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ABS TRACT 

On November 28, 1964, the  Mariner I V  s p a c e c r a f t  was 

launched towards Mars, and passed through t h e  ou te r  magnetosphere 

near t h e  geomagnetic equa to r i a l  plane on t h e  dawn s i d e  of t h e  

e a r t h  (sun-earth-probe angle about 112”). The Unive r s i ty  o f  

Iowa experiment on Mariner I V  c o n s i s t s  i n  p a r t  of a t h i n  

(- 35 microns) su r face  b a r r i e r  de t ec to r  wi th  two d i sc r imina t ion  

l e v e l s ;  t h e  d e t e c t o r  i s  s e n s i t i v e  t o  protons i n  t h e  energy 

ranges 0.50 < E < 11 MeV (D1) and 0.88 < E 5 4 MeV (D2) and 

i s  q u i t e  i n s e n s i t i v e  t o  e l ec t rons  of any energy ( e f f i c i e n c y  

< - f o r  40 keV e l ec t rons  a t  count ing r a t e s  of  - 10 
The maximum pro ton  i n t e n s i t i e s  observed were - 6 x 10 

(cm sec  s t e r a d )  i n  D f o r  2.97 <, L 5 3.80 and 9.3 x 10 

(cm2 sec  s terad)-’  i n  D 

above background were de tec ted  f o r  1.88 5 L < 13 f o r  D 

1.88 < L < 7 for D,. 

with  a spectrum of the  form dj/dE = KE-’ w i th  y i nc reas ing  

monotonically from 1.38 a t  L - 2.35 t o  - 8 a t  L - 6.5. 

- P -  - P  

6 

7 
c / s e c ) .  

2 -1 6 
1 

2 f o r  L = 3.14. I n t e n s i t i e s  s i g n i f i c a n t l y  

and 1 - 
The observed count ing rates a r e  c o n s i s t e n t  

c - -  

The 

count ing rates a r e  a l s o  cons i s t en t  wi th  a spectrum of t h e  form 

dj/dE = Ke-E’Eo wi th  E 

L - 1.88 t o  - 100 keV a t  L 

decreasing monotonically from 74,O keV a t  

6.5. Observations of count ing 

0 
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r a t e s  vs L, and values of 7 and E vs L a r e  presented.  These 

r e s u l t s  r ep resen t  a new body of measurements of trapped proton 

i n t e n s i t i e s  near the  equa to r i a l  p lane  i n  the  magnetosphere 

a t  r a d i a l  d i s t ances  ,> 2.5 Re and have been obtained by a d i f f e r e n t  

de t ec t ion  scheme than t h a t  employed by Davis and Williamson [1963] 

O u r  r e s u l t s  a r e  cons i s t en t  with those  of  Davis and Williamson. 

The s ign i f i cance  of t h e  observat ions wi th  r e spec t  t o  proposed 

t h e o r e t i c a l  models i s  discussed.  

0 
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INTRODUCTION 

Since t h e  discovery of t he  Van Al len  r a d i a t i o n  b e l t s ,  

a l a r g e  number of measurements have been made of t h e  fluxes, 

energy spectrums, and t h e  s p a t i a l  d i s t r i b u t i o n  of charged 

p a r t i c l e s  throughout t h e  magnetosphere. S p e c i f i c a l l y ,  ou ter  

zone protons of  energy < 10 MeV have been s tud ied  by means of 

rocke ts  [Bame e t  a l . ,  19633 and s a t e l l i t e s  [Davis and Williamson, 

1963; F i l l i u s  and McIlwain, 1964.; Frank e t  a l . ,  1 9 6 4 ;  Bostrom e t  a l . ,  

1965; Krimigis and Van Allen,  19651. The p r e s e n t  work i s  concerned 

wi th  measurements of  low energy (2 500 keV) pro tons  obtained dur ing  

t h e  t r a v e r s a l  of t h e  e a r t h ' s  magnetosphere by t h e  Mariner I V  

spacec ra f t .  

The Mars-bound NASA-JPL Mariner I V  spacec ra f t  was launched 

success fu l ly  a t  14:22 UT on November 28, 1964, and p laced  on a 

t r a j e c t o r y  c a l c u l a t e d  t o  produce a c l o s e  approach t o  the  p l a n e t  on 

J u l y  15, 1965. 

i s  shown i n  F igure  1. The Sun-Earth-Probe (SEP) angle  a t  which 

t h e  spacec ra f t  c rossed  the  magnetospheric boundary ( a t  23 R ) was e 

112.4. degrees,  on t h e  dawn s ide  o f  t h e  magnetosphere. Af te r  

launch t h e  o r b i t  o f  t h e  spacecraf t  r a p i d l y  approached t h e  geomagnetic 

e q u a t o r i a l  p lane ,  and beyond - 3 Re s tayed cont inuous ly  on t h i s  

The spacecraf t  t r a j e c t o r y  through t h e  magnetosphere 



plane .  The Univers i ty  of  Iowa pro ton  d e t e c t o r s  measured pro tons  

i n  two energy ranges,  0.50 < E 

Proton measurements i n  these  energy ranges have been r epor t ed  

C 11 MeV and 0.88 < E < 4 MeV. - P -  - P -  

before  [Davis and Williamson, 19631 b u t  d id  n o t  extend t o  t h e  

magnetospheric boundary on the dawn s i d e .  I n  add i t ion ,  t h e  

f a c t  t h a t  t h e  spacec ra f t  s tayed on t h e  geomagnetic equator  allowed 

the  d i r e c t  observat ion of  the  maximum d i r e c t i o n a l  i n t e n s i t i e s  

as a func t ion  of r a d i a l  d i s tance  f o r  protons i n  t h i s  energy 

range.  The K d a i l y  sum f o r  28 November was 19, and t h e  K t h r e e  

hour index f o r  t he  per iod  when t h e  d e t e c t o r  count ing r a t e s  were 
P P 

s i g n i f i c a n t l y  above background was 3 + .  

Using t h e  two d a t a  channels one can cons t ruc t  a two p o i n t  

energy spectrum which can be cha rac t e r i zed  by e i t h e r  a power l a w  

i n  energy wi th  parameter y ,  o r  an  exponent ia l  i n  energy w i t h  

parameter E * magnetic r i g i d i t y  r ep resen ta t ions  are a l s o  p o s s i b l e .  
0' 

Due t o  t h e  f a c t  t h a t  Mariner t r ave r sed  t h e  magnetosphere only  once, 

one cannot s epa ra t e  t h e  B and/or L dependence of t h e  spectrum 

parameters except  when c e r t a i n  assumptions are made; t h a t  i s ,  

t h e  d a t a  a r e  analyzed i n  t h e  framework of some phys ica l  model. A 

comparison of t n e  experimental  data is made x i t h  A - ~ -  b1lC -,.A-1 1 I L U U C L  of 

Nakada, Dungey, and Hess [l965] and the  r e c e n t  t h e o r e t i c a l  r e s u l t s  

of Nakada and Mead [19651. Comparison i s  a l s o  made wi th  t h e  d a t a  

of prev ious  experimenters and a d i scuss ion  of  t h e  s ign i f i cance  of 

t h e  r e s u l t s  fo l lows .  
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DETECTORS 

The Univers i ty  of Iowa package o f  low energy p a r t i c l e  

de t ec to r s  on Mariner I V  c o n s i s t s  of t h r e e  end-window Geiger- 

Mueller tubes (EON Type 6213), designated A, B, and C (Table I ) ;  

i n  addi t ion ,  t h e r e  i s  a sur face  b a r r i e r  s o l i d  s t a t e  d e t e c t o r  

(Nuclear Diodes, Inc . )  designated D whose e f f e c t i v e  th ickness  i s  

- 35 microns.  The proton measurements r epor t ed  i n  t h i s  paper were 

made exc lus ive ly  with t h e  s o l i d  s t a t e  de t ec to r  and a proper  under- 

s tanding  of  t h e  da t a  requi res  a d e s c r i p t i o n  of  t h e  design and 

c a l i b r a t i o n  of t h e  instrument .  

The design ob jec t ives  f o r  d e t e c t o r  D were ( a )  t o  d e t e c t ,  

pu l se  he ight  analyze,  and measure t h e  abso lu te  i n t e n s i t y  o f  low 

energy (- 500 keV) pro tons  and (b)  t o  make t h e  d e t e c t o r  i n s e n s i t i v e  

t o  e l e c t r o n s  of any energy. 

(35 micron) su r face  b a r r i e r  s o l i d  s t a t e  de t ec to r  was chosen s o  as  

t o  minimize energy loss by pene t r a t ing  e l e c t r o n s  and t h e  two 

energy d i sc r imina t ion  l e v e l s  were set  f a r  above t h e  maximum energy 

loss for i nd iv idua l  e l ec t rons .  I n  add i t ion ,  a f a s t - c l i p p i n g  p u l s e  

ampl i f i e r  was used ( F u l l  Width a t  Half M a x i m u m  of 200 nanoseconds) 

t o  e l imina te  e l e c t r o n  p i l e  up. A b lock  diagram of t h e  e l e c t r o n i c s  

i s  shown i n  Figure 2 .  The vol tage  p u l s e  presented  a t  t h e  output  

To sa t i s fy  these  c r i t e r i a  a t h i n  
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of t h e  charge s e n s i t i v e  pre-amplif ier  i s  cl ipped,  amplif ied,  and 

fed i n t o  t h e  d iscr imina tors ,  which a r e  s e t  f o r  t h e  appropr ia te  

energy l o s s  i n  t h e  de t ec to r ;  pulses  from the  d iscr imina tors  go 

i n t o  a r a t e  l i m i t e r  s o  t h a t  the  counting r a t e  w i l l  not exceed an  

upper l i m i t ,  which i n  t h i s  case i s  chosen not t o  exceed t h e  

capac i ty  of t he  spacec ra f t  accumulators. 

The de tec to r  used was of t he  sur face  b a r r i e r  non- to t a l ly  

depleted type wi th  a f r o n t  window of neg l ig ib l e  th ickness  

(- 4.0 micrograms/cm* of go ld ) .  

determined by the  r e s i s t i v i t y  of t h e  s i l i c o n  used and the  app l i ed  

b i a s  vo l t age .  The p rope r t i e s  of t he  de t ec to r  were measured by 

use of a lpha p a r t i c l e s  of  we l l  known energy and t h e  b i a s  vo l t age  

was s e t  so  t h a t  t h e  th ickness  of t he  de t ec to r  was 31microns.  

The "e f f ec t ive"  th ickness ,  however, was about 35 microns, a s  can 

be seen f r o m  Figure 3;  t h i s  i s  due t o  t h e  f a c t  t h a t  t h e r e  i s  some 

c o l l e c t i o n  of t h e  charge which i s  produced beyond t h e  dep le t ion  

depth and which d i f f u s e s  back i n t o  t h e  space charge region 

[Mayer, 1961; F i l l i u s ;  19631. 

fo r  p a r t i c l e s  pene t r a t ing  t h e  s e n s i t i v e  reg ion  of  t he  d e t e c t o r ;  

The thickness  of t he  de t ec to r  i s  

This e f f e c t  i s  q u i t e  no t i ceab le  

it c ~ f i  L e  fj-~i;, Flg.~-e 3 that t h e  e - - - m r  b A A b A  6J - - Y Y  1ne-a 1s * U U Y Y  r r , h r + s n + i a l l v  

higher  than t h a t  expected f o r  a 31 micron d e t e c t o r .  Although we 



8 

do no t  have experimental  po in ts  beyond - 3.6 MeV, we es t imate  

t h a t  a pene t r a t ing  proton of energy 10-11 MeV w i l l  l e ave  enough 

energy (- 420 keV) t o  be counted i n  t h e  f i r s t  d i sc r imina t ion  

l e v e l .  The corresponding energy f o r  t h e  second d i sc r imina t ion  

l e v e l  i s  4. MeV. 

To s e t  t h e  d iscr imina t ion  l e v e l s  we have used the  we l l  

e s t ab l i shed  method o f , a n  alpha source and a pu l se r  which i s  

l i n e a r  and s t a b l e  t o  l e s s  than 0.1%. Once the  l e v e l s  were s e t  

t h e  u n i t  was placed i n  a proton beam and the  e f f i c i e n c y  vs 

energy p r o f i l e s  were d i r e c t l y  e s t a b l i s h e d  f o r  each d iscr imina t ion  

l e v e l .  An example of t he  c a l i b r a t i o n  i s  shown i n  Figure 4.; here 

the  r a t i o  of input  t o  output  counting r a t e  i s  p l o t t e d  vs energy 

on p r o b a b i l i t y  paper because the  e f f i c i e n c y  can be approximated 

by an i n t e g r a l  of t h e  Gaussian 

where E i s  t h e  energy a t  the 5% po in t .  
C 

A p l o t  of t h e  e f f i c i ency  on p r o b a b i l i t y  paper r e s u l t s  

in a straight r n .  7 7  

p o i n t  (Ec) i s  a t  495 keV, compared t o  4 9 7  keV a s  determined by 

L P I I I I U b ,  lS51. It is 6 2 C Z  t h z t  t h e  mid- 
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the  alpha source p lus  l inear  p u l s e r  method. The corresponding 

numbers f o r  D a r e  835 keV and 839 keV, r e s p e c t i v e l y .  

r o o t  of t h e  sum of the  squares of t h e  e l e c t r o n i c  noise  and t h e  

de t ec to r  r e s o l u t i o n  determine t h e  FWHM which i s  t y p i c a l l y  40 keV. 

It i s  seen t h a t  t h e  d iscr imina t ion  l e v e l s  when set by use of  t h e  

a lpha  source and a l i n e a r  pu l se r  d i f f e r  by l e s s  than  1% from those  

determined i n  a proton beam. The a c t u a l  numbers f o r  t h e  u n i t  t h a t  

was flown on Mariner I V  a s  determined by t h e  l i n e a r  pu l se r  p lus  

a lpha  source method a r e  a s  follows: 

The square 
2 

D1 - midpoint a t  500 keV 

D2 - midpoint a t  880 keV 

FWHM = 43 keV 

The t h i n  de t ec to r ,  sho r t  c l ipp ing  t i m e ,  and high d iscr imina-  

t i o n  levels r e s u l t e d  i n  a neg l ig ib l e  e f f i c i e n c y  i n  count ing 

e l e c t r o n s  of any energy. 

insens i t iv i ty  of t h e  de t ec to r  ( i n  a d d i t i o n  t o  p r e - f l i g h t  t e s t i n g )  

i s  shown i n  Figure 5 ,  where de t ec to r  B ( looking i n  t h e  same 

d i r e c t i o n  as D ) has been p l o t t e d  on t h e  same s c a l e  as D 

i s  seen  t h a t  whi le  B i s  sa tu ra t ed  a t  10 R 

tile 46 'Key e l e c t r o n s  flux, D~ i s  count ing a t  about 3 t imes 

A s t r i k i n g  i l l u s t r a t i o n  of t h e  e l e c t r o n  

It 1 1' 

( e a r t h  r a d i i )  due t o  e 
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background. The corresponding f l u x e s  of p a r t i c l e s  seen by B 

and D are about 2 x 10 ( c m  sec  s terad)- '  and 2 (cm sec  

s t e r a d )  , r e s p e c t i v e l y .  The e l e c t r o n  count ing e f f i c i e n c y  i s  

t h e r e f o r e  < 

7 2  2 
1 
-1 

The phys ica l  conf igura t ion  of t h e  de t ec to r  i s  as fol lows:  

it has a con ica l  co l l imator  with a f u l l  v e r t e x  angle  of 60".  

The s idewal l  sh i e ld ing  of t h e  d e t e c t o r  has a minimum th ickness  

corresponding t o  t h e  range of - 50 MeV pro tons .  

s h i e l d  aga ins t  s u n l i g h t  a n i cke l  f o i l ,  whose th i ckness  i s  

0.22 mg/cm2 of  a i r  equiva len t  f o r  a lpha  p a r t i c l e s ,  was placed 

i n  f r o n t  of  t h e  d e t e c t o r .  

i n t o  account when t h e  d iscr imina t ion  l e v e l s  a r e  s e t .  Knowledge 

of t h e  proper  opera t ion  of the instrument  i s  assured  through an 

i n f l i g h t  Am241 source of 5.477 MeV alpha p a r t i c l e s ,  which was 

goldplated i n  order  t o  obta in  a f a l l i n g  spectrum between 500 keV 

and 880 keV. 

d r i f t  i n  t h e  d i sc r imina t ion  l e v e l s  would have been immediately 

no t i ceab le ;  a pre l iminary  inspec t ion  of t he  data has shown no such 

change over t h e  10-month per iod of opera t ion  of t he  ins t rument .  

Because t h e  t h i n  de t ec to r  c o i i e c t s  on ly  a few tens  of keV froiii a 

minimum ion iz ing  p a r t i c l e ,  the c o n t r i b u t i o n  of cosmic r ays  t o  t h e  

I n  order  t o  

The e f f e c t  of t h e  f o i l  i s  p rope r ly  taken 

95 

Thus, any change i n  t h e  de t ec to r  c h a r a c t e r i s t i c s  and/or 
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background count ing r a t e  f o r  p a r t i c l e s  coming i n  through t h e  

co l l imator  i s  n e g l i g i b l e .  The con t r ibu t ion  t o  t h e  background 

counting r a t e  f o r  p a r t i c l e s  coming i n  through t h e  s h i e l d i n g  and 

cross ing  t h e  d e t e c t o r  sideways i s  about t h r e e  o rde r s  of magnitude 

l e s s  than t h e  background counting r a t e  due t o  t h e  i n f l i g h t  source .  



RESULTS 

( a )  General Remarks 

During t h e  magnetospheric passage t h e  -Z ax i s  of t h e  

Mariner I V  spacec ra f t  was po in t ing  cont inuously a t  the  sun.  The 

axis of  d e t e c t o r  D makes a n  angle a t  70" t o  t h e  spacec ra f t  -Z 

a x i s ,  i . e . ,  t he  angle  between t h e  d e t e c t o r  axis and t h e  

spacecraf t -sun l i n e  i s  70". 

t he  Z a x i s  w i th  a pe r iod  of  approximately 30 minutes (L. Davis, Jr., 

p r i v a t e  communication). 

axis wi th  r e s p e c t  t o  t h e  2 vector  was changing wi th  time so  t h a t  

the  d e t e c t o r  was sampling p a r t i c l e s  of var ious  p i t c h  angles  a t  

d i f f e r e n t  t imes .  An accompanying experiment on t h e  spacec ra f t  

was a t r i a x i a l  helium magnetometer which provided informat ion  on 

t h e  magnitude and d i r e c t i o n  o f  t h e  magnetic f i e l d  vec tor  i n  space- 

c r a f t  coord ina tes  beyond a geocent r ic  d i s t ance  of - 4.5 R 

(Ed. Smith, p r i v a t e  communication) . A t  d i s t ances  c l o s e r  t han  

The spacec ra f t  was r o t a t i n g  about 

Thus, t h e  o r i e n t a t i o n  o f  t h e  d e t e c t o r  

e 

4 .5  R 

( D .  E .  Jones, p r i v a t e  communication) which, combined wi th  t h e  l a t e r  

magnetometer da ta ,@ves the  o r i e n t a t i o n  of t h e  d e t e c t o r  w i t h  r e s p e c t  

t o  the  % vector ,  wi th  s u f f i c i e n t  accuracy f o r  t h e  purpose of t h i s  

experiment.  

t h e  modulation of te lemet rys igna l  s t r e n g t h  w a s  used e 



~ : 

Figures  6 and 7 show our measured d i r e c t i o n a l  i n t e n s i t y  

of protons as a func t ion  of L i n  t h e  i n d i c a t e d  energy ranges,  as 

w e l l  as t h e  o r i e n t a t i o n  of the d e t e c t o r  w i t h  r e s p e c t  t o  t h e  3 

vec to r ,  and t h e  degree of departure  of  t h e  t r a j e c t o r y  from the  

geomagnetic equator  i n  B/B 

those  of McIlwain [19611. 

p r o f i l e  r ep resen t  t h e  a c t u a l  i n t e n s i t i e s  observed a t  va r ious  p i t c h  

the two magnetic coord ina tes  being 

The s o l i d  curve i n  the  i n t e n s i t y  vs L 

0' 

angles;  t h e  do t t ed  curve i s  the l i n e  drawn between p o i n t s  a t  

which t h e  de t ec to r  a x i s  was perpendicular  t o  the  B vec to r ,  and 

thus  r ep resen t s  t he  in t e rpo la t ed  i n t e n s i t y  of  p a r t i c l e s  whose 

v e l o c i t y  vec to r  i s  perpendicular  t o  t h e  magnetic f i e l d .  The 

i n t e n s i t y  was s i g n i f i c a n t l y  above background when t h e  de t ec to r  

6 was turned  on a t  L - 1.88 and rose  ve ry  sha rp ly  (by 10 

AL - - 0.5) u n t i l  channel D1 became s a t u r a t e d  between L of 2 .9  t o  

3.8. 

6 x lo7 (cm 

.-) 

i n  

We have es t imated  the  peak i n t e n s i t y  of protons t o  be 

2 
sec  s terad)- '  t o  w i t h i n  - + 30% a t  L - 3.1 by us ing  

the  non-saturated count ing r a t e  of channel  D and an in t e rpo la t ed  

value of Eo, t h e  s p e c t r a l  parameter. Figure 6 extends t o  L = 13, 

beyond which t h e  i n t e n s i t y  of pro tons  i s  not  s i g n i f i c a n t l y  above 

2 

u~~.~;lV~,I* -.l----..-zl as can be seerL f r o m  Fig*;-e 5 .  mL- - n C r . - n < + - -  T 
L l l C  I l l l r c l lP I l ry  v o  u 

p r o f i l e  f o r  protons i n  the  range 0.88 < Ep < 4 MeV i s  shown i n  - - 
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Figure 7 and has the  same genera l  c h a r a c t e r i s t i c s  a s  t h a t  f o r  

protons i n  the  range of 0.50 < E < 11 MeV, as descr ibed above. 
- P -  

The i n t e n s i t y  i s  s i g n i f i c a n t l y  above background t o  L - 7.1. 

It i s  noted from t h e  B/Bo vs L graph t h a t  beyond L - 3 

the  t r a j e c t o r y  of  t he  spacecraf t  remained i n  the  geomagnetic 

e q u a t o r i a l  plane,  so t h a t  t h e  observed p a r t i c l e  i n t e n s i t y  pe r -  

pendicular  t o  % i s  t h e  maximum i n t e n s i t y  along a given L s h e l l ,  

as e s t a b l i s h e d  by experimental  observat ions of t h e  e q u a t o r i a l  

p i t c h  angle  d i s t r i b u t i o n s .  

(b)  Angular D i s t r i b u t i o n  

As can be seen from Table 1, the  con ica l  co l l imator  of  t h e  

d e t e c t o r  has a ha l f  angle of 30°, so  t h a t  t h e  observed count ing 

r a t e  r ep resen t s  an  i n t e g r a l  of p ro ton  i n t e n s i t y  over a 60" s e c t o r  

of t h e  s o l i d  angle centered  about t h e  co l l ima to r  a x i s .  

c o r r e l a t i n g  t h e  modulation of count ing r a t e s  i n  F igures  6 and 7 

wi th  t h e  angle between co l l imator  axis and t h e  B-vector, it can 

been seen  t h a t  t h e  proton i n t e n s i t y  i s  a func t ion  of p i t c h  angle  a. 

It i s  p o s s i b l e  t o  der ive  a rough es t imate  of  t h e  form of j 

a t  a given va lue  of  L by using t h e  r a t i o  of t h e  observed 

By 

(a )  P 

P 



t o  the  i n t e r p o l a t e d  where the  b a r  r e p r e s e n t s  an i n t e g r a l  

over t he  co l l ima to r  angle .  It i s  convenient t o  assume t h e  form 

s i n  a f o r  t h e  p i t c h  angle d i s t r i b u t i o n  and t o  de r ive  a value of 

n from t h e  observed r a t i o s .  The s i n  a form can be assumed t o  

apply wi th  a s i n g l e  value of  n only over a l i m i t e d  p i t c h  angle  

range [ e . g . ,  see  Davis and Williamson, 19633 . Hence the  p re sen t  

observat ion i s  s e r i o u s l y  l imi ted  by  t h e  wide (60 " )  opening angle  

o f  t he  d e t e c t o r  and f o r  t h i s  reason a d e t a i l e d  c a l c u l a t i o n  has 

proved inconclus ive .  The data ,  however, are c o n s i s t e n t  w i th  

n = 3 - + 1, wi th  the  vallJe o f  n sub jec t  t o  t h e  l i m i t a t i o n s  noted 

above. 

P 

n 

n 

( c )  Energy Spectrum 

Due t o  t h e  f a c t  t h a t  there  e x i s t  observa t ions  a t  on ly  two 

energ ies ,  it i s  no t  poss ib l e  t o  uniquely determine t h e  f u n c t i o n a l  

form of t h e  energy spectrum. 

forms, namely dj/dE = Ke-E/Eo and dj/dE = KE-7, and have computed 

values  for E and y ,  r e spec t ive ly .  The r e s u l t s  are shown as a 

func t ion  of L i n  Figure 8, where a p l o t  of B/Bo i s  a l s o  included.  

S t a t i s t i c a l  unce r t a in ty  i n  the va lues  of E and y i s  shown whenever 

it exceeds the  diameter of  the p o i n t .  

We have used t h e  two commonly assumed 

0 

0 

The p o i n t s  shown dur ing  t h e  



I '  

16 

time when D was sa tu ra t ed  r ep resen t  lower l i m i t s  f o r  y and upper 

l i m i t s  f o r  E . The va lues  of E range from about 740 keV a t  

L - 1.88 t o  about 100 keV a t  L - 6.5.  

1.38 a t  L - 2.35 t o  about 8 a t  L - 6.5.  

poss ib l e  t o  f i t  the  observed r a t i o s  t o  a power l a w  spectrum. 

This implies  t h a t  t he  spectrum may n o t  be  f a l l i n g  monotonically 

below L < - 2.27.  Although t h e  l a s t  r e s u l t  i s  s t a t i s t i c a l l y  s i g n i f i -  

can t ,  t h e  incons is tency  wi th  a power l a w  spectrum i s  not  compelling 

1 

0 0 

The values  of y range from 

For L < - 2.27 it i s  n o t  

i f  t h e  unce r t a in ty  i n  t h e  high energy cu to f f  o f  t h e  d e t e c t o r  i s  

taken i n t o  account .  

It can be seen from Figure 8 t h a t  t h e  s p e c t r a l  parameters Eo 

and y vary, as both B/B 

It i s  thus no t  poss ib l e ,  i n  p r i n c i p l e ,  t o  s epa ra t e  the  B and/or L 

dependences. However, t he  s c a t t e r  i n  the  d a t a  produced by t h e  

sampling of  d i f f e r e n t  p i t c h  angles as the  spacec ra f t  r o t a t e s  i s  

much smal le r  t han  t h e  t o t a l  apparent v a r i a t i o n  of t h e  s p e c t r a l  

parameter wi th  L .  

angles  corresponded t o  a much l a r g e r  equiva len t  v a r i a t i o n  of B/B 

than  t h a t  a c t u a l l y  encountered. It i s  thus  poss ib l e  t o  conclude t h a t  

and L change along t h e  spacec ra f t  t r a j e c t o r y .  
0 

Indeed t h e  range of t h e  observed e q u a t o r i a l  p i t c h  

0 

t h e  v a r i a t i o n  o f  t h e  s p e c t r a l  parameters wi th  B i s  not  important 

compared t o  t h e i r  v a r i a t i o n  with L i n  th i s  se t  of observa t ions .  



DISCUS SION 

( a )  Comparison wi th  Other Measurements 

The r e s u l t s  of t h i s  experiment may be compared wi th  proton 

measurements i n  the  energy range 0.12 5 E 

Davis and Williamson [19631. 

was obtained i n  t h e i r  pass  c l o s e s t  t o  t h e  geomagnetic equator  

< 4..5 MeV made by 
P -  

An appropr ia te  p o i n t  f o r  comparison 

(- 7 degrees)  a t  L - 3 . l w h e r e  t h e i r  repor ted  i n t e n s i t y  was 

- 6 x lo7 (cm2 sec  s t e r a d )  
-1 

with an accuracy of 2 50%. Our 

2 -1 
see s t e r a d )  corresponding number i s  a l s o  6 x lo7 (cm a t  the  

geomagnetic equator .  I f  w e  take i n t o  account t h e  d i f f e r e n c e  i n  

t h e  e n e r a  i n t e r v a l s  observed and i n  t h e  values  of  B/B 

measurements seem t o  agree wel l .  

t h e  two 
0’ 

(b)  Energy Density 

It i s  of i n t e r e s t  t o  consider  t he  energy d e n s i t y  o f  t h e  

observed protons and t h e  r e l a t i o n  between p a r t i c l e  and f i e l d  energy 

d e n s i t i e s .  The p resen t  se t  o f  measurements i s  complementary t o  

those  used by Hoffman and Bracken [19651 i n  computing t h e  magnetic 

e f f e c t s  o f  t h e  quiet- t ime proton b e l t .  One may compute t h e  

pai- t lc le  energy density 5.! by ‘ ~ s f z g  t h e  c5serTvred 2pg:nl.r d i s t r i b ~ ~ t i o n  

and t ak ing  i n t o  account t h e  p a r t i c l e  energy spectrum. One has 
P 



It i s  e x p l i c i t l y  assumed here  t h a t  t h e  energy spectrum i s  

independent of p i t c h  angle .  A t  L - 3.1, t h e  e - fo ld ing  energy 

E - 200 keV and t h e  power law parameter y 5 .  S u b s t i t u t i n g  

f o r  dj/dE an exponent ia l  form and a power l a w ,  r e spec t ive ly ,  as 

0 -  

determined e a r l i e r ,  we f i n d  tha t  

w - 4. x 10-7 ergs/cm (exponent ia l  i n  energy) 
P -  

0.5 E < 11 MeV - P -  
w - 8 x ergs/cm 3 (power l a w  i n  energy) 

P -  

I n  t h e  above c a l c u l a t i o n  t h e  value n = 3 was used f o r  t he  angular  

d i s t r i b u t i o n  of i n t e n s i t y  as discussed ear l ie r  i n  t h i s  paper .  

The magnetic f i e l d  energy dens i ty  W on t h e  equator  a t  F 

L - 3.1 i s  g iven  by 

3 L 
- 6.65 x lo-" ergs/cm . r) - 

W F - G -  

The r a t i o  of p a r t i c l e  t o  magnetic f i e l d  energy d e n s i t y  a t  t h e  

equator i s  then  

W 
R = = 0.06 

wF 

= 0.2 wP 

wF 
R =  - 

(exponent ia l  i n  energy) 

0.5 < E < 11MeV - P -  
(power l a w  i n  energy) 



. 

It i s  seen t h a t  p a r t i c l e  energy d e n s i t y  can be as l a r g e  

a s  5 t o  10% of t h e  f i e l d  energy d e n s i t y .  

t h e  numbers quoted above should be considered as a lower l i m i t ,  

s i nce  t h e  de t ec to r  th reshold  i s  a t  500 keV and t h e  e - fo ld ing  

energy of t he  spectrum a t  L - 3.1 i s  about 200 keV. 

the  computed pro ton  energy (using t h e  assumption ou t l ined  above) 

i s  shown i n  Figure 9.  It i s  obvious t h a t  t he  r a t i o  of  t h e  

500 keV proton energy d e n s i t y t o  t h e  f i e l d  energy d e n s i t y  i s  

not  a cons tan t  and decreases  with inc reas ing  L, f o r  L > 3.1. 

Some and perhaps a l l  of  t h e  v a r i a t i o n  i n  the  r a t i o  a s  a f u n c t i o n  

of L may be accounted f o r  b y  protons which a r e  below t h e  energy 

threshold  of t h e  d e t e c t o r .  

It should be noted t h a t  

A p l o t  of  

( c )  Comparison wi th  Theory 

It has been shown i n  the p a s t  t h a t  t h e  observed numbers of 

low energy protons cannot be explained i n  terms of e i t h e r  CRAND 

(Cnsmic: Ea;. A-lh&n N e ~ f . r o n  Decay) o r  SPAND (Solar  Proton Albedo 

Neutron Decay) [Bostrom e t  a l . ,  1965; F i l l i u s ,  19651. Recently,  

i n t e r e s t  has turned t o  t h e  solar wind as a poss ib l e  source and 

t h e  e a r l y  ideas  of Kellogg [ 19591, Parker [ 19601, and Herlofson 

[ 19601 have been f u r t h e r  examined by Davis and Chang [19621, 
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Tverskoy ( 1 9 6 4 1 ,  Nakada e t  a l .  [19651, and Nakada and Mead [l965]. 

The mechanism i s  t h a t  of i n j e c t i o n  of p a r t i c l e s ,  u s u a l l y  a t  t h e  

magnetospheric boundary, wi th  subsequent inward d i f f u s i o n  and 

ene rg iza t ion  by conserving t h e  f i r s t  two a d i a b a t i c  i n v a r i a n t s  and 

v i o l a t i n g  the  t h i r d .  

The c a l c u l a t i o n s  of Nakada e t  a l .  [19651 show t h a t  t he  

energy spectrum parameter E 

p a r t i c l e s  whose p i t c h  angle i s  90" .  

value  of E 

p l o t ;  a l i n e  wi th  s lope of -3 has been drawn f o r  comparison. 

i s  seen t h a t  t h e r e  i s  f a i r  agreement wi th  t h e  L-3 l a w  f o r  L i n  

t h e  range from 2 t o  4 ,  wi th  the s c a t t e r  i n  t h e  p o i n t s  a t t r i b u t a b l e  

t o  t h e  v a r i a t i o n  of E 

an apparent  d i s c o n t i n u i t y  i n  the curve which may be connected 

w i t h  t h e  observa t ion  t h a t  t h e  spectrum i s  a double exponent ia l  

descr ibed  by two d i f f e r e n t  values of E 

should vary  as L-3 a t  t h e  equator  f o r  
0 

I n  Figure 10 t h e  observed 

has been p l o t t e d  as a func t ion  of L i n  a logar i thmic  

It 

0 

with  p i t c h  angle .  Beyond L of  4 t h e r e  i s  
0 

[Hoffman and Bracken, 
0 

19651. 

Nakada and Mead [19651 have used a Fokker-Planck d i f f u s i o n  

equat ion  with terms descr ib ing  Coulomb energy degradat ion and 

charge-exchange l o s s e s  wi th  the ambient atmosphere; i n  this manner, 

t hey  a r e  a b l e  t o  ob ta in  r a d i a l  and energy d i s t r i b u t i o n s  f o r  t rapped 
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protons i n  the  ou te r  zone. O u r  r e s u l t s ,  obtained i n  the  geomagnetic 

equator ,  can be compared d i r e c t l y  t o  t h e i r  c a l c u l a t e d  i n t e n s i t y  

vs .  d i s t ance  p r o f i l e s  (see t h e i r  Figure 8, curve No. 5 ) .  It i s  

observed t h a t  t h e r e  i s  general  q u a l i t a t i v e  agreement between t h e  

p red ic t ed  and observed in t ens i ty -d i s t ance  p r o f i l e s .  The peak 

ca l cu la t ed  i n t e n s i t y ,  however, appears  t o  be a t  a higher  L value 

than the  observat ions ind ica t e .  I n  addi t ion ,  t h e  decrease of 

i n t e n s i t y  from maximum towards h igher  L va lues  as p red ic t ed  bg 

t h e  model i s  l e s s  than t h a t  shown by t h e  observa t ions .  It would 

appear t h a t  t he  Coulomb loss r a t e  i s  g r e a t e r  than  t h a t  assumed i n  

the  c a l c u l a t i o n .  As t h e  authors  remark, however, a re -eva lua t ion  

of t h e  parameters used i n  the  computation can make important 

q u a n t i t a t i v e  d i f f e rences  i n  the shape of  t h e  curves.  
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FIGURE CAPTIONS 

Figure 1 - Mariner I V  t r a j e c t o r y  through t h e  magnetosphere. The 

sun-earth-probe angle  was 1l2.4 degrees as t h e  spacec ra f t  

crossed t h e  boundary a t  23 R e .  

Figure 2 - Pulse he ight  ana lys i s  scheme f o r  t h e  Un ive r s i ty  of  Iowa 

s o l i d  s t a t e  d e t e c t o r  on Mariner I V .  

Figure 3 - Energy l o s t  i n  de tec tor  vs inc iden t  k i n e t i c  energy 

fo r  protons,  f o r  a s tandard Mariner I V  s o l i d  s t a t e  d e t e c t o r .  

Note the  discrepancy between the ca l cu la t ed  and experimental  

curve f o r  pene t r a t ing  p a r t i c l e s .  

Figure 4 - Typical  energy passband of Mariner I V  de t ec to r  s e r i e s .  

P l o t  on p r o b a b i l i t y  graph paper r e s u l t s  i n  a s t r a i g h t  l i n e .  

Figure 5 - An i l l u s t r a t i o n  of t h e  i n s e n s i t i v i t y  of  t h e  s o l i d  s t a t e  

de t ec to r  t o  count ing e l e c t r o n s .  The e f f i c i e n c y  i s  l e s s  

than 1 x a t  counting r a t e s  of 10 counts/second. 6 

Figure 6 - Trapped proton i n t e n s i t y  i n  the  energy range 

0.5 < E < 11 MeV as a func t ion  of L .  Notice t h a t  t h e  

spacec ra f t  t r a j e c t o r y  was c lose  t o  the  geomagnetic equator 

as evidenced from t h e  B/B 

- P -  

curve.  
0 

Figure  7 - Trapped pro tons  in  t h e  energy range 0.88 <_ E < 4 MeV 
P -  

a s  a func t ion  of  L .  
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Figure 8 - The s p e c t r a l  parameters of t h e  measured protons a s  a 

func t ion  of L .  

Figure 9 - The energy d e n s i t y  

0.500 < E < 11 MeV as 
1. 

- P -  
J d i s t r i b u t i o n  of s i n  CY, 

of  protons i n  t h e  range 

a func t ion  of  L .  

and a power law spectrum have been 

A p i t c h  angle  

assumed i n  t h e  computation. 

Figure 10  - Comparison of t h e  experimental  r e s u l t s  with t h e  model 

of Nakada, Dungey, and Hess. 
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