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STUDIES OF SOLAR PROTONS W I T H  EXPLORERS X I 1  AND X I V  

D. A. BRYANT*, T. L. CLINE,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAU. D. DESAI** AND F. B. McDONACD 

Goddard Space F l i gh t  Center, Greenbel t ,  Maryland 

ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA335.62 
Four s o l a r  proton events observed by Explorers X I 1  and X I V  i n  1961 

and 1962 a r e  discussed. 

a c t i v i t y  and, i n  th ree  cases,  a r e  followed e i t h e r  by secondary events  

delayed about 2 days o r  by recur ren t  events on succeeding s o l a r  ro ta t i ons .  

i s  shown t h a t  the  rate of propagat ion of s o l a r  protons i n  some of t hese  primary 

events  i s  l i n e a r l y  dependent on p a r t i c l e  ve loc i t y  and t h a t  t h i s  dependence makes 

These events  a re  d i r e c t l y  assoc ia ted  with s o l a r  

It 

i t  poss ib le  t o  separa te  the  source c h a r a c t e r i s t i c s  from the  propagat ion 

e f f e c t s .  I n  each event which shows t h i s  v e l o c i t y  dependence t h e  propagat ion 

curves of a l l  observed energ ies  agree and reach maximum i n t e n s i t y  a t  a time 

much g r e a t e r  than the  r e c t i l i n e a r  t r a v e l  t i m e .  These r e s u l t s  lead immediately 

t o  the  conclus ions t h a t  propagat ion involves an important degree of s c a t t e r i n g  

and t h a t  t h e  degree of s c a t t e r i n g  i s  independent of energy over the  observed 

range of 1.4 t o  500 mev. The energy spectrum a t  t h e  t i m e  of escape from the  

sun, the  f fsource spectrum,” i s  determined i n  each event which shows t h i s  

ve loc i t y  dependence and i s  descr ibed by a power law i n  k i n e t i c  energy from a 

few mev t o  severa l  hundreds of mev.  A s t r i k i n g  f e a t u r e  of a l l  events  i s  

t he  ex i s tence  of per iod ic  f l u c t u a t i o n s  i n  i n t e n s i t y ,  which a r e  simultaneous a t  

a l l  energ ies ,  having a per iod of from 1. t o  1.5 hours depending on t h e  event.  

This r e s u l t  i n d i c a t e s  a l o c a l  o r i g in ,  and i t  i s  suggested t h a t  the  f l u c t u a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA*‘I 

1 .- 
r e f l e c t  processes occurr ing i n  the  region between t h e  magnetosphere 

e a r t h  s shock f r o n t  . 
* Now a t  D.S.I.R. Radio Research S ta t i on ,  Slough, Bucks, England. 
** Now a t  Physical  Research Laboratory,  Navrangpura, Ahmedabad, Ind ia.  
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I. INTRODUCTION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

1 

t 
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During the  l a s t  s o l a r  cyc le  it has become apparent t h a t  l a rge  s o l a r  

f lares are o f ten  accompanied by t h e  acce le ra t ion  of protons and o ther  nuc le i  

t o  energ ies sometimes exceeding tens  of bev. 

around t h e  l a s t  s o l a r  maximum about s i x t y  of these events  were observed. 

Solar-proton events have been stud ied by many techniques. 

mu-meson te lescopes,  and neutron monitors a t  sea l e v e l  provide i n d i r e c t  

informat ion a t  energ ies  above a few bev. With h igh -a l t i t ude  bal loons,  

measurements down t o  about 80 mev a r e  poss ib le .  

have no inherent  low-energy threshold bu t  a r e  l im i ted  t o  b r i e f  samples of an 

event. 

a r e  s e n s i t i v e  t o  energ ies  down t o  about 10 mev but  have l i t t l e  energy 

reso lu t ion .  S a t e l l i t e  s tud ies  can combine the  advantages of the  o ther  

techniques: they can provide almost continuous coverage wi th  good energy and 

t ime reso lu t i on  and with no inherent  energy th resho ld ,  y ie ld ing  a higher  

p r o b a b i l i t y  of de tec t i on  of solar-proton events  than can be provided by the  

o the r  methods. 

provide measurements of s o l a r  protons f r e e  of i n t e r a c t i o n  wi th  the  e a r t h ' s  

magnetic f i e l d  and f r e e  of d isturbances by t h e  e a r t h ' s  t rapped rad ia t i on .  

Over a f ive-year  per iod centered 

Ion i za t i on  chambers, 

Rocket measurements 

S tud ies  by rad io  techniques of t h e  i on i za t i on  produced i n  the  D l a y e r  

F ina l l y ,  a s a t e l l i t e  with a s u f f i c i e n t l y  eccen t r i c  o r b i t  can 

The s a t e l l i t e s  Explorer XI1 and Explorer X I V  c a r r i e d  cosmic-ray inst ruments 

wi th  response f o r  s o l a r  protons of energy as low as 1.4 mev. 

from 16 August t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 December 1961 and from 2 October 1962 t o  1 August 1963, 

respec t ive ly .  W e  d iscuss  here severa l  f i nd ings  r e s u l t i n g  from the  study of t he  

They w e r e  active 
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Dates of Operation 

Orb i ta l  Period 

Apogee, Geocentr ic 

major s o l a r  proton events observed with these  s a t e l l i t e s  during 1961 and 

1962. Anomalous fea tu res  of c e r t a i n  o the r  events  w i l l  be t r e a t e d  i n  l a t e r  

papers. 

11. THE APPARATUS 

Explorers X I 1  and X I V  w e r e  e s s e n t i a l l y  i d e n t i c a l  s a t e l l i t e s  with simi lar  

o r b i t s .  The apogee of Explorer X I 1  was about 13 e a r t h  r a d i i  and t h a t  of 

Explorer X I V  about i 6  ear th  r a d i i ;  thus ,  f o r  more than ha l f  t he  tiiiie iii 

each o r b i t  they w e r e  beyond t h e  ou te r  edge of t h e  magnetosphere which va r ied  

from about 7 t o  over 1 2  e a r t h  r a d i i .  Gaps about 8 hours wide appear i n  t h e  

da ta  as a r e s u l t  of d iscard ing  t h e  observat ions made during the  passes of t h e  

s a t e l l i t e  through the magnetosphere. Various c h a r a c t e r i s t i c s  of t h e  s a t e l l i t e s  

16 Aug. t o  5 Dec. 1961 2 O c t .  1962 t o  1 Aug. 1963 

26.5 hours 36.5 hours 

83,600 km. 104,800 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm. 

are l i s t e d  i n  Table I. 

Explorer X I V  I Explorer X I 1  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI Parameter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I 

6,700 km. 6,700 km. I I n i t i a l  G. Perigee 
I 

I I 
Sun-apogee angle 
from e a r t h  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAZ O O  min. t o  

- - , l l O o  max. 
--,70° t o  180° 

and back t o  = O o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I I 

5. seconds I 2.2 seconds I I n i t i a l  Spin Period 

I I 

I I 
Direc t ion  of Spin 
Axis 

(Uncertain due t o  
p recess ion)  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA+ 4 7 O  r i g h t  ascens io  

-27O dec l i na t i on  
I L 

TABLE I 
SATELLITE CHARACTERISTICS 
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The de tec to rs  used f o r  s o l a r  proton measurements i n  Explorers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAX I 1  and 

X I V  provided d i f f e r e n t i a l  energy measurements from 1.4 mev t o  500 mev and 

an i n t e g r a l  measurement a t  about 600 mev. There were t h r e e  de tec to rs :  a 

s c i n t i l l a t i o n - c o u n t e r  te lescope,  a geiger-counter te lescope and a s i n g l e  

s c i n t i l l a t i o n  counter.  

pu lse-height  ana lyzer  provided the  d i f fe ren t ia l -energy  measurements f o r  

energ ies  above 50 mev and the  i n teg ra l  measurement a t  600 mev. 

counter  te lescope used i n  t h e  s i n g l e  mode and i n  t h e  coincidence mode gave 

i n t e g r a l  measurements a t  30 m e v  and 100 mev. Low-energy measurements were 

made wi th  t h e  s i n g l e  s c i n t i l l a t i o n  counter and an 8-channel i n t e g r a l  pu lse-  

he igh t  analyzer .  

t o  t h e  s a t e l l i t e ' s  sp in  a x i s  and the  o ther  d e t e c t o r s  w e r e  normal t o  it. A 

summary of t h e  dynamic range and reso lu t ion  of each of t he  de tec to rs  i s  given 

i n  Table 11. 

t h e  d e t e c t o r  sh ie ld ing  and f o r  p a r t i c l e s  c l i pp ing  t h e  edges of the  s c i n t i l l a t o r s ;  

only when these co r rec t i ons  were zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsmall were t h e  da ta  used f o r  ana lys is .  The 

d e t e c t o r s  are descr ibed more f u l l y  i n  a previous pub l i ca t i on  (Bryant e t  a l . ,  

1962). 

The sc in t i l l a t i on -coun te r  te lescope with a 32-channel 

The ge iger -  

The a x i s  of t h e  geiger-counter te lescope was or ien ted  p a r a l l e l  

Correct ions w e r e  appl ied t o  a l l  t he  da ta  f o r  p a r t i c l e s  pene t ra t i ng  
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Detector 

Proton 
Energy Range 

Information 
Recorded 

Energy 

P l a s t i c  S c i n t i l l a t o r  Telescope Geiger Counter Telescope C s I  Crys ta l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
> 55 mev )30  mev 1.4 t o  22 m e  

32 d i f f e r e n t i a l  channels Coincidence S ing le  8 i n t e g r a l  
mode: l e v e l s  

Energy Lower L i m i t s  Mean Energie zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 
mode : 

Energy I n t e r v a l ;  Mean Energies 

I n  t erva zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs 
Processed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

I 

13.4 

(Corrections take i n t o  account 
with energy) 

5 minutes of s to rage each 7 
minutes 

Geometric 
Factor 

2 
(cm s t e r )  

I 

150. 12.7 I 
2.85 

( a t  100 mev) 

v a r i a t i o n  of geometric f a c t o r  

1.6 seconds of s to rage 1.6 seconds 
each mode dur ing 5 out of s torage 
of 7 minutes each leve l  

f o r  5 out 
of 7 minute: 

Time 
Resolut ion 

P a r a l l e l  t o  sp in  a x i s  Normal t o  sp in  a x i s  I 
- 

D i r e c t i  on 
of Detector 
Axis 

Normal t o  
sp in  a x i s  

55 t o  118 87 mev 
118 t o  150 135 mev 
150 t o  200 175 mev 
200 t o  255 228 mev 
255 t o  335 295 mev 
335 t o  500 418 mev 

(above 600 mev) 

~ 1 0 0  me 2.2 mev 
3.8 mev 
5.7 mev 
7.9 mev 

14.5 mev 

1 M -30 mev 

( s e n s i t i v i t y  i s  a 
I func t ion  of energy) 

I 

I I I 
1 

* -  

) I  

TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA11. 
DETECTOR CHARACTERISTICS 
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I < -  

I .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
T 

111. THE EVENTS 

I n  t h i s  paper we conf ine our a t t e n t i o n  t o  the  s o l a r  proton events fo l low- 

i ng  t h e  f l a r e s  of 10 September, 28  September, and 10 November 1961 and the  

f l a r e  of 23 October 1962. 

producing them a r e  given i n  Table 111. 

t h e  f l a r e s  (H. Pr ince  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR. Hedeman, p r i v a t e  communication, 1963) and on t h e  

accompanying type I V  rad io  emission (A. Maxwell, J. Warwick, p r i v a t e  

communications, 1963). 

t hese  a r e  a l s o  l i s t e d .  E f fec ts  delayed by t h e  prompt 2-day sun- to-ear th  t r a n s i t  

of enhanced plasma and e f f e c t s  delayed by the  r o t a t i o n  of t h e  sun (27-day 

recu r ren t  events)  a r e  l i s t e d  separate ly .  

Some d e t a i l s  of these f l a r e s  and the  p lage reg ions 

The t a b l e  a l s o  conta ins  comments on 

Some of t h e  f l a r e s  were followed by delayed e f f e c t s  and 

A calendar  of a l l  t he  s o l a r  p a r t i c l e  events  observed dur ing t h e  i n t e r v a l s  

d iscussed here i s  shown i n  Figure 1, i n  which the  occurrence of primary events  

and delayed e f f e c t s  a r e  p l o t t e d  aga ins t  t he  cosmic-ray i n t e n s i t y  measured by a 

sea- leve l  neutron monitor (courtesy of H. Carmichael, p r i v a t e  communication, 

1962). Examination of t h e  da ta  showed no evidence e i t h e r  f o r  any o the r  smaller 

d i s c r e t e  events  o r  f o r  any separa te ,  continuous inc reases  over the  genera l  

background leve l .  The i n t e n s i t y  of one energy i n t e r v a l  of protons,  centered a t  

87 mev, i s  p l o t t e d  f o r  a l l  f i v e  primary events  i n  Figure 2 ,  i nd i ca t i ng  the  

widely varying behavior of the  events.  

does no t  lend i t s e l f  t o  obvious c o r r e l a t i o n  t o  any known f l a r e ,  w i l l  be d iscussed 

i n  a l a te r  paper. 

The event of 7 September 1961, which 

. 
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1 Dec. Max. 

1 Dec. t o  
4 Dec. 

-_ -- 
Event 

- 
Plage 
Number. 
Rot a t  i on 
Order. 

E a r l i e r ,  
l a t e r .  

F la res  
Produced. 

F l a r e  
Class.  
Pos i t ion .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
H (Y (UT): 
S t a r t ,  Max., 

Type I V  
s top .  

Onset (UT). 

None 

None 

C omen t s 

Opt ica l  and 
Radio Obser- 
va t i ons  (UT) 

2-Day Delaye 
E f fec ts  . 
Cosmic Ray 
Decreases. 

Low Energy 
P a r t i c l e s .  

Geomagnetic 
A c t i v i t y  . 

R e  cu r r e n  t 
E f f e c t s  . 

Cosmic Ray 
Decreases. 

Low Energy 
P a r t i c l e s .  

Geomagnetic 
A c t i v i t y  . 

10 Sept .  1961 

621 2 
2 

6197, 6235 

69 

> 1 +  
W87, N12 

1950, 2020, 
2054 

1937 

A very l a r g e ,  
b r igh t  f l a r e .  

Loops a t  2017, 
throughout 
2025 -2055 

C on s i de r a b 1 e 
5 P e  11 

11 t o  14 Sept. 

1 2  Sept .  max. 

11 Sept . ,  1606 
U.T. 

None (cen t ra l  
meridian pas - 
s a g e  on 28- 
30 Sept . )  

_I_._ - - _- _-- 
28  Sept .  1961 

6235 
3 

6212, -- 

1 5  

3 
E29, N 1 3  

2202, 2223, 
2530 

2212 
~~ 

A very l a r g e ,  
b r i gh t  f l a r e .  

Type I11 b u r s t s  
ear l ier  on 27 
Sept .  

Type I11 G and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Type  11. 

30 Sept .  t o  
5 O c t .  

30 Sept .  max. 

30 Sept.,  2108 
U.T. 

28 O c t .  t o  
1 Nov. 

27 O c t .  max. 

26 O c t . ,  1940 
U.T. 
28 Oct. ,  0820 
U.T. 

6264 
4 

---- 

6581 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

6563, -- 

9 a f t e r  5 N O ~ .  ------ 

> 1 +  2 
W90, N19 W70, N O 3  

1434, 1444, 1642, 1708 
1450 1745 

1445 1656 

Accompanied by Occurs where 
unusual loop t h e r e  a r e  no 
a c t i v i t y .  spo ts .  

Limb prominence 
a t  1430. Loops 
f o r  many hours 
wi th  max. a t  
1555 

Type I11 G and 
Type 11. - 

Type I11 G a t  
1649 and la te r .  

Type 11. 

None zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI None 

None None 

None None 

1 Dec. t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 Dec. 

None 
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I V .  THE EVENT OF 28 SEPTEMBER 1961 

The s o l a r  proton event of 28 September 1961 was i n i t i a t e d  by a class zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 1 
~ 

. *  f l a r e  29" east of c e n t r a l  meridian. Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI11 shows t h e  pe r t i nen t  s o l a r  and 

geophysical  da ta .  Some aspec ts  of the event w e r e  considered i n  an  ear l ier  

paper (Bryant -- e t  a l . ,  1962). 

I n t e n s i t y  vs.  t i m e  p r o f i l e s  of var ious energy components of t he  event i 
are shown i n  F igure 3, Time i s  measured i n  hours from 2208 UT, t h e  t i m e  of I 

I emission a t  t h e  sun of a br ie f  x-ray burs t  observed by Anderson and Winckler I 

(1962) from 2216 to 2217 UT. For the  f i r s t  few hours po in ts  are p lo t ted  a t  I 

i n t e r v a l s  of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 minutes, and l a te r  po in ts  a r e  hour ly  averages. The 

energy parameter i s  t h e  mean energy of each i n t e r v a l  as out l ined  i n  Table 

11. It i s  clear t h a t  t he  t i m e  taken t o  reach maximum i n t e n s i t y  i nc reases  

I 

~ 

I 

with decreas ing energy. 

because a t  f i r s t  t h e  co r rec t i on  due t o  high-energy p a r t i c l e s  which pene t ra te  

The da ta  a r e  l e s s  complete a t  t h e  lower ene rg ies  

t h e  sh ie ld ing  of t h e  low-energy p a r t i c l e  d e t e c t o r  i s  l a r g e ,  and because t h e  

s a t e l l i t e  entered t h e  t rapped-radiat ion zone soon a f t e r  t h e  f i r s t  e f f e c t  

became small. 

There i s  a depar tu re  from a smooth decay a t  about 48 hours. A t  t h a t  

t i m e  an  inc rease  took p lace  i n  t h e  i n t e n s i t y  of low-energy p a r t i c l e s  which w a s  

assoc ia ted  wi th  t h e  arr iva l  of a s o l a r  plasma stream t h a t  produced a sudden- 

commencement geomagnetic storm and a Forbush decrease,  This occurrence i s  

descr ibed i n  d e t a i l  i n  t h e  earl ier paper, bu t  f o r  t he  sake of completeness 

i t  i s  b r i e f l y  descr ibed here.  The d e t a i l s  of t h i s  i nc rease ,  omit ted i n  

F igure  3, are shown f o r  some energy i n t e r v a l s  i n  F igure 4 on a l i n e a r  t i m e  

scale. Late  on 30 September the re  is a sudden inc rease  i n  i n t e n s i t y  which ' 
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i s  more marked a t  lower energ ies .  The inc rease  s t a r t s  a t  about 1930 UT 

j u s t  before the sudden commencement of a magnetic storm a t  2108 UT. The 

maximum i n t e n s i t y  of p a r t i c l e s  of energy above 3 mev dur ing t h e  i nc rease  

i s  more than ten t i m e s  t h a t  a t t a i n e d  dur ing t h e  main so la r -p ro ton  event. 

Axford and R e i d  (1962) reported r iometer observat ions of t h i s  bu rs t  of low- 

energy protons and had previously observed a s i m i l a r  event on 10 February 

1958 (Reid and Axford, 1962). Other events of t h i s  kind have been reported 

by Charakhchyan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA. (1963). 

A f te r  a f u l l  r o t a t i o n  of t h e  sun, when t h e  plage region respons ib le  

f o r  t he  f l a r e  of 28 September was again c l o s e  t o  c e n t r a l  meridian, t he re  

was another burst  of low-energy protons. This time the  i nc rease  was much 

smal ler .  Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 ,  which i s  a p l o t  of t he  t o t a l  i n t e n s i t y  above 3 mev on 

a further-compressed l i n e a r  t i m e  scale, shows t h e  f u l l  sequence of events. 

This recur ren t  event w a s  a l s o  assoc ia ted  with enhanced s o l a r  plasma 

respons ib le  f o r  a recur ren t  geomagnetic storm and a recu r ren t  Forbush 

decrease. 

10 November 1961 f l a r e  a s  new evidence f o r  t he  ex is tence of long- l ived s o l a r  

streams (Bryant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- e t  a l . ,  1963). 

a )  Velocity Dependence 

The energy dependence of the  ra te of r ise of i n t e n s i t y  suggests t h a t  t he  

W e  have put forward t h i s  event and a s i m i l a r  one fol lowing t h e  

propagation of t he  p a r t i c l e s  i s  a velocity-dependent process. 

l i n e a r  dependence on ve loc i t y  i s  revealed by the  fol lowing ana lys i s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s t r i k i n g  

We assume t h a t  a l l  p a r t i c l e s  w e r e  acce le ra ted  a t  t h e  same time o r ,  

more s t r i c t l y ,  t h a t  they were a l l  acce le ra ted  w i th in  a t i m e  i n t e r v a l  sho r t  

. '* 
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I .  
I '  

I ' -  

compared wi th  t h e  i n t e r v a l  between acce le ra t i on  and observat ion.  

then determine the  d is tance a p a r t i c l e  has t r a v e l l e d  between acce le ra t i on  

and observat ion by tak ing the  product of p a r t i c l e  v e l o c i t y  and time from 

t h e  beginning of t h e  event. The time used here  f o r  t h e  beginning of t h e  

event i s  2208 UT, t h e  t i m e  of the  x-ray b u r s t  a t  the  sun. 

t h e  i n t e n s i t y  vs. t i m e  p r o f i l e  t o  an i n t e n s i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAvs. d is tance  p r o f i l e .  

i n t e n s i t y  vs. d is tance  p r o f i l e  i s  e f f e c t i v e l y  a d i s t r i b u t i o n  i n  d i s tance  

t rave l l ed .  

t h e  p a r t i c l e s  have t rave l l ed .  

i n  which the  d is tance t r a v e l l e d  i s  measured i n  astronomical  u n i t s .  I n  

cons t ruc t ing  t h i s  f i g u r e  t h e  i n t e n s i t i e s  of each component have been sca led  

t o  g i ve  the  bes t  f i t  t o  a common curve. 

normal izat ion w i l l  be examined fu r the r  below. 

We may 

We then convert  

The 

This d i s t r i b u t i o n  i s  a proper ty  of t he  medium through which 

Figure 6 shows t h e  r e s u l t  of t h i s  t reatment 

The phys ica l  meaning of t h i s  

We note  from Figure 6 t h a t  a l l  components l i e  very c l o s e l y  on a common 

curve, a p a r t  from small-scale deviat ions t o  be d iscussed l a t e r  a s  a separa te  

top ic .  The f a c t  t h a t  we have e s s e n t i a l l y  a common curve shows t h a t  p a r t i c l e s  

of a l l  energ ies have t rave l l ed  a given path length  wi th equal p r o b a b i l i t y ;  

t h i s  i s  t r u e  f o r  a l l  path lengths t o  t he  ex ten t  t h a t  t h e  var ious  components 

of F igure 6 do l i e  on a common curve. W e  note  t h a t  the  d i s tance  t r a v e l l e d  

by most p a r t i c l e s  i s  many astronomical u n i t s ,  which i n d i c a t e s  t h a t  propagat ion 

involved an important degree of sca t te r i ng .  Fur ther ,  t h e  degree of s c a t t e r i n g  

i s  no t  a funct ion of energy over the  observed range. 

mode of propagat ion i s  a d i f f us ion - l i ke  process and t h a t  energy-dependent 

processes,  such as d r i f t  ac ross  magnetic f i e l d  l i n e s ,  p lay a minor ro le .  

I n  f a c t ,  i t  has been shown t h a t  t he  equation f o r  simple d i f f u s i o n  descr ibes  

This suggests  t h a t  t he  
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t h e  propagation cu rve  of t h i s  p a r t i c u l a r  event through i t s  maximum (Bryant 

-- e t  a l . ,  1962). 

phase and the l a t e r  s tages  where boundary condi t ions a r e  important. 

It f a i l s  t o  do SO,  though, dur ing both t h e  e a r l y  an i so t rop i c  

b)  Source Spectrum 

We now d iscuss the  physical  meaning of t h e  sca l i ng  f a c t o r s  used t o  con- 

s t r u c t  Figure 6. Consider the  r e l a t i v e  i n t e n s i t y  of any two components of 

t h e  event. We have recorded t h e  i n t e n s i t i e s  no t  as a func t ion  of t i m e  but  

as a funct ion of d i s tance  t r a v e l l e d ,  and found t h a t  t he  re la t ive i n t e n s i t y  

i s  essen t ia l l y  constant  over a range from 2 t o  more than 100 astronomical  

u n i t s .  There i s  nothing t o  suggest t h a t  an ex t rapo la t ion  back t o  zero d i s tance  

i s  i nva l id .  The r e l a t i v e  i n t e n s i t y  of two components a t  zero d is tance i s ,  by 

d e f i n i t i o n ,  a measure of t he  shape of t h e  source spectrum. 

The scal ing f a c t o r s  used t o  produce Figure 6 provide these r e l a t i v e  i n -  

t e n s i t i e s  and Figure 7 shows the  source spectrum obtained d i r e c t l y  from them. 

The source spect ra of two o ther  events  analyzed i n  a s i m i l a r  way are a l s o  

shown. The ord ina te  of Figure 7 i s  a r b i t r a r i l y  chosen t o  show the  maximum 

i n t e n s i t y  reached a t  the ear th .  The d i f f e r e n t i a l  i n t e n s i t i e s  shown a r e  

proport ional  t o  t h e  abso lu te  d i f f e r e n t i a l  i n t e n s i t i e s  of protons produced a t  

the  sun and r e t a i n ,  there fore ,  t he  same spec t ra l  form, but  t he  constant  of 

p ropor t iona l i t y  which depends on t h e  geometry of propagat ion i s  unknown. 

The spectrum i s  wel l  represented by a power l a w  i n  k i n e t i c  energy wi th a 

s lope of about -1.7. 

We note t h a t ,  a p a r t  from smal l -sca le f l uc tua t i ons ,  t h i s  event i s  com- 

p l e t e l y  described by two graphs: t he  source spectrum of Figure 7 and t h e  

distribution of Path length dur ing propagat ion of Figure 6. 
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V. THE EVENT OF 23 OCTOBER 1962 

The event zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 23 October 1962 i s  t h e  smal les t  d iscussed here and probably 

t h e  lowest - in tens i ty  primary so lar -proton event s tud ied t o  date.  

i n i t i a t e d  by a c l a s s  2 f l a r e  occurring 70° west of c e n t r a l  meridian; f u r t h e r  

d e t a i l s  of t h e  f l a r e  and assoc ia ted  phenomena a r e  l i s t e d  i n  Table 111. 

event was a l s o  observed by t h e  cosmic-ray equipment on Mariner I1 (H. Anderson 

and V. Neher, J. Van Al len,  p r i v a t e  comrnunications, 1963). 

It was 

The 

Figure 8 shows t h e  i n t e n s i t y  vs. time p r o f i l e s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof var ious components of 

t h e  event ,  

e a r l i e r  than t h e  lower-energy components. The i n t e n s i t y  vs.  time p r o f i l e s ,  

cor rec ted  f o r  p a r t i c l e  ve loc i t y  and superimposed i n  the  same way a s  f o r  t h e  

event of 28 September 1961, a r e  shown i n  Figure 9. W e  f ind  a good f i t  t o  a 

common curve zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso again the  observat ion t h a t  higher-energy p a r t i c l e s  a r r i v e  

e a r l i e r  i s  explained q u a n t i t a t i v e l y  as a d ispers ion  e f f e c t .  

spectrum obtained from the  r e l a t i v e  normal izat ion used t o  cons t ruc t  Figure 

9 i s  shown i n  Figure 7. W e  note  t h a t  again i t  i s  wel l  represented by a 

power law i n  k i n e t i c  energy, The slope of t he  spectrum i n  t h i s  case i s  

about -2.3. 

V I .  THE EVENT OF 10 NOVEMBER 1961 

W e  see t h a t  again t h e  higher-energy components reach a maximum 

The source 

The s o l a r  proton event of 10 November 1961 was one of two events  observed 

by Explorer X I 1  r e s u l t i n g  from f l a r e s  on the  Fiest limb of t h e  sun (Table 111). 

A long- l ived s o l a r  stream emanating from the  f l a r e  reg ion produced a recu r ren t  

event  21 days la ter  on 1 December (Bryant e t  a l . ,  1963). 
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I n t e n s i t y  vs. time p r o f i l e s  f o r  t h i s  event a r e  shown i n  Figure 10. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA 

f e a t u r e  of these curves i s  a sudden drop i n  i n t e n s i t y  a t  1.3 hours (1546 UT). 

It occurs i n  a l l  components t h a t  show a measurable i n t e n s i t y  a t  t h i s  t i m e .  

A second drop occurs a t  3 hours (1730 UT). A s  we s h a l l  mention aga in  i n  

Sect ion V I I ,  these f l u c t u a t i o n s  a r e  very l i k e l y  unusual ly l a r g e  cases of 

a f e a t u r e  common t o  a l l  f ou r  primary events  discussed he re ,  namely a per iod i c  

i n t e n s i t y  f l uc tua t i on  wi th a period of about one hour. 

p a r t i c u l a r  changes are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso  unusually l a r g e  and sharp they may be due t o  some 

o t h e r  cause. The f l a r e  producing t h i s  event w a s  accompanied by unusual loop 

a c t i v i t y ,  so i t  may not be by chance t h a t  t he  so la r -p ro ton  i n t e n s i t y  e x h i b i t s  

unusual behavior. We a r e  unable t o  l i n k  any s p e c i f i c  happening a t  t h e  sun with 

t h e  changes taking p lace  near  t h e  e a r t h  but w e  a r e  a b l e  t o  deduce when i t  should 

occur. Figure 11 shows the  i n t e g r a l  i n t e n s i t i e s  above 60 mev and above 200 mev 

p l o t t e d  i n  a l i n e a r  s c a l e  t o  show how d r a s t i c a l l y  t he  behavior changed. The 

da ta  are cons is ten t  wi th t h e  breakdown having occurred simultaneously a t  a l l  

energ ies ,  but the t i m e  reso lu t i on  of t he  measurements would permit a 15 minute 

d ispers ion  and so i s  cons is ten t  with t h e  d ispers ion  t o  be expected from t h e  

ve loc i t y  d i f f e rence  a c t i n g  over a d is tance  of 1 astronomical  u n i t .  

occurs i n  t h e  87 mev component somewhere between 1546 and 1556 hours. 

87 m e v  p a r t i c l e s  take  20 minutes t o  travel 1 a.u., t h e  f i r s t  ones t o  br ing 

information of a change would have l e f t  t he  sun between 1526 and 1536 i f  

they t r a v e l l e d  i n  a s t r a i g h t  l i n e ,  bu t  (more l i k e l y )  between 1521 and 1531 

if they t rave l l ed  along a curved pa th  def ined by the  i n t e r p l a n e t a r y  magnetic 

f i e l d .  Opt ical  o r  rad io  informat ion would reach t h e  e a r t h  8 minutes l a t e r ,  

somewhere between 1529 and 1539. 

However, s i n c e  these  

The breakdown 

Since 

Though t h e  f l a r e  showed g r e a t  a c t i v i t y  

(see 'I1 for  comments) w e  have found no evidence f o r  any d r a s t i c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 '  
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period. 

a )  

The complicated s t r u c t u r e  of t h i s  event d e f i e s  a desc r ip t i on  i n  terms of 

Veloci ty Dependence and Source Spectra 

ve loc i t y  dependence alone. A s  w i l l  be shown below, the re  a r e  occasions zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon which 

a ve loc i t y  dependence i s  revealed. 

in tens i ty -d is tance p r o f i l e s  f o r  the  h igher  and lower energ ies  taken separa te ly .  

F igures 12a and 12b show velocity-compensated 

The higher-energy components a r e  ve loc i t y  dependent before the  sudden drop i n  

i n t e n s i t y  a t  1.3 hours,  and t h e  lower-energy components a r e  ve loc i t y  dependent 

throughout the  event.  

a measurable i n t e n s i t y  u n t i l  a f t e r  the breakdown of v e l o c i t y  dependence a t  

h igher  energy in t roduces a f u r t h e r  uncer ta in ty  i n  i n t e r p r e t a t i o n .  

The f a c t  t h a t  t h e  lower-energy components do no t  show 

Two source spec t ra  a r e  shown f o r  t h i s  event i n  Figure 7 ,  one f o r  t he  

h igher  and one f o r  t h e  lower energies.  

i n t e n s i t y  vs.  t i m e  p r o f i l e s  a r e  d i f f e r e n t ,  t he  r e l a t i v e  normal izat ion of t h e  

two sec t i ons  of t h e  spectrum i s  not  meaningful. 

sec t i on  of t he  spectrum is  a r b i t r a r i l y  chosen t o  be the  maximum i n t e n s i t y  

reached a t  t he  ea r th .  It may be t h a t  t he  common f i t  of t h e  low-energy 

Since the  velocity-compensated 

The normal izat ion f o r  each 

i n t e n s i t y  curves i s  not s i g n i f i c a n t ,  s ince  t h e  dev ia t ion  from a common 

propagat ion envelope increases  a s  energy decreases among t h e  high-energy 

groups. 

b )  Time Dependence 

Although t h i s  event shows a ve loc i t y  dependence t h a t  ho lds very wel l  

a t  c e r t a i n  t i m e s ,  it cannot be completely descr ibed by a s i n g l e  source 

spectrum and s i n g l e  propagat ion curve. Fur ther ,  t he re  are two sudden 
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i n t e n s i t y  drops t h a t  occur over a wide energy range with no d ispers ion .  

They almost c e r t a i n l y  r e s u l t  from sudden changes i n  t h e  propagation medium 

which probably take  p lace  near t h e  e a r t h  bu t ,  from the  above d iscuss ion ,  
? *  

which may a l s o  take  p lace  a t  t h e  sun. 

i n  the  next sec t ion  and discussed more f u l l y  i n  s e c t i o n  V I I I .  

V I I .  THE EVENT OF 10 SEPTEMBER 1961 

Other e f f e c t s  of t h i s  kind are descr ibed 

The event of 10 September 1961 was i n i t i a t e d  by a f l a r e  on t h e  w e s t  l imb 

of t he  sun. The i n t e n s i t y  vs. t i m e  p r o f i l e s  of Figure 13  show t h a t  t h e  event 

was dominated by i n t e n s i t y  changes occurr ing simultaneously a t  a l l  energies.  

Only gross fea tu res ,  such a s  t h e  f a c t  t h a t  t h e  lower-energy components reach 

maximum i n t e n s i t y  l a te r  than the  higher-energy components, can be a t t r i b u t e d  

t o  d ispers ion .  

consequently no q u a n t i t a t i v e  f i t  t o  ve loc i t y  dependence. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l i n e a r  p l o t  of 

t h ree  sample components (Figure 14 )  t y p i f i e s  t h e  i r r e g u l a r  behavior of t he  

event. The high i n t e n s i t y  reached by t h i s  and lower-energy components e a r l y  

on 1 2  September, about 1 day a f t e r  the  f l a r e ,  i s  probably due t o  the  a r r i v a l  

of enhanced s o l a r  plasma t h a t  produced a small cosmic-ray decrease a t  about 

t h a t  t i m e  following geomagnetic a c t i v i t y  a t  1106 UT on 11 September. 

inc rease i s  l i k e  the delayed a r r i v a l  of low-energy p a r t i c l e s  seen about 48 hours 

a f t e r  t h e  28 September 1961 event,  but i n  t h i s  case  t h e r e  i s  a much slower onset 

no doubt having t o  do with the  w e s t  limb loca t i on  of t he  f l a r e .  

There are no systemat ic changes of behavior wi th energy and 

This 

% 

a )  F luc tua t ions  

Superimposed on the  l a rge -sca le  f e a t u r e s  of t he  i n t e n s i t y  vs.  t i m e  p r o f i l e s  

a r e  a s e r i e s  of f l uc tua t i ons  which a r e  near l y  pe r iod i c ,  with the  same frequency 

and phase at energies* They take  p lace  i n  a l l  these events ,  but a re  most 
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c l e a r l y  marked i n  t h e  event of 10 September 1961. 

i n t e g r a l  i n t e n s i t y  vs.  t i m e  p r o f i l e s  on a l i n e a r  sca le  f o r  t he  5.7-mev and 

t h e  30-mev components of t h i s  event,  i l l u s t r a t e s  these f l uc tua t i ons .  To 

show t h e  per iod ic  f l u c t u a t i o n s  more c l e a r l y ,  t he  lower-frequency components 

have been removed by sub t rac t i ng  the  

r e s u l t  f o r  severa l  energy components i s  shown i n  the  lower ha l f  of t h e  f igure .  

F luc tua t ions  of t h i s  kind occur t o  some ex ten t  i n  a l l  events:  Figure 16,  i n  

which the  r e l a t i v e  t i m e  s c a l e  i s  i n  u n i t s  of hours,  shows the  f l u c t u a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 

t he  87-mev component f o r  a l l  events.  The sudden drops i n  i n t e n s i t y  near  t h e  

beginning of t he  10 November 1961 event have the  same frequency and phase a s  the  

o the r  f l uc tua t i ons ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso i t  appears t h a t  they may not  be i s o l a t e d  happenings caused 

d i r e c t l y  by a c t i v i t y  a t  t he  sun but the f i r s t  two members of a series of 

f l u c t u a t i o n s ,  a l though they were unusually l a r g e  and very sharp. 

of t he  f l u c t u a t i o n s  depends l i t t l e  on energy i n  any of t h e  events.  Table IV 

summarizes the  per iods and amplitudes of t he  f l uc tua t i ons .  

V I I I .  DISCUSSION 

Figure 15, which shows the  

running mean of one per iod length ;  t h e  

The ampli tude 

The fol lowing general  statements can be made summarizing t h e  r e s u l t s  

presented above. 

(1) So la r  proton events  observed i n  the  2- t o  600-mev energy region f a l l  

i n t o  a t  l e a s t  t h ree  ca tegor ies :  the  primary events  have maximum i n t e n s i t y  soon 

a f t e r  t h e  parent  f l a r e ;  these a r e  sometimes followed about two days l a t e r  by 

secondary events  t h a t  occur wi th t h e  a r r i v a l  of the  s o l a r  plasma; they a l s o  

a r e  occasional ly  followed by recur ren t  events t h a t  do no t  immediately fo l low 

s o l a r  a c t i v i t y  but occur when t h e  parent p lage region passes c e n t r a l  meridian 

on success ive 27-day i n t e r v a l s .  
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( 2 )  The i n t e n s i t y  vs. t i m e  p r o f i l e s  o f ten  show a l i n e a r  ve loc i t y  

dependence. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
23 October 1962) t h i s  ve loc i t y  dependence l a s t s  throughout t h e  events .  Ex- 

cept ions occur i n  t h e  event of 10 November 1961, which shows some e a r l y  

depar ture from t h i s  behavior and i n  the  event of 10 September 1961, which 

shows no quant i ta t i ve  agreement wi th ve loc i t y  dependence. 

In  two of t he  events under d iscuss ion  (28 September 1961 and 

(3 )  A l l  events show a series of per iod ic  i n t e n s i t y  f l u c t u a t i o n s  wi th 

a period of from 1. t o  1.5 hours. These occur without d ispers ion .  

I f  we convert those i n t e n s i t y  vs.  t i m e  p r o f i l e s  which show a q u a n t i t a t i v e ,  

l i n e a r  ve loc i t y  dependence t o  probab i l i t y  vs.  d i s tance  p r o f i l e s ,  w e  are l e d  

d i r e c t l y  t o  the  fol lowing conclusions: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 )  Proper t ies of t h e  propagat ion medium and proper t ies  of t he  source 

can be s tud ied  separate ly  and, i n  p a r t i c u l a r ,  t h e  shape of t he  energy spectrum 

a t  t h e  source can be obtained. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 5 )  Propagation involves an important degree of s c a t t e r i n g  (s ince  t h e  

most l i k e l y  d is tance t rave l l ed  i s  about 10 astronomical u n i t s ) .  

(6)  The degree of s c a t t e r i n g  i s  independent of p a r t i c l e  r i g i d i t y  i n  t h e  

region below 1.5 bv (s ince a l l  t h e  propagat ion curves a r e  the  s a m e ) .  

a )  Velocity Dependence 

The ana lys is  descr ibed i n  sec t i on  I V ,  showing the  ve loc i t y  dependence 

of these events ,  has cons t i tu ted  a necessary but i n s u f f i c i e n t  test .  For example, 

we might have found an  even c l o s e r  f i t  had w e  compensated the  i n t e n s i t y  vs. 

t i m e  p r o f i l e s  by ve loc i t y  ra ised  t o  t h e  power n ,  where n i s  c l o s e  t o  but not  

equal t o  1. We now show t h a t  t h e  bes t  va lue of n i s  indeed 1. To f i nd  

t h e  bes t  value of n, the  var ious i n t e n s i t y  vs.  t i m e  p r o f i l e s  were s h i f t e d  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

b 
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, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh o r i z o n t a l l y  and v e r t i c a l l y  t o  g ive  t h e  bes t  f i t  t o  a chosen reference curve. 

No account was taken of p a r t i c l e  ve loc i t y  a t  t h i s  s tage.  The f a c t o r s  by which 

I 
I '' t h e  curves were ho r i zon ta l l y  s h i f t e d  were then p l o t t e d  aga ins t  p a r t i c l e  

ve loc i t y .  The r e s u l t  i s  shown i n  Figure 17a i n  which, f o r  comparison, l i n e s  

of s lope u n i t y  have been drawn through t h e  po in ts .  The normal izat ions a r e  

a r b i t r a r y  and depend on the  curves chosen f o r  reference. 

s lopes  of a l l  l i n e s  a r e  c l o s e  t o  un i ty ,  t h e  mean va lue  being 1.0 + - 0.1. 

energy i n t e r v a l s  over which t h i s  t e s t  could be performed a r e  implied by t h e  

f i g u r e  and a r e  ind ica ted  i n  Table IV .  The var ious p a r t s  of F igure 17a have 

been superimposed i n  Figure 17b, where, a s  i n  17a, a l i n e  of s lope un i t y  has 

been drawn through the  po in ts  f o r  comparison. 

does no t  extend s u f f i c i e n t l y  f a r  i n t o  the  r e l a t i v i s t i c  region t o  permit a t e s t  

W e  f i nd  t h a t  t he  

The 

I 

(The energy range s tud ied  here  

of r i g i d i t y  dependence a s  opposed t o  simple v e l o c i t y  dependence.) 

Fu r the r  evidence of velocity-dependent propagat ion i n  so lar -proton events  

I 

was provided by a comparison of a lpha -pa r t i c l e  and proton i n t e n s i t i e s  dur ing 

the  events  of 1 2  November 1960 and 15 November 1960 by Biswas -- e t  a l .  (1962, 

1963). Several  rockets  car ry ing  nuc lear  emulsions w e r e  f i r e d  i n t o  these events ,  

and t h e  r e l a t i v e  i n t e n s i t y  of alpha p a r t i c l e s  and protons having the  same 

v e l o c i t y  was found t o  be the  same a t  c e r t a i n  t imes even though t h e  energy 

spec t ra  of protons and alpha p a r t i c l e s  were changing with t i m e .  

b )  The Source Spectrum 

W e  no te  from F igure  7 t h a t  a given source spectrum i s  w e l l  represented 

by a power law i n  k i n e t i c  energy, although t h e  event of 10 November 1961 i s  

an except ion i n  t h a t  two power-law spect ra a r e  required. The 28 September 

1961 spectrum i s  remarkable i n  t h a t  it f i t s  a power law over a dynamic range 

of near ly  th ree  decades i n  energy. The f a c t  t h a t  t he re  i s  no dev ia t i on  from 



-19- 

t h i s  smooth, s i m p l e  spectral representa t ion ,  even a t  t h e  low-energy por t ion  

of t h i s  source spectrum, prompts us t o  put  forward the  argument, based pure ly  

on a e s t h e t i c  grounds, t h a t  t he  amount of matter t raversed by t h e  s o l a r  protons a f t e r  

acce le ra t i on  w a s  l e s s  than t h e  range of 1 m e v  proton, t h a t  i s ,  about 1 mil l igram 

crn’*. I f  we consider a beam of p a r t i c l e s  penet ra t ing  an absorber ,  we f i nd  t h e  

emerging spectrum very much depleted i n  p a r t i c l e s  wi th energ ies  near  t h a t  

requi red t o  j u s t  penetrate t h e  absorber.  

of s lope a t  low energies.  It seems un l i ke l y ,  t he re fo re ,  t h a t  an excess 

product ion of lower-energy protons would occur i n  such a manner a s  t o  exac t ly  

compensate t h e i r  absorpt ion i n  an amount of mater ia l  g r e a t e r  than t h e i r  range 

r e s u l t i n g  i n  s o  simple a form of source spectrum. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A b  

There i s  consequently a rap id  change 

. W e  can draw no conclusions here  about t h e  so lar -proton acce le ra t i on  process 

from t h e  shape of t h e  source spec t ra ,  s ince  there  probably are a number of 

processes t h a t  would produce t h e  observed spec t ra .  

of t h e  spec t ra  observed i n  t h e  events under d iscuss ion.  

Table I V  g ives  the  s lopes  

c) The Propagation Medium 

For t h e  purpose of t h i s  d iscuss ion we def ine  the  propagat ion medium t o  

be t h e  medium through which s o l a r  protons t r a v e l  a f t e r  acce le ra t i on  and escape 

from the  acce le ra t ion  mechanism. L e t  us now consider  where t h e  s c a t t e r i n g  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
. t akes  place. 

Meyer, Parker and Simpson (1956) suggested t h a t  dur ing t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA23 February 1956 

event s c a t t e r i n g  took p lace  i n  i n te rp lane ta ry  space beyond t h e  e a r t h ’ s  o r b i t .  

Parker  (1963) has d iscussed a mechanism of simple d i f f us ion  throughout i n t e r -  

p lanetary  space; E. Roelof (p r i va te  communication, 1963) has found t h a t  
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s c a t t e r i n g  by magnetic f i e l d s  i n  i n te rp lane ta ry  space t h a t  a r e  i r r e g u l a r  i n  

space and/or time would produce a degree of s c a t t e r i n g  t h a t  is a funct ion of 

p a r t i c l e  r i g i d i t y .  

s c a t t e r i n g  caused by i r r e g u l a r i t i e s  i n  an otherwise quas i - rad ia l  i n te rp lane ta ry  

f i e l d  t o  account f o r  t he  onset of i so t ropy  i n  severa l  s o l a r  proton events. 

Anderson -- e t  a l .  (1959) and Gold (1962) have suggested t h a t  t h e  processes 

of s c a t t e r i n g  and d r i f t  i n  the  s t rong magnetic f i e l d s  near  the  sun must 

p lay an important p a r t  i n  so lar -proton propagation. 

and Hoffman and Winckler (1963) found tha t  t h e  i n t e n s i t y  vs.  t i m e  p r o f i l e s  

of seve ra l  s o l a r  proton events  a r e  w e l l  represented by those t o  be expected 

from a process of simple d i f f us ion  i n  i n te rp lane ta ry  space. 

McCracken (1962) introduced the  idea of small-angle ,*  

. 

Bryant -- e t  a l .  (1962) 

The propagat ion curves of t h e  th ree  velocity-dependent events  a r e  

compared i n  Figure 18. Apart from that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t h e  low-energy component of 

10 November 1961, the  curves are geometr ica l ly  s i m i l a r  t o  a remarkable 

degree. It i s  meaningful, t he re fo re ,  t o  assoc ia te  with each of t he  curves a 

parameter descr ib ing the  r a t e  of propagation of t h e  event.  A convenient 

parameter, though somewhat poor ly de f ined,  i s  t he  most probable d is tance 

t r a v e l l e d  - - tha t  i s ,  t h e  d i s tance  t r a v e l l e d  by the  p a r t i c l e s  a r r i v i n g  a t  

maximum i n t e n s i t y .  

t h e  order ing of the  propagat ion geometry i n  the  th ree  events  c o r r e l a t e s  e i t h e r  

wi th t h e  phase of t h e  s o l a r  cyc le  o r  wi th  the displacement i n  longi tude of t he  

f l a r e  from about 70 degrees west,  t h e  o r ig in  of t h e  ea r th - i n te rcep t ing  garden- 

hose l i n e .  For example, t h e  s lowest event i s  t h a t  from a f l a r e  a t  29 degrees 

e a s t ;  i t  i s  a l s o  t h e  f i r s t  i n  time. No s ign i f i cance i s  claimed f o r  e i t h e r  c o r r e l a t i o n  

These d i s tances  a r e  l i s t e d  i n  Table IV .  W e  n o t i c e  t h a t  

+. 

On the basis Of such a S m a l l  number of events. 
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We have mentioned t h a t  t he  i n t e n s i t y  curves which f i t  a common 

propagation curve i n  a given event a l s o  f i t  t he  equat ion f o r  simple 

d i f f us ion .  

a r e  l i s t e d  i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIV. I n  s p i t e  of t h i s  f i t ,  i t  i s  d i f f i c u l t  t o  see how 

s o l a r  protons could undergo a process of simple d i f f u s i o n  i n  i n t e r p l a n e t a r y  

space espec ia l l y  s ince  t h e  garden-hose magnetic f i e l d  has been observed t o  p lay  

an important p a r t  i n  guiding s o l a r  protons away from t h e  sun. 

d i f f i c u l t y  i s  t h a t  t h e  observed v e l o c i t y  independence of t h e  s c a t t e r i n g  

impl ies t h a t  the s c a t t e r i n g  takes  p lace  a t  d i s c r e t e  s c a t t e r i n g  c e n t e r s ,  

r a t h e r  than as  a continuous process, a s  would otherwise s e e m  more reasonable. 

The f ind ing  t h a t  the  degree of s c a t t e r i n g  i s  independent of r i g i d i t y ,  combined 

with Roelof ’s r e s u l t  f o r  continuous s c a t t e r i n g  i n  i r r e g u l a r  magnetic f i e l d s ,  

r u l e s  out such a mechanism a t  l e a s t  f o r  t h e  events  under d iscuss ion .  

The r e s u l t i n g  e f f e c t i v e  mean f r e e  pa ths  and o the r  parameters 

Another 

I n  order t o  reconc i le  a d i f f u s i v e  propagation wi th t h e  previously 

observed guiding by t h e  garden-hose i n t e r p l a n e t a r y  f i e l d ,  w e  consider a 

model i n  which s c a t t e r i n g  occurs near t h e  sun and the  p a r t i c l e s  escape t o  

t h e  e a r t h  a f t e r  d i f f u s i n g  from the  f l a r e  t o  t h e  foo t  of a l i n e  of f o rce  

providing d i r e c t  access  t o  t h e  e a r t h  (Gold, 1959). We meet a t  once with 

two d i f f i c u l t i e s .  

curva tures  in  any general  f i e l d  nea r  the  sun would lead t o  a r i g i d i t y -  

dependent propagation. 

i n  i n te rp lane ta ry  space t o  account f o r  t he  onset  of i so t ropy  (McCracken, 1962). 

Since any pi tch-angle s c a t t e r i n g  would i n  general  be accompanied by a change 

of guiding cen te r  t h e r e  would be some motion ac ross  t h e  l i n e s  of force.  The 

F i r s t l y ,  p a r t i c l e  d r i f t  produced by g rad ien ts  and 

Secondly, t he re  must be a c e r t a i n  amount of s c a t t e r i n g  
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quest ion then a r i s e s  of t he  r e l a t i v e  importance of motion along t h e  l i n e s  of 

fo rce  and motion across them. W e  have then reached a process of an i so t rop i c  

d i f f us ion  i n  i n te rp lane ta ry  space ins tead of one of s imple i s o t r o p i c  d i f fus ion .  

Anisot rop ic  d i f fus ion  conceivably could account f o r  t h e  observat ions,  but  t he re  

i s  no present theo re t i ca l  t reatment aga ins t  which t o  t e s t  t he  data.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
d )  

One important consequence of a veloci ty-dependent propagat ion i s  t h a t  

The S t a b i l i t y  of t h e  Propagation Medium 

low-energy protons t r a v e l  through t h e  propagat ion medium l a t e r  than the  high- 

energy protons and y e t  s u f f e r  the  same degree of sca t te r i ng .  

p roper t i es  of t he  propagation medium can, t he re fo re ,  remain constant  f o r  a t  

l e a s t  two days. It i s  important t o  remember, though, t h a t  changes must have 

been occurring i n  the  magnetic f i e l d  s t r u c t u r e  during the  per iod of propagation. 

The average 

During t h e  event of 2 8  September 1961, f o r  example, t he re  was an enhanced s o l a r  

plasma moving out  from t h e  sun. 

in te rp lanetary  space, even gross changes i n  magnetic f i e l d  s t r u c t u r e  can 

produce only small e f f e c t s  i f  they take  place many mean f r e e  paths from the  

po in t  of observation. Only changes i n  magnetic f i e l d  s t r u c t u r e  occurr ing 

near  t h e  s a t e l l i t e  could s t rong ly  in f luence t h e  measured i n t e n s i t y .  We 

suggest t h a t  t h e  cha rac te r  of t h e  10 September 1961 event w a s  l a rge l y  

determined by such e f f e c t s ,  dominating t h e  i n t e n s i t y  vs.  t i m e  charac ter  

more than the d ispers ion  t h a t  otherwise should have been present .  

can only speculate a t  t h i s  s tage on t h e  d e t a i l s  of t he  mechanism producing 

time-dependent e f f e c t s .  

Where t h e  s o l a r  protons a r e  i s o t r o p i c  i n  

One 
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e) 

A s  was mentioned above, t h e  pe r iod i c  i n t e n s i t y  f l u c t u a t i o n s  are almost 

Local Disturbances of t h e  Propagation Medium 

c e r t a i n l y  a r e s u l t  of magnetic f i e l d  s t r u c t u r e  i n  the  region of i n te rp lane ta ry  

space near the ear th .  The f l u c t u a t i o n s  could r e s u l t  from, f o r  example, 

ad jacent  reg ions  of s t rong  f i e l d  and weak f i e l d  c o n s t i t u t i n g  a t rapp ing  

region o r  "magnetic bo t t l e . "  Such regions would exclude some inc iden t  

p a r t i c l e s ,  thereby lowering t h e  p a r t i c l e  densi ty i n  the  region of t he  weaker 

f i e l d .  Such regions might eventua l l y  become f i l l e d  as a r e s u l t  of s c a t t e r i n g  

from magnetic i r r e g u l a r i t i e s  and, i n  f a c t ,  t he  magnitude of t h e  f l u c t u a t i o n  

does decrease with t i m e .  This mechanism does no t  account f o r  t he  r e g u l a r i t y  

of t h e  f l u c t u a t i o n  un less  t h e r e  i s  postulated a c h a r a c t e r i s t i c  wave motion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of i n t e r p l a n e t a r y  plasma. 

plasma but  i s  confined t o  t h e  region between the  magnetosphere and t h e  quas i -  

s t a t i o n a r y  bow wave postu la ted  by Axford (1963) and o thers .  They pointed out 

t h a t  i n t e r a c t i o n  between t h e  s o l a r  wind and the  magnetosphere should create a 

bow wave s tand ing  several e a r t h  r a d i i  from t h e  magnetosphere on t h e  s u n l i t  s i d e  

of t h e  e a r t h ;  t h i s  phenomenon w a s  recen t l y  observed with a plasma d e t e c t o r  

(Bridge e t  al . ,  1964) and a magnetometer (Ness -- e t  al . ,  1964) on Explorer X V I I I .  

A l l  so la r -p ro ton  measurements reported here  w e r e  made outs ide  t h e  magnetosphere 

but behind t h i s  bow wave. 

so la r -p ro ton  i n t e n s i t y  was confined t o  t h i s  region alone: regu la r  s t r u c t u r e  i n  

t h i s  region may be due d i r e c t l y  t o  regu la r  s t r u c t u r e  i n  the  s o l a r  wind o r  i t  

may be a n a t u r a l  frequency of t h e  region. 

The wave motion i s  not a proper ty  of a l l  i n t e r p l a n e t a r y  

It i s  poss ib le ,  t he re fo re ,  t h a t  t he  modulation of 

F luc tua t ions  with a period of approximately one hour were noted i n  t h e  

Exp lorer  X magnetic f i e l d  and plasma da ta  (Heppner e t  a l .  , 1963; Bonett i  e t  a l . ,  -- 
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Event 

Energy Range 
of Veloc i ty  
Dependence 

Exponent of 
Source 
Spectrum 

(mev zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) 

1963) where they w e r e  i n te rp re ted  a s  a r e s u l t  of the  passage of t h e  space zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

c 

10 Sept.  1961 28  Sept. 1961 10 Nov. 1961 23 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOct.  1962 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Low Energy . High Energy - - - - - - - - - - - - . I  

(none 
de tec ted)  1.4 t o  500 1.4 t o  22 55 t o  500 4 t o  330 

----- ---- - 1.7 - 1.5 - 3.5 - 2.3 

4 -  

Scale of 
Source Spectun 

(cm2 sec  s t e r  mev)" 
Most Probable 
Distance ---- 
(a. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAu.) 
M.F.P. (a. u.) 
from Di f fus ion ---- 
Theory 
F luc tua t ion  
Per iod (hours) 1.4 

a t  Max. Intens. ---- 

probe i n  and out  of t he  pu lsa t ing  boundary of the  magnetosphere. Mathews 

1.4 x l o 6  7. x 10 4. 105 
6 1.6 x 10 

1 2  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 9 8 

0.04 0.06 0.055 0.06 

(none 
1.3 detec ted)  1.5 1 .o 

-- e t  a l .  (1961) noted f l u c t u a t i o n s  with a per iod of 1.25 hours i n  neutron 

monitor records of t h e  event  of 12  November 1960. They suggested t h a t  these 

f l u c t u a t i o n s  were a d i r e c t  r e s u l t  of pu lsa t ing  decreases i n  the  hor izon ta l  

component of t h e  e a r t h ' s  f i e l d  measured a t  t he  equator.  Winckler e t  a l .  -- 

(1961) a l s o  observed s i m i l a r  f l uc tua t i ons  i n  bal loon measurements of s o l a r -  

proton i n t e n s i t y .  A l l  of these forms of f l u c t u a t i o n  may have been due t o  

the  same cause, namely, e i t h e r  a regu la r  s t r u c t u r e  i n  the  i n te rp lane ta ry  

plasma dens i t y  o r  a na tu ra l  frequency of the  region between t h e  bow wave 

and the  magnetosphere. 
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FIGURE CAPTIONS 

FIG. 1.-- 

1961 and 1.962. 

above t h e  cosmic-ray neutron i n t e n s i t y  p l o t s  with a f l a g  which d i sp lays  t h e  

s o l a r  long i tude and c l a s s i f i c a t i o n  of t he  parent  f l a r e  and t h e  ex is tence 

of assoc ia ted  type I V  r a d i o  bu rs ts .  

delayed proton events are a l s o  ind ica ted ;  a plasma-associated event occurs 

wi th a de lay  of two days and a recur ren t  event takes  p lace  when a long- l ived 

s o l a r  streamer passes c e n t r a l  meridian on a succeeding s o l a r  ro ta t i on .  

So la r  p a r t i c l e  events observed with Explorers X I 1  and X I V  during 

The occurrence of each primary s o l a r  proton event i s  i nd ica ted  

Occurrences zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof both v a r i e t i e s  of 

FIG. 2.-- The i n t e n s i t i e s  of 87-mev protons vs. t i m e  a f t e r  t he  type I V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 

emissions dur ing t h e  f i v e  primary s o l a r  proton events. The shapes of only 

two events ,  those of 28 September 1961 and 23 October 1962, are seen t o  be 

q u a n t i t a t i v e l y  s i m i l a r ,  as monitored i n  t h i s  manner. 

FIG. 3.-- The d i f f e r e n t i a l  i n t e n s i t i e s  of s o l a r  protons dur ing t h e  28 

September 1961 event p l o t t e d  aga ins t  t i m e  a f t e r  t h e  x-ray b u r s t  a t  t he  sun. 

The da ta  are in te r rup ted  when the  s a t e l l i t e  passed through the  magnetosphere 

and when t h e  delayed inc rease  occurred on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 September 1961. 

FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4. -- Representat ive proton i n t e n s i t i e s  between 28 September and 

7 October, showing t h e  delayed i n t e n s i t y  i nc rease  of predominately lower- 

energy protons on 30 September 1961. 

are r e l a t i v e l y  cons tan t  with t i m e ,  unl ike those of the  veloci ty-ordered 

primary s o l a r  proton event ,  and t h e i r  a r r i v a l  t imes are e s s e n t i a l l y  

cons tan t  wi th energy, occurr ing a t  t he  t i m e  of a r r i v a l  of t h e  enhanced s o l a r  

The energy spec t ra  of these p a r t i c l e s  
,- 

plasma, two days a f t e r  the f l a r e .  
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FIG. 5. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-- The i n t e n s i t y  of protons of energy above 3 mev between 30 September 

and 28 October 1961. The delayed increase on 30 September i s  superposed on 

the  primary solar-proton i n t e n s i t y  decay and t h e  recur ren t  event on 27 October 

fo l lows the  completely event- f ree in tervening per iod.  

FIG. 6. -- The i n t e n s i t y  vs.  t i m e  p l o t s  of Figure 3 converted t o  r e l a t i v e  

i n t e n s i t y  vs. d is tance p lo t s .  

component by taking t h e  product of t h e  corresponding p a r t i c l e  ve loc i t y  and 

t i m e  from t h e  event; t h e  i n t e n s i t i e s  are scaled t o  g ive t h e  bes t  f i t  t o  a common 

propagation curve. 

hundred and a ve loc i ty  range of 14, and over a t i m e  dura t ion  of severa l  days. 

The d is tance i s  computed f o r  each energy 

This f i t  occurs over a dynamic range i n  energy of a few 

FIG. 7. -- The source spec t ra  of th ree  s o l a r  proton events.  The i n t e n s i t i e s  

p lo t ted  a r e  a r b i t r a r i l y  chosen t o  show the  

ea r th ;  as explained i n  t h e  t e x t  t h e  r e l a t i v e  sca l i ng  of t h e  two sec t i ons  of t h e  

spectrum of 10 November i s  not  necessar i l y  meaningful. 

proton events which t o t a l l y  conform t o  a velocity-dependent behavior,  such a s  

those of 28 September 1961 and 23 October 1962, the  source spectrum i s  t he  

unique d i f f e r e n t i a l  energy s p e c t r u m  of t he  protons a t  the  time of t h e i r  

escape from the sun; i n  each event the  source spectrum i s  propor t ional  t o  

t h a t  shown here wi th a constant  which depends i n  an unknown way on the  

geometry of propagation. 

maximum i n t e n s i t i e s  reached a t  t h e  

I n  the  case of t he  s o l a r  

FIG. 8. -- The d i f f e r e n t i a l  i n t e n s i t i e s  of s o l a r  protons dur ing the  23 October 

1962 event p lo t ted  aga ins t  t ime a f t e r  t he  onset  a t  t he  sun of type I V  rad ia t ion .  

The behavior of t h i s  event i s  q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  of t he  ea r l y  por t ion  

of t he  28 September 1961 event. Due t o  t h e  r e l a t i v e l y  low i n t e n s i t y  of the  event ,  
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t h e  d i f f e r e n t i a l  i n t e n s i t i e s  of protons of energy above 300 m e v  could not  be 

measured; t he  protons of energy below 5 m e v  d id  no t  a r r i v e  u n t i l  a f t e r  t h e  

sate l l i te  entered the  nagnetosphere. 

FIG. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9. -- The i n t e n s i t y  vs. time p l o t s  of F igure  8 converted t o  a re la t ive 

i n t e n s i t y  vs. d is tance p l o t s ,  scaled t o  g ive t h e  b e s t  f i t  t o  a common propagation 

curve . 

FIG. 10. -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe d i f f e r e n t i a l  i n t e n s i t i e s  of s o l a r  protons dur ing t h e  

10 November 1961 event p lo t ted  aga ins t  t i m e  a f t e r  the f l a r e .  A sudden drop 

i n  t h e  i n t e n s i t i e s  of t h e  higher-energy protons occurs a t  1.3 hours;  t h i s  

d i scon t inu i t y  i n  t h e  s lopes of t h e  propagation curves occurs before the  

ar r iva l  of most of t he  lower-energy protons. 

FIG. 11. -- The i n t e g r a l  i n t e n s i t i e s  of protons above 60 m e v  and above 

200 m e v  dur ing t h e  f i r s t  few hours of t he  10 November 1961 event ,  p lo t ted  

on a l inear  scale. These components are chosen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAso  as t o  d i sp lay  t h e  maximum 

d ispers ion  of t h e  t i m e s  of peak i n tens i t y ;  s ince  measurements w e r e  made every 

7 minutes,  t he  da ta  are cons is ten t  with the  peak i n t e n s i t i e s  having occurred 

simultaneously . 

FIG. 12a and 12b. -- The i n t e n s i t y  vs. t i m e  p l o t s  of Figure 10 converted 

t o  relat ive i n t e n s i t y  vs. d i s tance  p lo ts .  Two groups are separa te l y  sca led  

t o  g ive  the  bes t  f i t  t o  a common high-energy curve before t h e  1.3-hour peak, 

and t o  a cmmon low-energy curve a f t e r  it. A unique high-energy propagation 

curve does no t  e x i s t  throughout t h e  event,  but  appears t o  be approached 

asymptot ica l ly  wi th inc reas ing  energy. A common low-energy curve i s  apparent ,  

but i t  may r e l a t e  more d i r e c t l y  t o  a l oca l  modulation than t o  i n te rp lane ta ry  

propagation. 
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FIG. 13. -- The d i f f e r e n t i a l  i n t e n s i t i e s  of s o l a r  protons dur ing t h e  

10 September 1961 event p l o t t e d  aga ins t  t i m e  a f t e r  t h e  f l a r e .  

i s  a q u a l i t a t i v e  ve loc i t y  o rder ing  f o r  t h e  f i r s t  10  hours ;  dur ing t h i s  

t i m e  t he  higher-energy protons tend t o  i nc rease  i n  i n t e n s i t y  be fore  t h e  

lower-energy protons do, but t he re  i s  no q u a n t i t a t i v e  f i t  t o  a v e l o c i t y  

dependence. 

inc rease together i n  a manner q u a l i t a t i v e l y  s i m i l a r  t o  t h a t  of 30 September; 

t h i s  occurrence i s  a l s o  accompanied by cosmic-ray and geomagnetic f l u c t u a t i o n s  

There 

Later i n  t h i s  event t h e  i n t e n s i t i e s  of protons of a l l  energies 

assoc ia ted  with t h e  a r r i v a l  of enhanced s o l a r  plasma. 

FIG. 14. -- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA l i n e a r  p l o t  of t h e  i n t e n s i t y  of minimum-ionizing protons 

and of two lower-energy groups dur ing the  10 September event ,  d isp lay ing  

both the  i r r e g u l a r  behavior of t he  i n t e n s i t y  e a r l y  i n  the  event and the  

delayed increase on 11 September. 

p a t t e r n  of t h i s  event. 

These i n t e n s i t y  v a r i a t i o n s  dominate the  

FIG. 15. - -  Linear p l o t s  vs. t i m e  of two i n t e g r a l  proton i n t e n s i t i e s  

dur ing t h e  10 September event ;  t h e  dev ia t i ons  from t h e  running means of 

i n t e n s i t y  of t hese  and two d i f f e r e n t i a l  i n t e n s i t i e s  a r e  a l s o  shown i n  order 

t o  i l l u s t r a t e  the  re la t ive f l u c t u a t i o n s .  A regu la r  modulation appears having 

period and phase t h a t  a r e  cons tan t  wi th energy; t h e  t i m e s  of minimum r e l a t i v e  

i n t e n s i t y  a re  ind ica ted  t o  i l l u s t r a t e  t h e  approximate p e r i o d i c i t y .  Since 

t h e r e  i s  no d iscernab le  v e l o c i t y  d i spe rs ion  of t h i s  modulation w i th in  an 

event,  these f l u c t u a t i o n s  are bel ieved t o  have a l o c a l  o r i g in .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
FIG. 16. -- The f l u c t u a t i o n s  of t h e  87-mev component of t h e  s o l a r  proton 

i n t e n s i t i e s  of f ou r  s o l a r  proton events.  T k e  period of the f l uc tua t i on  i s  
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I constant  wi th in  an event but va r ies  from 1. t o  1.5 hours w i t h  t h e  event. 

FIG. 17a and 17b. -- The sca l i ng  fac to rs  by which the  d i f f e r e n t i a l  i n t e n s i t y  

vs. t i m e  p l o t s  of each event w e r e  sh i f t ed  ho r i zon ta l l y  t o  g ive the  optimum 

f i t  t o  a common curve. This e f f o r t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas made t o  determine the  na ture  of t he  

dependency on ve loc i i y ;  comparison l i nes  of s lope 1 a r e  used t o  i nd i ca te  

t h e  c loseness zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof f i t  to a l i n e a r  ve loc i ty  dependence. 

I FIG. 18. -- The propagation curves of t h e  th ree  veloci ty-dependent events.  

These curves represent  d i s t r i b u t i o n s  i n  t h e  d i s tance  t rave l l ed  by s o l a r  

protons from re lease  i n t o  the  propagation medium to  t h e  po in t  of observat ion.  
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