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ABSTRACT 

The s o l a r  cosmic r ay  event of 5-12 February 1965 i s  t h e  

most i n t ense  one of a t e n  month per iod  of i n t e rp l ane ta ry  observa- 

t i o n  (28 November 1964 - 30 September 1965) with Mariner I V  during 

t h e  recent  epoch of minimum so la r  a c t i v i t y .  

t h e  i n t e n s i t i e s  of energe t ic  p a r t i c l e s  i s  presented from onset a t  

1835 - + 10 U.T .  on 5 February following a 2* s o l a r  f l a r e  N08, W25 

(which began at  1750 U.T . )  u n t i l  disappearance i n t o  t h e  background 

ne= t h e  end of 1 2  February. 

E > 0 .5  MeV and e lec t rons  E > 40 keV i s  i d e n t i f i e d  i n  t h i s  event 

for t h e  f i r s t  t ime.  

A f u l l  t ime h i s t o r y  of 

A mixture of low energy protons 

P e 

M a x i m u m  values of i n t e n s i t i e s  e a r l y  i n  t h e  

event are as follows : 

Protons : 

-1 j = 108 (em2 see  s t e r )  f o r  0.50 < E < 11 MeV; 

j = 45 (cm2 see  s t e r ) - l  f o r  0.88 < E < 4.0 MeV; 

J 0 = 80 (cm2 see)-' f o r  

P 

P 

55 MeV- 
Electrons : 

j = 700 (em2 see s t e r )  -1 f o r  Ee > 40 keV. 

Simultaneous observat ions w i t h  s i m i l a r  equipment on the  near-ear th  

s a t e l l i t e  Injun I V  a re  compared with those  of Mariner I V .  It i s  
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found t h a t  t h e  t ime h i s t o r i e s  of t h e  i n t e n s i t i e s  of both low 

energy, E - 1 MeV, and higher  energy, E - 55 MeV, protons over 

t h e  p o l a r  caps of t h e  e a r t h  are  s i m i l a r  t o  t hose  at  a p o s i t i o n  

0.15 A.U. from t h e  e a r t h .  The propagation of  protons with 

E 2 55 MeV i s  apparent ly  d i f fus ive ,  with a d i f f u s i o n  c o e f f i c i e n t  

i nc reas ing  with h e l i o c e n t r i c  r a d i a l  d i s t ance  as r2I3. 
of  t h e  low energy protons i s  not cons i s t en t  with any simple model 

of i n t e r p l a n e t a r y  d i f f u s i o n .  The t ime p r o f i l e  of  t h e s e  p a r t i c l e s  

P P 

P 

Propagation 

r e v e a l s  a s p a t i a l  s t r u c t u r e  of - 4 x 10 5 km. Such p a r t i c l e s  a r e  

shown t o  have been d i s t r i b u t e d  over a h e l i o c e n t r i c  l o n g i t u d i n a l  

range of a t  l e a s t  70" i n  i n t e r p l a n e t a r y  space i f  t h e  model of s o l a r  

co - ro t a t ion  of a gene ra l  magnetic f i e l d  l i n e  s t r u c t u r e  be taken 

t o  govern t h e  t ime h i s t o r y  of t h e i r  i n t e n s i t y .  

The t i m e  h i s t o r y  of t h e  i n t e n s i t y  of low energy e l e c t r o n s  i s  

also presented.  
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INTRODUCTION 

Studies  of so l a r  cosmic rays  i n  recent  years  have produced 

a l a r g e  body o f  information concerning t h e i r  composition, energy 

spec t ra ,  time h i s to ry ,  and angular d i s t r i b u t i o n s  and concerning 

t h e i r  propagation through t h e  in t e rp l ane ta ry  medium and penetra-  

t i o n  i n t o  t h e  geomagnetic f i e l d .  We repor t  he re in  observat ions 

of t h e  s o l a r  p a r t i c l e  event which began on 5 February 1965; 

these  observat ions were obtained with Univers i ty  of Iowa equipment 

on t h e  Mars-bound spacecraf t  Mariner I V  at a po in t  remote from t h e  

e a r t h  and with s imi l a r  de tec tors  on our In jun  I V  near -ear th  

s a t e l l i t e .  E a r l y  examples of  t h e  simultaneous observat ion of 

- - 

s o l a r  cosmic rays  with two widely separated spacecraf t  were i n  

l a t e  March - e a r l y  Apri l  1960 with Explorer V I 1  [ V a n  Allen and Lin, 
___ - 

19601 and Pioneer V [Fan, Meyer, and Simpson, 19601 [Arnoldy, 

Hoffman, and Winckler, 19601, and i n  l a t e  September - e a r l y  

October 1961 with In jun  I [ V a n  Allen and Whelpley, 19621 and 

Explorer XI1 [ V a n  Allen, Rosser, and Whelpley, 19621. 

Our d a t a  f o r  t h e  5 February event a re  of p a r t i c u l a r  i n t e r e s t  

f o r  s eve ra l  reasons: 
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. 
(a)  

(28 November 1964 - 30 September 1965) o f  i n t e r p l a n e t a r y  observa- 

t i o n s  with Mariner I V  during an epoch of minimum s o l a r  a c t i v i t y .  

Also i t s  temporal and s p e c t r a l  c h a r a c t e r i s t i c s  a r e  q u i t e  d i f f e r e n t  

than  those  of any o ther  event during t h a t  per iod  [Krimigis and 

van Mien, 19661. 

(b) The r a d i a t i o n  reaching Mariner I V  c o n s i s t s  o f  a mixture 

of protons and e l ec t rons  [ c f .  V a n  Allen and Krimigis, 1965 and 

19663. No such event has been observed previous ly .  

( e )  

ava i l ab le  i n  i n t e r p l a n e t a r y  space with Mariner I V  and near  t h e  

e a r t h  with In jun  I V .  

The event i s  t h e  most in tense  one during some t e n  months 

Simultaneous observations with s i m i l a r  de t ec to r s  a re  

Two o ther  s e t s  of observations on t h i s  event with o the r  

types  o f  de t ec to r s  i n  near-ear th  s a t e l l i t e s  a r e  reported elsewhere 

[Paulikas,  Freden, and Blake, 19661 [Bostrom, Kohl, and Williams, 

19673 [Williams and Bostrom, 19671, as are  simultaneous observat ions 

with o ther  apparatus on Mariner I V  and on IMP I1 [O'Gallagher and 

Simpson, 1966 I. 
Using t h e  Mariner I V  data, t h e  inc ident  p a r t i c l e s  a r e  

i d e n t i f i e d  and t h e  assoc ia t ion  i s  developed between an o p t i c a l  

f l a r e  on t h e  sun, t h e  p a r t i c l e  increase  and subsequent decay, 
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I 

I 
1 
I *  

and var ious geophysical phenomena as observed a t  t h e  e a r t h .  The 

In jun  I V  d a t a  provide the  opportunity f o r  a d i r e c t  comparison 

between p a r t i c l e  i n t e n s i t y  va r i a t ions  a t  t h e  e a r t h  and i n  i n t e r -  

p l ane ta ry  space.  
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DETECTORS 

The Universi ty  of Iowa package of p a r t i c l e  de t ec to r s  on 

Mariner I V  has previously been descr ibed i n  d e t a i l  [ V a n  Allen 

and Krimigis, 19653 [Krimigis and Armstrong, 19661. Brief ly ,  

i t  cons i s t s  i n  p a r t  of t h r e e  end-window type GM tubes having 

e l ec t ron  energy thresholds  of  40 keV (Detector B),  45 keV 

(Detector A),  and 150 keV (Detector C) f o r  p a r t i c l e s  en ter ing  

through t h e i r  co l l imators .  The corresponding proton energy 

thresholds  are 0.55 MeV, 0.67 MeV, and 3.1 MeV, r e spec t ive ly .  

Their  omnidirect ional  c h a r a c t e r i s t i c s  are e s s e n t i a l l y  i d e n t i c a l  

with an e f f e c t i v e  threshold  o f -  55 MeV f o r  pro tons .  I n  

addi t ion  t o  t h e  GM tubes the re  i s  a t h i n  ( - 35 microns) sur face  

b a r r i e r  s o l i d  s t a t e  de t ec to r  responding t o  protons i n  t h e  energy 

ranges 0.50 < E 

(Detector D2) and i n s e n s i t i v e  t o  e l ec t rons  of any energy. 

of t h e  f i v e  de t ec to r s  has a conical  co l l imator  with a f u l l  ve r t ex  

angle of 60". 

has a m i n i m u m  th ickness  corresponding t o  t h e  range of - 55 MeV 

pro tons .  The angles between the  axes of  t h e  de t ec to r s  and t h e  

primary axis of t h e  spacecraf t  as wel l  as t h e i r  o r i e n t a t i o n  with 

< 11 MeV (Detector Dl) and 0.88 < E < 4 MeV - P -  - P -  
Each 

The s idewall  sh ie ld ing  of t h e  s o l i d  s t a t e  de t ec to r  a l s o  



7 

r e spec t  t o  t h e  sun-spacecraft  l i n e  a r e  shown i n  Figure 1. The 

p r o p e r t i e s  of t h e  Mariner I V  de t ec to r s  a r e  summarized i n  Table 1. 

The In jun  I V  d e t e c t o r s  which a r e  r e l evan t  t o  t h e  p re sen t  

s tudy a r e  t h e  following: 

t h re sho ld  f o r  protons i s  - 27 MeV. 

6213 GM tube whose energy threshold f o r  protons i s  - 70 MeV. 

Both of  t h e s e  de t ec to r s  have been descr ibed p rev ious ly  [Ludwig 

and Whelpley, 19601 [Van Allen, 19663. ( e )  A 25 micron su r face  

b a r r i e r ,  t o t a l l y  depleted s o l i d  s ta te  d e t e c t o r  with i t s  energy 

d i sc r imina t ion  l e v e l s  s e t  f o r  protons i n  t h e  energy range 

(a) An EON 5112 GM tube whose energy 

(b) A h e a v i l y  sh i e lded  EON 

0.516 < E < 4.2 MeV (Detector A) and 0 . 9 3  < E < 2 . 1  MeV 

(Detector B ) .  

any energy. 

angle 40" and i s  otherwise shielded by a minimum of  10.2 g/cm2 of 

brass, which corresponds t o  the  range of  95 MeV pro tons .  The 

c h a r a c t e r i s t i c s  of  t h e  In jun  I V  d e t e c t o r s  a r e  summarized i n  

Table 2. 

- P -  - P -  

These channels a r e  i n s e n s i t i v e  t o  e l e c t r o n s  of  

The d e t e c t o r  has a con ica l  col l imator  with f u l l  v e r t e x  

The estimated contr ibut ion t o  t h e  counting r a t e  of t h e  

Mariner s o l i d  s t a t e  d e t e c t o r  during t h i s  event due t o  p a r t i c l e s  

pene t r a t ing  t h e  sh i e ld ing  and crossing t h e  d e t e c t o r  sideways i s  

a t  most comparable t o  t h e  background counting r a t e  due t o  t h e  
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i n - f l i g h t  source, namely - 0.07 counts per  second; t h e  correspond- 

ing  cont r ibu t ion  t o  t h e  counting r a t e  of t h e  In jun  I V  s o l i d  s t a t e  

de tec to r  i s  at l e a s t  a f a c t o r  of four  l e s s  than  t h e  i n - f l i g h t  

source background of 0.07 counts pe r  second. Therefore, only 

p a r t i c l e s  coming through t h e  col l imator  and belonging t o  t h e  

appropriate  energy i n t e r v a l  cont r ibu te  s i g n i f i c a n t l y  t o  t h e  count- 

i ng  r a t e  of any o f  t h e  s o l i d  s t a t e  de t ec to r s .  
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REMARKS ON DATA 

Analysis of t h e  d a t a  from M a i n e r  I V  i s  s t ra ight forward  

s ince  the  spacecraf t  i s  or iented continuously with t h e  

d e t e c t o r s '  axes at f ixed  angles t o  t h e  sun-spacecraf t  l i n e  

(Figure 1) and t h e  d a t a  f l o w  i s  s u b s t a n t i a l l y  continuous. 

The Injun I V  s a t e l l i t e  was launched on 21  November 1964 

i n t o  a near ly  po la r  o r b i t  o f  81" i nc l ina t ion ,  with an i n i t i a l  

apogee a l t i t u d e  of  2502 kilometers and a per igee  a l t i t u d e  of 

527 kilometers .  The s a t e l l i t e  i s  equipped with a permanent 

magnet and energy-diss ipat ing hys t e re s i s  rods so t h a t  i t  w i l l  

maintain one ax is  aLigned with t h e  geomagnetic f i e l d  vec to r .  

Due t o  weak damping, s t a b l e  alignment does not  occur u n t i l  

l a t t e r  February. During t h e  period 5-8 February, t h e  s a t e l l i t e  

i s  s t i l l  tumbling with a period of approximately one minute. 

Hence, s o l i d  s t a t e  de tec tor  da ta  from both rea l - t ime and tape-  

recorded segments over t h e  polar  caps a re  se l ec t ed  f o r  only 

those  per iods during which t h e  de t ec to r  i s  viewing d i r e c t i o n s  out- 

s i d e  of t h e  l o s s  cone. A l l  such da ta  from pos i t i ons  f o r  which 

L > 8 are  averaged f o r  each ava i lab le  pass ( t y p i c a l l y  6 t o  15 

minutes) t o  y i e l d  a s ing le  counting r a t e  which i s  assigned t o  t h e  

mid-time of t h e  pas s .  
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SOLAR TERRESTRIAL EvETtTS 

On 5 February 1965 a f l a r e  of  importance 2' occurred on 

t h e  sun beginning at  1750 U .T . and ending a t  2024 U .T . 

approximately t h e  same time, in tense  solar r a d i o  emission was 

observed at  s e v e r a l  f requencies  beginning with 2800 megacycles 

and ending with a continuum i n  t h e  range of  22 t o  41 megacycles. 

Some re l evan t  d a t a  a r e  summarized i n  Table 3. 

At 

We a t t r i b u t e  t h e  p a r t i c l e s  observed by Mariner I V  and 

In jun  I V  t o  t h i s  f l a r e .  
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PARTICLE OBSEWATIONS 

The pos i t i on  of Mariner I V  at a r ep resen ta t ive  t ime i s  

given below i n  geocent r ic  s o l a r  e c l i p t i c  coordinates:  

On 5 February 1965 at 2000 U .T . 
x = -23,0329480 km (3611 RE) (0.153 A - U - )  

y = + 3,850,260 km ( 604 RE) 

z = + 350,410 km (54.9 RE) 

e = -it 0.86" 

180 - cp = 9.49" 

A t  t h e  same t i m e ,  t h e  he l iocen t r i c  r a d i a l  d i s tances  of t h e  space- 

c r a f t  and t h e  e a r t h  a re  170,606,480 km (1.140 A.U.) and 

147,530,170 km (0.986 A.U.)  r e spec t ive ly  and t h e  h e l i o c e n t r i c  

e c l i p t i c  longi tudes of t h e  spacecraf t  and t h e  e a r t h  d i f f e r  by 

l.2g0, t h e  spacecraf t  being clockwise of t h e  e a r t h  as  viewed f r o m  

t h e  nor th  e c l i p t i c  po le .  

Figure 2 shows t h e  ea r ly  po r t ion  of t h e  event as seen by 

t h e  t h r e e  Geiger tubes on Mariner I V .  The ex t rapola ted  onset  

t ime i s  1835 U.T. + 10 minutes f o r  all t h r e e  de t ec to r s ;  m a x i m u m  

counting r a t e s  occur i n  t h e  time range 20 t o  22 hours U.T. 

Fur ther  d e t a i l e d  f ea tu res  o f  these  curves and t h e  s ign i f i cance  of 

same will be discussed i n  a l a t e r  s ec t ion .  

- 



. 
The o v e r a l l  time h i s t o r y  o f  enhanced counting r a t e s  o f  

t h e  f i v e  de t ec to r s  i s  shown i n  Figure 3 f o r  t h e  per iod 

3-14 February, i n  t h e  form of three-hour averaged r a t e s .  

Counting r a t e  d a t a  i n  f u l l  d e t a i l  a re  shown i n  Figure 4 

f o r  t h e  f i r s t  t h r e e  and a ha l f  days. 

I n  Figure 5, through t h e  courtesy of o ther  observers,  we 

have p l o t t e d  r e l evan t  geomagnetic, r iometer,  and neutron monitor 

d a t a  f o r  comparison with the  counting r a t e  curve of Detector C .  

The corresponding d a t a  from In jun  I V ,  though necessa r i ly  

in t e rmi t t en t ,  are of i n t e r e s t  i n  t h e i r  own r i g h t  and a re  of 

f u r t h e r  s ign i f i cance  when taken toge ther  with those  from 

Mariner I V .  

Geiger tube on In jun  I V  i s  shown i n  Figure 6 .  The d i f fe rence  i n  

p l a t eau  counting r a t e s  over the po la r  cap on t h i s  occasion and 

on a qu ie t  day i s  taken t o  represent  t h e  cont r ibu t ion  of  solar 

cosmic rays  which have penetrated t h e  geomagnetic f i e l d .  

A sample pass  of  da t a  from t h e  l a r g e  omnidirect ional  

The t ime h i s t o r i e s  o f  p la teau  counting r a t e s  of t h e  l a r g e  

Geiger tube (112) and of t h e  smaller, more heavi ly  sh ie lded  one 

(SpB) a re  shown i n  Figure 7 f o r  a t h r e e  day per iod - 5 ,  6, and 7 

February. They a re  seen t o  be gene ra l ly  s imi l a r  t o  t h a t  of 

Detector C i n  Mariner I V .  
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The s o l i d  s ta te  de tec to r  on In jun  I V  was designed p r i -  

mari ly  f o r  study of geomagnetically t rapped ions  and had, t he re -  

fore ,  a d i r e c t i o n a l  geometric f ac to r  o f  0.10 of t h a t  on 

Mariner I V  (Tables 1 and 2 ) .  The respec t ive  de tec tors ,  are, 

however, very similar i n  a l l  other  r e spec t s  and have s imi l a r  

energy b a d - p a s  ses  . 
I n  Figure 8 we show a smooth curve through t h e  one-hour 

averaged ne t  counting r a t e s  of Detector D on Mariner I V  and 1 

superimposed on it, a f t e r  an upward displacement of one decade, 

t h e  ind iv idua l  po la r  cap (L > 8) averages of t h e  ne t  r a t e  of 

Detector A on In jun  I V .  The respec t ive  i n - f l i g h t  c a l i b r a t i o n  

source r a t e s  have been subt rac ted  from t h e  t o t a l  r a t e  i n  both 

cases .  Thus, t h i s  f i g u r e  provides a d e t a i l e d  comparison of  t h e  

absolute  d i r e c t i o n a l  i n t e n s i t i e s  at the  pos i t i on  o f  Mariner I V  

and over both nor thern  and southern po la r  caps of t h e  e a r t h .  A 

similar p resen ta t ion  of t h e  net  counting r a t e s  of Detector D 

Mariner I V  and of Detector B on Injun I V  i s  given i n  Figure 9 .  

on 2 
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. 
TIME HISTORY OF THE IIITESTSITY OF PROTONS 

E > 55 MeV 
P "  

The time h i s t o r y  (Figure 4) of t h e  counting r a t e  of 

Detector C on Mariner I V  appears t o  have a shape which i s  

c h a r a c t e r i s t i c  of i n t e rp l ane ta ry  d i f f u s i o n  theory .  

I n  order  t o  examine t h i s  po in t  more thoroughly, a ne t  

counting r a t e  curve due t o  pene t ra t ing  s o l a r  protons only i s  

found by f i r s t  subt rac t ing  t h e  background r a t e  due t o  g a l a c t i c  

cosmic rays,  then  subt rac t ing  the  est imated cont r ibu t ion  due t o  

protons 3.1 < E 

D1 and D2. 

Oh00 on 6 February. 

< 55 MeV by use of t h e  spectrum derived from 

The l a t t e r  cor rec t ion  i s  t r i v i a l  f o r  t imes before  
P 

It i s  found t h a t  t h e  cor rec ted  in tens i ty- t ime 

curve i s  w e l l  f i t t e d  by t h e  assumption of sphe r i ca l ly  i s o t r o p i c  

i n t e r p l a n e t a r y  d i f fus ion  with a d i f f u s i o n  coe f f i c i en t  D a r 

with f3 = 2/3, where r i s  he l iocen t r i c  r a d i a l  d i s tance  (Figure 10) 

[ c f .  Krimigis, 19653. This r e s u l t  i s  equal ly  v a l i d  f o r  d i f f u s i o n  

B 

i n  a con ica l  region whose ver tex  i s  at  t h e  source and whose s ide  

w a l l  i s  bounded by r a d i a l  l i n e s  through t h e  source.  The above 

ana lys i s  also y ie lds  3 x lo3' pax t i c l e s / s t e rad ian  (E > 55 MeV) 

emit ted at t h e  sun [Krimigis, 19661. 
P 



TIME HISTORY OF THE INTENSITY OF PROTONS 

E - 1 MeV 
P 

The t ime h i s t o r y  of t h e  low energy protons ( E  - 1 MeV) 

is ,  however, q u i t e  d i f f e r e n t  (Figure 3) and has no resemblance 
P 

t o  t h e  expectat ion of any simple d i f f u s i o n  model which has been 

proposed. This impression i s  fu r the r  confirmed by Figure 11, 

which gives  two samples of a family of unsuccessful  attempts t o  

obta in  a l i nea r  r e l a t i o n s h i p  between l o g  [I t 3/(2-p) ] and t-’. 

It is ,  of course, c e r t a i n  t h a t  d i f f u s i o n  does have a r o l e  i n  

t h e  in t e rp l ane ta ry  propagation of low energy p a r t i c l e s  but  it 

now seems l i k e l y  t h a t  continuing acce le ra t ion  and/or delayed 

r e l ease  from t h e  sun and quasi- t rapping along in t e rp l ane ta ry  

f i e l d  l i n e s  of complex shape also cont r ibu te  i n  an important way 

t o  t h e  in tens i ty- t ime curves for  such p a r t i c l e s .  The complexity 

of t h e  process  i s  i l l u s t r a t e d  by t h e  d e t a i l e d  s t r u c t u r e  of t h e  

t ime p r o f i l e .  For example, at 0030 U.T. on 7 February t h e r e  i s  a 

s t a t i s t i c a l l y  s i g n i f i c a n t  peak i n  t h e  D1 counting r a t e  of 0.5 hour 

6 
t ime width, corresponding t o  a s p a t i a l  s t r u c t u r e  of - 4 x 10 km. 

A t  - 1200 U.T. on t h e  same day s i g n i f i c a n t l y  d i f f e r e n t  counting 

r a t e s  occur on successive de tec tor  readings at a t ime spacing of 
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200 seconds, corresponding t o  a s p a t i a l  s t r u c t u r e  of  4 x lo5  km. 

I n  t h e  foregoing est imates  t h e  assumed value of t h e  v e l o c i t y  

of t r anspor t  of inhomogeneities i s  2000 km/sec. Such a value 

corresponds to t h e  delay of 20 hours between t h e  f l a r e  and t h e  

occurrence of t h e  SC at t h e  ea r th .  Of f u r t h e r  i n t e r e s t  i n  t h i s  

connection i s  t h e  sharp increase  by a f a c t o r  of two i n  t h e  count- 

i n g  r a t e  of D at 1710 on 6 February, t h r e e  hours a f t e r  t h e  SC at 

t h e  e a r t h  (which i s  23,000,000 km c lose r  t o  t h e  sun) .  

1 

The spectrum of t h e  low energy protons exh ib i t s  a s i g n i f i c a n t  

change with t ime as  evidenced by t h e  time dependence of t h e  D /D 

counting r a t e  r a t i o .  

two-point s p e c t r a l  f i t  of t h e  form dj/dE = K e 

a func t ion  of t ime i n  Figure 12.  The dominant tendency i s  toward 

a more s t eep ly  f a l l i n g  spectrum after mid-day on t h e  6 t h  of 

February. Hence t h e  more energe t ic  p a r t i c l e s  escape from t h e  obser- 

v a t i o n a l  system more r ap id ly  than do t h e  lower energy ones. 

t h e  f i r s t  few hours of t h e  event it i s  evident on t h e  b a s i s  of time- 

o f - f l i g h t  considerat ions alone t h a t  t h e  responses of both D1 and D2 

a r e  due t o  p a r t i c l e s  i n  t h e  high energy edges of t h e i r  energy pass 

bands. 

1 2  

The value o f  t h e  energy parameter E i n  a 

o i s  shown as 

0 

-E/E 

During 



IDE.NTIFICA!TION OF SOLAR ELECTRONS AND THEIR 
TIME HISTORY, INTENSITY, AND SPECTRA 

As shown bes t  i n  Figure 4, t h e  major maxima of t h e  counting 

r a t e s  of Detectors A, B, and C on Mariner I V  occur a t  such an 

e a r l y  t i m e  t h a t  t h e  contr ibut ion of protons of energy E < 11 MeV 

i s  neg l ig ib l e .  Also, protons 10 < E < 55 MeV enter ing  through 

t h e  co l l imator  of Detector C cont r ibu te  l e s s  than 10% of i t s  

P 

P 

counting r a t e  f o r  (at  l e a s t )  the f i r s t  12 hours of t h e  event, a 

r e s u l t  der ived from d a t a  from a l a r g e  GM tube  with a 10 MeV proton 

threshold,  also on Mariner I V  (cour tesy  of H .  R .  Anderson p r i o r  t o  

pub l i ca t ion ) .  Hence t h e  responses of A, B, and C during t h e  e a r l y  

po r t ion  of t h e  event must be a t t r i b u t e d  p r imar i ly  t o  protons capable 

of pene t r a t ing  t h e  s ide  w a l l  sh ie ld ing  of t h e  tubes and/or t o  

e l ec t rons  en ter ing  the  tubes through t h e i r  co l l imators .  This was, 

i n  f a c t ,  t h e  f i r s t  s o l a r  event which l e d  us t o  the  working hypothesis  

t h a t  e l ec t rons  of Ee '- 40 keV a r e  emit ted impulsively i n  s o l a r  f l a r e s  

with de t ec t ab le  i n t e n s i t i e s .  Our l a t e r  de t ec t ion  and study of 

"pure" e l ec t ron  events, a l s o  with Mariner I V  [Van Allen and 

Krimigis, 19651, confirms t h i s  hypothesis  i n  a conclusive way 

and cont r ibu tes  t o  our confidence t h a t  t h e  5 February 1965 f l a r e  

emitted a mixture of protons and e l ec t rons  [Van Allen and Krimigis, 

19661. The argument proceeds as follows: 
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(a) Detectors A, B, and C have i d e n t i c a l  s i d e  w a l l  s h i e ld ing .  

(b) 

e x h i b i t  t h e  same g a l a c t i c  cosmic r a y  counting r a t e s  4 10%. 

t h e y  have about t h e  same omnidirectional geometric f a c t o r s .  

(c )  

through t h e  col l imators  of B, A, and C are (Table 1) 40, 45, and 

150 keV, r e s p e c t i v e l y .  The respect ive observed m a x i m u m  counting 

r a t e s  (Figure 2) are 50, 30, and 1 2  counts p e r  second--i .e. ,  i n  

e x a c t l y  t h e  inve r se  order  t o  t h e i r  t h re sho lds .  

(d) 

much t o o  l a r g e  t o  be a t t r i b u t e d  t o  t h e  minor d i f f e rences  i n  t h e  

sh i e ld ing  of t h e  d e t e c t o r s  as they a r e  a c t u a l l y  mounted on t h e  

spacec ra f t  i f  t h e  r a t e s  of t hese  d e t e c t o r s  a r e  thought t o  be  due 

s o l e l y  t o  p e n e t r a t i n g  protons.  Moreover, Detector B has more 

i n c i d e n t a l  sh i e ld ing  than  does e i t h e r  A o r  C .  

(e)  

f u l l y  and more heav i ly  shielded, d e t e c t o r  SpB on In jun  I V  

( i n s e n s i t i v e  t o  e l ec t rons  of Ee <, 1 MeV) i s  5 .4  counts p e r  

second. I n  view of t h e  f a c t  t h a t  i t s  energy th re sho ld  i s  

about 70 MeV and t h a t  it i s  shielded over TT s t e r a d i a n s  by t h e  

ear th ,  we b e l i e v e  t h a t  it i s  reasonable t o  a t t r i b u t e  t h e  counting 

r a t e  of Detector C e a r l y  i n  the event t o  protons of  E > 55 MeV 

only.  

The Geiger tubes themselves a r e  nominally i d e n t i c a l  and 

Hence, - 

The energy th re sho lds  f o r  e l e c t r o n s  en te r ing  t h e  d e t e c t o r s  

The values  of t h e  counting r a t e  r a t i o s  A/C and B/C a r e  

- 

The m a x i m u m  n e t  counting r a t e  of another s i m i l a r ,  bu t  

P 



( f )  

very small  component of e lec t rons  of s u f f i c i e n t  energy t o  pene t r a t e  

t h e  window of Detector C [Van Allen and Krimigis, 19651. 

(g) 

event p r imar i ly  t o  pene t ra t ing  protons E > 55 MeV. The est imated 

m a x i m u m  value of t h e  omnidirectional i n t e n s i t y  i s  J - 80/cm sec 

E > 55 MeV, a r e s u l t  which appears t o  be i n  crude agreement with 

t h a t  of Paul ikas  e t  a l .  The var ious bodies of d a t a  which have been 

mentioned previous ly  are  d i f f i c u l t  t o  harmonize on an absolu te  

s p e c t r a l  b a s i s .  

a reasonable r econc i l i a t ion  t o  a f a c t o r  of - 2 i s  represented by 

t h e  i n t e g r a l  magnetic r i g i d i t y  spectrum f o r  t h e  u n i d i r e c t i o n a l  

i n t e n s i t y  j ( > R) = 1200 exp (-R/50), f o r  70 < R < 400 M V .  

Using Figure 7 of Adams and Masley [1966], one may expect a cosmic 

r ad io  noise  absorption i n  t h e  polar cap atmosphere a t  30 mc/sec 

of 1 .6  db, i n  good agreement with t h a t  observed (Figure 5) 

[ see  a l s o  V a n  Allen e t  a l . ,  19643. 

(h) I n  Figure 13 are  given f u l l y  d e t a i l e d  p l o t s  of t h e  t ime 

dependence of two q u a n t i t i e s  X and Y der ived from Mariner I V  da t a .  

Y i s  t h e  counting r a t e  of Detector C minus i t s  pre-event g a l a c t i c  

cosmic r ay  background. X i s  the counting r a t e  of Detector B minus 

t h a t  of C and f u r t h e r  minus the cont r ibu t ion  of  low energy protons 

Later  s o l a r  e l ec t ron  events i n  May and June 1965 have a 

Thus we a t t r i b u t e  t h e  response of Detector C e a r l y  i n  t h e  

P 
2 

0 

P 

But we do f ind  t h a t  a t  - 0100 U.T. on 6 February, 
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0.55 < E < 3 .1  MeV as obtained from Detectors D 

appropriate  co r rec t ion  f o r  r e l a t i v e  geometric f a c t o r s ) .  

and D2 (with an P 1 

It i s  

seen t h a t  t h e  t ime h i s t o r y  of X i s  s i g n i f i c a n t l y  d i f f e r e n t  t han  

t h a t  of Y i n  t h r e e  r e spec t s .  F i r s t ,  X r i s e s  more r a p i d l y  than  Y 

at t h e  beginning of t h e  event .  Secondly, X e x h i b i t s  a number of  

l a r g e  and s i g n i f i c a n t  t i m e  f l uc tua t ions ,  e s p e c i a l l y  during t h e  

f i r s t  t h r e e  hours of t h e  event, which a r e  not p re sen t  i n  Y.  

Thirdly,  f o r  t h e  eight-hour period following 2200 U.T. on 

5 February both X and Y decay exponent ia l ly  bu t  with s i g n i f i c a n t l y  

d i f f e r e n t  t i m e  constants,  namely 4.3 and 7.4 hours, r e s p e c t i v e l y .  

(i) On t h e  s t r e n g t h  of t h e  evidence c i t e d  i n  t h e  preceding para- 

graphs, we conclude t h a t  t h e  quan t i ty  X r ep resen t s  t h e  time h i s t o r y  

of t h e  i n t e n s i t y  of solar e lec t rons  Ee > 40 keV which a r e  emit ted 

impulsively by t h e  5 February f l a r e  i n  company with t h e  more 

familiar protons.  

i n t e r p l a n e t a r y  t i m e  h i s t o r i e s  of t h e  i n t e n s i t y  of such e l ec t rons  

and of protons E 

some i n t e r e s t  t o  no te  t h a t  t h e  t i m e  f l u c t u a t i o n s  of t h e  i n t e n s i t y  

of e l e c t r o n s  e a r l y  i n  t h e  5 February event have a quasi-per iodic  

As noted before  [ V a n  Allen and Krimigis, 19651, 

- 20 t o  70 MeV are broadly s imilar .  It i s  of 
P 

cha rac t e r  with a pe r iod  of - 45 minutes, reminiscent of t h a t  

r epor t ed  by Bryant e t  a l .  [1965] f o r  6-9d MeV protons on 
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28 September 1961. However, i n  t h e  event repor ted  he re in  t h e r e  

a re  no such f luc tua t ions  i n  t h e  i n t e n s i t y  of protons E 

( Y  i n  Figure 13). 

> 55 MeV 
P "  

The un id i r ec t iona l  i n t e n s i t y  of e l ec t rons  has a m a x i m u m  

value of 700 (ern2 see s t e r a d ) - l  at - 2020 U.T. on 5 February. 

Hence, t h i s  i s  t h e  most i n t ense  s o l a r  e l ec t ron  event reported 

thus  f a r  [Van Allen and Krimigis, 19651 [Anderson and Lin, 

19661. 
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DETAILED RELATIONSHIP BETWEEN LOW ENERGY PROTON DATA 
FROM MARINER I V  AND I N J U N  I V  

We t u r n  now t o  t h e  discussion of  t h e  comparative 

Mariner I V  - In jun  I V  d a t a  of Figures 8 and 9 .  

t i o n  of t h e s e  d a t a  with those from t h e  e a r t h  s a t e l l i t e  1963-38C 

i s  t r e a t e d  by W i l l i a m s  and Bostrom i n  t h e  accompanying paper.  

Our i n t e r p r e t a t i o n  of  Figures 8 and 9 i s  as fol lows:  

(a) Broadly speaking, t h e  absolute d i r e c t i o n a l  i n t e n s i t i e s  

of low energy protons i n  (nearly) i d e n t i c a l  energy channels a r e  

similar i n  i n t e r p l a n e t a r y  space and over t h e  p o l a r  caps of t h e  

e a r t h  throughout t h e  event - from onset t o  t h e  end of  t h e  ava i l ab le  

I n j u n  I V  d a t a .  

(b) 

s i g n i f i c a n t .  

(e) 

southern hemisphere d i f f e rences  i n  t h e  In jun  I V  data ,  e s p e c i a l l y  

during t h e  f i r s t  day, a r e  a t  l e a s t  as l a r g e  as a r e  t h e  d i f f e rences  

between I n j u n  I V  and Mariner I V  d a t a .  

(d) 

Pioneer V I  [Fan e t  a l . ,  19661 [Bar t l ey  e t  a l . ,  19661 [McCracken and 

Ness, 19661 and Explorer 33 [Van Allen e t  a l . ,  13671, we b e l i e v e  

t h a t  t h e  f i n e  s t r u c t u r e  i n  Figures 8 and c/ i s  most reasonably 

A f u r t h e r  combina- 

There a r e  indeed d i f f e rences  i n  d e t a i l  which a re  s t a t i s t i c a l l y  

However, we a r e  s t ruck  by t h e  f a c t  t h a t  t h e  northern- 

I n  t h e  framework of recent  s t u d i e s  by t h e  spinning spacec ra f t  



a t t r i b u t e d  t o  time-varying anisotropy and absolute  i n t e n s i t y  of 

t h e  s o l a r  proton beam i n  i n t e r p l a n e t a r y  space.  I f  it i s  assumed 

t h a t  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i s  i n  t h e  form of an 

Archimedes s p i r a l  eo - ro t a t ing  with t h e  sun, t hen  t h e  r e l a t i v e  

p o s i t i o n s  of Mariner I V  and Injun I V  a r e  such ( see  sec t ion  e n t i t l e d  

P a r t i c l e  Observations) t h a t  a given f i lamentary tube of p a r t i c l e s  

which a r e  assumed t o  be at tached t o  a given l i n e  of fo rce  must 

r o t a t e  through a d i s t ance  of -, 20,000,000 km a f t e r  s t r i k i n g  t h e  

e a r t h  ( Injun I V )  before  it encounters Mariner I V .  

corresponds t o  - 1 0  gyro r a d i i  o f  a 1 MeV proton i n  a 5 gamma 

This d i s t a n c e  

3 

magnetic f i e l d  o r  t o  a time delay of - 1 2  hours.  The observed t i m e  

delay i n  onset t ime i s ,  however, 0 - + 2 h r  (Figures 8 and 9 ) .  

Nonetheless, on o the r  occasions, s u b s t a n t i a l  f l u c t u a t i o n s  i n  t h e  

i n t e n s i t y  and angular d i s t r i b u t i o n  o f  so lax  p a r t i c l e s  a r e  observed 

by Explorer 33 t o  occur with time s c a l e s  as sho r t  as one minute. 

Hence, t h e  i n t e n s i t y  near t h e  e a r t h  and a t  Mariner I V  may reasonably 

be  q u i t e  d i f f e r e n t  a t  a given moment. Also on t h e  b a s i s  of 

Explorer 33 d a t a  (during other events  i n  1966) t h e  d i r e c t i o n a l  

i n t e n s i t y  measured a t  70" t o  t h e  sun-spacecraft  l i n e  with 

Mariner I V  may d i f f e r  by f a c t o r s  of 2 t o  5 from t h a t  i n  o the r  

d i r e c t i o n s .  A t  t h e  ea r th ,  t h e  i n t e n s i t y  over t h e  no r th  p o l a r  cap 
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i s  probably due t o  p a r t i c l e s  moving dominantly southward i n  i n t e r -  

p lane tary  space and over t h e  south po la r  cap, dominantly northward. 

Hence t h e  geomagnetic f i e l d  i t s e l f  i s  a crude d i r e c t i o n a l  analyzer .  

(e )  I n  t h e  s p i r i t  of t h e  foregoing discussion,  w e  regard t h e  

s i m i l a r i t i e s  i n  t h e  absolute  values of Mariner I V  and In jun  I V  

i n t e n s i t i e s  as  more remarkable than  t h e  d i f f e rences .  The prolonged 

dura t ion  ( - t h r e e  days) of i n t e n s i t i e s  of t h e  same order  of  

magnitude does i n  f a c t  r equ i r e  t h a t  t h e  i n t e n s i t y  be s u b s t a n t i a l l y  

t h e  same over a cone of f u l l  ver tex angle ,> 40" at t h e  sun i f  one 

adopts t h e  view t h a t  p a r t i c l e  d i f fus ion  t r ansve r se  t o  t h e  average 

in t e rp l ane ta ry  magnetic f i e l d  i s  much slower than  d i f fus ion  p a r a l l e l  

t o  t h e  f i e l d .  This angle must be f u r t h e r  increased  by - 30" s ince  

t h e  p a r t i c l e s  a r r i v e  promptly and simultaneously a t  t h e  e a r t h  and 

at Mariner I V  f r o m t h e  responsible  solar f l a r e  a t  25" W of t h e  

c e n t r a l  meridian.  
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TABLE 3 

(Ref. : Compilations of Solar-Geophysical Data, U .  S. Dept . 
of Commerce NBS/CRPL, Boulder, Colorado, March and June 1965) 

Date and Time 
U.T. 

5 February 1965 
1750-2024 
Max. at 1810 

1753-1930 
M a x .  at 1826 

1835 + 10 minutes - 

- 1900 
2200 

6 February 1414 

Event Comments 

2+ Flare  
~08, W25 Probable source of observed 

McMath Plage Region 7661. 

protons and e lec t rons  a t  
Mariner I V  and at  e a r t h .  

In tense  2800 Mc/s 
miss ion 

Beginning o f  p a r t i c l e  
increase  at Mariner I V  

Beginning of PCA 

Beginning o f  gradual 
Forbush decrease 

Storm sudden commencement 
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CAPTIONS FOR FIGURES 

Figure 1. The e s s e n t i a l  geometry of t h e  de t ec to r s  on Mariner I V .  

The spacecraf t  i s  continuously o r i en ted  t o  maintain i t s  

-Z axis through t h e  sun. 

A, B, and C are a l l  shielded from l i g h t  and s o f t  x - r w s  

from t h e  sun. 

The t h i n  window Geiger tubes 

Figure 2 .  Early time h i s t o r y  o f  t h e  event showing t h e  determination 

o f  onset t ime.  

Figure 3 .  An o v e r a l l  graphical  summary o f  t h e  time h i s t o r y  of 

t h e  event as found with f i v e  d i f f e r e n t  de t ec to r s .  

Figure 4. P lo t s  i n  f u l l  ava i lab le  t ime d e t a i l  f o r  t h e  f i r s t  

t h r e e  and a h a l f  days of t h e  event .  

Figure 5 .  A summary p l o t  o f  re levant  t e r r e s t r i a l  d a t a  f o r  compari- 

son with t h a t  from Detector C .  Riometer data ,  courtesy of 

A. J . Masley. Deep River neutron monitor data ,  courtesy of 

J. F. S t e l j e s .  Note the  absence of any de tec t ab le  p o s i t i v e  

e f f e c t  on 5-6 February i n  t h e  l a t t e r  da t a .  

Figure 6 .  A sample pass of polar cap d a t a  during t h e  he ight  of 

t h e  event from t h e  l a rge  omnidirect ional  Geiger tube on 

Injun I V .  The undulation of  t h e  counting r a t e  a t  high 

l a t i t u d e s  is due t o  t h e  slow tumbling of t h e  s a t e l l i t e  

coupled with t h e  p a r t i a l  sh i e ld ing  of t h e  de t ec to r  by t h e  

body of t h e  s a t e l l i t e  and t h e  i n e v i t a b l e  anisotropy of  

t h e  r a d i a t i o n  due t o  the presence of  t h e  e a r t h .  



Figure 7 .  Summary time h i s t o r y  o f  t h e  po la r  cap counting r a t e s  

of two d i f f e r e n t  Geiger tubes on In jun  I V .  

Figure 8. A composite p l o t  of two s e t s  of  d a t a  obtained with 

s i m i l a r  s o l i d  s t a t e  de t ec to r s  on Mariner I V  and In jun  I V .  

The absolute  d i r e c t i o n a l  i n t e n s i t i e s  of s o l a r  protons 

a r e  obtained by dividing t h e  counting r a t e s  by 0.065 f o r  

Mariner I V  and 0.0064 f o r  I n j u n  I V  (Tables 1 and 2 ) .  

The smooth curve i s  drawn through one-hour averaged counting 

r a t e s  o f  Mariner I V .  Each p l o t t e d  po in t  r ep resen t s  a p o l a r  

cap averaged counting r a t e  f o r  In jun  I V .  The r e spec t ive  

s e t s  o f  d a t a  as shown here a r e  normalized t o  each o the r  

on an absolute  b a s i s .  

Figure 9. Similar  t o  Figure 8. 

Figure 10. An i n t e r p l a n e t a r y  d i f f u s i o n  ana lys i s  of  t h e  t ime 

h i s t o r y  of t h e  corrected counting r a t e  of  Detector C 

f o r  protons E > 55 MeV. 
P "  

Figure 11. A g raph ica l  s tudy o f  t h e  f a i l u r e  of  conventional 

d i f f u s i o n  ana lys i s  t o  descr ibe t h e  time h i s t o r y  of t h e  

i n t e n s i t y  of protons E - 1 MeV. 
P 

Figure 12 .  Time h i s t o r y  of t he  energy parameter E as der ived 
0 

from t h e  D /D 
exponent ia l  spectrum i n  p a r t i c l e  energy. 

counting r a t e  r a t i o  f o r  an assumed 1 2  

Figure 13. T ime  h i s t o r i e s  of two quantities X and Y which a r e  

der ived f r o m  Mariner I V  da t a .  

h i s t o r y  of t h e  i n t e n s i t y  of  e l ec t rons  E 

s e n t s  t h e  i n t e n s i t y  of protons E 

X r ep resen t s  t h e  time 

> 40 keV. Y repre-  e 
> 55 MeV (see t e x t ) .  

P 
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