  J, Geophys. R e s . ,  72, 1109-1114 (1963) 



06484-6007-R0-00 

Page 40 

REFERENCES (Cont'd) 

15. 

16  e 

1 7  

18 

19. 

20. 

H. Foppl, e t  a l ,  "Preliminary Resul ts  of Electr ic  F ie ld  Measurements i n  
t h e  Auroral  tone", J.  Geophys. Res .  , 73, 21-26 (1968) 

G o  T.  Davidson, "Expected S p a t i a l  D i s t r i b u t i o n  of Low Energy P r o t o n s  
P r e c i p i t a t e d  i n  t h e  Auroral Zone", J. Geophys. R e s , ,  70, 1061-1068, 
(1965). 

C .  E. McIlwain, "Direct Measurement of P a r t i c l e s  Producing V i s i b l e  
Auroras", J .  Geophys, R e s ,  , 65, 2727-2747 (1960) 

R. H. Eather and K. M. Burrows, "Exci ta t ion and Ion iza t ion  by Auroral  
Protons", Aust. J. Phys,, 19, 302-322, (1966)e 

F. S. Mozer, p r i v a t e  communication. 

S, D o  Shawhan and D o  A. Gurnett ,  "VLF Electr ic  and Magnetic F i e l d s  Ob- 
served wi th  t h e  J a v e l i n  8.45 Sounding Rocket", J. Geophys. R e s . ,  17 ,  
5649-5664 (1968) 



- 

06484-6007-R0-00 

I&%gB:~,45.8~~ 

FIGURE CAPTIONS 
I ,  ,-,, ,- -, - I T  .. r 1 ~ 

1. 

2. 

3 .  

4 .  

5. 

6. 

I; 

7A, 
d 8 ! >  , 

7B 

8.  

9. 

1 0  0 

11 0 

1 2  0 

13. 

Schematic of t h e  e n e r g e t i c  n e u t r a l  hydrogen energy spec t romete r .  

1516ok diagrdm Of t h e  9 , l ed t r i c  , f i e l d  gxipeu.iwep$ I s&o/wQg, thq,, c o n f i g u r a t i o n  

m'of  t h e  B a n d  '% ' ' rlsp8k"t 'mdgk!tsmet&'ka " ' ' 1 ' ' I --< I ( '  
r< 1 1 I I  
1, 1 

6 -  
Block diagram of th'e veh ic i e ' bo rne  H 

Block d i a g r a d  of the search  c6~l ' ina~net 'bhiet%f "kkperl'meat", ' 

S'chematic' r e p r e s e n t a t i o n  of t h e  egpeeirnental payload 5r i .  t h e  r o c k e t ,  

ThB bobme are shown ia boeh t h e  stowed and deployed, ,posi t ionp.  

~emporafLb~havior '"blf  kh&r'h57f1' aid '3914w l i g h t  ifitens$ty measured by 

phdtometer Bkperiment . 

. _ I  
L ,  thai  ground-baaed~photometer9, , , I l i > l t  1 \  r i .  8 ,  - 

Temporal. behavior  of t h e  doppler  s h i f t e d  H 
by! the grounds 'based t i l t i n g ,  f i l t e r  and f i k e d ,  f S l t e r  photqvet,qps. ~ 

k h p o r i a l  behavior  of t h e  e h r g e t i c  neutral hydrogen flux, avetaged over 

10n secshdl )dhterva ls ,  mbaiulred i n  the 51 energy' c h a n n e b  of the Ho a 

bpeotromdtee (not corxected t o c  zero atmospheric d e p t h ) ,  , 

Tempodai behavior  of t he  R 
flux measured by t he  Ho total flux detector, 

r a t i o  Ho/Ho 4- Ho + B + H- avemged  over 10 second ipt:$rvale.,,  

Temporal Lehavior of t he  proton' f l u x ,  averaged over 10 eicond i n t e r v a l e  

meaeured in the 15 energy channels* of the proton epeotwometex (not 'cor- 
rected t o  zero atmoepheric dep th ) ,  

Tempoial behavior  of the  electrch f l u m e  

h terva l s ,  'meaeured in the 5 eneriy channel@ of the electron a p e c t r o n e t e r .  

 impo oral beAavdor bf the d s p p l e r  , i ~ t e d  H; light intensity meadrrddi by 
t h e  v e h i c l e  borne photometer wherd &ha baqkgrqpnd hae been eubtree$ede 

Tempbra1 behavior  & the  magnitude 06 the BC'B 

l i g h t  intensity measured B 

6 - G I  
flux and t b t i r l  hydrogen (Ho Q H* + Hc) 

Also shown b the 
-b 

I 1  I !  

[ 

averaged over 1 6  W G Q T I ~  

electric: ~ o f & t ~ t i h l  ,I 
devebopkd'd6rdeB the Bnt!iBnEa&gd 

I 1 1  



06 4 8 4-6.007 I -RO- 00 

Page 42 

FIGURE CAPTIONS (Cont'd) 

14A. Temporal behavior of t h e  AC E 2.3 kHz and 7.35 kHz high frequency channels.  

1 4 B .  Temporal behavior of t h e  AC E 3.9 k€Iz and 30 kHz high frequency channels.  

1 4 C .  Temporal behavior  of t h e  AC E 30 kHz high  frequency channel. 

1 
1 
It 

15. Output s i g n a l s  of t he  broad band (30 Hz - 1 kHz) E channel sampled a t  

t h e  fol lowing t i m e s :  (2)  06:03:30, (b) 06:04:00 and (c) 06:04:30. I n  

Fig.  (A) t h e  t i m e  between t h e  l a r g e  b u r s t s  is  %0.7 seconds. 

1 

16. Aspect magnetometer d a t a  showing t h e  measured magnitudes of B 1 and BII Y 

t h e  computed t o t a l  f i e l d ,  BT, and t h e  instantaneous va lue  of t h e  a n g l e  

between t h e  r w k e t  sp in  a x i s  and t h e  geomagnetic f i e l d ,  0. 

and Fw t abula ted  by 

The lowest energy f o r  which h i s  values are 
FOm 

1 7 .  Ext rapola t ion  of t h e  equi l ibr ium f r a c t i o n s ,  

A l l i son  t o  low energ ies .  

t abula ted  is 4 keV. 

18. Power l a w  p re sen ta t ion  of t h e  energy spectrum of t h e  t o t a l  hydrogen 

f l u x  inc iden t  a t  t h e  top of t he  atmosphere as der ived from t h e  Ho 

spectrometer d a t a .  

19. Comparison of t h e  energy spectrum of the  t o t a l  hydrogen f l u x  i n c i d e n t  

a t  t h e  top  of t h e  atmosphere as der ived from t h e  Ho spectrometer with 
t h a t  der ived from t h e  proton spectrometer.  

Temporal behavior of t h e  t o t a l  hydrogen f l u x  inc iden t  a t  t h e  top of 
t h e  atmosphere. 

20A. 

20B. Temporal behavior of the ,e - fo ld ing  energy of t h e  t o t a l  hydrogen f l u x  

inc iden t  a t  t h e  top of t h e  atmosphere. 

Successive e l e c t r o n  energy s p e c t r a  showing abrupt s h i f t  i n  t h e  peak 

energy . 
21. 

22. Observed pat terns  i n  t h e  Ho and e l e c t r o n  counting rates a t  the t i m e  
of t h e  abrupt  ces sa t ion  of p r e c i p i t a t i o n .  
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23. Samples of r a w  count ing d a t a  from two H' spec t rometer  channels .  A 

s i n g l e  event  i s  r ep resen ted  by an increment of 1 0  t i m e s  t h e  f u l l  

scale ampli tude 

-2 
I 

2 4 ,  Temporal. behavior  of t h e  rate of energy p r e c i p i t a t i o n  by e l e c t r o n s  

and e n e r g e t i c  hydrogen. 

B 2.5. A l t i t u d e  profile of t h e  volume emission ra%e of doppler  s h i f t e d  H 

PhO tons o 

26. Frequency spectrogram of t h e  broadband ( 3 0  Hz - 1 kHz) AC E e lectr ic  1 
f i e l d  d a t a ,  The i n t e n s e  band a t  1 Kc is ins t rumen ta l .  

27. Phase r e l a t i o n s h i p  af t h e  spin modulated s i g n a l s  observed i n  several 

h i g h  frequency channels of t h e  AC E I and Ell experiment.  

28. Phase r e l a t f s n s h f p  between t h e  E l  a spec t  magnetometer ou tpu t s  and a 
phase of the DC E elec%rfe. f i e l d  experiment.  I 

APPENDIX FIGURES 

1. I n t e g r a l  bras  CUJVBS showing the dependence of t h e  channel t ron  o u t p u t  

p u l s e  h e i g h t  on app l l ed  h i g h  v o l t a g e ,  
1 

2. I n t e g r a l  b i a s  curves  showing t h e  dependence o f  t h e  channel t ron  output 

p u l s e  h e i g h t  on coimting rate, The app l i ed  h igh  v o l t a g e  was 3600 v o l t g .  

TABLE I: Variation of' Rocket A l t i t u d e  wi th  F l i g h t  T%.me 



EXHAUST 
HOLES 

CHARGED PARTICLE r DEFLECTOR +HV 

RUBBER MAGNET lk OUT 

FIGURE 1 
44 



r 

g 
x 

c 4 

- 
U 

1 



I I I I I I I I I I I I I i 



-- -- .- - -- 

. -- .. 



r 

L 
x 
u 
I- 

4 L 

f 

4 

1 

r 1 

M 



E 

M 

4 

I 

i 
I I-- -:f L 

... 

'r 

cv 

- 1  

I I 



-3 

m a 

e 
-0 -m 

w 
Ln 

cnz 

s n 
I- 
3 
0 
-I m 

Q 

T 

FIGURE; 5 



/ 
/ 

/ 

5 4 O  

/ 

/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 
/ 

/ 

ELECTRIC FIELD 

BOOM (STORED) 
1 

/ (EXTENDED) 
/ 

P 1 METER 

I 

PARTICLE EXPERIMENTS 

Hv SWEEP 

H\, POWER SUPPLY 

ELECTRIC FIELD 
ELECTRONICS 

ASPECT MAGNET 

COUNTING 
ELECTRONICS 

POWER SUPPLY 

TELEMETRY 

AND 

BAlTER I ES 

DESP I N 

EJECTABLE NOSE CONE 

- PHOTOMETER 

SEARCH COIL 
-M4GNETOMETER 

FIGURE 6 



r, -a 

0 m 





(Y w 

0 

0 cv 



m m 



I 
I 

I 
I 

I 
1 

- 
CHANNEL 

CHANNEL 

CHANNEL 

2 

3 

4 



n z 
2 
W 



110. 

1001 

9og 

80- 

701 

60: 

50. 

40. 

30- 

20 

10. 

0- 

06; 
I 

2:20 3O 
I 

40 
I 

50 I 
3:OO 

I 
10 

I 
20 

I I 
30 40 

UNIVERSAL TIME (MINI 

56 FIGURE 12 



7 

I 

8 
4 8 

n z 
E 
M 

W 



1 
1 

I 



? 



'3
 K

HZ
 

EI
B 

I I 

I
'

 

I
 

I 
I 

I 
I 

1 
I 

1 
1 

52
 

54
 
v
 

SI
 

40
 

42
 

44
 

46
 

4a
 

!a 





Hz
 

EL
B 

' 

\ 
\ 

I 
I 

I 
I 

I 
I 

I 
I 

I 
7
 

46
 

48
 

50
 

52
 

54
 

OS
 

38
 

40
 

42
 

44
 



I I 

8 
,gj 



I 
I 

I
'

 
I 

I 
I 

I 
I 

I 
I 

38
 

40
 

42
 

44
 

46
 

48
 

M
 

52
 

YI 
56

 





(S33W3a) e (AI) 8 

62 



0 
' V  

I .  



1 o9 

1 o8 

1 07. 

1 o6 

1 o5 

1 o4 
1 

ENERGY (KEV) 
64 FIGURE 18 



1 08* 

1 07% 

1 06a 

I 05# 

1 04. 
I I 12 1 16 I 20 r 24 I 
4 8 

ENERGY (EV) 

65 FIGURE 19 



8- 

7- 

6- 

5- 

4- 

1.3 

1.2 

1 .+ 

1 .a  

06:l 

"A" 

J 
0 26 30 40 

1:oo 
UNIVERSAL TIME (MIN) 

66 FIGURE 20 



I I 

-00 



0 w 
v) 

Ei a 

f 
8 

Y 
3 
v) 

a 

5 
8 

0 
W 
v) 

cf 
W a 

/"" ELECTRONS 2,5 - 6,O KEV 

ELECTRONS 

0,5 - 1,1 KEV 

"C" 

E: 05:oO 
20 40 I 

6:oO 
20 68 

UNIVERSAL TIME (MIN) 



69 



20 

18 

16 

14 

12 

E 

ELECTRONS 

HYDROGEN 

O+-v--T-. I I " I.-- I I 1 I 

10 20 30 40 50 10 20 4:OO 06 : 03: 00 

UNIVERSAL TIME (MINI 

70 FIGURE 24 



180L 

1 70L 

160- 

150.. 

140- 

130- 

120- 

110- 

1 O O r  

90- 

80.' I I " ' 1 I I I I 
2 6 10 14 18 22 26 

PHOTONS/C(Vr3 SEC 

71 FIGURE 25 



N 
I 
Y 

P 

N 
I 
Y - 
0 

72 



w 
M 
4 

w 
M 
N' 

w' 
M 
N' 

0 
0 

M 
- 0  

co 
0 

.. 

.. 

73 



I 

a 
LL 
0 

I I 
O m  03 

0 
0 0 

> 

7 

I 
0 

I 
0 
0 0 
QI 00 
I v 

I 

74 



I I I 1 I '  ' I I I I ! 
0 50 1 OQ 150 200 2 50 300 350 400 450 

BIAS VOLTAGE (MV) 

APPENDIX FIGURE 1 

75 



cu 

0 

cu 

0 

0 

-a 

-d 

.cu 

.o 

-03 

-co 

-d 

- 

cv 

(SlINfl 'WV) 31W 9NIlMO3 



06484-6007-RO-00 
Page 77 

TABLE 1 

S ec ond s Measured Calculated 
from Veasur ed Height Height 

Condition Time , Launch Range (km) (km) 

Launch 1:45 0 0 0 -16 

computed L:54 9 - - 4 

AOS-1 2:05 20 2.29 31.6 27 

LOS-1 2:14 29 4.58 44.6 45 

AOS-2 2:43 58 14.3 96.0 97 

LOS-2 2:58 73 19.45 120.0 120 

Computed 3:54 129 - - 18 9 

Computed 
Max H 5:31 226 - - 235 

Computed 7 :14 329 - - 183 

Computed 8:48 423 - - 45 

Computed 8:54 429 - - 32 

AOS-3 9:45 480 127.8 10.30 -80 

LOS-3 9:55 490 128.8 4.11 -107 
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8 
Although t h e  presence of l a r g e  f l u x e s  (10 /cm2 sec)  of e n e r g e t i c  

(1-20 keV) hydrogen atoms has  been i d e n t i f i e d  i n  a u r o r a l  d i s p l a y s  through 

observa t ion  of Doppler-shifted Ha and H l i g h t  emission (l), t h e  d i r e c t  

measurement of t hese  particles has  no t  y e t  been attempted i n  f l i g h t  ex- 

periments.  

f o r  f l i g h t  on a Nike-Tomahawk sounding rocke t  t o  measure the  energy spec- 

trum o f  t h e  e n e r g e t i c  hydrogen a s soc ia t ed  wi th  these  proton auroras .  

B 

The present paper desc r ibes  an  instrument  pr imar i ly  designed 

0 The measurement of t h e  e n e r g e t i c  H energy spectrum simultaneously 

+ with t h e  H energy spectrum can provide an  important  d i agnos t i c  f o r  

a u r o r a l  p rocesses .  I f  a long range e lectr ic  f i e l d  p a r a l l e l  t o  B does 

e x i s t  a t  rocke t  a l t i t u d e s  as  proposed by Mozer and Bruston ( 6 )  and by 

Evans (7), then  s i g n i f i c a n t  d i f f e r e n c e s  i n  t h e  n e u t r a l  and charged energy 

s p e c t r a  w i l l  be observed because only t h e  charged component is  ac t ed  upon 

by t h e  e lec t r ic  f i e l d .  I f  w e  assume an i n c i d e n t  pro ton  energy d i s t r i b u -  

t i o n  wi th  an e-fold energy of 5-10 keV, i t  should be poss ib l e  t o  i d e n t i f y  

e l e c t r i c  f i e l d s  as small as 20 m i l l i v o l t s / m  i f  t h e  f i e l d  extends over d i s -  

t ances  > 30 Km. This  technique e l i m i n a t e s  many of t h e  d i f f i c u l t i e s  en- 

countered i n  t h e  measurement of e lectr ic  f i e l d s  wi th  e l e c t r o s t a t i c  probes.  

It a l s o  removes t h e  inhe ren t  space-time ambiguity a s soc ia t ed  wi th  t h e  

d e r i v a t i o n  of e lectr ic  f i e l d  s t r e n g t h s  from a measurement, wi th  one ve- 

h i c l e ,  of t h e  changes i n  energy spectrum o r  p i t c h  ang le  d i s t r i b u t i o n  of 

a s i n g l e  class of p a r t i c l e s .  

Theore t i ca l  estimates of t h e  i n t e r a c t i o n  between p r e c i p i t a t e d  pro- 

tons  and t h e  upper atmosphere are based upon cross-sec t ions  determined i n  

t h e  l a b o r a t o r y  (1). The vast d i f f e r e n c e  i n  c o l l i s i o n  mean f r e e  pa ths  be- 

tween t h e  l a b o r a t o r y  and t h e  upper atmosphere and a l s o  t h e  presence of 
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o t h e r  energy source8 i n  t h e  upper atmosphere can result i n  a s i g n i f i c a n t  

change i n  t h e  i n t e r a c t i o n  p r o b a b i l i t i e s .  The i n  s i t u  measurement of the  

energy dependence of t h e  r a t i o  H /H w i l l . i n d i c a t e  whether such incons is ten-  

cies do indeed exis t .  

+ o  

The ex i s t ence  of e n e r g e t i c  n e u t r a l  hydrogen atoms i n  t h e  in t e rp l ane -  

t a r y  medium has a l s o  been proposed i n  several d i f f e r e n t  con tex t s .  Akasofu 

(2 )  has  proposed t h a t  l a r g e  f l u x e s  (10 / c m  sec a t  t h e  o r b i t  of t h e  e a r t h )  

are emit ted by t h e  sun du r ing  pe r iods  of f l a r e  a c t i v i t y  but  subsequent es- 

timates by Brandt and Hunter (3) and by C lou t i e r  ( 4 )  have reduced these  

f l u x e s  t o  - < 1 0  /cm 

9 2  

5 2  sec because of UV and e l e c t r o n  impact i o n i z a t i o n  i n  t h e  

ou te r  corona. The obse rva t ions  of Doppler broadened by Ly a r a d i a t i o n  from 

t h e  i n t e r p l a n e t a r y  medium i n d i c a t e  t h e  presence there of e n e r g e t i c  hydrogen 

atoms ( 5 ) .  These atoms may b e  e i t h e r  Cn inwardly d i r e c t e d  f l u x  produced by 

charge exchange g t  t h e  s o l a r  w ind- in t e r s t e l l a r  magnetic f i e l d  boundary, o r  

an outward d i r e c t e d  f l u g  produced as a r e s u l t  of charge exchange between 

t h i s  inward n e u t r a l  f l u x  and s o l a r  wind protons.  Current  estimates of t hese  

f l u x e s  are 0.1-1% Qf t h e  s o l a r  wind f l u x  (lQ7 - 10 / c m 2  sec)  a t  t h e  o r b i t  

of t h e  e a r t h .  It should be  noted t h a t ,  wi th  minor mod i f i ca t ions ,  t h e  de- 

s c r ibed  instrument  would be  adequate f o r  i n t e r p l a n e t a r y  measurements under 

t h e  minimal expected f l u x  cond i t ions .  

a 

I n  o rde r  t o  perform e l e c t r o s t a t i c  energy measurements on n e u t r a l  

atoms, a f r a c t i o n  of t h e  i n c i d e n t  atoms must be  ion ized  p r i o r  t o  a n a l y s i s .  

The i o n i z a t i o n  technique employed i n  t h i s  instrument  is  t o  pas s  t h e  i n c i -  

9-2 dent  n e u t r a l  atoms through a 2 ug cm carbon f o i l  (8).  S c a t t e r i n g  of 

t h e  i n c i d e n t  beam occurs  du r ing  i t s  t rans i t  of t h e  f o i l ;  Table  1 shows t h e  
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energy dependence of t h e  ang le  a t  which t h e  ha l f  maximum i n t e n s i t y  of t h e  

s c a t t e r e d  d i s t r i b u t i o n  is  observed. These ang le s  show t h e  expected E 

dependence ( 9 ) .  For  each energy t h e  shape of t h e  angular  d i s t r i b u t i o n s  

-1 

appears t o  be in t e rmed ia t e  between m u l t i p l e  and s i n g l e  s c a t t e r i n g .  The 

energy l o s t  dur ing  t r a n s i t  of t h e  f o i l  i s  also given i n  Table  1, and shows 

the  l inear  dependence on p a r t i c l e  v e l o c i t y  p red ic t ed  by t h e  Fermi-Teller 

(10) low energy s topping  power theory.  To d a t e ,  w e  have no t  s p e c i f i c a l l y  

determined t h e  r a t i o  H / ( H  + H- + Ho) l eav ing  t h e  f o i l ,  because t h e  mag- 

n i tude  of t h e  H equi l ibr ium f r a c t i o n  is  included i n  t h e  o v e r a l l  e f f i c i e n c y  

measurements descr ibed  below. Q u a l i t a t i v e l y ,  t h e  H equi l ibr ium f r a c t i o n  

decreases  by about a f a c t o r  of two between 10 keV and 4 keV (11). The 

techniques f o r  n e u t r a l  beam genera t ion  and t h e  experimental  arrangement 

f o r  t hese  meawrements has  been descr ibed  by Wax and Berns te in  ( 1 2 ) .  

+ +  
+ 

+ 

Figure  1 i s  a schematic i l l u s t r a t i o n  of t h e  ana lyze r ,  d e f l e c t i o n  

p l a t e ,  and d e t e c t o r  arrangement. The energy ana lyzer  i s  a p a i r  of hemi- 

s p h e r i c a l  p l a t e s  which provide focuss ing  i n  one dimension of t h e  p a r t i c l e s  

s c a t t e r e d  by t h e  f o i l .  I n  t h e  p re sen t  instrument ,  t h e  o u t e r  s h e l l  r a d i u s  

is 4.75 c m  and t h e  p l a t e  s e p a r a t i o n  is 0.475 c m ;  t h e  ana lyzer  f a c t o r  i s  

5.0 keV/kV. Two ad jacen t  0.5 c m  r a d i u s  f o i l s  are used f o r  i o n i z a t i o n  

and two ad jacen t  0.4 cm r a d i u s  Bendix continuous channel m u l t i p l i e r s ,  

CCM,.(13) are used as d e t e c t o r s .  

mode wi th  +3.5 kV on t h e  c o l l e c t o r  and an e l e c t r o n  r e t a r d i n g  vo l t age  of 

-30 V on t h e  entrance ape r tu re .  

The CCM's are opera ted  i n  t h e  s a t u r a t e d  

The energy r e s o l u t i o n  (FWHM) f o r  i n c i d e n t  hydrogen atoms is  %lo% 

and t h e r e  i s  l i t t l e  evidence f o r  s t r a g g l i n g  i n  t h e  f o i l  except  a t  ene rg ie s  
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below 3 keV. The o v e r a l l  e f f i c i e n c y  of the instrument  (def ined  as the  

number of de t ec t ed  events  per atom inc iden t  on t h e  f o i l )  ranges  

2 x l o e 3  a t  2 keV t o  4 x lom2 a t  10 keV; t h e  complete t a b u l a t i o n  of t h e  e f -  

from 

f i c i e n c i e s  i s  a l s o  shown i n  Table  1. 

The removal of i n c i d e n t  pro tons  p r i o r  t o  t h e  f o i l  is accomplished 

wi th  a set of e l e c t r o s t a t i c  d e f l e c t i o n  p l a t e s ;  an a p p l i e d  v o l t a g e  of 3.5 

KV removes i n c i d e n t  pro tons  wi th  energy < 25 keV. 

f i e l d  p a r a l l e l  t o  t h e  e l ec t r i c  f i e l d  removes i n c i d e n t  e l e c t r o n s  wi th  en- 

A 300 gauss  magnetic 

e r g i e s  < 50 keV. The d e f l e c t i o n  plates a l s o  s e r v e  t o  d e f i n e  t h e  s o l i d  

ang le  of t h e  instrument .  I n  t h e  p re sen t  conf igu ra t ion ,  t h e  geometric fac- 

t o r  is ,% 0.1  cm ster for a n  i s o t r o p i c  i n c i d e n t  f l u x .  The ana lyzer  p l a t e s  

have s e v e r a l  small ho le s  d r i l l e d  through them i n  o r d e r '  t o  equa l i ze  t h e  

p re s su re  on both s i d e s  of t h e  f o i l s  dur ing  the  r o c k e t ' s  a scen t .  

2 

The p resen t  instrument  i s  designed t o  o p e r a t e  over a count ing rate 

4 range of 3 t o  3 x 10 counts / sec  corresponding t o  p r e c i p i t a t e d  f luxes  of 

9 2  about  3 x l o 5  - 3 x 10  / c m  

c le  f l u x  and energy spectrum i n  times as s h o r t  as 10 mi l l i s econds  i f  t h e  

even t s  recorded i n  t h i s  t i m e  i n t e r v a l  are s t a t i s t i c a l l y  s i g n i f i c a n t ;  a t  

lower count ing  rates, the  d e t e c t e d  even t s  are t i m e  i n t e g r a t e d  t o  provide 

t h e  d e s i r e d  s t a t i s t i ca l  accuracy a t  t h e  s a c r i f i c e  of temporal r e so lu t ion .  

For long i n t e g r a t i o n  times (> - 1 sec) ,  t h i s  technique y i e l d s  a very  good 

sec, It can d e t e c t  var ia t ions  i n  both p a r t i -  

t i m e  averaged energy spectrum. 

F igure  2 shows the  b lock  diagram of t h e  e l e c t r o n i c  system. Parti- 

cles t r a n s m i t t e d  through t h e  ana lyzer  are d e t e c t e d  by t h e  p a i r  of CCM's. 

The ou tpu t  p u l s e s  from each CCM, a f t e r  a s t a g e  of a m p l i f i c a t i o n ,  d r i v e  a 
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no i se  r e j e c t i n g  d i sc r imina to r  which genera tes  a s tandard ized  1 LI sec output  

pu lse .  These pulses  from each d i sc r imina to r  are then  connected through an 

"OR" g a t e  t o  t u r n  on one of four  f i x e d  c u r r e n t  sources  f o r  t h e  du ra t ion  of 

t he  1 u sec  pulse .  Thus each c u r r e n t  source d e l i v e r s  a f ixed  charge per  

event  t o  i t s  own i n t e g r a t i n g  capac i to r .  

The ana lyzer  p l a t e  vo l t age  i s  a not  very  l i n e a r  -4 kV peak sawtooth. 

The r e p e t i t i o n  rate i s  100 Hz i n  order  t o  s a t i s f y  t h e  temporal r e s o l u t i o n  

requirements,  s imp l i fy  power d i s s i p a t i o n  problems, and e l imina te  e f f e c t s  

assoc ia ted  wi th  t h e  p a r t i c l e  t r a n s i t  t i m e  through t h e  ana lyzer .  

t r o l  c i r c u i t  d iv ides  each 10 mil l isecond sweep i n t o  four  t i m e  i n t e r v a l s  

The con- 

and a small reset i n t e r v a l  as shown i n  an  idea l i zed  r e p r e s e n t a t i o n  i n  f i g .  

3 ,  

time i n t e r v a l  are recorded by the  f i r s t  capac i to r ,  those  de t ec t ed  i n  t h e  

second t i m e  i n t e r v a l  are recorded by the  second capac i to r ,  etc.  Thus each 

The c o n t r o l  c i r c u i t r y  in su res  t h a t  a l l  events  de t ec t ed  during t h e  f i r s t  

t i m e  i n t e r v a l  corresponds t o  an  equiva len t  energy channel as shown and a 

four  po in t  d i f f e r e n t i a l  energy spectrum can be obtained.  

quence i s  repeated f o r  each sweep. The p a r t i c u l a r  channel width p a t t e r n  

shown i n  f i g .  3 i s  chosen as a compromise i n  view of t h e  expected energy 

spectrum wi th  a 5 keV e-folding energy above 10  keV and t h e  p o s s i b i l i t y  

of even l a r g e r  f l u x e s  below 10 keV. I n  a l l  cases ,  t h e s e  energy i n t e r v a l s  

are l a r g e  compared t o  t h e  ana lyze r ' s  r e s o l u t i o n  f o r  mono-energetic p a r t i -  

cles. 

This  t iming se- 

Because of t h e  wide dynamic range i n  count ing rate requi red  i n  

a u r o r a l  experiments,  i t  i s  d e s i r a b l e  t h a t  t h e  capac i to r  v o l t a g e  corre-  

sponding t o  a s i n g l e  count be  i d e n t i f i a b l e  above t h e  te lemet ry  n o i s e  l e v e l ;  
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we have assumed that a 50 millivolt signal can be distinguished above this 

noise, Consequently, the discriminator pulse width, current source, and 

integrating capacitor are adjusted to yield increments of 50 millivolts per' 

event, The minimum counting rate is therefore determined by the detector 

background counting rate, 1-2 counts/second. 

In order to remain within the 5 volt limitation in the output voltage 

to the telemetry system, the integrating capacitors are reset to 0 volts 

once the 5 volt level is attained, i.e., 100 counts accumulated. The sys- 

tem is therefore equivalent to a scale factor of 100; the instantaneous 

capacitor voltage provides the interpolation between resets. At high 

counting rates, it is only necessary to count the number of resets. Figure 

4 is a tracing of an oscilloscope photograph showing the simultaneous out- 

puts to the telemetry of the four energy channels for an incident 6 keV Ho 

beam for a 5 second time period. 

The low voltage, the CCM high voltage, and deflection plate high 

voltage supplies are conventional in nature and will not be described 

further. The total instrument weight is four pounds and the power con- 

sumption six watts. The 2 pgm cm carbon foils, which are mounted on an 

80% transparent grid, have been successfully tested under Nike-Tomahawk 

vibration and g loading conditions. 

-2 

We wish to acknowledge the important contributions of R. M. 

Alexander t o  the electronic design and of E. C. Offer to the construction 

and test of the instrument. 
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TABLE 1 

Measured Scattering Aslgles, Energy Loss, and Detection 

Efficiency Over the Energy Range 2-10 keV 

Energy (keV) 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Scattering Energy 
Angle _toss (keV) 

0.75 

18 0.95 

14 1.0 

11 1.15  

1.3 

1.35 

1 . 5  

1.65 

1.55 

Efficiency 

2.8 10-3 

2.9 lod3 

5.0 low3 

1.7 x 

2 .5  x 

2.9 x lo'* 

3.5 x lo-' 
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FIGURE CAPTIONS 

Figure  1. Schematic r ep resen ta t ion  of t h e  e l e c t r o a t a t i c  ana lyzer ,  
charged p a r t i c l e  d e f l e c t i o n  arrangement, and d e t e c t o r s .  

F igure  2. Block diagram of t h e  e l e c t r o n i c  system. 

F igure  3. Idea l i zed  repreqenta t ion  of t h e  method used t o  d e f i n e  
t h e  four  energy channels.  
channgls are ind ica t ed  by t h e  shaded areas. 

The "On" times of t h e  

Figure 4 ,  Tracing of t h e  ou tpu t s  of t h e  fou r  energy channels t o  
t h e  te lemet ry  system f o r  an inc iden t  6 keV Ho beam. 
The du ra t ion  of t h i s  d a t a  sample is 5 seconds. 
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Figure 1. Schematic representation of the electrostatic analyzer, 
charged particle deflection arrangement, and detectors. 
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Figure 4 .  Tracing of the outputs of the four energy channels t o  
the telemetry system for an incident 6 keV Ho beam. 
The duration of t h i s  data sample i s  5 seconds. 
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An energy-intldpentlent instrument capable etecting total hytlrpgen flu:cs (ehhet Ho or Ho+HC) in t i e  I 
' encrgy rangc 1-10 keV has been developed. xtreme ultraviolet sensi tivdy has becn achieved by scatteriqg 

icles in a thin carbon foil to a detector located in an off-axis positiot). Energetic electrons are 
etic field. Measurements of the ratio of the neutral'to totalbluxes leaving the foil, thc angular 

distribution of the scatterctl particles, and the energy lost in transit of'the foil are presented. The instrument has 

I 

I 

I 
I I 8 ,  <an efiaiency for energetic hydrogen af 0.7%, dneuv'sdnslfivity of 2X1OL3%,, and ageometdcal faqtor of 0.06cma sr. I 

I , 
I 

ir 1 I 

I 

A varibty of techniques arq employed for the qeasure; 
ment of ,fluxes of energetic HO atoms produced in higb 
energy p,lasmasi These inclu4e solid state :detectors, C S ~  
scintillatbrs, Faraday cups, @rid pT6portional cchnters.6 
None of ihese techniques satisfy all the listed requirkmen$: 

One technique for the reduction of euv sensitivity rela. light emission.' Akasofu2 has proposed that large fluxes 
ted,by the sun tive to 
to account for cles 

specihc geomabetk ph'enomena. Sdbsequent estiniates'bqi' 
Brahdt and'Hunte9 and by Clou't\er4'h~ve reduced\ the$e . 
flux'estimates to' -106fcm2 Sec beciWSe d f w  dnd electron' 
impact ionizatloli in the sblar cbrona: IAlthdttih' th'eige61" 
ma$;lie'tic 'phenortiena can' no long'er be lesplained a t  these' 
loder flux levels,. the heasurehent bf neuttal atom' fldxeS; 
still m'ay prdtlide a hseful diagnostic of solat ptocess 
Lastly, the ob4ervatio~ of Doppler-broadenkd Xy,, rad 
tion frdm the interplanetary medium indicates the exi 
ence there 6f ehergdtic Ho Ltoms.'P&YterSon L1 dl+ have's 
gesked thht these particles are prodded at the shock inter- ' 
faCe'betwCeh the solai Wihd and the interstellar magnetic ' I  

field; they estimate this return flux to be -1% of the solar 
I wind proton flux at  the orbit of the earth. I 

The characteristics required for a useful flight instt'u-: 
ment for total flux measurements include (1) high e5-; 
ciency and sensitivity, (2) extreme ultraviolet (euv) and 

indep$ndence, (5) the ability to measure with equal e5: 
ciency Ho and (Ho+H+), and (6) the ' ins tdent  must meeq 
the typical constraints , of flight instruments including 

need 
not"ap 
atoms which is insensitive to euv over the range 300-1500 
A. Scattering of particIes.to off-axis points is required 
cause sufficientlykhinfoils opaque over the entite uv sp 
trum ate nonexistent 'and, the probLm,of. pin1 holes wo 
always beifiresent. Since lmost (of ithe particles that leave .' 
the 'foil are neutralj7'the detection system employed must 1 

bed ihdepehddnti of the charge statei On the other hand, ii. 
fraction of the {incident 'neutral atoins is charged on exit 
from the I fpil? therefore, energy anal$& of this fraction 
is possible. 

In  the followipg sections, measurements of the charged 
and neutral fractions leaving the fdil, the scattering ngular 
distribution, and the energy loss for the ebergy, range 
1-10 keV are described f? an -Zpg/cm2 car6ohfob."The 
atomic and ionic beams ,used in this experkept a e pro- 

analyzers select fmonoenqrgetic H+ or ions. Th'ese are 
then passed thr+gh a water vapbk del! to produce (elected 
beams of H,o, y, H+, o H . ,For dn HzO. vapor p;ressure 

4 

visible: light rejection, (3) vacuum operation, (4) energd duced in a bombardment I sourqe; velo$<y and f lenergy 

of 2x 10-2 knm Mg and 5,cm T -  cell length, the energy lost by survival, life, power, size, and weight. An instrumend 
which can satisfy these requirements would also be usefd 

* This work was initiated under the TRW Independent Researcd 

the particles initransit df the cell is about 50 

CH+ED'TO NEUTRAL RATIOS 

in labhratory high energy plasma experiments, : 
program and was subsequently supported by NASA under contract 

number 1 J, W. NASW-1474. Cham)erlain, Physics oj the Aurora a The ratio Ho/(Ho+€b) is dFtermined by us!ng an 
Press Jnc: New York, 1961).' , I  electrostatic deflection o remove the charged com- 
IS. I. Ajrhofu, PIatietBry Spbte'sci. E,, 90 
8 J. C. Branat and D. M. Hphter, Plane aG, W. McClure and sworth: Rev. Sci. Instr. 37 

(1966). 1511 ('1965). 6 4 ,  % I , I  I 

4 P, A: Cloutier, Planetary Space Sci. 14,809 (1966). I 7.S. K, Allison, Rev, Mo 
'T. N. L. Patterbrl, F. S. Johnson, and W. B. Hanson, Planetary Purchased from The Yissum Research Development Co.,'Jerusa- 

fluxes as high a( 101l/cmh,sec are obtained. 
I 1 I I 

I 

Space Sci. 11,767 (1963). lem, Israel, 
1612 
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TABLE I. Ratio of Ho to total flux at  various energies for thin carbon 
and aluminum foils, 

Energy Carbon Aluminum. 

2 keV 
3 
4 
5 
6 
I 
8 

10 

0.n6fo.01 
0.85 
0.84 
0.85 
0.83 - 
0.80 
0.78 

- - __ -____ 
Values lor a clcnn aluminum foil lrom Alllson.~ 

ponent of the emergent beam prior to detection. In Table I, 
the ratio of the Ho to the total flus is given as a function of 
incident particle energy, Of the charged fraction, approxi- 
mately one third appears as H-. Although Allison' does 
not tabulate data for carbon foils, these results appear to 
be consistent with the tabulated values for other foil ma- 
terials. His values for a clean aluminum foil are given 
in Table I. 

ANGULAR DISTRIBUTIONS 

The angular distributions resulting from scattering of a 
pencil beam of monoenergetic Ho atoms during transit of 
the 2 pg/cma carbon foil are measured by placing a 1 cm2 
detector approximately 6 cm behind the foil and moving 
it in a plane perpendicular to the foil. Figure 1 shows the 
dependence on incident energy of the half angle of the 
scattered distribution. The observed 1/E dependence of 
the half angle is in agreement with classical scatter- 
ing theory? 

The theoretical angular distribution of the flux leaving 
the foil is gaussian at  small angles and varies as Pa at 
large angles, where 0 is the angle between the beam axis and 

El.EI;Y-' (KeV#- :  

FIG. 1. The half angle at half maximum of the angular distributions 
for incident neutral hydrogen beams scattered by an -2 pg/cm* 
carbon foil plotted as a function of incident energy. 

'J. D. Jackson, Classical Electrodpmtics (John Wiley & Sons, 
Inc., New York, 1962). 

ANGLE 

FIG. 2. The ratio of the scattered flux to the total incident flux at 
3,5, and 10 keV given as a function of the angle from the axis of the 
incident beam for a thin pencil beam of neutral hydrogen incident on 
an -2 pg/cm2 carbon foil. 

the detector. Because a foil thickness of 2 pg/crn2 repre- 
sents only about 10 collision mean free paths, the angle 
a t  which the distribution passes from a gaussian- to an in- 
verse cubic is smaller than that predicted by simple 
classical theory, which assumes many collisions. The value 
of the half angle at 10 keV calculated for a gaussian dis- 
tribution is 0.179 rad, whereas the value for an inverse 
cubic dependence is 0.081 rad. A t  10 keV, the measured 

VELOCITY ( IOe CM 5EC I 

FLG. 3. .4 plot of the energy lost by a neutral hydrogel1 particle 
traversing an -2 pg/cm2 foil as a function of the incident velocity 
of the atom, 
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I half angle is 0.089 rad, and thceefore the,iqvsrse qubic 
I 8 4iStribution is :donlinant even a t  I anglcs, ag, snipll, 45 the 

half angle. 
In  Fig. 2, plots of the angular distributions for three 

energies (10, 5, and 3 keV) are given. The ordinate is the 
ratio of the observed scattered intensity at  a given angle to 
the total beam intensity incident upon the foil; this ratio 
therefore represents the efficiency of the detection arrange- 
ment. At a detector angle of -20°, the observed efficiency 
is seen to be nearly independent of energy and to be - 7%. 
A variation of the detector area or its distance from the 
foil only produces a change in the efficiency. Thus, a t  a 
detector angle of 20°, it is possible to achieve energy inde- 
pendence over a t  least the energy range 3-10 keV. At this 
20" angle, the detector is no longer in the direct particle 
or light path, and the only photons which can reach the 
detector also must be scattered. 

ENERGY LOSS 

A heniispherical electrostatic analjzer is used to mea- 
sure the energy distribution of the charged particles leav- 
ing the foil. Because of the charge exchange and stripping 
reactions occurring in the foil, only - 10% of the emergent 
particles are charged and available for analysis. The de- 
pendence of the energy loss on incident velocity for both 
protons and neutral atoms is the same and is given in 
Fig. 3. These data extend the experimental measurements 
of Wilcos'O and of Warshaw" into the 1-10 keV range. 
The energy loss is a linear function of the particle's ve- 
locity in agreement with the theoretical predictions of 
Fermi and Teller,'* In addition, the observed energy loss 
of 1.6 keV a t  10 keV compares favorably with the value of 
1.5 keV as calculated from the simplest Fermi-Teller 
model for a 2 pg/cm2 carbon foil. The energy loss data indi- 
cate that protons and hydrogen atoms with energies as 
low as 1 keV can easily pass through the foil. An energy 
spectrometer for energetic neutral atoms has been built 
using this energy loss data to obtain the incident spectrum. 

1oH. A. Wilcox, Phys. Rev. 74, 1743 (1948). 
11 S. D. Warshaw, Phys. Rev. 76, 1759 (1949). 
I* E. Fermi and E. Teller, Phys. Rev. 72, 399 (1947). 

1 ' DESCRIPTION OF THE\ INSTRUMENT \ t '  

4 kV remove incident omnidirectional protons with ener- 
gies up to 28 keV: Thus, when-the instrument is operated 

foil, is a Bendis funnel-type channeltronI3 with a circular 
sensitive area of 0.19 cm2. Preliminary calibration data 
show that the detection efficiency of the funneltron for 
incident H2+, H+, and Ho is at least 50% and is relatively 
independent of energy over the range 1-10 keV. The funnel- 
tron normally is operated with a negative voltage of 3 kV 
applied to the entrance and a 100 kS2 load resistor attached 
to the collector. A pressure of less than 5X lC4 mm Hg is 
required for satisfactory operation of the detector. 

In Table 11, the observed efficiency is given over the 
energy range 1-10 keV. If incident H2 is considered to be a 
single particle, the resulting efficiencies over the entire 
energy range are twice those for an incident Ho beam. 
These efficiencies are lower than those shown in Fig. 2 
primarily because of the reduced detector area. Increased 
efficiency can be obtained by use of several funneltrons to 
increase the detecting area. 

The euv sensitivity at  1188 A is determined with a 
vacuum uv source; the incident euv flus is calibrated with 
a CuBe electron multiplier. With Hinteregger's data l4 for 
the photodlectric efficiency of Be (CVeis~ler'~ suggests that 
these data are valid for oil-contaminated Be such as is used 
in this experiment), an euv efficiency of 2X1W5 counts/ 
photon is obtained for the Ho detector. Thus, operation at 
an angle of 20' decreases the ratio of the euv sensitivity 
to the Ho sensitivity by a factor of about lo2 from the ratio 

TADLE 11. Efficieiicy.of the total detector at various energies. 

Energ)- Efficiency 

2 keV i .3f2.2X 
4 7.lf1.8 
6 8 .2 f2 .8  
8 6.2f1.2 

10 6.4f0.8 

See, lor example, 1). S. Evans, Rev. Sci. Instr. 36, 375 (1965). 
I'H. Hinteregger, Phys. Rev. 96, 538 (1954). 
l6 G. L. Weissler, Encyclojcdia q/  Physics, S. Flug::e, Ed. (Springer- 

Verlag, Berlin, 1958), Vol. 21, p. 352. 
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that would result from direct irradiation. The use of better 
optical techniques could reduce this factor even further. 

One significant worry is whether the foil can survive 
the vibration and acceleration conditions encountered in 
flight experiments. Preliminary measurements show that 
the foil is able to  withstand accelerations greater than 20 g 
at frequencies up to 1500 cps. These results exceed the 
requirements for rocket-borne experiments. Furthermore, 
when the foil breaks, the damage is limited to single boxes 
of the backing grid. Therefore, the instrument is not totally 
disabled and only the efficiency is slightly reduced. 

The described instrument appears to be adequate for 
measurement of the neutral hydrogen fluxes expected in 
proton auroras and for the return flux expected in the 
interplanetary medium. The characteristics of the instru- 

ment include an acceptance geometrical factor of 0.06 
cm2 ster, an Ho efficiency of 0,7%, and an euv efficiency 
of 2X1P8 yo. The instrument is extremely simple and 
rugged ; the power, weight, volume, and survival charac- 
teristics are consistent with the requirements of flight 
experiments. 
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- 

lar distribution, energy loss, and charged fraction of the 
scattered beam are described elsewhere? 

As an example of this technique, Fig. 2 shows the de- 
pendence of resolution on energy of a 90" cylindrical 
electrostatic analyzer having a calculated full width at 
one half maximum of 11% for an isotropic beam and an 
acceptance half angle of 3.5". Significant straggling is seen 
only at incident beam energies below 6 keV and correction 
Cor this effect can be made easily. A resolution of 6% is 

SOTROPIC proton fluxes in the energy range 1-20 I keV are encountered in the earth's magnetosphere 
and other regions of space. These fluxes usually are small 
compared to those encountered in the laboratory and 
therefore instruments with relatively large acceptance 
angles (15' half angle) are required.' The typical method 
for determining the resolution and geometrical factor 
for these instruments is to use a monoenergetic pencil 
beam and to carry out a large number of measurements 
over many angles and positions. 

A new technique for performing these measurements is 
described. A pencil beam of mono-energetic protons, which 
impinges upon an -2  pg/cm2 carbon foil placed at the 
entrance of a detector, generates a quasi-isotropic flux 
of particles simulating the conditions under which the 
instruments are employed. Figure 1 shows the angular 
distribution of a scattered 3 keV proton beam emerging 
from the foil. As can be seen, the half angle of this dis- 
tribution is 27". Because a static beam represents only a 
point source, i t  is necessary to sweep the pencil beam 
across an area of foil larger than the entrance aperture of 
the detector to  produce quasi-isotropic fluxes. Sweeping 
of the pencil beam is accomplished by electrostatic de- 
flection plates. The frequency of the sweep should be 
fast compared with the sampling time of the instruments. 
At 3 keV this scattered flux is isotropic to within -3% 
over an angular spread of 10". The energy loss in the foil 
at 3 keV is 900 eV. The dependence on energy of the angu- 

0 0 0 
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0 0  m 20 24 28 
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FIG. 1. A plot of the scattered intensity as a function of angle for a 
3 keV proton beam incident on an -2 pg/cm* carbon foil. 

I I I I I 
2 4 6 8 10 

ENERGY (KEV) 

FIG. 2. A plot of the measured resolution of a 90" cylindrical 
electrostatic analyzer vs incident energy obtained by using the 
quasi-isotropic flux from a carbon foil (solid line). The dashed line 
gives the calculated resolution (lull width at one half maximum) 
for isotropic fluxes. 

obtained when a mono-energetic pencil beam is used to 
measure the resolution at the center of the aperture; 
therefore, the resolution is significantly different for iso- 
tropic fluxes. By using a Faraday cup to determine the 
total beam flux, the omnidirectional geometrical factor 
is measured in one step and without involved calculations. 
For this 90" analyzer the calculated omnidirectional geo- 
metrical factor is 1 X W 4  cm2 and the measured value is 
(1.7f0.5) X 1P cma. While the measured values of reso- 
lution and geometrical factor for this instrument agree 
well with the calculated values, it is still generally desirable 
to calibrate any instrument with the type of beam it  is 
designed to measure. 

*This work was supported by NASA under Contract No. NASW- 
1474. 
'L. A. Frank, J. Geophys. Res. 72, 185 (1967). 
*R. L. Wax and W. Bernstein, Rev. Sci. Instr. (to be published 

in Nov. 1967). 
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Preliminary Report on Detection of Electrostatic Ion Waves 
in the Magnetosphere 

v. 11. SCARF, G. M. CROOK, AND R. \v. ~ E D R I C K R  

I > ,  1 h 11' Sluice Y'cchiiologv Laboratories, I icdoi i~ lo  Ilr.cicli, Citlilorniri 

Abstract. Tlic Loi.lilic~ril-~\croslincc 1'11 satcllitc (1964-4.58) laii~ic:hcd into a polar ecccntrk 
orbit on August 15, I%&!, iiivlrded in its payload a VLF clcctric field experiment supplied by 
TRW Space Tcchnology 1,:il)oratories. Mcnsrircmrnts in tlio frrclucncy rangc 1.7 to 14.5 kc/s 
reveal that tlic indicatcd bnckground rarely falls bclow volt/m and that sustained field 
cnhanccnicnls wi t t i  E Y 20-100 mv/m are gencrnlly detcctcd in rcgions wlicre cncrgetic elec- 
trons arc lw(-ipitnld froin the Van Allen brlts. Tho cxpcrimcnt is dcscribed; some early 
results arc prcscw1rtl; : t i l t 1  an intcrpretation in terms of clcctrostnlie ion waws is given. The 
possibility that lnrpc.-:iluplitrldc ion wavcs cause diffusion across L sliells and magnetospheric 
clcctron :iwrlor:il I O I I  is : i I w  (liwwrd. 

I n  1902, one of the authors (G. M. Crook) 
was invited to supply R VLF electric field ex- 
periment for a Lockhced-Aerospace satellite to  
be placed in orbit during an Air Force launch. 
.4 charge-sensitive ac electrometer was designed, 
and on August 15, 1964, the P11 satellite, 1964- 
45A, was launched into a ncar polar eccentric 
orbit (apogce 3720 km, perigee 268 kni, incli- 
nation 96"). In this note me describe the esperi- 
ment, present some early data, and suggest an 
intepretation in terms of electrostatic oscilla- 
tions in the magnctosplieric plasma. 

The fields are measured in four VLF chan- 
nels ranging from 1.7 to 14.5 kc/s, and the main 
results for orbits near the 2 o'clock meridian 
may be summarized as follows: (I)  the indi- 
cated background field levels are generally in 
the range of 1-2 mv/m with occasional dips to 
600-800 p / m ;  (2) frequent persistent en- 
hancements (duration of the order of 3-10 
minutes) are found on the night side of the 
earth with average fields generally from 20 to 
100 mv/m and occasional maximums in the volt 
per meter range; (3) these night-side enhance- 
ments are strongly correlated with the charac- 
teristics of precipitating energetic electroiis as 
determined by Aerospace Corporation particle 
detectors on the same spacecraft. The broad 
peaks also tend to fall near certain L-shell 
bands. 

The indicated electric field strengths are con- 
siderably higher than those that would be con- 

sistcnt with wliistlcr background and peak 
vnlucs dcrived €rom VLF magnetic measure- 
nicnts, and it is thereforc most tempting to try 
to  iiitcrprct tlic data in terms of electrostatic or 
longitiidinal plasma oseiIIations. I n  section 2 
some general properties of ion waves are dis- 
cussed and the anticipated theoretical back- 
ground and peak field strengths for the upper 
ionosphere ( h  e 500-600 km) and the transi- 
tion region are given. Section 3 contains a brief 
description of earlier attempts to measure VLF 
electric fields above the ionosphere, and the 
TR\V/STL experiment is discussed in section 4. 
In  section 5, P11 data for fairly typical orbits 
(47, S5) are presented and correlated with 
ephemeris parameters and response of the Aero- 
space Corporation solid-state particle detector. 
The physical significance of these findings is 
discussed in section 6, and some estimates of 
sheath effects are given in the Appendix. 

GENERAL PROPERTIES OF ION WAVES 
In  a collisionless magnetized plasma, three 

distinct modes of wave propagation are possible. 
They may be classified as transverse Alfvh  
waves, fast or magnetosonic oscillations, and 
longitudinal or electrostatic modes. The last 
represents density irregularities, and the asso- 
ciated fluctuating electric fields have 

4 = tPo cos (k-r - ut) (1) 
There are two spectral regions in which electro- 
static waves have sizable intensities; for k 
parallel to the applied field, Bo, the high-fre- 

E = -VtP 
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:uid this rrrcnls that w:ivw \vith nrbitr:iry nnglc?; 
h e t w m  k and Bo (ant1 Iioner E and Bo) arc 
:illowctl, hit cqu:ition 4 e m  iilso h i 1  usc(l to 
show that, tlic group wlority rrm:iins quitr rIos(~ 
to thr Bo asis, :IS in whistlor propagation. 

Since ion \vnvrs arc clcctrostatic, the only 
magnctir ficlds associ:itcd with tlirse oscillations 
arise from the rrlitivr motion brtwern the 
observrr and the \~ ivvs .  If wc attempt to  dctcrt 
an ion acoustic \rave with n niagnctic loop on :i 

spacecraft moving with rrlocity V, then 

This magnetic disturbance is generally many 
orders of magnitude smaller than nE/c,  the 
value that would be associated with a VLF 
transverse wave (a whistler) having the same 
electric field strength. Thus, an e2ectric field 
antenna must be used to detect ion waves, but 
an associated magnetic loop should be available 
to distinguish between electrostatic waves and 
occasional very large amplitude whistlers. 

Ion wares are heavily damped if the plasma 
is in thermal equilibrium (T. - T,) with negli- 
gible currents, gradients, and anisotropies. Never- 
theless, the thermal or equilibrium amplitude 
for these waves in the magnetosphere is already 
extremely large in comparison with the natural 

. 



'Wus, tlic I):wkgroiiiitl itw w : i w  ficlcl iiniplil i idv  

at  h e 500L(iOO kin is :ilrcwdy i i t  lcnst II fiirtor 
of 60 I;irgw I 1i:iii I Iiv \T,F Imkgroiintl for 
tmnsvtw. wivvs (aiiiiihr v:il(wl:itioiis m i y  hc 
mrriixi out for liiglii>r nlfitiitlrs rind lowor t'rv- 
qiioiirics : cqun t ion Ii is ,v:ilid whercvcr t l i v  
plnsn1:i. is in rqiiililwiiini, Iiiit tlic simplifiotl os- 
pressions of eqii:itions 7 :ind S inny 1)r iisrd 
only i[ io) << ( I , , ,  (0/1; << 1'). 

ITo\vcvw, ion w:iw liold :iniplitiidcs i i i  1 Iiv 

iii:igiirtosplierc~ :imI tr:iiisiiioii rcgioii shtiiild 

r:irdy 1)r :is sni:iII :is f l i o  t1worc~tir:il l ) : i d q p m i l  

lovcl for n n  cqiiililwiiini pl:isin:i, c'.g., the v:iliic~ 

prcdirtcd using oqii:itions (i to  S. This is so hr- 
r:i\isc n wricty of 1i:itiir:il inngiwtoaphcric pho- 
nonicnn c:in wrvr to r c ~ l i i c ~  tlic Landaii dnmp- 
ing :lid, in fnrt, to stiniii1:itc growing ion WRVC:', 

The pnrticiil:ir inet:il)ility thnt lins Iwcn rs- 
:iniinrd in the grcntcst dvtail is thc drift 01' 

ciirrcnt. inst:il)ility t h t  i i w i i r s  ~ v l ~ c n  tlir ioiis 

:ind clcctroiis h:ivc :I liiiitr rrl;itivc vclorit!.. 
The! tlirrsIiolc1 vdovit y tlelwntl?: 0 1 1  tlic clcctron 
:ind proton tc~nipc~r':itiirc~?:, :ind :I cwrve biisrd on 
compritations by J ~ C l i S O ~ L  [19I;O.l :tnd Fried nrirl 
Coirld [l98l] for ?tInswcllinn distributions is 
s h o w  is Figure 1. At Ii 500-600 km, T,/T,  - 1-2, so tlint elcctron plnsnia oscillations and 
ion waves will Imtli -l)r stiiiiiilnted by protons 
with -Jnizl,,' > KT* or E, (drift) > 200-300 o r .  
Xenr the siibsolnr traiisition region, T, e 1-2 
x 10' [BOWIC c't ol., 19641 and T ,  ru 10' O K  

[Ir'olfe nrrd Siliw. 1964] : in this c:isc T,/T, >> 1 ,  
iuid protons with E,, (drift) >_ 1 kcv mill geii- 
crate ion waves I)iit no elcctron plnsmn oscilla- 
tions. Since I:irgc. 1111so.~ of streaming protoil- 
have becn dctectrd ;it low nltitudcs [Freemnrr. 
19@] as well as in tlic triinsition region [II'oZ~c~ 
mid Silva, 1964; Strong e t  al., 19643, it seem5 
very likely that current instabilities do trigger 
growing ion i\-nves througlioiit the magneto- 
sphere and transition region. Ton wave instti- 
Mitics arc also associirtcd with inhoniogeneitic.< 
[Krall and Roseiiblictli. 1963 I and with nniso- 
tropic velocity distrihutions IlHarris, 19611. 

For overstable ( i t , ,  growing) ion wtivcs, vari- 
ous nonlincarities bccomc significant and lead 
to uppcr bounds for tbc potential amplitude, 
+.(max) = and electric field, E(max) = E,. 
Il'o rigorous evaluations of these bounds are 
available, but, scvoral theoretical estimates based 
on analytic models [Klimontovich and Silin, 
19611, phvsiral arguments involving pnrticlr 
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electrostatic waves with o / k  5 V can be Dop- 
pler-shifted so that they are detected with a 
do-type electromcter on a moving probe. Thc 
do instruments may also pick up low-frequency 
electric field noise directly if the signal is de- 
modulated by a bridge circuit designed to proc- 
ess a modulntcd dc input, since synclironoiis 
detectors of this typc linvc cssentially no ability 
to reject true noisc of comparable amplitudr. 
This is espceially significant if instabilitics allow 
ion wave fields to grow to their maximum val- 
ties; a hypothetical stcady-state plasma sheath 
surrounding the vehicle has a voltagc drop of 
the order of 

&llonth 'v K1' , /2e  111 T.df/T',m (12) 
in a distance of the order of a Dcbye length, hiit 
this sheath would be violently disturbed by elec- 
trostatic oscillations with ficlds of the ordcr of 
K,KT./e (see equation lo) ,  

The most estensivc ionospheric field mcas- 
urements in the altitude range 125 km < h < 
450 km were made by means of pairs of electro- 
static fluxmeters on Soviet rockets [Gdalevich, 
1964; Imyanitov et  al., 19641, and Sputnik 3 
with apogee near 1850 km had similar instru- 
mentation [Zmyanitov and Shvarts, 19641. A 
rotating screen converts the field strength at the 
pickup to 900-cps alternating voltage, which is 
filtered, amplified, and fed to a synchronous de- 
modulator. Separate instruments are placed at 
two different positions on each flight in an at- 
tempt to distinguish betnecn external electro- 
static fields and those associated with the space- 
craft potential and sheath. 

On these flights, both fluxmeters generally 
indicated the presence of large-amplitude fields 
(of the order of 1-3 volts/cm). This would 
suggest an average spacecraft-plasma potential 
difference of several volts. Using the measured 
instantaneous potential difference between the 
two fluxmetere, however, i t  was argued that 
ionospheric or external electric fields with 
strengths ranging from 100 mv/m to 10 volts/m 
were also frequently encountered. These exter- 
nal fields generally vaned rapidly and chaoti- 
cally during the flights, and since synchronous 
demodulators were used it is reasonable to spec- 
ulate that the Soviet instruments were in fact 
responding to electrostatic VLF (ion wave) 
noise rather than to true dc fields. ( I t  should be 
not.& that some Faraday cup plasma probes 

have circuits similar to  the clectrostritic flux- 
meters and mny also he scnsitive to  ion waves.) 
Kavadas nnd Johnson [lo641 iisrd different 
techniques (pcrtiirhation of a VCO frequency) 
to dctermine field strengths in thc E laycr di- 
rcctly. They also foiind very large amplitudes 
( E  10-90 mv/m) during travel of the prohc 
throiigh n siibvisiial aiiroral display, and thc 
valiics vnricd rapidly from point to point ovcr 
distanecs of a fcw hundrcrl mctcrs o r  IOPS, in- 
dicating p:issagc throiiEIi :t rcgion with sizahlr: 
density irregularitics. 

Somc propcrtics of ioiiosl~licric VLF elcctric 
ficlds associatcd with dciisity irrcgrilaritics werc 
apparciitly mcnsiircd by Storey et d .  rl964l 
during ilic flights of thc FR-1 program rocket 
experiments in Octolwr 1963. Thc clectric and 
magnetic field vcctors in the wave fields of spe- 
cial 22.3-kc/s transmissions from NSS werc 
carcfully mcasured (amplitiide, phase, 2nd di- 
rcction) during flights extcnding lip to 170-190 
km. The impedance of the electric ficld antenna 
was also dctcrmined. It was found that the VLF 
magnetic field behaved as expected, but that 
the VLF electric field sometimes did not. It was 
concluded that these electric field anomalies were 
associated with small-scale irregularities in the 
medium, and the measiircincnts of wave prop- 
agation direction, magnetic field intensity, and 
power flus also indicated that larger-scale ir- 
regularities were present. 

A VLF experiment designed to measure elec- 
tric field strengths a t  15.5 f 0.05 kc/s (NSS 
transmissions plus ambient noise) was provided 
for Explorer 6 by Stanford University, Thc 
signal rcceived in a 108-Mc/s telemetry antenna 
was sent to a preamplifier-receiver system with 
a sensitivity of 2pv/m and a dynamic range of 
ahout 80 db. Between launch and passage 
through the D layer ( h  e 67 km) the NSS 
transmission and atmospheric noise were re- 
ceived [HelliweU, 19601, although the solar 
paddles were then folded over the VLF antenna, 
reducing sensitivity by an estimated 30 db; this 
reduction apparently accounted for an absencc 
of signal between the D layer and the first pas- 
sage over the horizon at  h e 140 km. The solar 
paddles were erected beyond sight of the track- 
ing station, but in subsequent orbits (apogee 
H 7.5R.) no strong VLF signals were found, 
whereas interference from a local payload noise 
source become significant. No generally ac- 



1 - /  
7o ,I ELECTRON PLASMA OSCILLATIONS 

60-: 

5 0  

40  

p ;:; 
I 
I 
I 
I 
4 
I 
I 

UNSTABLE REGION 
- 

cepted explnnntion for this response hns been 
given (Helliwcll, prirnte commiinirntion) , brit 
it  is of interest that  the estreme fading and 
scintillation of the Explorer 6 100-Mc/s telem- 
etry signal could indicnte the presence of large 
density irregularities with X near 3 meters. 

Electric field VLF measurements in the range 
400 cps to 10 kc/s are also made on Alouette 1 
at an altitude of loo0 km. The ambient signal 
from one of the long dipole sounder antennas 
(tip-to-tip lengths of 46 and 23 meters, respec- 
tively) is occasionally connected to a VLF re- 
ceiver with an AGC loop which holds the output 
Constant t o  within 3 db for an input vsriation 
of 60 db; the time constant is 0.2 second [Bar- 
rington et  d., 19633. There appears t o  be little 
capability for precise measurements of VLF sig- 
nal amplitude, but preliminary reports seem to 
indicate that the AGC system operates so th8t 
only relatively large-amplitude whistlers are de- 
tected. When no large-amplitude whistlers are 
present, 500-cps to 2-kc/s noise signals are com- 
monly recorded. They could be associated with 

ion w;tv(:s, hit ~ I I I C ~  lM,,~e8,,a* >> hlun wave the ex- 
pcrimciit is ol)viously not an optimum one 
for dctc~tioii of s1iortrw;Lvclcngth electrostatic 
plasm:t oscillatioiis. 

Fiiidly, it, shoiiltl l ~ c  notcd that ground-based 
r:idnr Ii;ickscat tcr is affected by density fluctua- 
tioils ii i  tlic phsma. Tcmpcr:tture-dependent 
cwrrcctiolis :Ire ncrded, bccausc! the electromag- 
nrtic w:ive is scattered by an ion oscillation 
Ii:iviiig npprosimatcly the samc wavelength and 
an enplit udc that depends on T J T ,  through 
cqwition ci (we arc iiidebtcd to 0. Bunemon for 
~)oiiiliiig oiit this connection). Thus, a radar 
I):icdiw:itl(~r tlotcrminatiori of T J T ,  H 1.5 at 
/L 2: 3 N l - M l O  k i i i  I M V U I ~ S ,  l!Mi4] ensures that 
:iliovc~ 11io 1 r:iiisiiiitter tlic ion WBVCS do have the 
appI)ro1)ri:itc I Iivrnial I ( w l  indicated in equa- 
tion S. 

4, L)ISSCIlIPTION OF TlIE 1'11 VLF 
EXPEI~IMENT 

This instrument was designed to measure 
VLP electric field amplitudes as efficiently and 
accurately as possible under somewhat unfavor- 
able conditions of weight, power, telemetry, and 
antenna assignments. The experiment consists 
of a noise-measuring instrument with four fil- 
tered bandpass channels, and as high a thres- 
hold sensitivity and as wide a dynamic range 
as possible. At the time of design in late 1962, 
the only known published field intensity data 
on esosplieric VLF phenomena were those of 
Cain et al. [19G2] concerning the whistler sig- 
nals observed with the Vanguard 3 magnetom- 
eter. The fact that  the levels of the signals 
ranged from to 5 y indicated that occa- 
sional large-amplitude whistler signals might be 
encountered, justifying the need for a wide dy- 
namic range. 

Figure 2 shows a block diagram of the ex- 
periment. In  addition to  the four bandpass 
channels there was am 'overcounter.' This cir- 
cuit is merely a count rate meter with a thres- 
hold fised a t  the saturation level of the linear 
system so that when these circuits are over- 
loaded the frequency of the overloading signal 
will be measured. The nominal trigger threshold 
value is 1 volt/m. Although the frequency of a 
continuous coherent signal would be indicated, 
if the signal were of short duration it would 
simply produce an output to signify that the 
signal had been received. The noise threshold of 
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the esperinient r:ingcd from 300 to 600 pv/iii, 
:ind the dyn:iinic rciiigc was greater than 70 dh. 
The filters choson for tlir cspcrimont have ccn- 
tw frequenciw of 1.7, 3.9, 7.35, and 14.5 kc/s, 
with n bandwidth of 15:; of center frcqocncy. 

Figure 3 s h o w  :i compositc freqiicncy rc- 
,*ponse of tlir four bandpass chnnnels from an 
:iiitomatic plot. Thc :unplitiides are relative, 
because of the method of combining them. For 
convenieiice, all calibrations are referred to free- 
space valrres. Appropriate adjustments in va1nr.s 
can be made for orbital position (see appendix). 

One of tlie most serious considerations in the 
design of this esperiment was the designing of 
the input circuit, The antenna assigned to tlic 
experiment is a stanclnrd telemetry antenna 1F 
inches long and 24 inch in diameter, with a cal- 
culated capacity of 5.3 picofarads. This capacity 
is the predominant component of the antenna 
output impedance. Extensive previous experi- 
ence had shown that, if the input circuit of a 
noise detector of this general type contained 
elements that could be shock-excited so that 
they would 'ring,' serious errors in mensirrement 
could be made. To prevent ringing, all inductive 
circuits mere critically damped or properly 
terminated. 

Matching the highly reactive antenna im- 
pedance into an amplifier while maintaining 
damping and controlling frequency response 
presents quite a problem. Because the charac- 

tvristics of the. :intrnnn under varioii!: orti1 
conditions ar r  v:iri:ilh, ant1 sometimes difficult 
t o  tl(wrmine [ .Store!/ .  1963], it \\':is d e d c t l  thal 
tlir 1)iirposrs of thr  rxprrimcnt would hc hrtter 
.wrwtl hy m:tking thr instrrimcnt appear cn- 
pwitivc, : ~ n t l  t1iii.G :I cnlxicitiyc yoltage divider 
consisting of thr :iiitrnna capacity and the in- 
put e:ip:icit:incr of the prr:implifier was formed. 
Thc resliltil!g instrument is :ictiially a charge- 
sensitive VLF electron~ctcr rather than :I re- 
ceiver. As an  electrometer, the instrument has 
n. tlircshold sensitivity of the order of lo-'" 
conlonil). It can therefore detect an equivalent. 
cscrss rhargc of :ihout 625 electrons on the an- 

The experiment was assigned ten subcommu- 
tator points separated by 1 second, each point 
to be sampled once per l.OG8 minutes. It was 
thoiight that, by mranging tlie points so that 
the frequency of the channel sampled increased 
and then decreased, it might be easier to recog- 
nize phenomena like whistlers and hiss. It is 
doubtful that such n simple system as this would 
allow the differentiation of rhoras or other coni- 
plicated forms of phenomena usually identified 
with the aid of an f - t  analysis. 

It was recognized a t  the outset that this in- 
strument is fa.r from an ideal sensor for whistlers 
and related phenomena, since the poor time 
resolution and threshold sensitivity are both 
limiting factors. Even in 1962, however, the es- 

tennn. 
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Fig, 4. VLF electric fields measured on orbit 47, The continuous lines connect samples 
measured once every 1.068 Ipinutes. On the three lowest-frequency channels the vertical lines 
connect the first snmple in each 1.088-minute sequence with a reading taken 7, 5, or 3 seconds 
later (f = 1.7,3.9, and 7.36. kc/s, respectively), 

periment was still thought to be of interest, 
since i t  was capable of detecting whistlers of 
higher amplitude. The expected result from an 
incident whistler would be signals of different 
amplitudes in each of the channels, which are 
approximately 1 second apart. Shortly before 
launch i t  became clear that  the instrument could 
serve another function, as a detector of high- 
iotensity, short-wavelength electrostatic oscil- 
lations. 

5. PRELIMINARY DESCRIPTION OF VLF 
OBSERVATION s 

The orbit of the spacecraft 1964-45A is such 
that i t  remains a t  essentially a constant local 
time near the 1-2 o'clook meridian, and so it 
has not been possible to explore the ambient 
fields in supposedly 'active' regions near dawn 
or dusk. Furthermore, the night- and day-side 
measurements correspond to essentially differ- 

ent altitudes. Perigee remains on the night side, 
and the spacecraft travels through the inner 
zone of the radiation belts in sunlight. In  this 
section we present the results obtained on a few 
early orbits and comment on some apparent 
persistent features of the fields. More detailed 
analysis of additional orbits and statistical 
evaluations will be presented in a future publi- 
cation. 

The indicated average electric fields in the 
four channels are shown in Figure 4 for orbit 
47, August 19, 1964. The continuous line in the 
three lowest-frequency channels connects the 
first sample in each 1.068-minute sequence, and 
the dots represent readings taken 7, 5, or 3 sec- 
onds later (f = 1.7, 3.9, and 7.35 kc/s, respec- 
tively). The electric field strengths are derived 
using the free-space antenna capacitance, C,, 
and an effective length of 4 I = 9 inches; the 
true field strengths are related to the indicated 
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values by 

It is argued in the apprndix that above perigee 
the sheath correction fnctors should rarely cause 
E,,JE to be greater t h m  a factor of 3, but this 
analysis is subject to considerable uncertainty. 

Howewr, the w r y  large valurs for the indi- 
cated backgroriiid field strengths shown in Fig- 
ure 4 are cstrcmely significant, even if reduction 
factors as large as 3-5 nrc applied. The indi- 
cated bnckgroiind ficld is iisaally of the order of 
1-2 mv/m in cadi chnnnel, with infrequent dips 
to about SO0 pv/m. This behavior is typical for 
all orbits that havc brrn csamined to date, and 
field strengths near the receiver thrcshold level 
(300-600 p / m )  arc cncountered on very rare 
and isolated occasions. Thus, even if the largest 
reasonable shcath reduction factor of 5 is ap- 
propriate, the VLF experiment reveals that the 
true background field is a t  least of the order of 
200-400 p / m ,  in very good agreement with the 
prediction of equation 8. 
We have already noted that, since the index 

of refraction at h 500-600 km is near 50, 
the whistler background at this altitude for 
f = 1.7 kc/s should be less than 5.5 pv/m. 
The index of refraction has been calculated for 
the entire range of densities and geomagnetic 
field strengths along orbit 47, and we find 
24 5 n(1.7 kc/s) 5 150. The corresponding 
range of values for IEl = cAB/n are shown in 
Figure 5, and if the Injun 3 receiver noise level 
of 10-8 r is used it can be seen that the whistler 
background should be no larger than 2-12 pv/m 
for orbit 47. Thus, even when the maximum 
reasonable sheath reduction factor is applied, 
the observed electric field background at 1.7 kc 
is at least from 20 to 200 times too large to 
represent transverse waves. We therefore con- 
clude that the observed background fields 
probably represent electrostatic ion w&ves. 

It is also clear that VLF field strengths one or 
two orders of megnitude greater than back- 
ground are frequently detected, especially in the 
1.7-kc/s channel. Some of these are isolated 
spikes that might appear to be very large am- 
plitude whistlers. For example, the two off- 
scale points in the l.7-kc/s channel of Figure 4 
represent bursts that are not detected when the 

Fig. 6. Rclntion between elcctric and magnctic 
field strengths for whistlers. Over orbit 47 the in- 
dcx of refraction at f = 1.7 kc/s vnrics between 24 
and 160. The straight lincs connect fields with 
E = cB/n for 7t = 24,160, and the observed haclr- 
ground field of nhout 1 mv/m then corresponds 
to a whistler magnetic bsckgronntl of 0.1-1 7 at 
this frequency. 

3.9-kc/s channcl is sampled 1 srcond later. (The 
charge and discharge time constants are both of 
the order of 1 second, and the actiinl peak field 
strengths may be considerably higher than the 
indicated averages.) If the trrie electric field 
strengths are reduccd to values of the order of 
4-8 x 10" volt/m, Figure 5 indicates that the 
associated magnetic fluctuation amplitude is in 
the range of 0.2-5 y. These amplitude values are 
not inconsistent with the whistler observations 
on Vanguard 3; however, the isolated spikes do 
not appear to be normal whistlers in another 
sense. That is, most whistlers have a magnetic 
intensity spectrum that is quite flat between 
fm, ,  1 kc/s and an upper frequency cutoff 
large in comparison with 1.7 kc/s, so that EWa = 
cAB/n should then vary as f n  in this range. On 
this basis, we should expect to observe whistler 
fields of even higher intensity in the higher-fre- 
quency channels; however, the very large spikes 
are definitely detected most frequently in the 
1.7-kc/s channel. In  fact, it is clear from Figure 
4 that the small-amplitude signal variation over 
7, 5, or 3 seconds (measured by the vertical 
lines) also decreases with increasing frequency. 
(Note that the Doppler shift is unimportant for 
whistlers, and in all channels .I should be small 
compared with A. 

It is even more difficult to explain the per- 
sistent ( t  & 3-20 minutes) rises in signal level 
that appear in Figure 4 on the basis of detec- 
tion of transverse wave fields. Once again the 
signal levels become high (Elna e 8-15 mv/m), 
and the main rise occurs in the 1.7 channel; but, 
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Fig. 6. Tlic 1.7-kc/s rcyionse for orbit 47, various rplienicris parameters, and flux of elec- 

trons with E > 400 krv. Thc qiinntity x is the angle brtwecn the antenna (spin axis) and the 
geomagnrtic firld; x and the obsrncd B (dotted) are obtained from the STL trinxial fluxgatr 
magnetometer (coiirtrsy of G. Inouye, E. Greenstadt, nnd D. Judge). The solid B curve is 
the Jensen-Coin firld. Thc nngle 9 is solar longitude, and the spncecraft spends most of its 
t.ime nenr the 1-2 o’clock meridian. The energetic electron flrixes are determined by the 
Aerospace solid-state drtcctor (courtesy of G. A. Pniilikns, J. B. IMir, and S. C. Frcden). 

in addition, these cnhanremmts are too per- 
sistent to he normal whistler trains, they are 
seen on almost every orbit, and they are 
strongly correlated with passage through spe- 
cific values of L and altitnde (or local time). 
Furthermore, the well-drfinrd enhancements on 
the night side (below the radiation belts) are 
strongly relatecl to the presence of energetic 
precipitating electrons. These features are il- 
lustrated for orbits 47 and 55 in Figures 6 and 
7, respectively, where the 1.7-kc/s channel sig- 
nal and various ephemeris parameters (L, h,  
x = cos” (1 ,  Bgeomng), etc.) are shown together, 
along with the response of the Aerospace solid- 
state detector. This instrument is sensitive to  
fluxes of electrons with energies greater than 
about 400 kev, and the data for Figures 6 and 
7 were kindly furnished by G. A. Paulikas, J. B. 
Blake, and S. C. Freden. 

There is some basis for the belief that the en- 
hancements represent nonequilibrium ampli- 
tudes for ion waves rather than field strengths 
of transverse VLF oscillations: (1) If the waves 

:ire electrostatic, A ( K ~ c / ~ 1 ~ f ) ” 3 / / ,  so that 
A(l.7 kc/s) E: 1-2 mrtera, X(3.0 kc/s) e 43-86 
cm, etc. Only the lowest-frequency channel has 
n range of wavelengths significantly greater 
than the effective antenna length ( e 2 3  cm), 
:ind so interference problems would he unim- 
portant here. In fact, the signal does occasion- 
ally ‘break through’ in the upper channels, and 
an amplitude comparable to the l.7-kc/s field 
is then seen a t  3.0 and 7.35 kc/s. This behavior 
would be consistent with the conjecture that 
short-wavelength oscillations are being detected 
and that interference effects are operative. (2) 
The actual amplitudes again seem to be much 
too large to he compatible with magnetic field 
strengths of sustained VLF signals. For instance, 
the peak chorus and hiss fields were found t o  be 
of the order of lo-’ y on Injun 3. Even if we 
reduce the indicated electric field peaks from 
the range 8-15 to 1.5-3 mv/m, in order to in- 
clude maximum hypothetical sheath corrections, 
Figure 5 shows that the equivalent magnetic 
amplitude would have to be of the order of 



Fig. 7. D n t n  similnr to those of Figure 6 for orbit 85. Hcrc @ is conwntionnl ntst longitude. 

0.2-2 y for several minutes, if the waves were 
indeed transverse. (3) For transverse waves at 
these frequencies, we should expect the electric 
vector to tend to be polarized normal to the 
geomagnetic field. Furthermore, in a truly eol- 
lisionless plasma, large currents can flow along 
the geomagnetic field, and there should be an 
antenna shunting effect when sin x is small 
enough so that n geomagnetic field line pases 
through the top of the antenna and the space- 
craft body. Thus, for transverse waves, B 
should become small when sin x does, but Fig- 
ures 6 and 7 indicate that the dependence on x 
is very weak, except perhaps when the fields are 
near the background value. 

The apparent absence of a significant shorting 
effect definitely suggests that IongitudinaI ion 

waves arc present, for these fluctuations scatter 
electrons, limit the current flow, and produce a 
finite electrical conductivity in n collisionless 
plasma. In fact, if a dc or slowly wrying (O 5 
v, the collision frequency) electric field larger 
than the runaway field, 

A = (14) 

is suddenly imposed on a collisionless plasma, 
the distribution function rapidly becomes dis- 
torted so that ion waves grow and inhibit the 
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Fig. S. Arernge electron drift velocity w s  = vs/u, versus T = w,'t for various values for 
Eo/ER (EO is the applied field, Ex the runaway field) and ND = w,'/v ( V  is the collision frc- 
quency) . For n detailed discussion see Field and Fried [19641. 

current, ultimately quenching the growth of the 
waves. The temporal variation has been studied 
by Ficld and Fried [1964], and Figure 8 shows 
some representative drift velocity versus time 
curves; after some 10' electron plasma periods, 
the 'self-regulation' has reduced the electron- 
proton drift speed to the value needed to quench 
the ion wave instability (see Figure 1). 

.4t the spacecraft orbit, the critical or run- 
away field is very small. Near apogee, N. - T. 'u 

3000, so that 1' CI 0.8 seed and E, N- 17 pv/m 
(above background); for Ne G 5 x 10' cm-', 
T. N- 1500°K ( h  e 500-600 km), v 750 sec-l, 
and E, e 350 p / m .  However, in these regions 
the electron plasma period is of the order of 
0.1-0.3 psec, and so very large currents asso- 
ciated with any dc or slowly varying electric 
fields should be rapidly dissipated; the energy 
available distorts the electron population by 
producing anisotropies and energetic particles. 

Swijt [1965] has recently conjectured that 
large-amplitude, slowly varying electric fields 
may exist above the ionosphere, so that currents 
can flow along the magnetic field connecting the 
space charges to  the conducting ionosphere. 

The currents would tlicii produce ion waves and 
also energetic electrons as indicated above. Thc 
theory was used by Swift to esplain auroral 
bombardment and to interpret the weak VLF 
magnetic hiss detected on Injun 3 [Gurnett and 
O'Brien, 19641 in connection with enhancement 
of precipitated and trapped fluxes of 40-kev 
electrons. The observed hiss intensities (wide- 
band peak c- lo-* y)  are somewhat higher than 
could reasonably be expected using AB e VE/c', 
but Swift suggests gradient coupling between 
longitudinal and transverse waves to account 
for the discrepancy. 

In many ways the observations shown in 
Figures 6 and 7 are compatible with this pic- 
ture. Enhanced ion waves are found near L = 
1.5, L = 2-4, and L > 5-6 (night side), and 
they could be associated with local currents 
produced by large-amplitude dc fields. The 
spikes appear to bound the regions where pre- 
cipitating E > 400 kev electrons are detected, 
suggesting that the fluxes at the spikes are al- 
ready so low that they are undetectable. The 
data for orbit 47 are particularly interesting in 
this regard; the night-side enhancement a t  L e 
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3, for instancc, corrcspoitds to a dip in the radi- 
ation belt flus on tlic day sidc at roughly the 
s'me L valuc. Similarly, tlic largc auroral en- 
hancement on the other sidc of the narrow pre- 
cipitating clectron spike appears to define a 
broad L slicll ( L  > 6) of reduced trapped flux. 
This precipitntion morild hc consistent with the 
presence of n hrge dc field nlong the particular 
magnetic ficld linc, but it scems unlikely that 
the E > -100 kcv electrons could be produced 
by such a field. 

Of course, other niechnnisms may be more im- 
portant than thc nbove. Thc enhanced ion 
~vsvcs could bc gcwxitrd by significant currcnts 
of pnrticlcs rnergized in otlirr regions of the 
niagnetosplicrc, and gmdients, nnisotropies, etc., 
may also bc signific~ant. In  the absence of a 
large-amplitude dc iirld parallel to Bgaomng, we 
might try to account for the observed electron 
precipitation by conjecturing that the large- 
amplitude VLF fields are primarily oriented 
parallel to BIeOnlng, so that the VLF fields induce 
the precipitation directly. However, the P11 ex- 
periment yields no directional information, and 
equation 4 shows that ion wave electric fields can 
have any orientation with respect to BgCalnng. If 
we consider the otlicr extreme in which the ion 
wave fields are priiunrily norninl to BgeOmag, dif- 
fusion across L shclls, rather than precipitation, 
becomes operotive. This enlianced diffusion is 
discussed by Bohin [1949], Spitzer [1960], and 
Taylor [196l] ; the maximum diffusion rate 
associated with microscopic electric fluctuations 
is 

where KT is in electron volts and Dl in centi- 
metersz per second. For B - 0.3 gauss and 
(2'. + T i )  M 3000"1<, the diffusion rate across 
field lines is of the order of 2 X lo7 cmz/sec. 
This value is not insignificant, and DL rapidly 
increases with altitude. 

6. SIGNIFICAPI'CE OF LARGE-AMPLITUDE 
ION WAVES 

The results reported in section 5 strongly 
suggest that enhanced or nonequilibrium ampli- 
tudes for electrostatic ion waves are commonly 
present at  the orbit of 1964-45A. Furthermore, 
it is clear that these field enhancements are re- 
lated to precipitation of trapped particles from 

the Van Allen l)rlis (i. e., tlic f:Lirly pcrsistcnt 
rise ncar the 'slot' at L = 2-4) and to auroral 
phenomena (Iargc valiics are iisiinlly found near 
the night niiroral and polar zoncs). There is, in 
fact, additional cvidcnce that clcctric field am- 
plitudes in tlic range of 300 mv/m may directly 
cause mid-latitiidc rcd arcs and type A red 
aurora [Me@ and Carleton, 19G41. In this 
section we wish to spcculatc on the possible role 
of nonequilibrium clcctrostatic wavcs in the cn- 
tire magnetosphore and transition region. 

First, lct us consider the magnctosplicrc. Ion 
acoustic waves with E x BgOOIOag N 0 will prccipi- 
tate particles, whcrcas tliosc with E.Bgeomag N 0 
will causc diffusion across L shclls with DI 
givcn npprosimately by equation 15. Near 
the equator at L = 3, U,,,,,, N 0.312/27, 
T. N 78OO"lC [Serbu, 19G41, and equation IS 
yields 

Dl(L  = 3) (0.025E,)2/day (16) 
This prediction is in good agrecment with the 

equatorial observations of Frank et al. [1964J 
during the period December 7, 1962, to January 
8, 1963. After December 20, the intensity of 
energetic electrons E > 1.0 mev a t  L ,- 4.5 
declined gradually, but a pronounced dip ini- 
tially at L = 3.8 steadily moved inward to L = 
3.2 at a rate of ,-0.O2Re/day. 

It is unlikely that there could be recognizable 
diffusion and precipitation unless a significant 
source of energetic particles waa also present. 
This observation is relevant because the most 
likely configurations for ion wave fields at the 
equator have finite El, (causing precipitation) 
and El (causing diffusion). I n  essence, the waves 
are strongly guided along Bgeomsg, but waves on 
adjacent field lines are randomly phased so that 
fluctuating transverse potential gradients de- 
velop [Spitzw, 19601. Indeed, the observations of 
Frank, Van Allen, and Hills indicate that a 
local acceleration source did convert a small 
fraction of the 40-kev flus to E > 1.6-Mev 
electrons during this period. Once again, large- 
amplitude ion waves may. be important in 
explaining this acceleration. I n  the presence of 
a magnetostatic field and an electrostatic wave, 
the equation of motion for an electron is 

mr = -GxB + ek&, cos (kmr - u t )  (17) 

and it has been shown [Scarf et al., 1965; Fredricks 
et al., 19651 that  resonance occurs if 

.. 
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w 4- kllull = /3wcm /3 = 1, 2 (18) 

with w / k  ‘V (~T./,11,)”?, 0 < w << 3, for ion 
n‘nvrs. At I, = 3, w / k  N 106 cni/scc, j p i  = 
52,/21r = 4.5 kr/s, tind j c *  = w,0/27r N 30 ke/s. 

Sinccx :I 40-kiv c~li~ctroii hiis IL npwd near 10l0 
(’in, sve, which is far in iwvw of w / k ,  it is obvious 
that this riwnance ronditioii c i ~ n  ensily lw 
satisfied if thr wave has a finitr value for k,l. 

I n  the iipplication to thr triinsition rcgion, 
cquntion 17 wn.5 solvcd for kl = k,, and largc 
ion wave amplitudes (e&,- KT,). I t  was found 
that velocity multiplication by a factor of 3-4 
takes plncc very rapidly (t  * 43/w,9, but that 
tlic ncccleration is prriodic if thr firld remains 
steady and thc wavr rcmains cohrrent. Howevrr, 
.Slix [I9641 hns argucd th:it, for thew very large 
iimplitudes, the ion ~vavr is coherrnt only in a 
region of the order of k-I. Thus, it w\’us predicted 
[Fredn’cks e.! al., 19651 that in thc transition 
region electrons with initial energies of the order 
of 2-4 kev would be accelerated to 20-65 kev 
in times of the ordcr of milliseconds. I n  the 
magnetosphere, very moderate ion wave ampli- 
tudes are anticipated, and thr resonance condi- 
tion, equation 18, involves a variety of ratios 
for k&. Thus, the transition-region calculations 
are not directly applicable. In particular, coherent 
waves can persist inducing many cycles of accel- 
eration and deceleration, relativistic corrections 
are significant for electrons with initial 40-kev 
energies, and the trapped particleg have comples 
orbits in the dipolar field. Nevertheless, the 
sample calculations, which yield velocity multi- 
plication by a factor of 4, could be relevant in 
explaining a slow conversion of some of the 
E > 40-kev flus to  J iev  electrons. The slow 
growth of the E > 1.6-Mev flus could also imply 
that E,,  and k,, remain extremely small, SO that 
both precipitation and acceleration are inhibited 
while diffusion across L shells takes place. 

As was mentioned above, we believe that ion 
wave instabilities are particularly important in 
the transition region. Buneman [1964] has re- 
ecntly stressed again that the only known 
mechanism that can distort the incident col- 
lisionless plasma so that a ‘shocklike’ transition 
region is formed involves scattering from elec- 
trostatic waves. This idea was developed by 
Piddington [1960], Bernstein et  d. [1964], 
KeUogg [1964], Scarf et al. [1965], and Fred- 
~ j c k s  et al. [1965], and it was predicted that, 

LKl) l ~ l ~ l ~ ~ l ~ l ~ ~ l ~ s  

since thc waves primarily heat the electrons, 
T./T, riscs so that, tlic instabilit,y is maintained 
with motlrratc. prot,on drift spccxls (see Figure 
1);  rrcent diit:i, from Imp-B, Ogo-A [Wolfr! 
and Silnn, I9Wl ,  :ind Vch 2A, 213 [Strong et al., 
1964; llamc! at 01.. 1064:l a p p i r  t,o confirm tho 
(1spcct:itions th:it, in thr tr:insition rrgion, T, /7’ ,  
is largo, iind t1i:it thr protons :irii strcnming. 

hP1’E:NDIS. SHEATH CORHECTIONS 

The 1’11 VLF iintcnna is tin iininsiilatcd rod 
( 1  = 45.7 cm, T = 0.476 cm) mounted parallel 
to the spin axis of the spacecraft. The free-spacc 
capacitancc is romprited assliming that tha 
spacccrnft hod! forms a ground planc, and this 
yields C,, e 2m4,1/ln (Z/r) u 5.5 x 10”’ farad. 

In  the collisionless magnctospheric pia.< <ma an 
insdating sheath forms around the antenna, 
:ind Store!/ [1963] has nrgucd that this shrnth 
kcrps the antenna from being shorted by con- 
duction along magnetic field lines when field 
lines cut both the antenna and the spacecraft 
body. However, the sheath modifies the antenna 
impedance so that C # C,. 

A simplified model to account for the change 
in C was also suggested by Storey. The highly 
conducting plasma beyond the sheath is re- 
garded as a cnpacitor element, and the capaci- 
tance is recomputed accordingly. For R = 
Rahenth < 1/2, we find 

C/Co ili 2 In (Z/r)/ln ( R / r )  
‘v 9.1/ln (R/r )  ( A l )  

but for R > 1/2 these correction factors are in- 
significant, since the electric field pattern sur- 
rounding the antenna is dominated by the 
ground plane. However, even for R < 1/2, it is 
quite difficult to  define a ‘radius’ for the diffuse 
sheath that develops around the antenna. If R 
is defined as the radius that corresponds to  half 
the potential drop across the sheath, the calcu- 
lations of Self [le631 indicate that 

R M 4 di KD-‘ (A21 
and, for h N 500-600 km. K,” C_ 1 cm, so tha.t 
this gives C/C, Y- 3.5. The sheath ‘thickness’ 
defined in equation A2 increases rapidly with 
altitude, and hence C should tend to C, by, say, 
h e lo00 km. 

Of course, these considerations concern a hy- 
pothetical stationary shenth in n quiet plasma. 
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