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Schematic d rawing  of t h e  gamma-ray s p e c t r o m e t e r  ( G R S )  
experiment showing t h e  major subsystem components i n  t o p  and 
c r o s s - s e c t i o n a l  s i d e  views. 

G R S  i n f l i g h t  c a l i b r a t i o n  i n  t h e  X-ray d e t e c t o r s  # l  and 1 2  on 
days of year 173/1980 and 115/1984 r e s p e c t i v e l y .  

G R S  h i g h - e n e r g y  mon i to r  ( H E M )  i n f  l i g h t  c a l i b r a t i o n  g a i n  
f a c t o r  from launch,  1980 February 14 t o  1984 A p r i l  24. 

a i n  c h a n n e l  gamma-ray s p e c t r o m e t e r  i n f l i g h t  c a l i b r a t i o n  
"Co p u l s e  h e i g h t  s p e c t r a  f o r  d a y s  o f  year  173/1980 and 
116/1984 r e s p e c t i v e l y .  

Main c h a n n e l  background spec t r a  accumulated o v e r  a 3-year 
i n t e r v a l .  

A comparison of  t h e  extremes of  du ra t ion ,  t h e  rise time, and 
t h e  b u r s t  w i d t h  f o r  two i m p u l s i v e  f l a r e s  i n  gamma-ray 
emission a t  4.1-6.4 M e V  (from F o r r e s t  1983). 

The time h i s t o r y  of photon emiss ions  from 40 keV t o  % 2 5  M e V  
is  shown f o r  t h e  f l a r e  on 1982 F e b r u a r y  8 ,  w h i c h  o c c u r r e d  
b e f o r e  1249 UT. E a r l y  i n  t h e  f l a r e ,  low-energy  p h o t o n s  
a 3 0 0  kevare o c c u l t e d  by t h e  E a r t h ' s  a tmosphere .  The t imes 
o f  t h e  peak  i n t e n s i t y  f o r  t h e  p u l s e  a t  % 1250 UT are  t h e  
same w i t h i n  2 s f o r  a l l  photon ene rg ie s .  

The t ime- in tegra ted  excess  gamma-ray counts  spectrum above 
background ( s o l i d  curve) ,  after removal o f  a bremsstrahlung 
continuum, is  shown f o r  t h e  1981 A p r i l  27 f l a r e  ( F o r r e s t  e t  
a l .  1983). S i g n i f i c a n t  gamm - r a y  l i n e  f e a t u r e s  and  t h e i r  

( 5 )  1.369 M e V  #4Mg) and  1.238 M e V  (5  F e ) ;  and ( 6 )  511 keV 
(PI, 478 keV ( L i ) ,  and 431 keV (7Be) .  The 2.223-MeV l i n e ,  
n o r m a l l y  t h e  s t r o n g e s t  f o r  d i s k  f l a r e s ,  i s  s t r o n g l y  
suppressed i n  t h i s  l i m b  flare. The d o t t e d  c u r v e  is  based on 
a p r e d i c t e d  i n c i d e n t  pho ton  s p e c t r u m  f o l d e d  t h r o u g h  t h e  
i n s t r u m e n t  r e sponse .  The i n c i d e n t  s p e c t r u m  was g e n e r a t e d  
assuming an a c c e l e r a t e d  ion  spectrum of  t he  f o m  UT = 0.02, 
i n c i d e n t  on a n  a m b i e n t  t h i c k  t a r g e t  w i t h  " s t a n d a r d "  
phz tc sphe r i c  abundances (Ramaty e t  a l .  1983). 

o r i g i n  a r e  1 )  6.129 M e V  ( 1 8  0);  ( 2 )  4.439 MeV (12C&., (3 )  
2.313 M e V  ( 44 N and 2.223 M e V  (nY); b4)  1.634 M e V  ( Ne); 

The f l u e n c e  ( t o t a l  t ime- in tegra ted  f l u x )  of - p r a y >  270 keV 
is  compared w i t h  the  4-8 MeV excess  
f o r  GRS e v e n t s  observed between 1980 February and 1982 
February (from For re s t  1983). 
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The (10-140) MeV photon spectrum f o r  t h e  impuisive phase 
of t h e  1980 June 21 f lare  ( F o r r e s t  e t  a l .  1985) 15a 

The (10-140) MeV photon spectrum f o r  t h e  implusive phase 
of t h e  1982 June 3 flare ( F o r r e s t  e t  al. 1985) 15a 

The (10-140) MeV photon spectrum e a r l y  i n  t h e  extended 
phase of  t h e  1982 June 3 f lare  ( F o r r e s t  e t  al. 1985) 15a 

The (10-140) MeV spectrum showing t h e  photon spectrum 
and t h e  effects of t h e  high-energy neut rons  i n  t h e  
extended phase of  t h e  1982 June 3 f lare  ( F o r r e s t  e t  al .  
1985) 

The a r r i v a l  time h i s t o r y  o f  e n e r g e t i c  photons > 25 M e V  
and neut rons  a t  the  Ear th  is shown f o r  t h e  i n t e n s e  f lare  
on 1980 June 21, as recorded by t h e  G R S  (Chupp e t  a l .  
1982) 

1 Sa 

18a 

The percentage  o f  limb even t s  is  shown f o r  gamma-ray f lares 
(GRS) de t ec t ed  between F e b r u a r y  1980 and December 1982. 
Three c o n t r o l  samples: GOES even t s ,  HXRBS events ,  and H a  
flares, are a l s o  i l l u s t r a t e d .  The c o n t r o l  samples were 
selected from only t h a t  s u b s e t  of  t h e  even t s  tha t  occurred 
when t h e  G R S  was capable o f  d e t e c t i n g  a co inc iden t  event .  19a 

Energe t i c  s o l a r  f l a r e  e v e n t s  w i t h  photon emission above 300 
keV are i l l u s t r a t e d  by s h o r t  v e r t i c a l  l i n e s ,  p l o t t e d  v e r s u s  
time f o r  success ive  years of  obse rva t ion  after t h e  Gamma-Ray 
Spectrometer  (GRS)  began opera t ion .  21a 

T i m e  h i s t o r i e s  f o r  t h e  1982 March 1 event .  The time 
dependence of  the  hardness  r a t i o  is  a l s o  i l l u s t r a t e d  
( N o r r i s  e t  a l .  1985) 2 5a 

V a r i a t i o n  i n  t he  i n t e n s i t y  of a l i n e  a t  1.81 M e V  o b t a i n e d  
when data from times > 10,000 s from the l a s t  SAA passage i n  
t h e  1.6-2.0 M e V  r a n g e  a r e  f i t  by a power-law con t inuum and 
l i n e s  a t  1.75 and  1.81 M e V .  The g r a d u a  i n c r e a s e  i n  t h e  
1.81 M e V  i n t e n s i t y  i s  due  t o  t h e  n e a r b y  '2Na l i n e  w h i c h  i s  
n o t  r e s o l v e d  i n  t h i s  two l i n e  f i t .  Sky-viewing data ( z e n i t h  
a n g l e  < 72'). 27a 

L i g h t  cu rves  of the  Doppler s h i f t e d  21.37 M e V  gamma-ray l i ne  
d a t a  f r o m  t h e  SS433. H E A O - 3  d a t a  ( s t a r s ) ,  S M M  d a t a  
( u n f i l l e d  c i r c l e s ) .  a )  b l u e  beam, b)  r e d  beam. c)  26S5 H H z  
r a d i o  l i g h t  c u r v e  f o r  SS433 (Geldzahler et al. 1985) 2 9a 

SMM GRS Data Processing Flow D i a g r a m .  3 la 
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Table 1. SMM GRS Gama Ray Spectrometer Team. 2 

Table 2. Summary of the  Gamma-Ray Spectrometer  Experiment S c i e n t i f i c  
C a p a t i l i t i e s .  6b 
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On 1980 F e b r u a r y  14 t h e  SMM s a t e l l i t e  was l a u n c h e d  w i t h  a Gamma-Ray 

Spectrometer  ( G R S )  on board. The ins t rument  was selected f o r  t h i s  mission 

through t h e  NASA Announcement of Opportunity Process.  During t h e  s i x  yea r s  

f o l l o w i n g  launch,  t h e  instrument  has funct ioned without  i n t e r r u p t i o n  and 

w i t h  no d e t e c t a b l e  degradat ion.  

Th i s  document c o v e r s  work i n  t h e  c o n t r a c t u a l  per iod  16 October 1984 t o  15 

A p r i l  1986 f o r  c o n t r a c t  NASS-28609; however much o f  t he  work r epor t ed  here 

has  begun immediately af ter  launch. The work performed i n  t h e  per iod  from 

14 February 1980 through 15 October 1984 was covered by c o n t r a c t  NASS-23761 

and has  been described i n  a Type111 F i n a l  Report submit ted t o  NASA on March 

22, 1986. For completeness ,  t h i s  r e p o r t  summarizes work s i n c e  launch. 

I n  t h e  f o l l o w i n g  w e  b r i e f l y  r e p o r t  on t h e  d i s c o v e r i e s  made by S M M  G R S  

dur ing  t h e  p a s t  s i x  years.  Also,  we describe some o f  t h e  research c u r r e n t l y  

being done by the  S M M  GRS team and some of t h e  work t h a t  w i l l  be undertaken 

i n  t h e  fu tu re .  

Some of t h e  major d i s c o v e r i e s  made by GRS are: 

1. 

2. 

3. 

4. 

5. 

6. 

High-energy  i o n s  and r e l a t i v i s t i c  e l e c t r o n s  c a n  be acce lera ted  by 
f lares in o n l y  a f e w  seconds. 

R e l a t i v i s t i c  e l e c t r o n  and e n e r g e t i c  i o n  a c c e l e r a t i o n  is  a r e l a t i v e l y  
common process  i n  flares. 

The first direct  d e t e c t i o n  of energetic s o l a r  neutrons.  

A gamma-ray spectrum from a limb s o l a r  f l a r e  which has ove r  25 n u c l e a ! ?  
l i n e s  never  s een  be fo re  from any cosmic source.  

The h i e - e n e r g y  e l e c t r o n s  which gene ra t e  t he  bremsstrahlung continuum 
have  a directed d i s t r i b u t i o n .  

F l a r e s  occur  w i t h  a pe r iod  o f 4 5 5  days. 

v i i  
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7. Cosmic gamma-ray b u r s t s ,  as a class ,  produce photons w i t h  e n e r g i e s  

8. A s t r o n g  l i n e  at'L1.8 M e V  f r o m  2 6 A 1  w h i c h  i s  p r o d u c e d  b y  

> 1 M e V .  

n u c l e o s y n t h e s i s  i n  our  galaxy. 

v i i i  
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1. INTRODUCTION 

1.1. HISTORY OF PROJECT AND PURPOSE OF GRS 

The  Gamma-Ray S p e c t r o m e t e r  (GRS) on t h e  S M M  s a t e l l i t e  was b u i l t  by t h e  

U n i v e r s i t y  o f  N e w  Hampshire  ( U N H ) ,  Durham, N e w  Hampshi re ,  and  t h e  Max 

P l a n c k  I n s t i t u t e  f o r  E x t r a t e r r e s t r i a l  P h y s i c s  (MPE)  i n  Garch ing ,  West 

Germany. Subcont rac tor  suppor t  was provided  t o  these two i n s t i t u t i o n s  by 

American Sc ience  and Engineer ing (ASLE) i n  Cambridge, Massachuset ts  and by 

Messerschmidt,  Bolkow and B lohn  (MBB) i n  Munich,  West Germany. The two 

research i n s t i t u t i o n s ,  U N H  and MPE, a l o n g  w i t h  t h e  N a v a l  Research 

Laboratory (NRL)  were assigned the  r e s p o n s i b i l i t y  f o r  j o i n t  data a n a l y s i s ,  

a f t e r  t h e  e x p e r i m e n t  s e l e c t i o n  i n  1976. The P r i n c i p a l  I n v e s t i g a t o r  

I n s t i t u t e  is  U". Table  1. l ists t h e  c u r r e n t  s c i e n t i f i c  i n v e s t i g a t o r s  f o r  

t h e  o v e r a l l  s c i e n t i f i c  e f f o r t .  This r e p o r t  describes t h e  UNH data a n a l y s i s  

e f f o r t  and s c i e n t i f i c  resul ts  obtained s i n c e  launch  on 1980 February 14 t o  

t h e  end o f  t h e  c o n t r a c t i n g  p e r i o d  1986 A p r i l  15. The s c i e n t i f i c  r e s u l t s  

d e s c r i b e d  i n  S e c t i o n  3.0 are  t h e  r e s u l t  o f  t h e  c o l l e c t i v e  e f f o r t s  o f  t h e  

three c o l l a b o r a t i n g  i n s t i t u t i o n s  r e f e r r e d  t o  as t h e  SMM GRS Team. Ana lys i s  

o f  t h e  primary SMM GRS data-base is ongoing a t  a l l  three i n s t i t u t i o n s .  

The i n s t r u m e n t  was f o r m e r l y  c a l l e d  t h e  Gamma-Ray Exper imen t  w i t h  t h e  
acronym G R E ,  b u t  t h i s  was changed a f t e r  l a u n c h  t o  G R S  t o  b e  i n  l i n e  
w i t h  t h e  s t y l e  f o r  o t h e r  S M M  instruments.  

1 
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Table 1. SMM G R S  G a m m a - R a y  S p e c t r o m e t e r  T e a m  

SMM GRS 
GAMMA RAY SPECTROMETER TEAM 

UNIVERSITY OF MEW HAMPSHIRE 

E. L. C H U P P  - P R I N C I P A L  I N V E S T I G A T O R  
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1.2. BRIEF OVERVIEW OF M A J O R  RESULTS 

S o l a r  f l a r e s  are huge, e x p l o s i v e  releases of  energy a t  t h e  Sun. F l a r e s  may 

l a s t  from %lo minutes t o  hours ,  producing e l ec t romagne t i c  r a d i a t i o n  from 

r a d i o  waves ,  t h r o u g h  o p t i c a l  f r e q u e n c i e s  and  up t o  gamma-rays. T h i s  

r e p r e s e n t s  a s p e c t r a l  band more t h a n  t h i r t e e n  o r d e r s  o f  magn i tude  w i d e .  

I n  a d d i t i o n ,  e n e r g e t i c  p a r t i c l e s  a c c e l e r a t e d  by f l a r e s  a re  o b s e r v e d  i n  

space. Large f lares  can release thousands o f  times more energy i n  r a d i a t i o n  

and i n  pa r t i c l e s  than  i s  consumed i n  t h e  United States i n  one year. 

It i s  g e n e r a l l y  b e l i e v e d  tha t  t h i s  energy is  s t o r e d  i n  magnetic f i e l d s  a t  

or n e a r  s u n s p o t s .  A l t h o u g h  f l a r e s  a r e  q u i t e  common and  a r e  i n t e n s e l y  

s tud ied ,  t h e  mechanisms by which t h i s  energy is released and conver ted  i n t o  

t h e  forms we observe  remains unknown. The S o l a r  Maximum Mission s a t e l l i t e  

(SHM),  was designed t o  make comprehensive o b s e r v a t i o n s  o f  s o l a r  f lares  ove r  

a wide range of  e l ec t romagne t i c  f requencies  and thereby  p rov ide  new c l u e s  

about  the f l a r i n g  process.  

I n  t h i s  r e p o r t ,  we c o n c e n t r a t e  on  o b s e r v a t i o n s  b y  t h e  Gamma-Ray 

Spectrometer  (GRS) on t h e  SMM s a t e l l i t e .  Th i s  d e t e c t o r  system is  s e n s i t i v e  

t o  high-energy X-rays, gamma-rays, and e n e r g e t i c  neutrons.  These n e u t r a l  

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

q u a n t a  a re  p roduced  by e n e r g e t i c  c o l l i s i o n s  o f  p r o t o n s  and  n u c l e i ,  

r a d i o a c t i v e  decay, p a r t i c l e - a n t i p a r t i c l e  a n n i h i l a t i o n ,  and  t h e r m o n u c l e a r  

r e a c t i o n s .  
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P r i o r  t o  SMM o n l y  a few s o l a r  f l a r e s  had been  de tec ted  a t  gamma-ray 

energ ies .  Based on these ear ly  da ta ,  t h e o r e t i c i a n s  developed a p i c t u r e  of  

f l a r e s  as t a k i n g  p l a c e  i n  two s teps ,  w i t h  t h e  h ighes t  energy e l e c t r o n s  and 

i o n s  accelerated s l o w l y ,  minutes a f t e r  impu l s ive  low-energy e l e c t r o n s .  It 

was a l s o  thought  t h a t  t h e  second s t e p  (v iz .  e n e r g e t i c  i o n  and r e l a t i v i s t i c  

e l e c t r o n  a c c e l e r a t i o n )  m i g h t  n o t  occur i n  a l l  flares. 

The data from SMM GRS have  d r a m a t i c a l l y  a l te red  t h i s  p i c tu re .  The GRS has 

recorded o v e r  150 f la res  s i n c e  launch. These data c o n c l u s i v e l y  show t h a t  

both i o n s  and e l e c t r o n s  can be  a c c e l e r a t e d  t o  ve ry  h igh  e n e r g i e s  wi th in  a 

few seconds. Furthermore,  high-energy i o n  a c c e l e r a t i o n  i s  much more common 

t h a n  p r e v i o u s l y  t h o u g h t .  Indeed ,  o u r  d a t a  a r e  c o n s i s t e n t  w i t h  t h e  

hypothes is  t ha t  e n e r g e t i c  i o n s  a r e  accelerated i n  a l l  f lares.  

I n  t h e  large f l a r e  o f  1981 A p r i l  27, we measured a spectrum r i c h  i n  gamma- 

r a y  l i n e s ,  most  n e v e r  b e f o r e  s e e n  f rom t h e  Sun. These l i n e s  a l l  i n d i c a t e  

t h e  c o l l i s i o n  o f  high-energy i o n s  w i t h  n u c l e i  i n  t h e  s o l a r  atmosphere. The 

measured  s p e c t r u m  seems t o  c o n f l i c t  w i t h  t h e  b e s t  p r e d i c t i o n s .  I n  f a c t ,  

t h e  r e l a t i v e  i n t e n s i t i e s  of some l i n e s  d i f fe r  by more than  a f a c t o r  of two 

f rom t h e i r  p r e d i c t e d  l e v e l s .  The most  l i k e l y  e x p l a n a t i o n  i s  t h a t  t h e  

abundances of  c e r t a i n  heavy n u c l e i  i n  t he  chromosphere are much d i f f e r e n t  

t han  p r e v i o u s l y  thought. 

The gamma-ray s p e c t r o m e t e r  a l s o  made t h e  f i rs t  d i r e c t  d e t e c t i o n  o f  

e n e r g e t i c  neut rons  from t h e  Sun. The neut rons  are thought  t o  be produced by 

c o l l i s i o n s  of  pro tons  a n d  n u c l e i  a t  t he  Sun. Working back from the  observed 
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a r r i v a l  times w e  f i n d  t h a t  protons had t o  be a c c e l e r a t e d  t o  more than  one 

thousand m i l l i o n  e l e c t r o n  v o l t s  (IO3 M e V )  w i th in  seconds of t h e  s ta r t  of 

t h e  flare. 

I n  a d d i t i o n  t o  t h e  s o l a r  d i s c o v e r i e s ,  t h e  SMM G R S  has made i m p o r t a n t  

d i s c o v e r i e s  about  cosmic gamma-ray sources .  F i r s t ,  from GRS obse rva t ions ,  

cosmic gamma-ray b u r s t s  are  now known t o  have spectra t h a t  extend beyond 1 

M e V .  So far  there are few t h e o r e t i c a l  e x p l a n a t i o n s  f o r  t h i s  v e r y  e n e r g e t i c  

e m i s s i o n .  Second,  a n a l y s i s  o f  G R S  da t a  h a s  shown t h e  p r e s e n c e  o f  t h e  

e x p e c t e d  2 6 A l  gamma-ray l i n e  a t  %1.81 M e V  f rom t h e  Galac t ic  D i s k .  T h i s  

gamma-ray l i n e  i s  a d i r e c t  i n d i c a t o r  o f  n u c l e o s y n t h e s e s  i n  o u r  g a l a x y .  

Thus,  a l t h o u g h  t h e  GRS i s  p a r t  of a d e d i c a t e d  s o l a r  m i s s i o n ,  i t  i s  a l s o  

a b l e  t o  c o n t r i b u t e  t o  o t h e r  a r e a s  o f  a s t r o p h y s i c s  b e c a u s e  o f  i t s  h i g h  

s e n s i t i v i t y ,  s t a b i l i t y ,  and l a r g e  f ie ld-of-view.  

2. IHSTRIRIEt?T DESCRIPTION BND SCIERTIFIC OBJECTIVES 

The Gam-Ray Spectrometer  (GRS)  r e p r e s e n t s  a n  e v o l u t i o n a r y  s t e p  f o r w a r d  

from an ear l ier  gamma-ray instrument i n  t h e  r o t a t i n g  wheel compartment of 

OSO-7. The main d i f f e r e n c e s  between t h e  two ins t rument  des igns  are: 

e A l a r g e  i n c r e a s e  i n  t h e  d e t e c t o r  s i z e  a l l o w e d  by t h e  i n c r e a s e d  SMM 
spacecraft capabi l i t i es  compared t o  t h e  OSO-7 s a t e l l i t e  dimensions. 
S p e c i f i c a l l y ,  t h e  i n c o r p o r a t i o n  o f  s e v e n  7.6 c m  X 7.6 cm NaI (TL) 
d e t e c t o r s ,  i n s t e a d  of  t h e  one d e t e c t o r  on OSO-7. 

0 The i n c o r p o r a t i o n  of an  a u t o m a t i c  g a i n - s e r v o  l o o p ,  w h i c h  had  been  
developed a t  UNtI i n  t h e  early 797G's. 
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0 The inco rpora t ion  of a high-energy monitor (HEM) t o  record  gamna rays 
and neut rons  w i t h  e n e r g i e s  > 10 MeV.  

0 G R S  s p e c t r a  were r e c o r d e d  w i t h  16.384 s time r e s o l u t i o n  r a t h e r  t h a n  
t h e  180 s i n  OSO-7. I n  addt ion,  t h e  G R S  obse rves  t he  Sun con t inuous ly  
whereas t h e  OSO-7 inst rument  had a 25% obse rv ing  d u t y  cyc le .  

The basic des ign  of  t h e  a c t i v e l y  sh i e lded  7-sensor array i s  shown i n  F igure  

1. For a d e t a i l e d  d e s c r i p t i o n  of t h e  ins t rument  see Appendix A. Note t h a t  

w i t h  t h e  a u x i l a r y  X-ray d e t e c t o r s ,  t h e  l i n e  s p e c t r o m e t e r ,  and  t h e  h i g h -  

e n e r g y  m o n i t o r  ( H E M ) ,  t h e  GRS i n s t r u m e n t  c o v e r s  a pho ton  e n e r g y  band o f  

more than  f o u r  o rde r s  o f  magnitude (see Tab le  2.). 

The G R S  i n s t r u m e n t  was t u r n e d  on a p p r o x i m a t e l y  one  week a f t e r  t h e  S M M  

l a u n c h  i n  1980 Februa ry .  The i n s t r u m e n t  has  f u n c t i o n e d  f l a w l e s s l y  and ,  

e x c e p t  f o r  s a t e l l i t e  t u r n  o f f ,  h a s  c o n t i n u e d  t o  o p e r a t e  w i t h o u t  

i n t e r r u p t i o n .  Instrument  moni tor ing  and  h o u s e k e e p i n g  da t a  h a v e  shown no  

f a i l u r e s  i n  any po r t ion  o f  t h e  d e t e c t o r  and no s i g n i f i c a n t  degrada t ion  o f  

any of  i t s  s c i e n t i f i c  p rope r t i e s .  

We i l l u s t r a t e  s e v e r a l  aspects o f  the  s t a b i l i t y  and s u c c e s s f u l  o p e r a t i o n  of  

t h e  GRS i n s t r u m e n t s  i n  t h e  f o l l o w i n g  f i g u r e s  showing r e s u l t s  f rom t h e  

ins t rument ' s  i n f l i g h t  c a l i b r a t i o n  (IFC). F igure  2 shows t h e  recorded 60 keV 

spectra from an on board Am = 433 yrs )  source  as observed w i t h  t h e  

two X-ray monitors. The two sets of  data were taken  4 y e a r s  apart on 1980 

J u n e  21 and  1984 A p r i l  2 5 .  These two spec t ra  show no change  i n  X-ray 

d e t e c t o r  s e n s i t i v i t y  and only a small ( 'Ir 10%) change i n  t h e  g a i n  o v e r  t h e  

4 -yea r  i n t e r v a l .  F i g u r e  3 shows t h e  h i g h - e n e r g y  mcnitzr's fuFv' gafr 

changes o v e r  t h i s  same 4-yea r  i n t e r v a l .  Again,  t h e r e  is no e v i d e n c e  f o r  
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G R S  X-Ray # I IFC, 1980 8 1984 
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Figure 2 G R S  i n f l i g h t  c a l i b r a t i o n  i n  t h e  X-ray d e t e c t o r s  81 and 8 2  on 
days of t h e  year  173/1980 and 115/1984 r e s p e c t i v e l y .  
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any s e n s i t i v i t y  changes and i n d i c a t i o n  o f  less than  10% change i n  t he  HEMS 

g a i n  o v e r  t h i s  4 -yea r  i n t e r v a l .  The s t a b i l i t y  o f  t h e  main c h a n n e l  

s p e c t r o m e t e r  (MCS) is  i l l u s t r a t e d  i n  F i g u r e  4 ,  wh ich  shows t h e  r e c o r d e d  

s p e c t r a  from t h e  onboard  6oCo (T1,* = 5.3 y r s ) .  T h e  decrease i n  peak  

i n t e n s i t y  i s  d u e  t o  t h e  d e c a y  o f  t h e  6oCo c a l i b r a t i o n  s o u r c e .  

S i g n i f i c a n t l y ,  As a f i n a l  

p r o o f  o f  t h e  MCSs l o n g - t e r m  s t a b i l i t y ,  we show i n  F i g u r e  5 t h e  o b s e r v e d  

the  peak p o s i t i o n s  have changed less  than  0.1%. 

s e l e c t e d  background s p e c t r a  a c c u m u l a t e d  o v e r  a 3-year i n t e r v a l  and  

c o n t a i n i n g  o v e r  1 y e a r  (Le.  3 X l o 7  s )  o f  i n t e g r a t e d  data.  T h i s  l o n g  

p e r i o d  s t a b i l i t y  i n  t h e  t h r e e  i n d e p e n d e n t  e n e r g y  bands  i s  a l l o w i n g  

unprecedented f l a r e  comparisons. 

3. BRIEF SuHluLRY OF XAJOR RESULTS 

3.1. SOLAR BURSTS 

3 . 1 . 1 .  TIMING STUDIES 

P r i o r  t o  SMM o n l y  a h a n d f u l  of s o l a r  f l a r e s  had b e e n  o b s e r v e d  i n  t h e  

gama- ray  region. Based on these ea r ly  data, the consensus was t h a t  f l a re  

a c c e l e r a t i o n  t o o k  p l a c e  i n  two phases .  The f irst  p h a s e  was t h o u g h t  t o  

accelerate e l e c t r o n s  t o  ene rg ie s  o f  % 100 keV i n  about 1 s. The second 

phase, which was thought t o  occur only i n  l a r g e  f lares ,  was thought t o  be 

t h e  Fe rmi  a c c e l e r a t i o n  o f  i o n s  and e l e c t r o n s  t o  v e r y  h i g h  e n e r g i e s  on a 

timescale of minutes. 
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The d a t a  from t h e  gamma-ray e x p e r i m e n t  on SMM h a v e  a l t e r e d  t h i s  view.  

These  da t a  c o n c l u s i v e l y  show t h a t  b o t h  p r o t o n s  and e l e c t r o n s  c a n  be 

s i m u l t a n e o u s l y  accelerated t o  very high e n e r g i e s  wi th in  a few seconds. Th i s  

a c c e l e r a t i o n  i s  o f t e n  r epea ted  several times dur ing  a f lare,  g i v i n g  r i se  t o  

d i s t i n c t  p u l s e s  of X-rays and gamma-rays. I n  a d d i t i o n ,  high-energy proton 

a c c e l e r a t i o n  i s  much more common than p r e v i o u s l y  thought and occur s  i n  both 

l a r g e  and small f lares .  Indeed, our data a r e  c o n s i s t e n t  w i t h  the  hypo thes i s  

t h a t  ve ry  e n e r g e t i c  i o n s  and e l e c t r o n s  are accelerated i n  a l l  flares. - 

The G R S  gamma-ray o b s e r v a t i o n s  show t h a t  t h e  range of e v e n t  d u r a t i o n s  runs  

f rom % 10 s t o  o v e r  20 m i n u t e s .  Most e v e n t s  i n c l u d e  s e v e r a l  e m i s s i o n  

p u l s e s ,  which can be as s h o r t  as 10 s i n  an  e v e n t  o f  -1  minute d u r a t i o n  o r  

as l o n g  as Q2 minutes i n  an even t  o f  20-minute d u r a t i o n  (see F igure  6) 

( F o r r e s t  1983). The s h o r t e s t  p u l s e s  a r e  s i m i l a r  t o  t h e  r e p o r t e d  

"elementary f l a r e  b u r s t s "  (EFBs) i n  hard X-rays < 100 keV ( D e  J a g e r  

19781, w i t h  wid ths  va ry ing  between 4+1 - s and 24+5 - s f o r  d i f f e r e n t  flares. 

A t  l o w e r  pho ton  e n e r g i e s  ( <  270 keV) ,  s t r u c t u r e  i s  o b s e r v e d  on 

t imescales as s h o r t  as  0.1 s ( H u r l e y  e t  a l .  1983; K i p l i n g e r  1983).  I n  a 

p r e l i m i n a r y  s t u d y  o f  s e v e r a l  GRS e v e n t s  (Gardne r  e t  a l .  19811, it was 

found t h a t  t h e  time of t h e  maximum count  ra te  i n  an  i n d i v i d u a l  b u r s t  i n  t h e  

4.1-6.4 M e V  e n e r g y  band,  o c c u r r e d  be tween  2 a n d  45 s l a t e r  t h a n  t h e  

corresponding maximum f o r  the  hard X-rays > 270 keV. The r e t a r d a t i o n  of t he  

p u l s e  seems t o  be p r o p o r t i o n a l  t o  t h e  p u l s e  r ise time. 

However,  s i m u l t a n e o u s  p e a k i n g  of l ow-ene rgy  ( <  100 keV) and  h i g h -  

energy (> 10 M e V )  photons i s  a l s o  observed, l i m i t e d  o n l y  by t h e  GRS 

8 
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A comparison o f  t h e  extremes of du ra t ion ,  t h e  r i s e  time, and  
t h e  b u r s t  w i d t h  f o r  two i m p u l s i v e  f l a r e s  i n  g a m a - r a y  
emission a t  4.1-6.4 MeV (from F o r r e s t  1983). 
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time r e s o l u t i o n .  F i g u r e  7 shows t h e  c o u n t  r a t e s  f o r  a f l a r e  w i t h  

s e v e r a l  p u l s e s  of photons extending from 40 keV t o  25 M e V ;  a l l  occur r ing  

w i t h i n  a time i n t e r v a l  o f  -2 minutes. A t  -1249 UT photons hav ing  

e n e r g i e s  <3OO keV were s t r o n g l y  a t t e n u a t e d  by t h e  atmosphere, s i n c e  S M M  was 

j u s t  e n t e r i n g  s u n l i g h t .  The peak i n t e n s i t i e s  f o r  t h e  t h i r d  impulse 

a t  -1250 UT occur s imul t aneous ly  a t  a l l  photon e n e r g i e s  t o  wi th in  - + 1 s. 

This  means t h a t  t h e  p a r t i c l e s  producing t h e  e n e r g e t i c  photon emission 

u p  t o  > 2 5  M e V  were i n j e c t e d  i n t o  and i n t e r a c t e d  w i t h  t h e  t a r g e t  

medium a t  t h e  same time - < 1 s (Kane et al .  1986). 

The e a r l i e s t  time a t  which photon e m i s s i o n  i s  p r e s e n t  a t  d i f f e r e n t  

e n e r g i e s  i n  a f la re  has been determined i n  two i n t e n s e  b u r s t s  ( F o r r e s t  

and Chupp 19831, by compar ing  t h e  s t a r t i n g  t imes i n  s e v e r a l  e n e r g y  bands  

f rom - 4 0  keV t o  6.4 M e V .  E v e n t  i n i t i a t i o n  i n  each band was 

s i m u l t a n e o u s  t o  w i t h i n  + 0.8 s i n  one f l a r e  and  - + 2.2 s f o r  t h e  o t h e r .  

Again, t h i s  c l o s e  t iming o v e r  such a wide energy range r e q u i r e s  

t h a t  a l l  e n e r g e t i c  p a r t i c l e s  be i n t e r a c t i n g  i n  t h e  t a r g e t  a t  the same time. 

I n  t h e  same e v e n t s ,  t h e  t i m e  of t h e  peak  i n t e n s i t y  a t  t h e  h i g h e r  

p h o t o n  e n e r g i e s  ( >  4 M e V )  was c h a r a c t e r i s t i c a l l y  l a t e r  ( >  - 2 s )  ( F o r r e s t  

and Chupp 1983; Nakajima e t  a l .  1983). A s i m i l a r  t e m p o r a l  p a t t e r n  was 

o b s e r v e d  i n  o v e r  40  f l a r e s  w i t h  e m i s s i o n  > 300 keV by t h e  H i n o t o r i  

s a t e l l i t e  (Yoshimori e t  a l .  1983). 

- 
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F i g u r e  7. The time h i s t o r y  of photon emissions from 40 keV t o  Q 2 5  M e V  
is shown f o r  t h e  f l a r e  on  1982 F e b r u a r y  8, wh icn  o c c u r r e d  
b e f o r e  1249 UT. E a r l y  i n  t h e  f l a r e ,  low-ene rgy  p h o t o n s  
& 300 keV are O C C U i t e a  by t b e  E a r t h ' s  a t m o s p h e r e .  The times 
of t h e  peak  i n t e n s i t y  f o r  t h e  p u l s e  a t  Q 1250 UT are  t h e  
same w i t h i n  2 s f o r  a l l  phaton ene-gies.  
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Energe t i c  i o n s  gene ra t ed  du r ing  s o l a r  f lares  can i n t e r a c t  w i t h  thermal i o n s  

i n  t h e  s o l a r  atmosphere and produce gamma-ray l i n e s .  To i l l u s t r a t e ,  we 

show i n  Figure 8 t h e  n e t  count  spectrum f o r  t h e  i m p u l s i v e  phase of a f l a r e  

i n  which g a m - r a y  l i n e s  are c l e a r l y  present .  This  spectrum is  obtained 

af ter  removal of primary e l e c t r o n  bremsstrahlung continuum. The gamma- 

ray l i n e s  are due t o  i o n  i n t e r a c t i o n s .  

I n d i v i d u a l  n u c l e a r  gamma-ray l ines  have been d e t e c t e d  i n  a number of t h e  

s t r o n g  f l a r e s  obse rved  by t h e  SMM GRS.  Fea tu res  have been i d e n t i f i e d  w i t h  

n u c l e i  r a n g i n g  f r o m  7 L i  t o  56Fe. When compared w i t h  t h e  t h e o r e t i c a l  

s y n t h e t i c  s p e c t r a  o f  Ramaty e t  al. (19791, t he  r e l a t i v e  s t r e n g t h s  o f  these 

f e a t u r e s  a l l o w  one t o  determine t h e  composition and t h e  energy spectrum of 

accelerated i o n s  as w e l l  as the composition of t h e  s o l a r  atmosphere. One 

o f  t h e  e x c i t i n g  r e s u l t s  d e r i v e d  f rom t h e  G R S  da ta  i s  t h a t  t h e  r e l a t i v e  

abundance of e l e m e n t s  i n  the  i n t e r a c t i o n  r eg ion  d i f f e r  s i g n i f i c a n t l y  from 

s t a n d a r d  pho tosphe r i c  abundances. (Murphy e t  a l .  1985) 

To da t e ,  t h e  r e l a t i v e  s t r e n g t h s  of l i n e s  has o n l y  been  s t u d i e d  f o r  a few 

l i m b  f l a r e s .  I n  t h e  f u t u r e  w e  p l a n  t o  s t u d y  a number o f  o t h e r  f l a r e s ,  

i n c l u d i n g  a f e w  l oca t ed  on  t h e  s o l a r  d i s k .  A t  t h e  same t ime w e  w i l l  

a t t e m p t  t o  i d e n t i f y  some of the s t a t i s t i c a l l y  s i g n i f i c a n t  but  u n i d e n t i f i e d  

features i n  t h e  G R S  spec t r a .  

The s t u d y  o f  l i n e  s t r e n g t h s  w i l l  a l s o  be accompanied  by a s t u d y  o f  l i n e  

w i d t h s  and Doppler s h i f t s .  The inc iden t  par t ic le  tha t  e x c i t e s  the n u c l e u s  



SMM S 
l- 

198 1 A ,pri I 27 
1 1 1 I I 

0807:01--0835 
Ti = 1526.1 

41 
7 

U 

Energy (MeV) 
F i g u r e  8 . The t ime- in t eg ra t ed  excess y-ray coun t s  spectrum above 

background ( s o l i d  cu rve ) ,  af ter  removal o f  a bremsstrahlung 
c o n t i n u r n ,  is  shown f o r  t h e  1981 A p r i l  27 f lare  ( F o r r e s t  e t  
a l .  1983).  S i g n i f i c a n t  ganma-ray l i n e  f e a t u r e s  and t he i r  
o r i g i n  a r e  ( 1 )  6.129 M e V  ( l6a) ;  (2) 4.439 YeV ( 1 2 C ) *  (3)  

( 5 )  ana (5) 511 keV 
(B+), 478 ke'J (7Li), and 431 keV (7Be). The 2.223-MeV Uno,, 
normally t h e  s t r o n g e s t  f o r  disk flares, is s t r o n g l y  
suppressed in t h i s  l i g b  f lare.  The d o t t e d  curve i s  based on 
a predicted i n c i d e n t  photon spectrum fo lded  through the  
i n s t r u m e n t  response. The i n c i d e n t  spectrum was gene ra t ed  
assuming an a c c e l e r a t e d  ion spectrum of  t h e  form aT = 0.02, 
i n c i d e n t  on an ambient t h i c k  target  wi th  "s tandard" 
pho tosphe r i c  abundance= (Ramaty e t  al. 1983). 

2.313 MeV (14??) and 2.223 MeV (nu); ( 4 )  1.634 MeV ( j0 Ne); 
1.369 MeV (24?4g) and 1.238 MeV (56Fe); 

1 Oa 



I 
I 
I 
I 
I 
I 
I 
M 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

can a l s o  impart a s u b s t a n t i a l  k i n e t i c  energy t o  it. If t h e  e x c i t e d  n u c l e a r  

l e v e l  emits a l i n e  photon on a timescale t h a t  i s  s h o r t  when compared t o  the 

s t o p p i n g  t ime f o r  t h e  n u c l e u s ,  t h e  d e e x c i t a t i o n  p h o t o n  w i l l  be D o p p l e r  

s h i f t e d .  The w i d t h  of t h e  d e e x c i t a t i o n  l i n e  can t h e r e f o r e  p rov ide  c l u e s  

a b o u t  t h e  e n e r g y  s p e c t r u m  of t h e  i n c i d e n t  p a r t i c l e s .  F u r t h e r m o r e ,  a n y  

a n i s o t r o p y  i n  t h e  i n c i d e n t  p a r t i c l e  d i s t r i b u t i o n  can s h i f t  t h e  c e n t r o i d  of 

t h e  l i n e .  Ramaty and C r a n n e l l  (1976) h a v e  shown t h a t  a D o p p l e r  s h i f t  as 

l a r g e  as  40 keV i s  p o s s i b l e  f o r  t h e  l 60  l i n e  a t  6.1 M e V .  A s t u d y  o f  l i n e  

w i d t h s  and  D o p p l e r s  s h i f t  c a n  t h e r e f o r e  p r o v i d e  c l u e s  a b o u t  t h e  e n e r g y  

spectrum o f  i o n s  as w e l l  as t h e i r  a n g u l a r  d i s t r i b u t i o n .  

3.1 .3 .  BROAD BAND NUCLEAR EMISSION 

S i n c e  n u c l e a r  l i n e s  may be  s i g n i f i c a n t l y  b roadened  and s h i f t e d ,  w e  h a v e  

a l s o  developed a broad-band technique f o r  measuring t h e  n u c l e a r  component 

i n  f l a r e s .  The b r e m s s t r a h l u n g  and n u c l e a r  components  a re  s e p a r a t e d  by 

a s s u m i n g  t h a t  e s s e n t i a l l y  a l l  of t h e  e m i s s i o n  b e l o w  1 M e V  i s  e l e c t r o n  

b r e m s s t r a h l u n g  and i s  d e s c r i b e d  by a power law. The power-law p h o t o n  

spectrum i s  then  f o l d e d  through the in s t rumen t  response f u n c t i o n  and f i t t e d  

t o  t he  count spectrum below 1 MeV.  The excess  above t h i s  f i t  i n  t h e  energy 

r a n g e  4-8 M e V ,  a r e g i o n  known t o  be r i c h  i n  n u c l e a r  l i n e  e m i s s i o n ,  i s  a 

good measure of t h e  n u c l e a r  component. 

The GRS data i n d i c a t e  a good c o r r e l a t i o n  between the 4-8 M e V  excess  and 

t h e  f l u e n c e  of X r a y s  i 270 keV from e l e c t r o n  b r e m s s t r a h l u n g  ( F o r r e s t  e t  

a l .  1983). This c o r r e l a t i o n  i s  i l l u s t r a t e d  i n  F igu re  9. The in s t rumen t  

1 1  



I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 

F i g u r e  9. 

t 
I 

i t 

f 

i 
i 

SMM G ZS 
65  flares 

Y - 
M 

Y 

M 

I 

IO' I 13 
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February (from For res t  1983). 
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s e n s i t i v i t y  l i m i t  f o r  the  (4-8) M e V  f l u e n c e  i s  1 photon cm'2. Down t o  

t h i s  l e v e l  t h e  bremsstrahlung f luence  i s  w e l l  c o r r e l a t e d  w i t h  t h e  (4-8) M e V  

excess .  

Our p r e l i m i n a r y  c o n c l u s i o n  i s  t h a t  e l e c t r o n  a c c e l e r a t i o n  i n  f l a r e s  i s  

a lways  accompanied by i o n  acce le ra t ion .  This  conc lus ion  is a t  odds w i t h  

t h e  ear l ier  idea  t h a t  e n e r g e t i c  ion a c c e l e r a t i o n  is uncommon. We in t end  t o  

r e f i n e  t h i s  s t u d y  i n  t h e  f u t u r e  by u s i n g  improved  model  spec t r a  t o  more 

c l e a r l y  separate t h e  bremsstrahlung component from t h e  n u c l e a r  component. 

We r e c e n t l y  i n i t i a t e d  a search f o r  n u c l e a r  emission from r e l a t i v e l y  l a r g e  

X-ray f l a r e s  t h a t  were n o t  detected a t  300 keV. If our  f a i l u r e  t o  detect 

t h e s e  e v e n t s  a t  300 keV i s  due  t o  d i r e c t i v i t y  o f  t h e  b r e m s s t r a h l u n g  

r a d i a t i o n  t h e n  i t  may be p o s s i b l e  t o  d e t e c t  n u c l e a r  e m i s s i o n  f rom these  

e v e n t s .  We p l a n  t o  make a s y s t e m a t i c  search f o r  n u c l e a r  e m i s s i o n  from 

these s t r o n g  d i s k  events .  

3.1.4. NEUTRON CAPTURE LINE 

The s t r o n g e s t  gamna-ray l i n e  i n  s o l a r  f l a r e  s p e c t r a  is  t h e  2.22 M e V  l i n e  

produced when thermal p ro tons  capture neut rons  t o  form deuter ium (Ramaty e t  

a l .  1975; Chupp 1983). The p r o c e s s  r e s p o n s i b l e  f o r  p r o d u c t i o n  o f  t h e  

prompt n u c l e a r  d e e x c i t a t i o n  l i n e s ,  t h e  i n t e r a c t i o n  o f  f l a r e  acce le ra t ed  

i o n s  w i t h  t h e  s o l a r  atmosphere, a l s o  gene ra t e s  e n e r g e t i c  neutrons.  These 

e n e r g e t i c  neut rons  subsequent ly  the rma l i ze  and are captured  by photospher ic  

p r o t o n s  on a t i m e s c a l e  o f  100 s. Compton s c a t t e r i n g  s u b s t a n t i a l l y  

1 2  
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a t t e n u a t e s  t h i s  l i n e  i n  f la res  at  h e l i o c e n t r i c  a n g l e s  8 > 850. However, 

t h e  d e l a y e d  n a t u r e  o f  t h e  n e u t r o n  c a p t u r e  l i n e  a n d  t h e  a b s e n c e  o f  

background  l i n e s  a t  2.22 M e V ,  make t h e  2.22 M e V  l i n e  r e l a t i v e l y  e a s y  t o  

measure i n  many o f  our  s t r o n g  flares. 

A search f o r  t h e  neutron cap tu re  l i n e  i n  e n e r g e t i c  f lares  observed by GRS 

from 1980 t o  1983 has  been i n i t i a t e d .  Fo r ty  pe rcen t  o f  81 f la res  detected 

f l u x  a b o v e  350 keV had d e t e c t a b l e  2.223 M e V  l i n e  e m i s s i o n  ( S h a r e  e t  a l .  

1985b). Our s t u d i e s  o f  t he  SMM GRS measurements i n d i c a t e  t h a t  t h e  2.22 M e V  

l i n e  f l u e n c e  i s  w e l l  c o r r e l a t e d  wi th  t he  (4-8) M e V  excess  f luence .  T h i s  

sugges t s ,  i n  agreement wi th  t h e o r e t i c a l  c a l c u l a t i o n s  (Wang and Ramaty 1974; 

Ramaty e t  a l .  19751, t h a t  t h e  2.22 M e V  l i n e  f l u e n c e  i s  a good measure  o f  

t he  e n e r g e t i c  i o n  component i n  a flare. The i n t e n s i t y  o f  t he  emission i s  

a l s o  wel l  c o r r e l a t e d  w i t h  t h e  40-140 keV hard X-ray i n t e n s i t y .  There is  no 

e v i d e n c e  f o r  a s i z e  t h r e s h o l d  f o r  p r o d u c t i o n  o f  t h e  l i n e .  These 

o b s e r v a t i o n s ,  t o g e t h e r  w i t h  t h e  broad-band n u c l e a r  s t u d i e s  d i scussed  above, 

suggest  t h a t  i o n  a c c e l e r a t i o n  i n  f lares i s  a common occurrence.  

We h a v e  made a p r e l i m i n a r y  s t u d y  of t he  c o r r e l a t i o n  between 2.22 M e V  l i n e  

f l u e n c e  and  t h e  X-ray f l u e n c e  ra te  i n  t h e  (40-140) keV band. T h i s  

c o r r e l a t i o n  seem t o  i n d i c a t e  t ha t  i o n  a c c e l e r a t i o n  is n o t  o n l y  common i n  

f la res  bu t  t h a t  t h e  r a t i o  of t h e  number o f  e n e r g e t i c  e l e c t r o n s  t o  e n e r g e t i c  

i o n s  is f a i r l y  c o n s t a n t  from f l a r e - t o - f l a r e .  

We p l a n  t o  cont inue our  s t u d i e s  of t h e  t i m e  dependence of the  2.22 M e V  l i n e  

( P r i n c e  e t  a l .  1984). The free neutron lifetime i n  t h e  photosphere can be 



I 
I 
I 
I 
1 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

determined by comparing t h e  time dependence of t he  2.22 M e V  l i n e  w i t h  t h a t  

of  n u c l e a r  d e e x c i t a t i o n  l i n e s .  The neut ron  removal timescale depends on 

t h e  r e l a t i v e  abundance  o f  3He and  ' H  a s  w e l l  as t h e  t h e r m a l i z a t i o n  

timescale (Wang and Ramaty 1974). The time dependence of  2.22 M e V  l i n e  can 

t h e r e f o r e  measure the abundance o f  3He i n  t h e  photosphere. 

F i n a l l y ,  w e  i n i t i a t e d  a sea rch  f o r  "quiescent"  2.22 M e V  l i n e  emission from 

t h e  Sun. By accumulat ing s p e c t r a  f o r  pe r iods  when f l a r e s  were n o t  detected 

by S M M  G R S ,  w e  hope t o  d e t e c t  o r  p l a c e  a s t r o n g e r  l i m i t  on q u i e s c e n t  

neut ron  production. Such a measurement i s  i n t e r e s t i n g  because i t  can place 

a l i m i t  on t h e  f l u e n c e  from f l a r e s  below t h e  t h r e s h o l d  of S M M  GRS as w e l l  

as addres s  t he  ques t ion  of whether or n o t  i o n s  are con t inuous ly  accelerated 

and s t o r e d  i n  c o r o n a l  m a g n e t i c  f i e l d s  (see e.g. E l l i o t  1973). T h i s  

measurement c o u l d  a l s o  be used t o  c o n s t r a i n  t h e  tritium product ion ra te  i n  

t h e  s o l a r  a t m o s p h e r e  which may be u s e f u l  f o r  compar i son  w i t h  s o l a r  wind 

measurements. 

3.1.5. POSITRON ANNIHILATION LINE 

The p o s i t r o n  a n n i h i l a t i o n  l i n e  a t  511 keV is ano the r  f e a t u r e  t h a t  has been 

d e t e c t e d  i n  a number o f  f l a r e s  by SMM GRS.  The p o s i t r o n s  a re  t h e  decay  

p r o d u c t s  o f  p o s i t i v e l y  c h a r g e d  p i o n s  and r a d i o a c t i v e  n u c l e i  t h a t  a r e  

g e n e r a t e d  by t h e  i n t e r a c t i o n  o f  f l a r e  acce le ra t ed  i o n s  w i t h  t h e  s o l a r  

atnosphere.  Unfor tuna te ly ,  t h e  l i n e  is d i f f i c u l t  t o  ana lyze  because o f  a 

strong, h i g h l y  v a r i a b l e  background l i n e  a t  t h e  same energy. 
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N e v e r t h e l e s s ,  SMM GRS obse rva t ions  of t h e  511 keV l i n e  have  been s t u d i e d  

f o r  t h e  two i n t e n s e  f l a r e s ,  1980 J u n e  21 and 1982 J u n e  3 (Share e t  a l .  

1983). These s t u d i e s  a l r e a d y  a l l o w  us t o  p l a c e  c o n s t r a i n t s  on t h e  

a n n i h i l a t i o n  r e g i o n .  I n  b o t h  f l a r e s  t h e  l i n e  w i d t h  i s  < 20 keV. T h i s  

c o n s t r a i n s  t h e  temperature  i n  t h e  a n n i h i l a t i o n  r e g i o n  t o  l e s s  t h a n  3 X 

106Ko. The l i n e  i n t e n s i t y  decay p r o f i l e  i n  t h e  1980 J u n e  21 f l a r e  i s  

c o n s i s t e n t  w i t h  the  p r o f i l e  expected f o r  p o s i t r o n s  t h a t  are gene ra t ed  by 

t h e  decay of r a d i o a c t i v e  n u c l e i  and are slowed down i n  a r eg ion  wi th  number 

d e n s i t y  > 10l2 The l i n e  h i s t o r y  f o r  t h e  1982 June 3 f l a r e  shows the 

same g e n e r a l  t r e n d .  However, i t  shows some d e v i a t i o n s  t h a t  c a n  be 

i n t e r p r e t e d  as ev idence  f o r  pos i t rons  from pion decay. This  i n t e r p r e t a t i o n  

r e q u i r e s  a d e n s i t y  in t h e  i n t e r a c t i o n  r e g i o n  of > lo1' ~ m ' ~ .  

3.1 -6. HIGH-ENERGY GAMMA-RAY AND NEUTRON EMISSION 

The most e n e r g e t i c  n e u t r a l  q u a n t a  e x p e c t e d  from s o l a r  f l a r e s  are  

bremsstrahlung gamma-rays from primary and secondary e l e c t r o n s ,  11' decay 

gamma-rays, and neu t rons  (>50 M e V ) .  

High-energy neu t rons  have  been unambiguously detected from two l a r g e  f lares  

by S M M  GRS. We b r i e f l y  review those o b s e r v a t i o n s  here. The first f l a r e  t o  

p r o v i d e  e v i d e n c e  f o r  e n e r g e t i c  n e u t r o n s  was t h e  f l a r e  a t  01:18:20 UT on 

1980 June 21 (Chupp e t  a l .  1982; Ramaty e t  a l .  1983). The o b s e r v a t i o n s  show 

s t r o n g  emission a t  e n e r g i e s  >10 MeV i n  a 65 s i m p u l s i v e  phase, f o l l o w e d  by 

a l ow- in t ens i ty  excess  l a s t i n g  a t  l e a s t  1080 seconds (see F igure  loa). 

F i g u r e  10a shows the photon spectrum measured during t h e  i m p u l s i v e  phase of 
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Fig. loa.. The (10-140) M e V  photon 
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Fig. 1Oc. The (10-140) MeV photon 
spectrum early i n  t h e  extended 
phase  of t h e  1982 June  3 f l a r e .  
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Figure 10a-d (Forrest et al. 1985) 
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Fig. lob. 
spectrum f o r  t h e  impulsive p h s e  of 
t h e  1982 June 21 f l a r e .  

The (10-140) MeV photon 
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the  extended phsae of the  1982 J u n e  3 f l a r e .  
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t h i s  f l a r e .  The s o l i d  c u r v e s  i n  t h i s  f i g u r e  a r e  t h e  b e s t - f i t  p h o t o n  

s p e c t r u m ,  d e t e r m i n e d  by combining  b o t h  b r e m s s t r a h l u n g  and p i o n  decay  

spectra .  The power- law s p e c t r u m  i s  (5.0+0.1) - (E/10 MeV)(2*7zo*1) p h o t o n s  

M e V ' l  cm'* and t h e  i n t e g r a l  o f  t h e  n e u t r a l  p i o n  s p e c t r u m  i s  0.6 p h o t o n s  

cm'*. The s t a t i s t i ca l  test  used t o  determine these v a l u e s  shows t h a t  w h i l e  

t h e  o v e r a l l  f i t  i s  b e t t e r  w i t h  t h e  p i o n  spec t ra ,  t h e  improvement  i s  n o t  

s u f f i c i e n t l y  l a r g e  t o  r e q u i r e  it. Hence, t h e  a b o v e  p i o n  f l u x  must  be  

considered an upper l i m i t .  Note however, t h a t  t h e  data do r e q u i r e  photons 

w i t h  e n e r g i e s  > l o 0  M e V .  I n  t h e  e x t e n d e d  p h a s e  we f i n d  t h a t  n e i t h e r  t h e  

s p e c t r a l  p r o p e r t i e s  nor  t h e  observed r a t i o  of "mixed" t o  C s I  counts  (Chupp 

e t  a l .  1985) is c o n s i s t e n t  w i t h  a s i g n a l  composed e n t i r e l y  o f  gamma-rays. 

We f i n d  t h a t  o n l y  13+6% - of  t h e  o b s e r v e d  c o u n t s  d u r i n g  t h i s  p e r i o d  c a n  be  

due  t o  photons .  The c o r r e s p o n d i n g  u p p e r  l i m i t  on t h e  n e u t r a l  p i o n  pho ton  

f l u x  i s  0.5+0.2 - cm'2. 

The time h i s t o r i e s  f o r  t h e  f l a r e  of 1982 June 3 are shown i n  F igure  lob-d. 

Aga in  t h e  h igh -ene rgy  o b s e r v a t i o n s  show s t r o n g  e m i s s i o n  i n  a n  i m p u l s i v e  

phase.  However,  i n  t h i s  e v e n t  t h e  i m p u l s i v e  p h a s e  i s  f o l l o w e d  by a more 

i n t e n s e  e x t e n d e d  phase.  F i g u r e  10b shows t h e  p h o t o n  s p e c t r u m  o b s e r v e d  

du r ing  the  i m p u l s i v e  phase. Again, these data i n d i c a t e  an  i n t e n s e  power- 

law con t inuum component. However, i n  t h i s  case t h e  d a t a  show a s t r o n g  

hardening  a t  e n e r g i e s  >40 MeV.  The best  exp lana t ion  of t h i s  hard component 

seems t o  be a n e u t r a l  p i o n  photon  s p e c t r u m  w i t h  a i n t e g r a t e d  f l u x  of 

12 p h o t o n s  cm'L. F i g u r e  1Oc shows a s p e c t r u m  f rom t h e  b e g i n n i n g  o f  t h e  

e x t e n d e d  phase.  The da ta  i n  t h i s  i n t e r v a l  c a n  be f i t  w i t h  a combined 
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charged and n e u t r a l  pion photon spec t ra .  I n  t h i s  case the  r equ i r ed  charged- 

t o - n e u t r a l  pion r a t i o  is  3.1+0.2. - 

F i n a l l y ,  i n  F i g u r e  10d we show a s p e c t r u m  t a k e n  l a t e r  i n  t h e  e x t e n d e d  

phase .  I n  t h i s  case t h e  d a t a  was f i t  u n d e r  t h e  a s s u m p t i o n  t h a t  a l l  t h e  

c o u n t s  are due  t o  pho tons .  The d a t a  i n  F i g u r e  10d show t h a t  s e c o n d a r y  

e l e c t r o n  bremss t rah lung  and pion decay emission can provide  a good f i t  i n  

t h e  lowes t  and t h e  h i g h e s t  channels.  However, t h e  obse rva t ions  exceed the  

model p r e d i c t i o n s  i n  t h e  t h r e e  m i d d l e  channels .  Both the  spectral  shape 

and t h e  t ime dependence  o f  t h i s  e x c e s s  i s  c o m p a r a b l e  t o  what i s  e x p e c t e d  

f rom h igh-ene rgy  n e u t r o n s .  Chupp e t  a l .  (1985)  h a v e  used  t hese  c l u e s  t o  

s tudy  high-energy neu t ron  production i n  t h i s  flare. 

As a conf i rmat ion  of the pion i n t e n s i t i e s  deduced from gamma-ray s p e c t r a l  

shape arguments, w e  n o t e  tha t  these i n t e n s i t i e s  are a p r e d i c t o r  of  t h e  511 

keV l i n e  f l u x  from charged pions. As an example w e  use  the  spectrum shown 

i n  F i g u r e  lOc, which r e q u i r e s  an  i n t e g r a t e d  n e u t r a l  p i o n  d e c a y  f l u x  o f  

7.8+0.4 cm'2. With o u r  o b s e r v e d  c h a r g e d - t o - n e u t r a l  p i o n  r a t i o  o f  3.1+1, 

and a p o s i t i v e - t o - t o t a l  charged pion r a t i o  o f  0.70, our  p r e d i c t e d  511 keV 

f l u x  i s  0.12+0.02 - Cf(0.511)l  p h o t o n s  cm'2 s-'. Here, f (0 .511)  i s  t h e  

0.511-to-positron r a t i o  (Murphy and Ramaty 1985). Share e t  al .  (1983) found 

t h a t  t h e  t o t a l  f l u x  d u r i n g  t h i s  p e r i o d  was 0.35+0.05 p h o t o n s  cm 

Murphy and Ramaty (1985) found t h a t  o n l y  ~ 0 . 1 5  photons s-l could  be 

accounted f o r  by the  r a d i o a c t i v e  p o s i t r o n  emitters produced main ly  i n  the 

i m p u l s i v e  phase. The d i f f e r e n c e  between the measured v a l u e  and Murphy's 

- - 

-2 s-l.  

17 
- 



I 
I 
1 
I 
I 
I 
I 
I 
I 

I 
I 
1 
I 
I 
I 

v a l u e s  i s  0.20 photons cm'* s-l, which is  i n  agreement w i t h  ou r  p r e d i c t i o n s  

f o r  c h a r g e d  p i o n s  if f (0.5 11 ) 2, 1.5. 

The h i g h e s t  e n e r g i e s  a t t a i n e d  by i o n s  d u r i n g  f l a r e s  c a n  be  d e t e r m i n e d  by 

direct  o b s e r v a t i o n  o f  neu t rons  a t  t h e  E a r t h  (Chupp e t  a l .  1982; Chupp 

e t  a l .  1984; Debrunne r  e t  a l .  1984).  The G R S  h a s  d e t e c t e d  t h e  

c h a r a c t e r i s t i c  s i g n a t u r e  ( L i n g e n f e l t e r  and Ramaty 1967) f o r  n e u t r o n s  

produced a t  t h e  Sun i n  a time i n t e r v a l  s h o r t  compared w i t h  t h e  neutrons '  

t r a n s i t  time t o  t h e  E a r t h .  (see F i g u r e  11).  The i n s e t  i n  t h e  f i g u r e ,  

shows t h e  time p r o f i l e  o f  photon w i t h  e n e r g i e s  > 10 M e V .  T h i s  p r o f i l e  

r e f l e c t s  t h e  product ion time h i s t o r y  of e n e r g e t i c  gamma-rays and neu t rons  

a t  t h e  Sun. The s i g n a l  which p e a k s  a t  2, 500 s, is  p r o b a b l y  due  t o  

neu t rons  (Chupp e t  al .  1982) w i t h  e n e r g i e s  between 50 M e V  and 500 MeV. 

A second e v e n t  w i t h  neutrons o f  energy % l  G e V  on 1982 June 3 has a l s o  been 

recorded by GRS (Chupp e t  a l .  1984) and by g round- l eve l  neu t ron  monitors  

(Debrunner 1984; Kocharov 1983). Neutron decay p ro tons  nea r  the  E a r t h  i n  

t h e  same e v e n t  h a v e  a l s o  been  o b s e r v e d  (Evenson  e t  a l .  1983). In t h i s  

e v e n t ,  w e  f i n d  a time e x t e n d e d  p r o d u c t i o n  o f  n e u t r o n s  i s  r e q u i r e d  t o  

a c c o u n t  f o r  t h e  r e s p o n s e  o f  t h e  GRS and  t h e  J u n g f r a u j o c h  n e u t r o n  m o n i t o r  

throughout t he  delayed phase. Therefore a d e l t a  f u n c t i o n  product ion i n  t he  

i m p u l s i v e  phase cannot account for the  o b s e r v a t i o n s  of t h e  neu t ron  monitors 

and  t h e  G R S  t o  s o l a r  n e u t r o n s .  As a c o n s e q u e n c e  t h e r e  i s  n o t  a one  t o  one 

correspondence of a r r i v a l  t ime t o  neutron energy, and t h i s  compl i ca t e s  t he  

de te rmina t ion  of a neu t ron  spectrum. Also,  a neutron product ion spectrum 

r e s u l t i n g  from a Bessel f u n c t i o n  f l a t t e r  than AT = 0.05 may be r e q u i r e d  t o  
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p u l l  t h e  p r e d i c t e d  n e u t r o n  coun t  r a t i o  down t o  t h a t  r e q u i r e d  f o r  t h e  G R S  

s imul taneous  response t o  both neutrons and rays.  A s  p r e v i o u s l y  pointed 

ou t  (Murphy and Ramaty 1985; Ramaty e t  a l .  1983) a power-law spectral  shape 

which i s  cons tan t  from 1 G e V  down t o  50 M e V  does n o t  seem t o  be v i a b l e .  

S i n c e  GRS o b s e r v a t i o n s  h a v e  e s t a b l i s h e d  t h a t  i m p u l s i v e  pho ton  e m i s s i o n  

from s o l a r  f lares can extend t o  > 50 MeV and t h a t  neu t rons  can be produced 

w i t h  e n e r g i e s  as h i g h  as 1 G e V ,  we c o n c l u d e  t h a t  e i t h e r  a n  e x t r e m e l y  

r a p i d  particle accelerator is o p e r a t i v e  o r  t h a t  p r e a c c e l e r a t e d  par t ic les  

a re  re leased  i m p u l s i v e l y  i n t o  a t a r g e t .  A c o m p r e h e n s i v e  s t u d y  o f  a l l  

e v e n t s  w i t h  high-energy emission is c u r r e n t l y  underway. 

3.1.7. D I R E C T I V I T Y  OF THE CONTINUUM E M I S S I O N  

A n i s o t r o p i e s  i n  t h e  v e l o c i t y  v e c t o r  d i s t r i b u t i o n  o f  f l a r e - g e n e r a t e d  

e n e r g e t i c  e l e c t r o n s  can provide  important c l u e s  about  p a r t i c l e  a c c e l e r a t i o n  

and a b o u t  t h e  t r a n s p o r t  of e l e c t r o n s  w i t h i n  f l a r i n g  r e g i o n s .  The 

d i s t r i b u t i o n  o f  detected s o l a r  f l a r e s  wi th  p o s i t i o n  on the  Sun can be used 

t o  assay the d i r e c t i v i t y  of f l a r e  rad ia t ion .  For example, t he  f r a c t i o n  of 

e v e n t s  w i t h  h e l i o c e n t r i c  a n g l e s ,  8 s u c h  t h a t  s i n  8>0.9 i s  a good 

d i r e c t i v i t y  d i a g n o s t i c  t h a t  has t h e  a d v a n t a g e  o f  b e i n g  r e l a t i v e l y  

i n s e n s i t i v e  t o  t h e  d e t a i l s  o f  t h e  f l a r e  l a t i t u d e  d i s t r i b u t i o n  (Vestrand 

1983). Us ing  t h i s  d i a g n o s t i c  in a s t u d y  o f  f l a r e s  de tec t ed  a t  300 keV,  w e  

found ( V e s t r a n d  e t  a l .  1986) t h a t  one  c a n  r e j e c t  t h e  h y p o t h e s i s  t h a t  t h e  

f l a r e  r a d i a t i o n  p a t t e r n  is i s o t r o p i c  o r  u p w a r d l y  directed a t  t h e  99% 

confidence l e v e l  (see Figure  12). The data are nomina l ly  f i t  by a Gaussian 
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FigLFe 12. The percentage of iimb events  is shown for gama-ray flares 
( G R S )  d e t e c t e d  between February 1980  and December 1982. 
Three control  samples: GOES events ,  HXRBS events ,  and Hcr 
f l a r e s ,  are  a l s o  i l l u s t r a t e d .  
s e l e c t e d  from only that  subset  o f  the  events  t h a t  occurred 
when the  GRS was capable of detectins a caisrcidon+, ever?$. 

The control  samples were 
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r a d i a t i o n  p a t t e r n  t h a t  is d i r e c t e d  downward and has a half-power a n g l e  of 

+$ = 90°. 

S i n c e  Compton b a c k s c a t t e r i n g  i s  r e l a t i v e l y  small a t  e n e r g i e s  >300 keV, t h e  

d i r e c t i v i t y  o f  t h e  f l a r e  r a d i a t i o n  must be generated by an a n i s o t r o p y  of 

t h e  r a d i a t i n g  e l e c t r o n s .  Such a n  a n i s o t r o p y  w i l l  p r o d u c e  a n o t h e r  

p o t e n t i a l l y  o b s e r v a b l e  f e a t u r e ,  namely, t he  s p e c t r a  of t h e  r a d i a t i o n  s h o u l d  

v a r y  w i t h  viewing ang le .  Our s t a t i s t i c a l  s t u d i e s  of t h e  S M M  GRS s p e c t r a  

i n d i c a t e  t h a t  a center- to- l imb spectral  v a r i a t i o n  i s  indeed present .  If 

t h e  s p e c t r a  be tween  300 keV and 1 M e V  a r e  f i t  by power laws,  w e  f i n d  t h a t  

e v e n t s  n e a r  t h e  l i m b  t e n d  t o  be  ha rde r  t h a n  d i s k  e v e n t s  by A S  % 0.5 

( V e s t r a n d  e t  a l .  1986). The s i m p l e s t  e x p l a n a t i o n  o f  b o t h  t h e  o b s e r v e d  

center- to- l imb s p e c t r a l  v a r i a t i o n  and skewed p o s i t i o n  d i s t r i b u t i o n  is t h a t  

t h e  p a r e n t  e l e c t r o n  d i s t r i b u t i o n  is downwardly directed. 

T h e  o b s e r v e d  enhancement  o f  a number o f  e v e n t s  a t  t h e  l i m b  d o e s  n o t ,  o f  

course,  mean t h a t  more f la res  are a c t u a l l y  occur r ing  a t  t h e  l imb.  I n s t e a d ,  

t h e  d i r e c t i v i t y  of the  r a d i a t i o n  a t  300 keV o n l y  makes i t  easier t o  detect  

smaller f l a r e s  a t  t h e  limb. If one makes t h e  assumption t h a t  the i n t e n s i t y  

o f  a f l a r e  a t  e n e r g i e s  where t h e  r a d i a t i o n  p a t t e r n  i s  i s o t r o p i c  is  a good 

i n d i c a t o r  of the f l a r e  s i z e ,  then one s h o u l d  f i n d  a number of d i s k  f la res  

t h a t  were n o t  detected by S M M  GRS t h a t  are j u s t  as l a r g e  as t h o s e  detected 

a t  the limb. A search f o r  t h e s e  e v e n t s  i s  c u r r e n t l y  underway. 
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3.1.8. EVIDENCE FOR PERIODICITY 

One of the  more i n t r i g u i n g  f i n d i n g s  o f  t h e  SMM GRS experimenters  is  t h a t  

f l a r e  a c t i v i t y  h a s  a 155 d a y  p e r i o d  ( R i e g e r  e t  a l .  1985). T h i s  is 

i l l u s t r a t e d  by Figure 13 which shows t h e  occurrence times o f  f la res  t h a t  

were detected a t  e n e r g i e s  > 300 keV. While t h i s  d i s c o v e r y  w a s  i n i t i a l l y  

d i s c o v e r e d  by a n a l y z i n g  t h e  o c c u r r e n c e  times o f  f l a r e s  de tec t ed  a t  h i g h  

e n e r g i e s ,  subsequent work has  shown t h a t  t he  p e r i o d i c i t y  i s  a l s o  p r e s e n t  i n  

t he  GOES s o f t  X-ray (Rieger e t  al. 1985) and HXRBS hard x-ray ( K i p l i n g e r  e t  

al .  1985). The o r i g i n  of t h i s  p e r i o d i c i t y  is unknown. 

We have  a l s o  examined t h e  p r o p e r t i e s  o f  f l a res  t o  determine whether o r  n o t  

a p a r t i c u l a r  c lass  of e v e n t s  is  r e s p o n s i b l e  f o r  t h e  modulation. We f i n d  

t h a t  t h e  a m p l i t u d e  of t h e  m o d u l a t i o n  i s  a s t r o n g  f u n c t i o n  o f  f l a r e  s i ze .  

F o r  e x a m p l e ,  t h e  a m p l i t u d e  f o r  e v e n t s  w i t h  GOES s i z e  > M 2.5 i s  n e a r l y  

twice as  l a r g e  as  t h e  a m p l i t u d e  f o r  e v e n t s  w i t h  GOES s i z e  > C1. On t h e  

o t h e r  h a n d ,  t h e  number o f  p o t e n t i a l  f l a r e  s i tes  ( v i z .  s u n s p o t s  o r  a c t i v e  

r e g i o n s )  d o e s  n o t  seem t o  be  modu la t ed .  However, i f  o n e  e x a m i n e s  t h e  

number o f  a c t i v e  r e g i o n s  w i t h  r e l a t i v e l y  compact and  complex  m a g n e t i c  

t o p o l o g i e s  ( m a g n e t i c  c lasses  BG, BGD, a n d  GD ) one  f i n d s  a s t r o n g  

modulation. We are c u r r e n t l y  s tudying t h e  i m p l i c a t i o n s  of these f ind ings .  

3.1.9. COMPARISON OF GRS GAMMA RAYS WITH OTHER FLARE EMISSIONS 

The f i rs t  2.5 yea r s  o f  GRS d a t a  were c o r r e l a t e d  w i t h  o t h e r  f l a r e  

o b s e r v a t i o n s ,  t a k i n g  i n t o  a c c o u n t  o b s e r v a t i o n  d u t y  c y c l e ,  w i t h  t h e  

2 1  
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f o l l o w i n g  r e s u l t s :  (a) A gamma-ray e v e n t  > 270 keV may be a s s o c i a t e d  

w i t h  a n y  H a  c l a s s ,  (b) 20% (10 /50)  o f  f l a r e s  o f  c l a s s  - > 2B h a v e  

a s s o c i a t e d  4-8 M e V  e x c e s s  ( C l i v e r  e t  a l .  19831, ( c )  75% o f  a l l  S M M  G R S  

e v e n t s  > 270 keV are from H a  of B ( b r i l l i a n t )  c lass ,  (d) 50% (13/26) of 

GOES (1-8) A X-ray e v e n t s  wi th  peak i n t e n s i t y  - > X2 have  4-8 

M e V  excess  ( C l i v e r  e t  a l .  19831, (e) GRS e v e n t s  > 270 keV are always 

a s s o c i a t e d  w i t h  a s o l a r  microwave b u r s t  (>  - 1 GHz), and ( f )  53% (19/36) of9 

GHz b u r s t s  w i t h  peak f l u x  d e n s i t y  - > 1200 FU have  s i g n i f i c a n t  4-8 M e V  excess  

( C l i v e r  e t  a1 1983). 

s i g n i f i c a n t  

* 
T h e r e  i s  no c o r r e l a t i o n  be tween t h e  peak  SEP f l u x  measured  n e a r  t h e  

E a r t h  a n d  t h e  G R S  M e V  e x c e s s  f l u e n c e  ( C l i v e r  e t  a l .  1984).  T h i s  l a c k  of 

c o r r e l a t i o n  is q u i t e  unexpected, s i n c e  peak f l u x  i s  a c lass ic  i n d i c a t o r  

of p r o t o n  f l u e n c e  i n j e c t e d  i n t o  s p a c e  (Van H o l l e b e k e  e t  a l .  1979;Van 

H o l l e b e k e ,  e t  a l .  1975). T h i s  may i n d i c a t e  t h a t  t h e  SEPs come from a 

d i f f e r e n t  s i t e  o r  t h a t  t h e y  a r e  p roduced  by a d i f f e r e n t  mechanism.The 

s i g n i f i c a n c e  of t h e  lack of c o r r e l a t i o n  between SEP and gamma-ray e v e n t s  

has been d i scussed  i n  some d e t a i l  (McGuire 1983). We no te ,  however, t h a t  

SEP f lares  w i t h  an enhanced f l u x  r a t i o  of e l e c t r o n s  (6-11 M e V )  t o  protons 

(24-44 M e V )  g e n e r a l l y  have a s soc ia t ed  4-8 M e V  excess  (Evenson e t  al. 1984; 

Evenson e t  a l .  1983). 

ff 
We use  s o l a r  e n e r g e t i c  p a r t i c l e s  (SEPs) i n s t e a d  of t h e  more common term 

s o l a r  cosmic r ays .  

2 2  
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We have  a l s o  used o b s e r v a t i o n s  by t h e  SMM GRS t o  a d d r e s s  the  quest ion:  Are 

r e l a t i v i s t i c  e l e c t r o n s  a c c e l e r a t e d  i n  a l l  f lares? The d e t e c t i o n  of a f l a r e  

a t  e n e r g i e s  g r e a t e r  t h a n  300 keV i s  good e v i d e n c e  f o r  t h e  p r e s e n c e  of  

r e l a t i v i s t i c  e l e c t r o n s .  Using t h e  peak thermal f l u x  observed by the  GOES 

s a t e l l i t e s  as a measure of f l a r e  s i ze  we f i n d  t h a t  t he  s i z e  t h r e s h o l d  f o r  

d e t e c t a b l i t y  a t  >3OO keV by S M M  GRS i s  approximately GOES s i z e  M2.5. There 

is, however, a class o f  e v e n t s  t h a t  were n o t  detected t h a t  occured when S M M  

G R S  was o b s e r v i n g  and had GOES s i z e s  g r e a t e r  t h a n  M2.5. From t h e  GOES 

p r o p e r t i e s  a l o n e  t he re  seems t o  be  no p a r a m e t e r  s u c h  as d u r a t i o n  t h a t  

d i s t i n g u i s h e s  these e v e n t s  from those tha t  were detected a t  high energies .  

However, t he  undetected e v e n t s  are p r e f e r e n t i a l l y  a s s o c i a t e d  w i t h  H a lpha  

f la res  on the disk.  We f i n d  t h e  d i r e c t i v i t y  of emission above 300 keV is  

p r o b a b l y  r e s p o n s i b l e  f o r  t h e  f a i l u r e  t o  d e t e c t  these  e v e n t s .  We h a v e  

concluded tha t  r e l a t i v i s t i c  e l e c t r o n s  are probably produced by a l l  f lares 

w i t h  GOES s i z e s  greater than  M2.5. 

3.2. COSMIC GAMMA-RAY BURSTS 

As w e l l  as measuring the  gamma-ray p r o p e r t i e s  of s o l a r  f lares,  t h e  SMM G R S  

i s  con t inu ing  t o  make v e r y  i n t e r e s t i n g  o b s e r v a t i o n s  of cosmic gamma-ray 

bursts .  U n t i l  r e c e n t l y ,  it was thought t ha t  1 M e V  emission would be weak 

i n  gamma-ray b u r s t s .  The r a t i o n a l e  f o r  t h i s  b e l i e f  were t h e  f a c t  t h a t  

s e v e r a l  a u t h o r s  argued t h a t  t h e  da ta  a t  < 500 keV are b e s t  f i t  by thermal  

models which p r e d i c t  r e l a t i v e l y  l i t t l e  f l u x  above 1 M e V  and t h e  fac t  t h a t  

pair-product ion opacity cou ld  s t r o n g l y  a t t e n u a t e  > 1 M e V  photons under t h e  
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p h y s i c a l  c o n d i t i o n s  l i k e l y  t o  be  p r e s e n t  a t  t h e  b u r s t  s i t es .  T h e  

d i s c o v e r y ,  by t h e  S M M  G R S  experimenters,  t h a t  s t r o n g  emission a t  > 1 M e V  is  

a common p rope r ty  o f  gamma-ray b u r s t s  has l e d  t o  important changes i n  our  

ideas about  t h e  n a t u r e  of cosmic b u r s t s  (Matz e t  a l .  1985). The presence 

o f  t h i s  high-energy emission has  r u l e d  ou t  s e v e r a l  models and placed s t r i c t  

c o n s t r a i n t s  on t h e  p h y s i c a l  cond i t ions  a t  the  b u r s t  sites. The gene ra t ion  

o f  t h i s  r a d i a t i o n  h a s  a l s o  become one  o f  t h e  c e n t r a l  t h e o r e t i c a l  i s s u e s  

a s s o c i a t e d  w i t h  gamma-ray b u r s t s .  The S M M  GRS is  c u r r e n t l y  t h e  o n l y  

i n s t r u m e n t  t h a t  i s  m e a s u r i n g  > 1 M e V  e m i s s i o n  from cosmic b u r s t s .  S i n c e  

more t h a n  50% o f  t h e  t o t a l  ene rgy  i n  a b u r s t  c a n  be c a r r i e d  by > 1 M e V  

photons,  t h e  cont inued monitor ing of high-energy emission is e s s e n t i a l  f o r  

ou r  understanding of gamma-ray bursts .  

3.2.1. BROAD BAND SPECTRAL FITS 

Broadband f i ts  t o  spectra accumulated o v e r  16 s have been made f o r  b u r s t s  

w i t h i n  t h e  f i e l d  of view of t h e  instrument.  For t h e  most i n t e n s e  e v e n t s  a 

c o n s i s t e n t  p i c t u r e  i s  b e g i n n i n g  t o  e v o l v e .  Most o f  these  e v e n t s  h a v e  

spectra which are t o o  hard t o  be c o n s i s t e n t  w i t h  thermal emission models 

s u c h  as t h e r m a l  b r e m s s t r a h l u n g  o r  thermal s y n c h r o t r o n .  I n  t h e  weaker 

e v e n t s  i t  i s  d i f f i c u l t  t o  d i s c r i m i n a t e  be tween  t h e  m o d e l s ,  b u t  i t  i s  

appa ren t  t h a t  t empera tu res  required t o  f i t  t h e  thermal models may be t o o  

h igh  t o  be p h y s i c a l l y  r e a l i s t i c .  

24 
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3.2.2. SEARCH FOR POSITRON ANNIHILATION FEATURES 

A search has been conducted f o r  evidence of Doppler s h i f t e d  and broadened 

a n n i h i l a t i o n  r a d i a t i o n  i n  cosmic bu r s t s .  This search was performed on 22 

e v e n t s  w i th in  t h e  f i e ld -o f -v i ew of t he  instrument.  To date w e  have  found 

no s t a t i s t i c a l l y  s i g n i f i c a n t  e v i d e n c e  f o r  t h i s  l i n e  e m i s s i o n .  These  

r e s u l t s  seem t o  be a t  odds wi th  t h e  r e p o r t e d  d e t e c t i o n s  of t he  KONUS group. 

There was one  e v e n t  d e t e c t e d  by b o t h  t h e  K O N U S  and  SMM i n s t r u m e n t s  f o r  

which an extended emission f e a t u r e  a t  high energy was r epor t ed  by t h e  KONUS 

g r o u p  (Mazets e t  a l .  1981). However, n o  c o n v i n c i n g  e v i d e n c e  f o r  a n  

a n n i h i l a t i o n  f e a t u r e  has been found i n  t h e  S M M  G R S  da t a  (No lan  e t  a l .  

1984). We p l a n  t o  con t inue  searching f o r  p o s s i b l e  a n n i h i l a t i o n  f e a t u r e s .  

We w i l l  p l a c e  p a r t i c u l a r  emphasis on t h o s e  e v e n t s  t h a t  were a l s o  detected 

by the KONUS i n v e s t i g a t o r s .  

3.2.3. HARDNESS RATIOS 

For many years a s t r o p h y s i c i s t s  have attempted t o  d i s c o v e r  a p a t t e r n  i n  t h e  

s p e c t r a l  e v o l u t i o n  o f  cosmic  gamma-ray b u r s t s .  . R e c e n t l y  t h e  KONUS 

e x p e r i m e n t e r s  s u g g e s t e d  t h a t  t h e r e  i s  c o r r e l a t i o n  between t h e  luminos i ty  

and  t e m p e r a t u r e  i n  b u r s t s ,  under t h e  a s s u m p t i o n  t h a t  t h e  e m i s s i o n  i s  

thermal bremsstrahlung. Data from both t h e  G R S  and HXRBS experiments  on 

S M M  c o n f l i c t  w i t h  t h i s  f i n d i n g .  In f a c t ,  e v i d e n c e  h a s  been  found  f o r  a 

p a t t e r n  of hard- to-sof t  s p e c t r a l  e v o l u t i o n  wi th in  r e s o l v e d  p u l s e  s t r u c t u r e s  

i n  bu r s t s .  F igu re  14 shows t h e  s p e c t r a l  e v o l u t i o n  f o r  one of t h e  b u r s t s  

d e t e c t e d  b y  t h e  SMM G R S .  T h i s  e v o l u t i o n  may b e  a f u n d a m e n t a l  

25 
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c h a r a c t e r i s t i c  o f  b u r s t s .  A s t u d y  o f  t h i s  p r o p e r t y  b y  t h e  S M M  

experimenters  is i n  prepara t ion .  

3.2 .4 .  SEARCH FOR LONGER DURATION EVENTS 

A r e p o r t  o f  a 10 t o  20 m i n u t e  t r a n s i e n t  gamma-ray l i n e  e v e n t  o f  unknown 

o r i g i n  has  appeared i n  t h e  l i t e r a t u r e .  Th i s  e v e n t  was de tec t ed  by a h igh  

r e s o l u t i o n  spec t rometer  experiment on board a b a l  l o o n - b o r n e  s p e c t r o m e t e r  

(Jacobson e t  a l .  1978). Searches f o r  such l o n g  d u r a t i o n  l i n e  e v e n t s  have  

commenced us ing  the  GRS data. A pre l imina ry  search f o r  a t r a n s i e n t  2.223 

M e V  l i n e  cove r ing  a six-month period was no t  s u c c e s s f u l  i n  l o c a t i n g  such an  

event .  We p l a n  t o  e n l a r g e  the  scope of t h i s  s tudy  by extending t h e  search 

period. We a l s o  p l a n  t o  add energy bands t ha t  cove r  o t h e r  l i n e s .  

3.3.  "STEADY" SOURCES 

As p a r t  o f  t h e  p r o d u c t i o n  p r o c e s s i n g  o f  S M M  GRS da ta ,  3-day s p e c t r a l  

a c c u m u l a t i o n s  h a v e  been  d e r i v e d .  Three parameters which  a f f e c t  t h e  

i n s t r u m e n t a l  background have  been used t o  s o r t  t he  s p e c t r a l  data: (1) time 

from t h e  l a s t  anomaly passage, (2) z e n i t h  angle of t h e  instrument;  and (3) 

v e r t i c a l  c u t o f f  r i g i d i t y .  Each parameter is r e s o l v e d  i n t o  10 e l e m e n t s .  

T h e r e f o r e  f o r  each 3-day a c c u m u l a t i o n ,  1000 spec t r a  h a v e  been summed. 

Software has been developed  t o  f u r t h e r  a n a l y z e  these data and has a l lowed  

d e t a i l e d  s t u d i e s  of t h e  o r b i t a l  background. With a bet ter  understanding of 

these backgrounds, it has become p o s s i b l e  t o  use  the  SMM GRS data t o  s tudy  

ce les t ia l  gamma-ray l i n e  emission w i t h  h igh  s e n s i t i v i t y .  



C e l e s t i a l  l i n e  o b s e r v a t i o n s  a r e  p o s s i b l e  b e c a u s e  t h e  d e t e c t o r ' s  a x i s  

f o l l o w s  the  Sun a l o n g  t h e  E c l i p t i c .  The Galactic Center pas ses  nea r  the  

c e n t e r  o f  i t s  f i e ld -o f -v i ew i n  t h e  winter .  Any source of detectable l i n e  

r a d i a t i o n  w i l l  t h e r e f o r e  e x h i b i t  an annua l  modulation. Such a d e t e c t i o n  a t  

h igh  s i g n i f i c a n c e  i s  d i s c u s s e d  below i n  t h e  s e c t i o n  concerning d e t e c t i o n  of 

i n t e r s t e l l a r  2 6 A l  l i n e  gamma r a d i a t i o n .  Other  s t u d i e s  are i n  progress.  

3.3.1. GALACTIC 2 6 A l  

The a n a l y s i s  of 3 1 / 2  y e a r s  o f  d a t a  f rom t h e  S M M  GRS h a v e  shown a s t r o n g  

l i n e  r a d i a t i o n  (Share e t  a l .  1985a) n e a r  .81 M e V  when t h e  Galactic Center 

r e g i o n  t r a v e r s e d  the  instrument  a p e r t u r e  (see F igure  15). A l l  o f  our tes ts  

p o i n t  t o  a g a l a c t i c  o r i g i n  f o r  the r a d i a t i o n .  We h a v e  d e r i v e d  a n  e n e r g y  

s p e c t r u m  by t a k i n g  t h e  d i f f e r e n c e  be tween  Ga lac t i c  C e n t e r  and  Ga lac t i c  

A n t i c e n t e r  e x p o s u r e s .  T h i s  d i f f e r e n c e  s p e c t r u m  shows t h e  p r e s e n c e  o f  

s i n g l e ' l i n e  i n  t h e  1.6 t o  2.0 M e V  r eg ion  hav ing  an energy 1.804 + 0.004 M e V  

and i n t r i n s i c  w i d t h  38 + 21  keV (FWHM). T h i s  is c o n s i s t e n t  w i t h  na r row 

l i n e  emission a t  1.809 M e V  from inters te l lar  2 6 A l .  This is  o n l y  t h e  second 

c o n f i r m e d  n o n s o l a r  s y s t e m  gamma-ray l i n e  which  h a s  been o b s e r v e d  and  

i d e n t i f i e d  unambiguously. 

- 
- 

3.3.2. GALACTIC POSITRON ANNIHILATION 

One of  t h e  most e x c i t i n g  d i s c o v e r i e s  i n  gamma-ray a s t r o n o m y  has  been t h e  

d e t e c t i o n  of v a r i a b l e  source of a n n i h i l a t i o n  r a d i a t i o n  i n  the  d i r e c t i o n  of 

the Galactic Center. The s o u r c e  was detected by b a l l o o n  in s t rumen t s  and 

the HEAO-3 spectrometer.  However, either l a t e  i n  1979 or ea r ly  i n  1980, t h e  
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27a 



I 
1 
I 
I 
I 
I 

source  a p p a r e n t l y  decreased s i g n i f i c a n t l y  i n  i n t e n s i t y .  It has n o t  been 

detected by subsequent experiments. An i n t e n s i v e  e f f o r t  has  been underway 

t o  d e t e c t  t h i s  a n n i h i l a t i o n  r a d i a t i o n  u s i n g  t h e  SMM data .  P r e l i m i n a r y  

a n a l y s i s  i n d i c a t e s  t h a t  t h e  l i n e  s h o u l d  be  d e t e c t a b l e  a t  t h e  l e v e l s  

r e p o r t e d  i n  t h e  1970's.  I n  o r d e r  t o  d o  so, s y s t e m a t i c  v a r i a t i o n s  i n  t h e  

background 0.511 M e V  must  be w e l l  u n d e r s t o o d .  After t h i s  a n a l y s i s  i s  

completed w e  hope t o  s e t  l i m i t s  on t h e  g a l a c t i c  cen te r  emission c o v e r i n g  

a b o u t  1 / 3  o f  each year t h a t  S M M  c o n t i n u e s  t o  be i n  o p e r a t i o n .  These same 

o b s e r v a t i o n s  may a l l o w  the  instrument  t o  detect  a d i f f u s g  glow o f  0.511 M e V  

l i n e  r a d i a t i o n  from the  G a l a c t i c  Plane.  

3.3.3. SEARCH FOR SPECIFIC TRANSIENTS 

The G R S ' s  l a r g e  f i e l d - o f - v i e w  makes  i t  an  i d e a l  i n s t r u m e n t  f o r  d e t e c t i n g  

t r a n s i e n t  cosmic e v e n t s  such as novae, nearby extragalactic supernovae,  and  

o t h e r  p o t e n t i a l  e x o t i c  o b j e c t s ,  such as SS433. A s tudy  of SS433 us ing  t h e  

SMM G R S  h a s  a l r e a d y  been  c o m p l e t e d ,  (see below).  Search o f  t h e  d a t a  f o r  

o t h e r  celest ia l  t r a n s i e n t s  is underway. 

3.3.4. s s433  

We h a v e  searched t h e  SMM G R S  d a t a  f rom 1980 t o  1985 f o r  e v i d e n c e  o f  t h e  

D o p p l e r  s h i f t e d  n u c l e a r  l i n e s  from SS433 r e p o r t e d  by t h e  HEAO-3  g r o u p  

(Geldzahler  e t  a l .  1985). No evidence has been found f o r  t h i s  emission i n  

any of  our spectra summed ove r  3, 9 and 360 days. Typica l  99% conf idence  

upper l i m i t s  f o r  +day summations are below the  r epor t ed  l e v e l s  r epor t ed  by 
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HEAO-3, w h i l e  t h e  360-day l i m i t s  are a lmost  an o r d e r  o f  magnitude below t h e  

c o n s t a n t  l e v e l  r e p o r t e d  by H E A O - 3  e x p e r i m e n t e r s .  F i g u r e  16 shows a 

comparison o f  t h e  HEAO-3 d e t e c t i o n s  and t h e  l i m i t s  ob ta ined  us ing  the  SMM 

GRS. 

I n  t h e  coming year ,  w e  p l a n  t o  s y s t e m a t i c a l l y  search o u r  da t a  base f o r  a 

number o f  o t h e r  p o t e n t i a l  s o u r c e s .  Targets ,  b e s i d e s  n o v a e ,  i n c l u d e  

e x t r a g a l a c t i c  supernovae, and e x o t i c  high-energy sources .  

3.3.5. NOVAE 

The p o s s i b i l i t y  of  a thermonuclear runaway occur r ing  i n  a s s o c i a t i o n  w i t h  

novae ( S t a r r f i e l d  e t  al. 1972) has lead t o  p r e d i c t i o n s  o f  detectable f l u x e s  

of  gamma-ray l i n e s  from nearby ( g a l a c t i c )  e v e n t s  (Clayton  and Hoyle 1974; 

T r u r a n  1975). L e v e n t h a l  e t  a l .  (1974) h a v e  searched f o r  t h e  l i n e s  

p r e d i c t e d  (e.g. 1.275 M e V  f rom 22Na) d u r i n g  e x p l o s i v e  n u c l e o s y n t h e s i s  

s e v e r a l  years  a f t e r  two n o v a e  and d e t e r m i n e d  o n l y  u p p e r  l i m i t  f l u x e s .  

Prompt l i n e s  which cou ld  be  d e t e c t a b l e  nea r  t h e  nova  maximum are a t  0.511 

M e V  and 2.31 M e V  b u t  have  n o t  been s tudied .  Therefore, because o f  t h e  long  

term SMM GRS data base w e  a r e  i n i t i a t i n g  a search f o r  t r a n s i e n t  gamma-ray 

l i n e  f e a t u r e s  dur ing  the  e a r l y  phases o f  g a l a c t i c  novae. 

4. DATA PROCESSIBG BlJD ANALYSIS 

4.1. OVERALL DATA PROCESSING RESPONSIBILITIES 

The s c i e n t i f i c  and t e c h n i c a l  a n a l y s i s  o f  t h e  GRS d a t a  i s  c a r r i e d  o u t  by 

three s e p a r a t e  research g r o u p s  a t  UNH, MPE, and  NRL.  Each g r o u p  h a s  w e l l  
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Figure 16 .  Light curves of t h e  Doppler sh i f t ed  21.37 MeV gama-ray line 
d a t a  f r o m  t h e  SS433. E E A O - 3  d a t a  ( s t a r s ) ,  S M M  d a t a  
( u n f i l l e d  c i r c l e s ) .  3) b l u e  bezm, b )  red beam. c )  2 6 5 5  MXz 
rad io  l i g h t  curve  f o r  SSb33 (Geldzahler et al, 1985) 
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def ined  r e s p o n s i b i l i t i e s .  The UNH group had t h e  pre-launch r e s p o n s i b i l i t y  

f o r  instrument  i n t e g r a t i o n ,  testing, and c a l i b r a t i o n  o f  t he  experiment a t  

Goddard S p a c e  F l i g h t  Cen te r .  U N H  a l s o  assumed r e s p o n s i b i l i t y ,  a f t e r  

l a u n c h ,  f o r  i n s t r u m e n t  m o n i t o r i n g  and f o r  p r i m a r y  i n t e r a c t i o n  w i t h  

s c i e n t i f i c  g r o u p s  r e s p o n s i b l e  f o r  t h e  o t h e r  i n s t r u m e n t s  on S M M .  T h i s  

i n c l u d e s  p l a n n i n g  f o r  s h o r t - t e r m  s p a c e c r a f t  o p e r a t i o n .  MPE and N R L  h a v e  

concen t r a t ed  on so f tware  development. 

One of t h e  p r i o r i t i e s  o f  t he  GRS team has been t h e  i d e n t i f i c a t i o n  o f  f l a res  

w h i c h  p roduced  o b s e r v a b l e  gamma-ray e m i s s i o n .  The search f o r  these  

gamma-ray e v e n t s  was carried o u t  quasi- independent ly  by a l l  three groups. 

The r e s u l t i n g  f l a r e  l ist ,  after confirmation by a l l  three groups,  i s  a l i s t  

o f  ~ 5 0 0  f l a r e  e v e n t s  w i t h  d e t e c t a b l e  e m i s s i o n  and  a s u b l i s t  o f  > 100 

f l a r e s  w i t h  a large enough s i g n a l  t o  a l l o w  s p e c t r a l  s t u d i e s .  Some of t h e  

f l a r e  characteristics obtained from t h i s  l ist  are d i scussed  i n  Sec t ion  3.1. 

A c u r r e n t  l i s t  o f  t h e  s o l a r  e v e n t s  and cosmic e v e n t s  is a v a i l a b l e  on 

r e q u e s t .  A f i n a l  l i s t i n g  w i l l  be  i n c l u d e d  i n  c a t a l o g u e s  i n  p r e p a r a t i o n  

under t h e  follow-on grant.  

I n  t h e  f o l l o w i n g  s e c t i o n s  we o u t l i n e  ou r  e x i s t i n g  data a n a l y s i s  procedures  

and describe how these procedures have e v o l v e d  as o u r  a n a l y s i s  progressed. 

4.2. UNH DATA ANALYSIS PROGRAM AND DOCUMENTATION PLANS 

The S M M  G R S  d a t a  a n a l y s i s  s o f t w a r e  a t  UNH c o n s i s t s  o f  a l a r g e  number o f  

i n d e p e n d e n t  programs.  Each of these  p rograms  r e p r e s e n t  a s t e p  i n  t h e  
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p r o c e s s  o f  t r a n s f o r m i n g  raw d a t a  ( e.g. GSFC I P D  t a p e s )  i n t o  m e a n i n g f u l  

output .  F igure  17 r e p r e s e n t s  t h e  data-f  low p r o c e s s .  T h i s  d a t a  a n a l y s i s  

p rocess  was o r i g i n a l l y  developed t o  be used i n  qu ick  look fa sh ion  w i t h  both 

MPE and NRL des igning  more e l a b o r a t e ,  u s e r  o r i e n t e d  a n a l y s i s  packages. Now 

t h a t  t h e  Sun is  i n  a per iod  of m i n i m a l  a c t i v i t y ,  w e  have begun t o  i n c r e a s e  

t h e  l o n g e r  range sof tware  u s a b i l i t y  by implementing a long  term sof tware  

a n a l y s i s  d o c u m e n t a t i o n  and  c l e a n  up p r o j e c t .  T h i s  l o n g  term p r o j e c t  

c o n s i s t s  of  t h e  f o l l o w i n g  fou r  s teps :  

1. Inven to ry  a l l  programs. Reduce t h e i r  number by e l i m i n a t i n g  d u p l i c a t e s .  

2. I n c r e a s e  i n t e g r i t y  o f  a n a l y s i s  by h a v i n g  o n l y  one  r u n n i n g  s o u r c e  
v e r s i o n  of  each program. 

3. F u l l y  document a l l  running programs i n  a s tandard ized  fash ion .  

4. Begin t o  l o g i c a l l y  i n t e g r a t e  programs t o  reduce the  complexi ty  of t he  
a n a l y s i s  process .  

A p a r a l l e l  t a s k  t o  t h i s  l o n g  t e rm p l a n  i s  t h e  c r e a t i o n  o f  two s u p p o r t  

documen t s  which h a v e  been  s u b m i t t e d  t o  t h e  P r o j e c t  o f f i c e  and  NSDDC. The 

first document i s  u s e r  o r i e n t e d .  It w i l l  a i d  t h e  p r o s p e c t i v e  s o f t w a r e  

a p p l i c a t i o n s  u s e r  by o u t l i n i n g  t h e  f u n c t i o n  o f  each program, how it  relates  

t o  t h e  o t h e r  p rograms ,  and how t o  g o  a b o u t  u s i n g  it. T h i s  document  w i l l  

o u t l i n e  t h e  da t a  a n a l y s i s  p r o c e s s  i n  c l e a r  enough terms t h a t  i t  w i l l  

f a c i l i t a t e ,  foy a n y  member of t h e  s c i e n t i f i c  community, e l e m e n t a r y  data  

manipula t ion  without  r igo rous  training. The f o l l o w i n g  i s  an o u t l i n e  of t h e  

major p o i n t s  covered w i t h i n  t h i s  document: 

preseat system conf igu ra t ion  

e use of computing f a c i l i t y  
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0 purpose o f  a n a l y s i s  so f tware  

0 use  of each a n a l y s i s  program/package 

The s e c o n d  document i s  conce rned  w i t h  t h e  a p p l i c a t i o n s  s o f t w a r e  from a 

s o f t w a r e  maintenance s tandpoint .  This document w i l l  c o r r e s p o n d  d i r e c t l y ,  

and be t h e  r e s u l t  o f ,  t h e  documentation p l a n s  s ta ted i n  s t e p  three above. 

T h i s  document w i l l  i n c l u d e  documented v e r s i o n s  o f  a l l  r u n n i n g  p rograms  

a l o n g  w i t h  h e l p f u l  f l o w  diagrams a n d  comments. I n  a d d i t i o n ,  t h i s  s econd  

document w i l l  a l s o  c o n t a i n  an indexed  s u b r o u t i n e  l i b r a r y  w i t h  c o m p l e t e  

documentation on the  use of each rou t ine .  The second document w i l l  c o n t a i n  

t h e  f o l l o w i n g  main po in t s :  

0 so f tware  des ign  and documentation s t a n d a r d s  

0 d e t a i l e d  d e s c r i p t i o n  of Honeywell a p p l i c a t i o n s  so f tware  

0 d e t a i l e d  d e s c r i p t i o n  of Honeywell u t i l i t y  so f tware  

0 detai led d e s c r i p t i o n  o f  IBM PC a p p l i c a t i o n s  sof tware 

0 indexed subrou t ine  l i b r a r y  

These documents are t o  be updated on a r e g u l a r  basis  and w i l l  e v o l v e  a l o n g  

w i t h  t h e  s o f t w a r e .  These two documents  make up two o u t  o f  th ree  documents  

t h a t  make up t h e  s e t  of SMM G R S  working documentation. 

5. EARONBL SPACE DATA AUD DOCUHBNTATIW WIEE PLaws (HSDDC) 

T h i s  c o n t r a c t u a l  requirement is being sat isf ied i n  two steps. 

1. Current SMM Data Center a t  Experimenters Opera t iona l  F a c i l i t y  (EOF): 

A r c h i v a l  m i c r o f i l m  d a t a ,  p r e p a r e d  by N R L ,  h a s  been  s e n t  t o  t h e  GSFC 

32 



i 
I 
I 
I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
1 

E x p e r i m e n t e r s  O p e r a t i o n  F a c i l i t y  (EOF) Data Center. T h i s  microf i lm 

g i v e s  time h i s t o r y  p l o t s  f o r  a l l  major data o u t p u t s  of  t h e  S M M  G R S  and 

f u l l  gamma-ray spectra i n t e g r a t e d  i n  5 minutes. Data was provided 

from turn-on, af ter  launch,  u n t i l  August 1984. I n  add i t ion ,  a l i s t i n g  

of G R S  e v e n t s  is being provided t o  t h e  Data Center  through Dave Speich, 

NOAA r e p r e s e n t a t i v e .  

Any N S D D C  u s e r  who n e e d s  i n f o r m a t i o n  on a G R S  e v e n t  can  o b t a i n  more 

informat ion  from t h e  G R S  Team a t  t h e  U n i v e r s i t y  of New Hampshire, N R L  

o r  i n  Europe from t h e  MPE. 

The a b o v e  p r o c e d u r e  w i l l  be f o l l o w e d  as l o n g  as t h e  EOF and  Data 

Center  are o p e r a t i o n a l  o r  u n t i l  space f l i g h t  ope ra t ions  cease, which 

e v e r  comes first. 

2. Pos t  EOF o r  Pos t  Operat ions 

The p l a n  proposed t o  the SMM P r o j e c t  S c i e n t i s t  i s  b r i e f l y  as fo l lows :  

A. 

B. 

C. 

D. 

S u p p l y  m i c r o f i l m  w i t h  i n s t r u c t i o n s  f o r  a l l  d a t a  o b t a i n e d  from 
post- launch turn-on t o  the  end of f l i g h t  operat ions.  ( T h i s  item 
is  c u r r e n t l y  being accomplished by NRL.) 

P r o v i d e  c o p i e s  o f  p r o c e s s e d  d a t a  t a p e s  f rom I P D  tapes  o b t a i n e d  
s i n c e  p o s t  l a u n c h  tu rn -on  t o  end o f  f l i g h t  o p e r a t i o n s .  These 
tapes  w i l l  be produced  o n l y  f o r  s i g n i f i c a n t  s o l a r  e v e n t s  and 
cosmic events .  

Provide  an  ins t rument  manual and sof tware  manuals, s u f f i c i e n t f o r  
an independent u s e r  t o  deve lop  a n a l y s i s  procedures f o r  t h e  S M M  
G R S .  (The f i rs t  v e r s i o n s  o f  these t h r e e  r e p o r t s  h a v e  been  
submit ted t o  r e l e v a n t  NASA o f f i c e s  i n  March 1986.) 

P rov ide  suppor t  t o  e x t e r n a l  u s e r s  i n  i n t e r p r e t i n g  S M M  G R S  data - 
funding p e r m i t t i n g .  
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The above p l a n  needs f i n a l  approval  by t h e  SMM P r o j e c t  S c i e n t i s t  and SMM 

Project Manager, both f o r  consent and a d d t i o n a l  funding where necessary.  

6. GUEST IXVESTIGATOR PROGRAM 

In  l a t e  1985 NASA cont inued a Guest I n v e s t i g a t o r  Program. We list b r i e f l y  

t h e  Lead S c i e n t i s t  and h i s / h e r  proposed program f o r  t h e  nex t  year  which bear  
d i r e c t l y  on our  experiment.  

1. 

2. 

3. 

4. 

5. 

P r i n c i p a l  Guest  I n v e s t i g a t o r :  Carol  J o  Crannel l  
Goddard Space F l i g h t  Center 

Program T i t l e :  A P r o p o s a l  t o  Test Mode l s  o f  t h e  R o l e  o f  E n e r g e t i c  
P a r t i c l e s  with Radio, X-Ray, and Gamma-Ray 
Observations 

P r i n c i p a l  Guest  I n v e s t i g a t o r :  Robert  B. Decker 
Johns HopMns Unive r s i ty  

Program T i t l e :  Numerical S tudies  of P a r t i c l e  Acce le ra t ion  a t  O b l i q u e ,  
Turbulen t ,  Coronal Shocks. 

P r i n c i p a l  Guest I n v e s t i g a t o r :  Barry J. Geldzahler  
Applied Research Corporat ion 

Program T i t l e :  Search f o r  Gamma-Ray Lines  from SS433 Under the SMM G I  
Program. 

P r i n c i p a l  Guest I n v e s t i g a t o r :  Barry J. Geldzahler  
Applied Research Corporat ion 

Program T i t l e :  O b s e r v a t i o n s  o f  0.511 M e V  L i n e  Emiss ion  from t h e  
D i r e c t i o n  of t h e  G a l a c t i c  Center .  

P r i n c i p a l  Guest I n v e s t i g a t o r :  Hukul R. Kundu 
Unive r s i ty  o f  Maryland 

Program T i t l e :  C la rk  Lake Radiohel iograph Observa t ions  i n  Support  of - 
SMM Experiments. 
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6. 

7. 

8 .  

9. 

P r i n c i p a l  Guest I n v e s t i g a t o r :  Mukul R. Kundu 
Unive r s i ty  of Maryland 

Program T i t l e :  VLA and Westerbork  O b s e r v a t i o n s  i n  S u p p o r t  o f  S M M  
Experiments. 

P r i n c i p a l  Guest I n v e s t i g a t o r :  Kenneth R. Lang 
T u f t s  Un ive r s i ty  

Program T i t l e :  Simultaneous SMM and VLA Observat ions of t h e  Sun. 

P r i n c i p a l  Guest I n v e s t i g a t o r :  Mark E. Pesses 
Applied Research Corporat ion 

Program T i t l e :  The Rapid Acce lera t ion  of Ions  i n  S M M  Observed S o l a r  
Flares: Is it Shock Accelera t ion?  

P r i n c i p a l  Guest I n v e s t i g a t o r :  Dean F. Smith 
Berkeley Research Corporat ion 

Program T i t l e :  C o n s t r a i n t s  on High Energy  F l a r e  Models  Imposed by 
Radio,  X-Ray, Gamma-Ray, and I n t e r p l a n e t a r y  Observat ions.  

7. A I R  FORCE TASKS 

The b r o a d  o b j e c t i v e s  o f  t h e  A i r  Fo rce  t a s k  are  b a s i c a l l y  t h e  same as o u r  

p r i m a r y  NASA c o n t r a c t ,  t h a t  i s  t o  u n d e r s t a n d  s o l a r  f l a r e  phenomena. 

However, it emphasizes c o r r e l a t i o n  s t u d i e s  between ground-based f l a r e s  and 

gamma-ray f l a r e s .  The g o a l  i s  t o  i n c r e a s e  o u r  a b i l i t y  t o  p r e d i c t  

terrestrial e f f e c t s  from f l a r e s .  

Our  f irst  e f f o r t s  in t h i s  a r e a  showed a s u r p r i s i n g  l a c k  o f  c o r r e l a t i o n  

between these ground-based measures of f l a r e  size wi th  t h e  flares' a b i l i t y  

t o  p r o d u c e  gamma-ray e m i s s i o n .  Thus ,  each o f  t h e  c o r r e l a t i o n s  a l s o  
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extended t o  gamma-ray product ion as observed by t h e  S M M  GRS and t h e  s o l a r  

e n e r g e t i c  p a r t i c l e s  ( S E P s )  i n t e n s i t y  measured  i n  space n e a r  t h e  E a r t h .  

T h i s  s t u d y  i s  c o n t i n u i n g  on a more  s o p h i s t i c a t e d  bas i s  w i t h  t h e  hope  o f  

u n r a v e l i n g  t h e  o r i g i n a l  s u r p r i s i n g  r e s u l t .  I n  a d d i t i o n ,  a search f o r  

h i s t o r i c a l  g round l e v e l  mon i to r  n e u t r o n  e v e n t s  i s  i n  p r o g r e s s .  The 

f o l l o w i n g  c o l l a b o r a t i v e  papers  descr ibe  work on t h i s  task.  

1. C l i v e r ,  E.W., F o r r e s t ,  D.J., McGuire,  R.E., Von R o s e n v i n g e ,  TOT. 
1984, Proc. 18th I n t .  Cosmic Ray Conf. (Bangalore) ,  10, 334. 

2 .  Cliver,E.W., Share, G.H., Chupp, E.L., Matz ,  S., Howard R. 1983,  B u l l  
161s t  AAS Meet. (Boston) ,  14, 874. (Abstract) 



I 
I 
I 
I 
I 
1 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

8. REFERENCES 

Chupp, E.L. 1982, i n  G a m m a  R a y  T r a n s i e n t s  and R e l a t e d  A s t r o p h y s i c a l  
Phenomena, eds .  L i n g e n f e l t e r ,  R.E., Hudson, H.S., W o r r a l l ,  D.M. ( N e w  York: 
AIP) p. 363. 

Chupp, E.L. 1983, So l .  Phys. 86, 383. 

Chupp, E.L., F o r r e s t ,  D.J., H e s l i n ,  J., Kanbach, G., P inkau ,  K., e t  a l .  
1982, Ap. J. ( L e t t e r s ) ,  263, L95. 

Chupp, E.L., F o r r e s t ,  D.J., S h a r e ,  G.S., Kanbach, G., Debrunner ,  H., e t  a l .  
1984. Proc 18th I n t .  Cosmic Ray Conf. (Bangalore) ,  10, 334. 

Chupp, E.L., F o r r e s t ,  D.J., V e s t r a n d ,  W.T., Debrunne r ,  H., F l u c k i g e r ,  E., 
Cooper ,  J.F., Kanbach, G., Reppin,  C. S h a r e ,  G.H. 1985,  t o  be  p r e s e n t e d  a t  
t h e  19th Icrc,  La J o l l a ,  CA August 1985. 

Clayton,  D.D. and Hoyle, F. 1974, Ap. J .  ( L e t t e r s )  187, L101. 

C l i v e r ,  E., S h a r e ,  G.H., Chupp, E.L., Matz, So, Howard, R -  1983, 1 6 1 3 t  
B u l l .  AAS Meet., (Boston), 14, 874. (Abs t rac t )  

C l i v e r ,  E.W., F o r r e s t ,  D.J., McGuire, R.E., Von Rosenv inge ,  T.T. 1984, 
Proc. 18 th  Int .  Cosmic Ray. Conf. ( B a n g a l o r e ) , l O ,  342. 

D e  J a g e r ,  C . ,  D e  Jonge, G. 1978, Sol. Phys., 58, 127. 

Debrunne r ,  H., F l u c k i g e r ,  E., Chupp, E.L., F o r r e s t ,  D.J .  
Cosmic Ray Conf. (Bangalore) ,  4, 75. 

1984, Proc.  1 8 t h  I n t .  

Evenson ,  P., Meyer,  P., Yanag i t a ,  S., F o r r e s t ,  D.J. 1984, AP. J., 282, I n  
p r e s  s . 
Evenson, P., Meyer, P., P y l e ,  K.R. 1983, AP- J., 274, 875. 

F o r r e s t ,  D.J. 1983, i n  Pos i t ron-Elec t ron  P a i r s  i n  Astrophysics ,  eds. Burns, 
M.L., H a r d i n g ,  A.K., Ramaty  R.(New York :  A I P ) ,  1 0 1 ,  p. 3. 

F o r r e s t ,  D . J . ,  Chupp, E.L. 1983, Nature ,  305, 291- 

Gardne r ,  B.M., F o r r e s t ,  D.J., Z o l c i n s k i ,  M.C., Chupp, E L . ,  e t  a l .  1981, 
Bul l .  Am. Astron. SOC. 1 3 ( 4 > ,  903. ( A b s t r a c t )  

G e l d z a h l e r ,  B.J., S h a r e ,  G.H., Kinser ,  R.L., F o r r e s t ,  D.J., Chupp, E.L., 
Reiger, E. 1985. Submitted t o  Ap. J. 

37 



I 
1 
1 
1 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
I 
I 
I 
I 
I 

H u r l e y ,  K. ,  Niel, M., Talon,  R .  1983, Sol.  Phys. 86,  367. 

J acobson ,  A.S., e t  a l .  1978,  i n  Gamma-Ray Spectroscopy in Astrophysics, 
HASA lm-79619, 228. 

&ne, S ,  R., et al. 1986, Ap. J. 300, L95-L98. 

K i p l i n g e r ,  A.L., D e n n i s ,  B.R., E m s l i e ,  A.G., F r o s t ,  K.J., Orwig, L.E. 1983, 
S o l .  Phys.  8 6 ,  239. ( A b s t r a c t )  

Kocharov ,  G.E. 1983, I n v i t e d  T a l k s  8 t h  Eur. Cosmic Ray Symp. ( B o l o g n a ) ,  p. 
51. 

Leventhal ,  M . ,  e t  a l .  1974, Ap. J. 216, 491. 

L i n g e n f e l t e r ,  R.E., Ramaty, R. 1967, i n  High Energy Nuclear React ions i n  
Astrophysics ,  ed.  B.S.P. Shen, (New York: Benjamin) p. 99. 

Matz,  S.M., F o r r e s t ,  D.J., V e s t r a n d ,  W.T., Chupp, E.L., S h a r e ,  G.H., 
R ieger ,  E. 1985, Ap. J.,  288, L37-L40. 

McGuire, R.E. 1983, Rev. Geophys. Space Phys. 21 (2 ) ,  305. 

Murphy, R . J . ,  Ramaty, R .  1985, Advances i n  Space Research, 4, 127. 

Murphy, R . J . ,  e t  al .  1985. Presented a t  19th I C R C ,  paper  SH 2.1-13. 

Nakajima, H., Kosugi, T., Kai, K. ,  Enome, S. 1983, Nature, 305, 292. 

Nor r i s ,  J . P . ,  e t  a l .  To be submitted to Ap. J. 1986. 

P r i n c e ,  T.A., F o r r e s t ,  D.J., Chupp, E.L., Kanbach, G., S h a r e ,  G.H. 1984, 
Proc. 18th I n t .  Cosmic Ray Conf., (Bangalore) ,  4, 79. 

Ramaty, R . ,  e t  a l .  1975, Space Sci .  Rec. 18, 341. 

Ramaty, R . ,  Crannel l ,  C.J .  1976, Ap. J., 203, 766. 

Ramaty, R.,Kozlovsky,B.,Lingenfelter, ROE. 1979, AP. J. SUPPl-,  40, 487- 

R i e g e r ,  E., Repp in ,  C., Kanbach, G., F o r r e s t ,  D.J., Chupp, E.L., e t  a l .  
1984, Proc. 18th Int .  Cosmic Ray Conf., (Bangalore),  10, 338. 

R i e g e r ,  E., S h a r e ,  G.H., F o r r e s t ,  D.J., Kanbach, G., Reppin ,  C., Chupp, 
E.L.  1985, Nature, 312, 623. 

S n a r e ,  G.H., F o r r e s t ,  D.;., ~ n u p p ,  Z.L., i i f e g e r ,  E. 7983, B i i l l .  APS 
Meet. (Bal t imore) ,  28, 730. (Abs t rac t )  

S h a r e ,  G.H., Chupp, E.L., F o r r e s t ,  D.J. ,  R i e g e r ,  E., 1983,  i n  P o s i t r o n -  



E l e c t r o n  Pairs i n  Astrophysics ,  eds. Burns, M.L., Harding, A.K., Ramaty, R. 
( N e w  York: AIP) 101, p. 15. 

Share ,  G.H.,  e t  a l .  1985a, Ap.J. (Letters) 292, L61 

Share ,  G.H. ,  e t  al .  1985b, i n  prepara t ion .  

S t a r r f i e l d ,  S. ,  e t  a l .  1972, Ap.J. 176, 169. 

Truran,  J . W . ,  1975, see L e v e n t h a l e t  a l ,  1977. 

Van Hollebeke, M . A . I .  1979, Rev. Geophys. Space Phys., 17, 545. 

Van H o l l e b e k e ,  M.A., Ma Sung, L.S., McDonald, F.B. 1975, S o l .  Phys.  , 
41, 189. 

V e s t r a n d ,  W.T., F o r r e s t ,  D.J., Chupp, E.L., Rieger, E., S h a r e ,  G.H., 1986, 
Submitted t o  Ap. J. 

Wang, H.T. ,  Ramaty R. 1974, Sol. Phys. 36, 129. 

Yoshimori, M., Hirasima, Y., Okudaira, K.  1983, Sol .  Phys., 86, 375. 

Yoshimor i ,  M., O d u d a i r a ,  K., Hirasima, Y., Kondo, I. 1984, Proc.  1 8 t h  I n t .  
Cosmic Ray Conf. (Bangalore) ,  4, 85. 

39 


