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ABSTRACT

ANALYSIS OF THE 0 .511 MeV RADIATION AT THE 0S0-7 SATELLITE

by

PHILIP P. DUNPHY

O bserva tions o f th e  0 .511 MeV p o s i t ro n -a n n ih i la t io n  gamma-ray 

by th e  UNH d e te c to r  on th e  0S0-7 s a t e l l i t e  a re  p re sen ted  a long  w ith  a 

d e s c r ip t io n  o f th e  d e te c to r  i t s e l f .  V a riab le s  which a f f e c t  th e  coun t

in g  r a t e  fo r  t h i s  l in e  a re  d isc u sse d . Local p ro d u c tio n  i s  shown to  

be im p o rtan t and a c o n tr ib u tio n  from th e  E arth  i s  found to  be in  

agreem ent w ith  th a t  measured by b a llo o n -b o rn e  d e te c to r s .  An upper

l im i t  f lu x  o f 7 .6  x 10“ ^ photons cm~2sec “ ^ i s  o b ta ined  fo r  th e  q u ie t
*  o

Sun and a p o s i t iv e  s o la r  f lu x  of 6 .3  x 10"2 (+ 2 .0  x 10“ ) photons 
-2  -1cm sec i s  ob ta ined  fo r  th e  3B f l a r e  o f August 4 , 1972. The w idth 

o f t h i s  a n n ih i la t io n  l i n e  g iv es  an upper l im i t  tem pera tu re  fo r  the  

a n n ih i la t io n  re g io n  o f £ 6 x 10^ °K. An a n a ly s is  o f th e  l in e  w idth

and p o s i t io n  a ls o  shows th a t  th e  c o n tr ib u tio n  to  th e  l in e  from

positron ium  a n n ih i la t io n  i s  l e s s  th an  100$ a t  th e  99$ confidence le v e l .

An upper l im i t  i s  a ls o  found fo r  an i s o t r o p ic  cosmic f lu x .  This i s
*3 n ^  —X

8 x lO"--7 cm sec s r  .

xi



I .  INTRODUCTION

A. A stro p h y sica l S ig n if ic a n c e  o f th e  0 .511 MeV R ad ia tio n

The gamma-ray l in e  a t  0 .511 MeV i s  th e  c h a r a c te r i s t i c  r a d ia 

t io n  em itted  as th e  r e s u l t  o f th e  a n n ih i la t io n  o f a p o s itro n  and a 

f r e e  e le c tro n  a t  r e s t  (see  Appendix i ) .  A s tro p h y s ic a lly , t h i s  

r a d ia t io n  i s  r e la te d  to  p o s itro n s  in  th e  same way th a t  gamma ray s  

a re  r e la te d  to  e n e rg e tic  charged p a r t i c le s  in  g e n e ra l—th ey  t r a v e l  

v i r t u a l l y  d i r e c t l y  from th e  p o in t o f  o r ig in  o f th e  p a r t i c l e  re a c t io n s  

w ith o u t th e  in te rm e d ia te  m agnetic f i e ld  in te r a c t io n s  and energy lo s s  

mechanisms o f charged p a r t i c l e s .  Because th e  p ro d u c tio n  o f gamma ra y s  

i s  a com plicated  p ro cess , in  p ra c tic e  many param eters o f  th e  i n t e r 

a c tio n s  must be known o r hypo thesized  ( f lu x e s ,  energy s p e c tra ,  am bient 

d e n s i t i e s ,  e t c . ) .  T h e re fo re , gamma ra y  measurements do n o t re p la c e  

cosmic ra y  measurements bu t complement them in  th e  same way th a t  

measurements in  o th e r re g io n s  o f th e  e lec tro m ag n e tic  spectrum  do.

A gamma ra y  l i n e  a t  0 .51  MeV has lo n g  been observed in  d e te c to rs  

flown beneath  h ig h  a l t i t u d e  b a llo o n s . T his has g e n e ra lly  been a t t r i 

buted to  p o s itro n  p ro duction  in  cosmic ra y  in te r a c t io n s  in  th e  atm osphere 

w ith  subsequent a n n ih i la t io n .  This source  has a ls o  been seen a t  

s a t e l l i t e  a l t i t u d e s .  The fo llo w in g  s e c tio n  rev iew s th e se  experim ents 

in  some d e t a i l .

Of g re a te r  a s tro p h y s ic a l  i n t e r e s t  a re  p o s s ib le  f lu x e s  from 

th e  Sun, from o th e r  d is c r e te  so u rc e s , and from our galaxy  as a w hole.

The q u ie t  Sun em its a n e g l ig ib le  amount o f 0 .511 MeV ra d ia t io n
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(Appendix I ) .  Upper l im i t s  fo r  t h i s  f lu x  have been ta b u la te d  by 

Chupp (1971) f o r  experim ents performed p r io r  to  1969. The low est 

upper l im i t  was measured by Haymes e t  a l .  (1968) and was 8.4- x 10“4
o i

photons cm sec fu r th e rm o re , th e re  was no evidence o f any r a d ia 

t io n  o f n u c le a r  o r ig in  from th e  Sun a t  th a t  tim e .

P re se n t th e o r e t ic a l  c a lc u la t io n s  (Cheng, 1972) show th a t  

m easurable f lu x e s  o f a n n ih i la t io n  r a d ia t io n  from th e  Sun can only 

be expected  d u rin g  s o la r  f l a r e  a c t i v i t y .  S ev e ra l w orkers have 

c a lc u la te d  p o s itro n  p ro d u c tio n  and a n n ih i la t io n  r a t e s  fo r  f l a r e s  as 

d iscu ssed  in  Appendix I .  D if fe re n t models can p re d ic t  v a s t ly  d i f 

f e r e n t  tim e c h a r a c te r i s t i c s  (Chupp, 1971). The in te n s i ty  and tim e 

dependence o f th e  f lu x  depends on th e  i n i t i a l  p ro ton  energy spectrum  

and th e  am bient p a r t i c l e  d e n s ity  and com position . The tim e depend

ence can a ls o  be a f fe c te d  by th e  m agnetic f i e l d  in  th e  p o s itro n  

d e c e le ra t io n  re g io n . The w idth o f th e  0 .511 MeV l in e  can re v e a l th e  

therm al v e lo c i t i e s  o f p o s itro n s  and e le c tro n s  in  th e  a n n ih i la t io n  

re g io n  and th e  fo rm ation  o f th e  p o s i tro n -e le c t ro n  bound s t a t e  

(p o s itro n iu m ). Such measurements combined w ith  measurements in  o th e r  

re g io n s  o f th e  e lec tro m ag n e tic  spectrum  and th e  d e te c t io n  o f th e  

f l a r e - r e l a t e d  charge p a r t i c l e s  and n eu trons can g ive v a lu ab le  knowledge 

about th e  f l a r e  environm ent.

O ther e x t r a t e r r e s t e r i a l  d i s c r e te  so u rces  f o r  which upper 

l im i t s  have been g iven  in c lu d e  th e  Crab N ebula, th e  Cygnus and V irgo 

re g io n s , and C entaurus A (Chupp, 1971). A l im i t  on an  i s o t r o p ic  

f lu x  which cou ld  presumably be produced in  our ga laxy  has been
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pub lished  by M etzger e t  a l .  (1964.). This measurement by th e  Ranger 3

s p a c e c ra f t  g iv es  a  l im i t  o f I . A  x 10 photons cm” sec  .

The h y p o th e tic a l  a n n ih i la t io n  f lu x  produced w ith in  our galaxy

and i t s  s ig n if ic a n c e  has been d iscu ssed  by S te c k e r (1969) and Ramaty,

S ta c k e r and M isra (1970). Ramaty and L in g e n fe lte r  (1966) have t r e a te d

cosmic ra y  in te r a c t io n s  in  th e  galaxy  which y ie ld  p o s itro n s  by th e  
+ +

->■ y ->■ e  scheme. These p o s itro n s  have i n i t i a l  e n e rg ie s

g r e a te r  th an  10 MeV, and t h e i r  escape from th e  ga laxy  i s  an im p o rtan t 

c o n s id e ra tio n  in  e s tim a tin g  th e  e q u ilib riu m  p o s itro n  f lu x .  In  

a d d i t io n ,  th e  p ro duction  and decay o f p o s itro n -e m itt in g  n u c le i may be 

an im p o rtan t source o f g a la t ic  p o s itro n s  in  th e  range 0 .1  to  10 MeV 

(Verma, 1969). The in te n s i ty  o f th e  a s s o c ia te d  a n n ih i la t io n  r a d ia 

t io n  depends on param eters s im ila r  to  th o se  invo lved  in  s o la r  f l a r e  

e v e n ts . P o s itro n  p roduction  i s  a fu n c tio n  o f th e  prim ary cosmic ra y  

i n t e n s i ty  and th e  d e n s ity  and com position o f th e  i n t e r s t e l l a r  g a s .

The e q u ilib riu m  p o s itro n  in t e n s i t y  a ls o  depends on th e  energy lo s s  

r a t e  o f th e  p o s itro n s  (s in c e  th ey  a n n ih i la te  n ear r e s t )  and t h e i r  

s u rv iv a l tim e a g a in s t  a n n ih i la t io n  and leakage  from th e  galaxy .

The r e s u l t a n t  a n n ih i la t io n  r a d ia t io n  from th e  g iven  d i r e c t io n  can then  

be c a lc u la te d ,  knowing th e  amount o f m a tte r  in  th e  d i r e c t io n  o f 

o b se rv a tio n . P o s i t iv e  measurements o f , or l im i t s  on, such a f lu x  

would add to  knowledge of th e  g a la c t ic  cosmic ra y  f lu x  and to  th e  

d i s t r ib u t io n  o f m a tte r  in  th e  ga laxy .
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B. H is to ry  o f O bserva tions o f Atmospheric and 

Cosmic A n n ih ila tio n  R ad ia tio n

1 . B alloon  O bservations

The measurement o f low -energy atm ospheric  gamma ray s  began 

two decades ago a s  a  r e s u l t  o f a tte m p ts  to  d e te c t  r a d ia t io n  from 

e x t r a t e r r e s t e r i a l  so u rc es . Experim ents by R es t, R e if fe l  and Stone 

(1951) and Perlow and K is s in g e r  (1951) invo lved  u s in g  G eiger-M uller 

tu b es  in  a n tic o in c id e n c e  to  d e te c t  gamma ra y s  o f e n e rg ie s  < U MeV and 

< 15 MeV, re s p e c t iv e ly .  Subsequent b a llo o n  f l i g h t s  by K. A. Anderson 

(1961) and J .  I .  V ette  (1962) gained energy spectrum  in fo rm atio n  

between 25 and 1060 keV u s in g  u n sh ie ld ed  Nal s c i n t i l l a t i o n  d e te c to r s .  

The d a ta  o f Anderson e x tra p o la te d  above 300 keV agreed  w e ll w ith  

ro c k e t d a ta  ga th ered  by N orthrop  and H o s te t le r  (1961).

Improved s p e c t r a l  d a ta  was ob ta ined  by F. C. Jones ( I9 6 l)  

u s in g  a b a llo o n -b o rn e  C s l(T l)  phoswitch d e te c to r  surrounded by a

4.-cm th ic k  p a ss iv e  le ad  c o ll im a to r  and a 3-ora th ic k  le ad  s h u t te r .

The energy lo s s  spectrum  in  t h i s  d e te c to r  was d iv id ed  in to  31 b in s  

between £ 0 .1  to  2.4- MeV. No evidence o f 0 .511 MeV r a d ia t io n  was 

d e te c te d ; however, th e  p resence  o f a la rg e  amount o f u n sh ie ld ed  lead  

and th e  sm all opening an g le  o f th e  c o llim a to r  made d e te c t io n  o f th e  

a tm ospheric  spectrum  d i f f i c u l t .

Numerous experim ents have been made w ith  b a llo o n -b o rn e  

in o rg a n ic  s c i n t i l l a t o r s  w ith  c h a rg e d -p a r t ic le  r e je c t io n  and a min

imum of m assive m a te r ia l  in  th e  v i c in i t y  o f  th e  d e te c to r .  A
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gamma ra y  l in e  a t  0 .5  MeV a t t r ib u te d  to  p o s i tro n  a n n ih i la t io n  was 

f i r s t  found w ith  such a d e te c to r  by L.E . P e te rso n  (1963). D e ta ils  

o f th e  m easurem ent, a s  w e ll as  o th e rs  o f  a s im ila r  n a tu re , have been 

summarized by K astu riran g an  e t  a l .  (1972). P e te r s o n 's  d e te c to r  

c o n s is te d  o f  a 5 .1  cm d ia .  x  5 .7  cm long  N al(T l) -  phoswich a rra n g e 

ment flown in  1961 a t  55° N geom agnetic l a t i t u d e  and an  a tm ospheric

dep th  o f 6 .0  g cm-^ . The pub lish ed  in te n s i ty  o f  th e  0 .51  MeV l in e
2 -1was 0 .31 + 0 .03  photons cm sec a t  c e i l in g  a l t i t u d e .  This was 

l a t e r  re v is e d  to  0.62 ± 0 . 06 . In  1962 an experim ent was flown by 

F ro s t e t  a l .  (1966) a t  th e  same l a t i t u d e  to  a dep th  o f 3 .5  g cm”^ .

The d e te c to r  was a 3 .4  cm x 5 .4  cm N al(T l) s c i n t i l l a t o r  w ith  a 

C sl(T l) c o ll im a to r .  The in te n s i ty  a t  a l t i t u d e  was 0 .6 0  photons 

cm“^sec” \

Data a t  47° N has been ob ta ined  by Rocchia e t  a l .  (1965)

d u rin g  th re e  f l i g h t s  i n  1963-1964 to  a c e i l in g  o f 5 .0  g cm“^ . The

d e te c to r  was an u n sh ie ld ed  4 .4  cm x 5 .1 cm N al(T l) s c i n t i l l a t o r  and

th e  measured in te n s i ty  v a r ie d  between 0.34  and 0.40  photons cm -^g ec-l.

A s e r i e s  o f measurements have been made by Chupp e t  a l .  (1970) a t

42° N w ith  a  v a r ie ty  o f  in o rg a n ic  s c i n t i l l a t o r s  and s h ie ld  c o n f ig u ra -
0 1t io n s  from 1966 to  1968. A mean in te n s i ty  o f 0 .1 8  photons cm sec 

was observed . Haymes e t  a l .  (1969) have flown a 10 .1  cm x 5 .1  cm 

N al(T l) d e te c to r  surrounded by a th ic k  (7 .0  cm) N al(T l) a c t iv e  c o l

l im a to r .  These in v e s t ig a to r s  g ive an upper l im i t  to  th e  0 .511 MeV
—2 —1 o —2i n t e n s i t y  o f 0 .2  photons cm” sec a t  42 N and 3 .9  g cm in  1967.

An in te rm e d ia te  l a t i t u d e  measurement (27°N) was made by 

Nakagawa e t  a l .  (1971) in  1970 u s in g  an u n sh ie ld ed  15 cm^ Ge(Li)
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—2 —1d e te c to r .  The r e s u l t  was an in t e n s i t y  o f 0 .12  + 0 .03  photons cm sec 

a t  7 .0  g cm“2 . F in a l ly ,  a s e r ie s  o f b a llo o n  f l i g h t s  was done by 

K astu riran g an  e t  a l .  (1972) n ear th e  eq u a to r (7 .6 °  N) w ith  p la s t i c  

sh ie ld e d  N al(T l) d e te c to r s .  These f l i g h t s  gave a r a t e  o f 0 .0 8  + 0.01 

photons cm~2sec“^ a t  6 .0  g cm~^ re s id u a l  atm osphere. A ll o f th e  above 

r e s u l t s  have been norm alized to  a common atm ospheric  dep th  (6 .0  g cm- ^) 

by K astu riran g an  e t  a l .  and p lo t te d  to  g ive th e  dependence o f th e

0.51 MeV in te n s i ty  on m agnetic l a t i t u d e .

The p re se n t experim ent a s  w e ll a s  o th e r  s a t e l l i t e  ex p erim en ts, 

which a re  summarized below, e lim a te  th e  u n c e r ta in t ie s  invo lved  in  

c o r re c t in g  fo r  a tm ospheric  dep th  and in  comparing th e  r e s u l t s  from 

d e te c to r s  w ith  d i f f e r e n t  s e n s i t i v i t i e s  and a n g u la r  re sp o n se s . These 

d i f f i c u l t i e s  a re  ex p la in ed  in  th e  papers o f Chupp and F o rre s t (1970) 

and Haymes e t  a l .  (1970).

2 . S a t e l l i t e  O bservations

Gamma ra y  measurements made on th e  Ranger 3 and Ranger 5 

s p a c e c ra f t  (M etzger e t  a l . ,  1964) have given an in d ic a t io n  o f th e  

gamma ra y  environm ent in  c is lu n a r  sp ace . The d e te c to r  c o n s is te d  

o f  a  2 .75 in ch  x  2 .75 in .  C sl(T l)  s c in t i l la to r - p h o s w itc h  com bination 

c a l ib r a te d  in  f l i g h t  w ith  C o ^  and Hg^®^ sou rces and p u ls e -h e ig h t 

analyzed  w ith  a 32-channel a n a ly z e r  w ith  two g a in  modes. The d e te c to r  

was capab le  o f being  extended from th e  s p a c e c ra f t  on a 6- f o o t  boom, 

w ith  d a ta  taken  in  bo th  the  stowed and extended p o s i t io n .  This pe rm it

te d  e v a lu a tio n  o f lo c a l  p ro d u c tio n  in  th e  s p a c e c ra f t .  The energy range 

covered was 70 keV to  4 .4  MeV.
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A sm all peak a t  0 .51  MeV was found in  th e  stowed sp e c tra  of

bo th  d e te c to r s  and was a t t r ib u te d  to  secondary p ro d u c tio n . No peak

was observed in  th e  extended p o s i t io n ,  g iv in g  an upper l im i t  fo r  an
-2  -1i s o t r o p ic  f lu x  of 0.014. photons cm sec  . These measurements were 

made a d is ta n c e  o f  7 x lO^- km to  4- x 10^ km from th e  E a r th , making 

c o n tr ib u tio n s  from t h i s  source  n e g l ig ib le .

Measurements in  th e  0 .3  to  3 .7  MeV range were made on th e  

Cosmos 135 and Cosmos 163 s a t e l l i t e  d u rin g  1966 and 1967. The E a rth  

o r b i t s  had 600 km apogee and 250 km p erig ee  w ith  an in c l in a t io n  o f 

49° . These experim ents used 64-channel a n a ly z e rs  to  s o r t  th e  o u tpu t 

o f  a 4 .0  cm x 4 .0  cm N al(T l) s c in t i l la to r - p h o s w itc h  arrangem ent.

Data in  th e  0 .5  MeV re g io n  has been d e sc rib e d  by K onstan tinov , e t  a l .  

(1970), g iv in g  p o s it iv e  ev idence o f a n n ih i la t io n  r a d ia t io n  a t t r ib u te d  

to  th e  E a r th ’ s atm osphere. The quoted f lu x  v a r ie s  w ith  r i g i d i t y
0  -I _ i

between 0 .05  photons cm“*sec and 0 .2  photons cm sec fo r  r i g i d i t i e s

between 14 and 1 GV. No f lu x e s  a re  quoted f o r  o th e r  sou rces a lth o u g h

G o le n e tsk ii e t  a l .  (1971) g ive  upper l im i t  v a lu es  fo r  th e  gamma ra y
P Pi n t e n s i t i e s  in  in te r p la n e ta r y  space o f 4 .0  x 10"* and 7 .7  x 10"*

2 1 —1 —1 photons cm"*sec MeV” s r  in  th e  range 0 .45  to  0 .65 MeV fo r  two

d i f f e r e n t  f i t s  to  the  d a ta .

An experim ent s im i la r  to  th e  Ranger s e r i e s  was p laced  on th e  

A pollo 15 and 16 space v e h ic le s .  The d e te c to rs  c o n s is te d  o f 7 .0  cm 

d ia .  x  7 .0  cm long  N al(T l) s c i n t i l l a t o r s  w ith  p la s t i c  a c t iv e  charged - 

p a r t i c l e  s h ie ld s .  A boom was used to  extend th e  d e te c to rs  up to  

7 .6  m from th e  edge of th e  s p a c e c ra f t .  A fte r  c o r re c t io n  f o r  space

c r a f t  p ro d u c tio n  and lo c a l  a b so rp tio n , th e re  was a  weak p o s i t iv e  f lu x
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a t  0 .51  MeV o f 3 .0  ± 1 .5  x  10-2  photons cm“2sec “^ (Trombka e t  a l .  1973; 

P e te rso n  and Trombka, 1973). This corresponds to  an is o t r o p ic  f lu x  

o f 2.U ± 1 .2  x  10“3 photons cm- ^sec“^ s r “^-. This measurement seems 

in c o n s is te n t  w ith  th e  Ranger upper l im i t  and may be due to  lo c a l ly  

produced p o s itro n s  o r low energy p o s itro n s  o f s o la r  or cosmic o r ig in  

th a t  a n n ih i la te  n ear th e  d e te c to r  (P e te rso n  and Trombka, 1973)«
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I I .  DESCRIPTION OF DETECTOR

A. P h y s ic a l D e sc rip tio n

The U n iv e rs ity  o f New Hampshire gamma-ray m onitor on th e  OSO-7 

s a t e l l i t e  has been d e sc rib ed  in  th e  l i t e r a t u r e  (H igbie e t  a l . ,  1972). 

The fo llo w in g  w i l l  summarize th e  c h a r a c te r i s t i c s  which a re  im p o rtan t 

in  th e  accum ulation  and a n a ly s is  o f d a ta  a t  0 .5  MeV. The b a s ic  

d e te c to r  i s  a 7 .6  cm d iam e ter by 7 .6  cm h igh  c y l in d r ic a l  N al(T l) 

c r y s ta l  h e rm e tic a lly  sea le d  in  a th in  s t a i n le s s  s t e e l  housing  and 

mounted d i r e c t l y  on an RCA C31012 p h o to m u ltip lie r .

This assem bly i s  sh ie ld ed  in  th e  forw ard d i r e c t io n  by a  0 .5  cm 

th ic k  Csl(N a) s la b  and in  a l l  o th e r d i r e c t io n s  by a  CsI(Na) cup o f 

2 .8  cm average th ic k n e ss  and 3 .8  cm th ic k n e ss  n ear th e  d e te c to r  

(F ig u re  I I - l ) .  C h a rg e d -p a rtic le  in te r a c t io n s  in  th e  sh ie ld  above a 

nom inal th re sh o ld  o f 100 keV v e to  c o in c id e n t in te r a c t io n s  in  th e  

d e te c to r .  The s h ie ld  a ls o  se rv es  to  su p ress  th e  rec o rd in g  o f Compton 

s c a t te r in g  in  th e  d e te c to r  by d e te c t in g  th e  s c a t te r e d  photon. Events 

e n ta i l in g  a 0.511 MeV escape gamma ra y  which in t e r a c t s  in  th e  s h ie ld  

a re  s im i la r ly  su p re ssed . The th ic k n e ss  o f  th e  s h ie ld  i s  s u f f i c i e n t  

to  s ig n i f i c a n t ly  a t te n u a te  gamma ra y s  o th e r  th an  th o se  e n te r in g  th e  

forw ard a p e r tu re .  A sm all X -ray d e te c to r  co v erin g  th e  range 7 .5  to  

120 keV i s  in c lu d ed  in  th e  compartment fo r  th e  purpose o f m on ito ring  

s o la r  a c t i v i t y .

The d e te c to r  i s  lo c a te d  in  a segment o f th e  r o ta t in g  wheel 

s e c tio n  o f th e  OSO-7 s p a c e c ra f t .  The d e te c to r  fa c e s  r a d i a l l y  outward 

w ith  c r y s ta l  and cup axes in  l i n e .  The sp in  a x is  o f  th e  s a t e l l i t e  i s



— 'Calibration 
(Co6°  source a t  end 

of light pipe)

X - r a y

X - r a y  calibration 
(Am 2 4 1 light pulser)

Front slab 
Csl(Na)
anticoincidence

C s!(N a)cup
anticoincidence
shield

3 X 3 "  Nai (Tl)  in tegra l  line crystal and
photo multiplier assembly

Figure II-l. Schematic diagram of the gamma-ray monitor showing the main 
detector, charged-particle shield, X-ray detector, and calibration sources.

o
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normal to  th e  p lane of th e  w heel. Thus, th e  f i e ld  o f view o f th e  de

te c to r  sweeps around a g re a t  c i r c l e  in  th e  c e l e s t i a l  sphere c o n ta in in g  

th e  wheel p lane w ith  a p eriod  of about 2 seconds

B. D e tec to r C h a r a c te r is t ic s

1 . Energy range and r e s o lu t io n

The energy ra.nge.-of the  m onitor i s  0 .3  to  9 .1  MeV. The ou tput 

of th e  c e n tr a l  d e te c to r  i s  pulse-hei<?ht analyzed  by means o f a 

Q uad ra tic  Analog to  D ig i ta l  C onverter (B u r tis  e t  a l . ,  1972). The 

channel n in to  which th e  m ls e  i s  d ir e c te d  i s  n o t r e la te d  to  th e  energy 

lo s s  E in  th e  c r y s ta l  in  a l i n e a r  way bu t by th e  fu n c tio n

E = c(n+nQ) ? ,

where c and n^ a re  c o n s ta n ts . S ince th e  energy re s o lu t io n  o f th e  

d e te c to r  (o r  th e  f u l l  w id th  a t  h a l f  maximum of a spectrum  peak due to  

a gamma ra y  l in e )  i s  p ro p o r tio n a l to  / E ~ { ot W H M aln+np]), 

and a E = 2c (n+n0 )An,

i f  AE i s  taken  to  be th e  FWHM o f a peak, i t s  w idth  in  channels n i s  

independent o f energy . The q u a d ra tic  a n a ly s is  op tim izes te le m e try  

and pu lse  h e ig h t a n a ly z e r  usage by g iv in g  equal w id ths to  peaks 

th roughou t th e  energy  ran g e . The pu lse  h e ig h t a n a ly s is  covers 377 

channels and th e  FWHM fo r  peaks was chosen to  be approx im ate ly  5 

ch an n e ls . The nominal energy  range i s  0 .3  to  9 .1  MeV bu t th e  gain  

can be a d ju s te d  by command over a 6 :1  ran g e . The d e te c to r  was designed  

to  g ive  an energy r e s o lu t io n  of approx im ately

A E/E = 7.5% 

a t  E = .662 MeV where AE i s  th e  FWHM.



12

2 . Photopeak s e n s i t i v i t y

The t o t a l  in te r a c t io n  r a t e  R in  a d e te c to r  due to  a p a r a l l e l  

f lu x  F in c id e n t  on th e  s e n s i t iv e  a re a  A i s  g iven  by

R =  F  e A =  FSt

where e i s  th e  t o t a l  e f f ic ie n c y  and ST i s  th e  t o t a l  s e n s i t i v i t y .  When 

a  gamma-ray photon in t e r a c t s  in  a d e te c to r  i t  does no t n e c e s s a r i ly  

lo s e  a l l  o f i t s  energy . Compton s c a t te r in g  w ith  subsequent escape o f 

th e  s c a t te r e d  photon or p a i r  p ro d u c tio n  w ith  subsequent escape o f one 

or bo th  0 .511 MeV a n n ih i la t io n  photons d e p o s its  only p a r t  o f th e  

o r ig in a l  photon energy in  th e  d e te c to r .  The r a t i o  o f th e  in te r a c t io n s  

le a d in g  to  t o t a l  energy lo s s  to  th e  t o t a l  number o f in te r a c t io n s  i s  

c a l le d  th e  p h o to fra c tio n  f .

When th e  f lu x  o f a gamma-ray l in e  causes a peak in  th e  d e te c te d  

spectrum , th e  coun ting  r a t e  in  th e  peak i s  g iven  by

Rp = Ffe A = FSp

where i s  th e  photopeak s e n s i t i v i t y .  Values fo r  th e  t o t a l  s e n s i t i v 

i t y ,  photopeak s e n s i t i v i t y ,  e f f ic ie n c y ,  and p h o to fra c tio n  fo r  a 7 .6  cm 

by 7 .6  cm N al(T l) c r y s ta l  a re  g iven  in  Table I I - l  f o r  a p a r a l le l  beam 

of 0.511 MeV in c id e n t  energy (H eath , 1964.; N e ile r  and B e l l ,  1965). In  

p r a c t ic e ,  th e  r o ta t io n  o f th e  s a t e l l i t e  du rin g  d a ta  accum ulation  

m od ifies  th e  response  to  a p a r a l l e l  beam. This re sp o n se , as measured 

d u rin g  d e te c to r  c a l i b r a t io n ,  i s  d esc rib ed  below. The a c tu a l  photo

peak s e n s i t i v i t y  o f th e  d e te c to r  f o r  a p o in t source  in  th e  c e n te r  of 

th e  f i e ld  o f view o f th e  d e te c to r  a t  s e v e ra l e n e rg ie s  i s  shown in  

F igure  I I -2  (H igbie e t  a l . ,  1973).



• •  S|\ls(0392 MeV)
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Figure II-2. Energy dependence of the detector sensitivity (cm2 ) for an 
axial parallel beam for four line sources.



TABLE II-l

EFFICIENCY PARAMETERS FOR 7 .6  cm x 7 .6  cm 
N a lM V  CRYSTAL

T o ta l S e n s i t iv i ty  (S^) 4-2 cm^

Photopeak S e n s i t iv i ty  (S ) 25 om^
P

E ff ic ie n c y  (e ) 0 .92

P h o to f ra c tio n  ( f )  O.64.

R efe ren ces : Heath (1964.) and N e ile r  and B e ll (1965)
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3. Angular Response

A resp o n se  fu n c tio n  fo r  th e  0S0-7 d e te c to r  which in c lu d e s  th e  

v a r ia t io n  of d e te c tio n  s e n s i t i v i t y  w ith  ang le  o f photon in c id en ce  has 

been measured ex p e rim en ta lly  f o r  s e v e ra l e n e rg ie s  (H igbie e t  a l . ,  1973). 

Gamma-ray e n e rg ie s  o f 0 .393 , 0 .662 , 1 .1 2 , and 2 .75  MeV were ob tained  

from th e  r a d io a c tiv e  is o to p e s  Sn-*-1-^, C s ^ ^ ,  Z n ^ ,  and N a ^ ,  re sp ec 

t i v e l y .  Measurement o f such response  fu n c tio n s  perm it th e  u n fo ld in g  

of continuum s p e c tra  and th e  c a lc u la t io n  o f average s e n s i t i v i t i e s  to  

p o in t so u rc e s . These fu n c tio n s  a re  used in  th e  p re se n t a n a ly s is .  The 

a n g u la r  response  of th e  p re sen t d e te c to r  in c lu d e s  th e  v a r ia t io n  in  

look  d i r e c t io n  due to  r o ta t io n  o f th e  s a t e l l i t e  (2-second period) 

w h ile  th e  d e te c to r  i s  accum ulating  d a ta . F igure  I I - 3  i l l u s t r a t e s  th e  

v a r ia t io n  of th e  s e n s i t i v i t y  f o r  a p o in t source o f energy 0.662 MeV 

( C s ^ ^ ) ,  where th e  aaim uth an g le  i s  th e  ang le  in  th e  wheel p lane between 

th e  look  d i r e c t io n  and th e  so u rc e , and th e  e le v a tio n  ang le  i s  th e  ang le  

between th e  source  d i r e c t io n  and th e  wheel p lan e .

4 . Time re s o lu t io n

There a re  th re e  modes o f d a ta  read o u t g iv in g  th re e  p o ss ib le  

accum ulation  tim e s . In  th e  normal mode, d a ta  i s  accum ulated when 

th e  d e te c to r  i s  po in ted  w ith in  ±45° o f th e  Sun. Because o f th e  

s a t e l l i t e  o r ie n ta t io n ,  th i s  s o la r  scan always co n ta in s  th e  Sun a t  i t s  

c e n te r  (F igure  I I - 4 ) . Data i s  a ls o  accum ulated s e p a ra te ly  when th e  

d e te c to r  i s  po in ted  w ith in  +45° of th e  a n t i s o la r  d i r e c t io n .  The d a ta  

accum ulation  th u s  d e f in e s  a s o la r  quadran t and an a n t i s o la r  q u ad ran t.
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OF ig u r e  I I - 3 .  V a r i a t i o n  o f  d e t e c t o r  s e n s i t i v i t y  (cm ) w i th  
a z im u th  a n d  e l e v a t i o n  f o r  a  0 .6 6 2  MeV ( C s ^ T )  p o i n t  s o u r c e .
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The accum ulation  tim e fo r  each q uad ran t du rin g  one s p a c e c ra f t  r o ta t io n  

i s  about 0 .5  seconds because of th e  2-second r o ta t io n  p e rio d . Data 

fo r  each qu ad ran t i s  summed s e p a ra te ly  fo r  3 m inutes o f r e a l  tim e 

befo re  being  read  o u t.

In  a d d it io n  to  t h i s  3-m inute tim e r e s o lu t io n ,  f a s t  scans of 

30 seconds and in te rm e d ia te  scans o f 61 seconds a re  a v a i la b le  on 

command. These f a s t e r  scan  modes a re  p e rm itted  by low ering  th e  

number o f p u lse  h e ig h t channels  used . W ith proper ga in  a d ju stm en t, 

th e  ^ a s t  scan  mode read s  out only channels covering  l in e s  a t  0 .511 and 

2 .2  MeV and c a l ib r a t io n  l i n e s  o f  C o ^  (see  s e c t io n  on c a l i b r a t i o n ) .

The in te rm e d ia te  scan a ls o  covers  channels fo r  l i n e s  a t  4..4-3 and 

6.13 MeV.

The d e te c to r  can a ls o  be sw itched by command from th e  normal 

qu ad ran t mode ( s o l a r - a n t i s o la r  q u ad ran ts) to  an a l t e r n a t e  q uad ran t 

mode in  which d a ta  i s  c o l le c te d  when th e  d e te c to r  i s  po in ted  a t  r ig h t  

an g les  to  th e  s o la r  d i r e c t io n .  The s e c t io n  of th e  c e l e s t i a l  sphere 

seen  in  th e  a l t e r n a t e  q u ad ran t mode depends on th e  s o la r  d i r e c t io n  

and on th e  o r ie n ta t io n  of th e  sp in  a x is  o f th e  s p a c e c ra f t .

5. Housekeeping d a ta

In fo rm a tio n  on th e  s ta tu s  o f th e  experim ent i s  te lem ete red  

from th e  s p a c e c ra f t  d u rin g  every  scan . This in fo rm atio n  in c lu d e s : 

scan mode, q u ad ran t mode, h igh  and low v o lta g e , d e te c to r  and e le c t ro n ic s  

tem p e ra tu re , s la b  and cup co u n tin g  r a t e s ,  in te g r a l  coun ting  r a t e s  fo r  

en e rg ie s  between 0 .3  and 9 .1  MeV and g re a te r  than  9 .1  MeV, au tom atic  

c a l i b r a t io n  mode and m agnetom eter re fe re n c e  mode. F u r th e r housekeeping
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d a ta  i s  in c lu d ed  in  th e  main frame c y c le  which i s  s e n t back every  

3 m in u tes . This in c lu d e s : D ay/n igh t s ig n a l ,  s ta tu s  o f e le c tro n ic

c a l ib r a t io n  and r a d ia t io n  source  c a l i b r a t io n ,  and l iv e  tim e and dead 

tim e in fo rm a tio n .

C. C a l ib ra t io n  and Gain S t a b i l i t y

When th e  d e te c to r  i s  in  th e  c a l ib r a t io n  mode, an e n t i r e  scan 

i s  used to  accum ulate a  spectrum  from a Co^O c a l ib r a t io n  source 

lo c a te d  n ex t to  th e  c e n t r a l  d e te c to r  (F igu re  I I - l ) .  This c a l ib r a t io n  

method has been d e sc rib ed  by F o r re s t  e t  a l .  (1972). B r ie f ly ,  i t  

c o n s is ts  o f a sm all p l a s t i c  s c i n t i l l a t o r  b u tto n  doped w ith  Cô *-* and 

mounted on th e  end of a l i g h t  p ipe viewed by a  p h o to m u ltip lie r  tu b e .

The Co^* em its b e ta  p a r t i c l e s  in  co n ju n c tio n  w ith  prompt gamma ra y s , 

more th an  99 p e rcen t o f which a re  cascade l in e s  a t  1 .17  and 1 .33  MeV.

In  th e  c a l ib r a t io n  mode, th e  p u lses  due to  b e ta  p a r t i c l e  energy lo s s  

in  th e  p la s t i c  a r e  seen by th e  p h o to m u ltip lie r  and a re  used to  g a te  

on th e  main d e te c to r  and a c a l ib r a t io n  spectrum  i s  accum ulated . In  

th e  n o n c a lib ra t io n  (norm al) mode, th e  d e te c to r  i s  ga ted  o f f  by th e se  

p u lse s  and th e  c a l ib r a t io n  in te r a c t io n s  a re  excluded from th e  d a ta . 

S ince  th e  e f f ic ie n c y  f o r  d e te c t in g  th e  b e ta  p a r t i c l e s  i s  n o t 100 

p e rc e n t, b e ing  somewhat g r e a te r  than  95 p e rc e n t, th e re  i s  some leakage 

of th e  Ctfi® r a d ia t io n  in to  a l l  th e  d a ta .  A sample c a l ib r a t io n  spectrum  

i s  shown in  F ig u re  IT -5 .

In  th e  au tom atic  c a l ib r a t io n  mode th e  Co^O sp e c tra  a re  ac 

cum ulated a t  every  s a t e l l i t e  d a y /n ig h t and n ig h t/d a y  t r a n s i t i o n .

This mode can be in h ib i te d  and i n i t i a t e d  by command from th e  ground.
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A m plifiers and th re sh o ld s  a re  a ls o  checked e le c t r o n ic a l ly  by th e  

manual c a l i b r a t io n  command.

The g a in  of th e  c e n tr a l  d e te c to r  i s  a d ju s ta b le  th rough  th e  

v a r ia t io n  o f phototube h igh  v o lta g e  which has two co arse  ad justm en t 

s te p s  o f 150 v o l t s  each , and 64. f in e  ad justm en t s te p s  w ith in  each 

co arse  ran g e . Gain c o n tro l  a llow s f o r  c o r re c t io n  o f ga in  lo s s  due 

to  phototube ag in g  and g iv es  th e  o p tio n  o f changing th e  o v e ra ll  energy 

range o f th e  d e te c to r .

The s t a b i l i t y  o f th e  g a in  can be checked by m onito ring  th e  

channel p o s it io n s  o f th e  c a l i b r a t io n  peaks (1 .1 7 , 1 .3 3 , and 2 .50 MeV 

sum peak ). The s a t e l l i t e  dawn and dusk c a l ib r a t io n  v e r i fy  th e  s t a b i l i t y  

o f th e  g a in  over th e  c h a r a c te r i s t i c  tim e o f an o r b i t  p eriod  (about 93 

m inutes) o r lo n g e r . Gain s t a b i l i t y  f o r  tim es between c a l ib r a t io n s  can 

only be e stim ated  by th e  p o s i t io n  and w idth  o f peaks o f known energy 

(such a s  th e  Co^° leakage  peaks) in  sp e c tra  summed over th ose  tim es .

D. D e sc rip tio n  o f S a t e l l i t e  O rb it .  A spect, and On-tim es

The O rb itin g  S o la r  O bservatory  (0S0-7) was launched on 

September 29, 1971. The o r b i t  had th e  param eters l i s t e d  in  Table I I - 2 .  

An e r r o r  in  D elta  in je c t io n  produced an anomalous e c c e n tr ic  o r b i t  

causing  a p e r io d ic  v a r ia t io n  in  th e  l a t i tu d e  o f th e  apogee. The 

UNH gamma-ray m onitor was tu rn ed  on a t  0352UT, O ctober 3, 1971 and 

was f u l l y  o p e ra tio n a l a t  2315 o f th e  same day.

I t  was d isco v ered  soon a f t e r  tu rn -o n  th a t  th e  d e te c to r  g a in  

was s e v e re ly  degraded d u rin g  and a f t e r  passage through th e  South 

A tla n tic  anomaly re g io n  of th e  r a d ia t io n  b e l t s .  This problem was 

d e a l t  w ith  by tu rn in g  o f f  th e  d e te c to r  d u rin g  o r b i t s  t h a t  passed
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th rough th e  anomaly re g io n . Using t h i s  te ch n iq u e , th e  g a in  was h e ld  

s ta b l e ,  though a t  a low er value  than  a t  th e  i n i t i a l  tu rn -o n . The 

channels c o n ta in in g  th e  0 .5  MeV reg io n  rem ained below th e  d e te c to r  

th re sh o ld  u n t i l  1006 UT A p ril 25, 1972. At t h i s  tim e, th e  g a in  was 

r a is e d  u n t i l  th e  th re sh o ld  was a t  about 0 .3  MeV.

The d e te c to r  u s u a lly  operated  in  th e  normal q uad ran t mode; 

th a t  i s ,  d a ta  was g a th ered  in  th e  s o la r  q uad ran t and a n t i s o la r  (back

ground) q u ad ran t, ^or about U hours every  day th e  d e te c to r  was sw itch 

ed to  th e  a l t e r n a t e  q uad ran t mode, ■'■'or th e  n ex t 8 hours th e  d e te c to r  

was o f f  f o r  passages through th e  anomaly, a f t e r  which tim e i t  was 

tu rn ed  on fo r  about 12 hours of o p e ra tio n  in  th e  normal q uad ran t mode.
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I I I .  METHODS OF DATA ANALYSIS

A. S e le c t io n  o f Data Scan3

The main l im i t  on th e  d a ta  coverage in  th e  tim e domain i s  th e  

requ irem en t t h a t  th e  d e te c to r  be o f f  du rin g  o r b i t s  th a t  in c lu d e  passage 

th rough  th e  South A tla n tic  anomaly. The d e te c to r  i s  o f f  fo r  t h i s  

reason  about 25 p e rcen t o f th e  tim e . A d d itio n a lly , d a ta  from a g iven  

source cannot be g a thered  co n tin u o u sly  because o f th e  changes of 

q uad ran t and a sp e c t and e c l ip s e  by th e  E a r th . For example, d a ta  from 

th e  Sun i s  excluded in  th e  a l t e r n a t e  q uad ran t mode and d u rin g  s a t e l l i t e  

’’n ig h t ."  The b e s t  a sp e c t f o r  view ing th e  E a r th 's  atm osphere i s  n ear 

s a t e l l i t e  "noon" and "m idnight" when th e  d e te c to r  look d i r e c t io n  i s  

a long  an E a rth  ra d iu s  v e c to r .

The b e s t  tim e fo r  m easuring th e  c o n tr ib u tio n  to  th e  coun ting  

r a t e  from so u rces  o th e r th an  lo c a l  p ro d u c tio n  in  th e  s p a c e c ra f t  i s  

when t h i s  lo c a l  p roduction  i s  a t  a minimum. This minimum has been 

found to  occur soon a f t e r  th e  apogee o f th e  o r b i t  reach es  i t s  n o r th e rn 

most ex cu rsio n  (F igure  I I I - l ) .  This i s  because lo c a l  background i s  

a t  i t s  g r e a te s t  when th e  s p a c e c ra f t  passes deep in to  th e  r a d ia t io n  

b e l t s ,  which happens when th e  apogee i s  in  th e  so u th ern  l a t i t i d e s  ( in  

th e  v i c in i t y  o f th e  South A tla n tic  anom aly).

Measurement o^ th e  atm ospheric  c o n tr ib u tio n  should be done 

when th e  c o n tr ib u tio n  from th e  Sun i s  n e g l ig ib le .  For exam ple, d u rin g  

th e  period  o f s o la r  a c t i v i t y  from August 4  to  August 11 , 1972, a 

c o n tr ib u tio n  from th e  Sun could  be seen in  th e  s o la r  quadran t
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(S ec tio n  IV, D). F urtherm ore, th e re  was an ap p aren t enhancement o f 

th e  f lu x  from th e  atm osphere on August 4 about 8 hours a f t e r  f l a r e  

maximum.

In  a d d it io n  to  d a ta  l o s t  f o r  th e  above re a so n s , some d a ta  must 

be r e je c te d  because of n o ise  p icked  up du rin g  te le m e try  tra n sm iss io n . 

Im proper d a ta  can be recogn ized  by w arnings in  th e  d a ta  a n a ly s is  ch ain  

and by n o n s t a t i s t i e a l  f lu c tu a t io n s  in  one or more a d jo in in g  p u ls e -  

h e ig h t ch an n e ls .

B. S e le c t io n  o f th e  Peak Region

Because of the  energy c a l ib r a t io n  which i s  done tw ice  du rin g  

each o r b i t ,  th e  p u lse  h e ig h t re g io n  where th e  0 .511 MeV peak i s  

expected  to  occur can be lo c a te d  w ith  some co n fid en ce . The c a l ib r a t io n  

sp e c tra  co n ta in  th re e  peaks (S ec tio n  I I ,  C) which a re  used to  c a lc u la te  

v a lu es  fo r  c and n^ in  th e  eq u a tio n .

E = c(n+n0 )2 .

From th e se  v a lu es  th e  channel number in  which th e  c e n te r  o f a 0.511 MeV 

peak would f a l l  can be c a lc u la te d .

T ypical v a lu es  fo r  c are.show n in  F igure  I I I - 2 ,  which a ls o  

shows th e  tim e v a r ia t io n  o f c . The value  o f ng i s  tak en  to  be 

co n s ta n t th roughou t (n^ = 8 0 .2 ) . For t h i s  example, th e  c e n te r  o f th e  

peak i s  c a lc u la te d  to  va ry  between channel 4-3.8 and channel 4 5 .6  f o r  ' 

a 7 hour tim e span on A pril 27, 1972.
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C. F i t t i n g  th e  Continuum Background beneath  Peak

1 . L in ea r f i t

A f i r s t  a ttem p t a t  de te rm in in g  th e  coun ting  r a t e  due to  a

0.511 MeV l i n e  c o n s is ts  o f d e term in ing  th e  excess o f counts in  th e  

peak re g io n  above an assumed "background". The q u a l i t a t iv e  behav io r 

o f th e  0 .511 MeV f lu x  can be seen  m erely by assum ing th a t  th e  back

ground i s  a l i n e a r  in te r p o la t io n  between re g io n s  on each s id e  o f th e  

peak. This f i t  t o  th e  d a ta  i s  shown in  F igure I I I - 3 .  The background 

i s  tak en  to  be th e  average o f 7 -channel wide re g io n s  im m ediately  above 

and below a 7 -channel wide re g io n  cen te red  on th e  peak. F ig u re  III-4 - 

shows th e  r e s u l t  o f such a f i t  f o r  a s e r ie s  of sca n s . Each p o in t 

r e p re se n ts  a scan  fo r  which th e  average a l t i t u d e ,  r i g i d i t y  and d e te c to r  

l iv e  tim e i s  g iv en . A p o s i t iv e  value  fo r  the  excess a t  0 .5  MeV above 

th e  l in e a r  background im p lie s  th e  e x is te n c e  o f a  peak n ear th a t  energy . 

A c o n s is te n t  excess in  th e  0 .5  MeV re g io n  above th e  background e x i s t s .  

This shows th a t  th e re  i s  a peak a t  t h i s  energy in d ic a te d  in  th e  d a t a ,  

even f o r  in d iv id u a l  scan s .

2 . E xponentia l F i t

Exam ination o f a sum o f many scans re v e a ls  s tro n g  l in e s  on 

both s id e s  o f th e  0 .5  MeV re g io n . This in d ic a te s  t h a t  th e  lo c a l iz e d  

l i n e a r  f i t  d e sc rib e d  above i s  n o t th e  most re a so n ab le  f i t  to  th e  

background. F ig u re  I I I - 5  shows a p lo t  o f d a ta  g a thered  w hile  view ing 

th e  E a r th . This spectrum  i s  a summation o f scans g a thered  over a 

l iv e  tim e o f 1701 seconds. Also shown i s  th e  co rrespond ing  sum
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spectrum  fo r  th e  a n t ie a r th  d i r e c t io n .  The d a ta  shows numerous peaks

and a  continuum which i s  f i t  to  an ex p o n en tia l law  o f th e  form
-VT? —1 —1

R = Ne c o u n ts-sec  -MeV

where R i s  d i f f e r e n t i a l  coun ting  r a te  and E i s  energy  in  MeV.

F igure  I I I - 5  shows th i s  f i t  f o r  th e  E arth  a s p e c t .  The f i t t i n g  i s  done 

fo r  e n e rg ie s  between .78  and 1 .11 MeV where th e re  appears to  be a 

minimum c o n tr ib u tio n  from s tro n g  l i n e s .  This energy re g io n  was a ls o  

s e le c te d  because of i t s  p ro x im ity  to  th e  a n n ih i la t io n  peak. An 

ex p o n en tia l which f i t s  th e  continuum w e ll a t  a much h ig h e r energy 

w i l l  n o t do so in  t h i s  re g io n  because of th e  energy dependence o f th e  

e - fo ld in g  en erg y . The re g io n  in  th e  immediate v i c in i t y  o f th e  an

n ih i l a t io n  l i n e  cannot be used to  f i t  th e  continuum because o f th e  

e x is te n c e  o f l in e s  which can be a t t r ib u te d  to  lo c a l  p roduction  in  th e  

s a t e l l i t e .  This a t t r i b u t i o n  i s  made because th e  s t r e n g th  of th e  l i n e s ,  

u n lik e  the  0 .511 MeV l i n e ,  i s  independent o f th e  look  d ir e c t io n  o f th e  

d e te c to r .  L ines in  t h i s  energy range a re  expected  due to  s p a l l a t io n  

in te r a c t io n s  in  th e  d e te c to r  and sh ie ld  (Appendix I I ) ,  as w e ll a s  in  

th e  r e s t  o f th e  s p a c e c ra f t .  These same in te r a c t io n s  a re  a ls o  expected 

to  g ive  r i s e  to  an ex p o n en tia l continuum (Fishman, Appendix I I ) .

The sum spectrum  shown in  F igure  I I I - 5  i s  from th e  4-day  p eriod  

25-28 A pril 1972 w ith  scans c h a ra c te r iz e d  by th e  d e te c to r  view ing th e  

E a rth  w ith  s a t e l l i t e  a l t i t u d e  l e s s  than  430 km and c u to f f  r i g i d i t y  

between 8 and 12 GV. The e f f e c t s  o f th e se  param eters a re  d iscu ssed  

in  subsequent s e c t io n s .  The le a s t- s q u a re s  f i t  spectrum  shown in  the  

f ig u re  g ives th e  c o n s ta n ts  in  th e  ex p o n en tia l law  to  be 

N = 98.5  and k = 2 .40  + 0 .09  (MeV)"1
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A f i t  to  th e  co rrespond ing  d a ta  ob ta ined  w hile  lo o k in g  away from th e  

e a r th  g ives th e  va lu es

N = 8 1 .5  and k = 2 .27 + 0.11 (MeV)"1 

The co rrespond ing  e - fo ld in g  energy  o f 0.4- MeV can be compared w ith  

th e  v a lue  o f 1 MeV fo r  la b o ra to ry  produced s p a l l a t io n  con tinua  

(Dyer and M o rf i l l ,  1971; Fishman, 1972) and th e  v a lue  0 .7  MeV in  th e  

p o s t - f l i g h t  a n a ly s is  o f th e  A pollo 17 d e te c to r  (P e te rso n  and Trombka, 

1973).

D. D eterm ination  o f R ig id i ty  Values

A param eter which has been found to  be im portan t in  th e  behav io r 

o f th e  a tm ospheric  a n n ih i la t io n  l i n e  f lu x  i s  th e  value  o f t h e  v e r t i c a l  

c u to f f  r i g i d i t y  Pc a t  th e  p o in t o f o r ig in  in  th e  atm osphere 

(K astu riran g an  e t  a l . ,  1969; G o le n e tsk ii e t  a l . ,  1971). The r i g i d i t y  

o f a p a r t i c l e  in  v o l ts  i s  n u m erica lly  equal to  i t s  momentum in  eV/c 

d iv id ed  by i t s  charge number Z. The c h a r a c te r i s t i c  c u to f f  r i g i d i t y  o f 

a p o in t n e a r th e  E a rth  i s  th e  s m a lle s t  r i g i d i t y  which a cosmic ray; 

can have, and y e t  reach  th a t  p o in t by p e n e tra tin g  th e  E a r th 's  m agnetic 

f i e l d .  R ig id ity  va lu es  in  t h i s  paper have been ob ta ined  from th e  

p u b lic a tio n  by Rhea e t  a l .  (1968) where t r a je c to r y - t r a c e d  Pc v a lu es  

a t  th e  E a r th 's  su rfa c e  a re  ta b u la te d  by geographic l a t i t u d e  between 

85°N and 85°S in  increm ents o f 5 degrees and by geographic lo n g itu d e  

in  increm ents o f 15 d eg rees . Comparison between a c tu a l  p ro to n  c u to f f  

r i g i d i t y  measurements by Bingham e t  a l .  (1967) w ith  somewhat l e s s  

p re c is e  e a r l i e r  c a lc u la t io n s  by Shea and Smart (1967) show th a t  

c a lc u la te d  v a lu es  a r e  w ith in  I f  p e rcen t of th e  measured va lu es  fo r  

r i g i d i t i e s  g re a te r  than  Zu GV.
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The r i g i d i t y  a p p lie d  to  each scan  i s  th e  v a lu e  ta b u la te d  fo r  

th e  p o in t on th e  E a rth  which marks th e  m idpoin t of th e  3-m inute scan 

tim e . This average r i g i d i t y  i s  in te rp o la te d  where n ecessa ry  from 

th e  v a lu es  ta b u la te d  by Shea e t  a l .  (1968).
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IV. RESULTS OF DATA ANALYSIS

A. P lan  o f A nalysis

P rev ious s a te l l i t e - b o r n e  gamma-ray experim ents have shown th a t  

t h e i r  co u n tin g  r a te s  a re  a c o n tr ib u tio n  from se v e ra l so u rc e s , namely, 

lo c a l  p ro d u c tio n  from p a r t i c l e  in te r a c t io n s ,  th e  a c t iv e  Sun, a cosmic 

f lu x , and a f lu x  from th e  E a r th 's  atm osphere ( f o r  a s a t e l l i t e  in  E a rth  

o r b i t ) .  The s e p a ra tio n  o f th e  t o t a l  r a t e  in to  th e se  component p a r ts  can 

be done, a t  l e a s t  p a r t i a l l y ,  by in v e s t ig a t in g  i t s  dependence on v a rio u s  

pa ram ete rs . This i s  th e  approach tak en  in  th e  fo llo w in g  a n a ly s is .

S ince th e  lo c a l  p ro d u c tio n  r a t e  i s  no t o f d i r e c t  i n t e r e s t ,  i t  

i s  m inimized (bu t n o t e lim ina ted ) by a p p ro p r ia te  d a ta  s e le c t io n .  The 

im p o rtan t v a r ia b le s  of a s p e c t ,  v e r t i c a l  c u to f f  r i g i d i t y ,  a l t i t u d e ,  

gamma-ray continuum r a t e ,  and c h a rg e d -p a r tic le  r a t e  a re  then  in v e s t i 

ga ted  w ith  r e s p e c t  to  th e  co u n tin g  r a t e  due to  th e  p o s itro n  a n n ih i la t io n  

l i n e .  These le ad  to  th e  above-m entioned s e p a ra tio n  in to  components. 

Inc luded  in  th e se  components i s  a  c o n tr ib u tio n  from th e  Sun which 

y ie ld s  only an upper l im i t  f lu x  fo r  th e  q u ie t  Sun. During th e  s o la r  

a c t i v i t y  o f August U to  August 7 , 1972, however, a p o s i t iv e  c o n tr ib u 

t io n  was m easured. The s ig n if ic a n c e  o f t h i s  l in e  f lu x ,  i t s  w id th , and 

i t s  energy  a re  a ls o  d iscu ssed  in  th e  fo llo w in g  p re s e n ta t io n .
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B. Param eters A ffe c tin g  0.511 MeV Flux 

1 . V e r t ic a l  C u to ff R ig id ity

P re lim in a ry  a n a ly s is  o f th e  d a ta  in d ic a te d  th a t  r i g i d i t y  

(S ec tio n  I I I ,  D) i s  an im p o rtan t f a c to r  a f f e c t in g  th e  gamma ra y  f lu x  

a t  s a t e l l i t e  a l t i t u d e s .  This was to  be expected  from prev ious s a t 

e l l i t e  and b a llo o n  measurements (S ec tio n  I ,  B ). I t  can be assumed a 

p r io r i  th a t  th e  f lu x  can a ls o  depend on v a rio u s  o th e r param eters 

in c lu d in g : a l t i t u d e ,  a sp e c t or look  d i r e c t io n ,  tim e a f t e r  exposure to

th e  r a d ia t io n  b e l t ,  exposure to  th e  Sun, and changes in  th e  cosmic 

ra y  f lu x ,  among o th e rs .  The d i f f i c u l t y  in  a s s e s s in g  th e  im portance o f 

v a rio u s  param eters l i e s  in  h o ld in g  a l l  p a ram ete rs , excep t th e  one o f 

i n t e r e s t ,  c o n s ta n t, w h ile  o b ta in in g  enough d a ta  to  g iv e  a s t a t i s t i c a l l y  

s ig n i f ic a n t  measurement.

For an in v e s t ig a t io n  o f th e  r i g i d i t y  dependence, th e  rem aining 

param eters were t r e a te d  a s  fo llo w s:

1 . A ltitu d e  was no t c o n s tra in e d  in  th e  a n a ly s is .  A s c a t t e r  diagram  

re v e a ls  t h a t  th e  average a l t i t u d e  i s  no t c o r re la te d  w ith  r i g i d i t y  

over th e  a n a ly s is  period  o f fo u r  days so th e  r i g i d i t y  v a r ia t io n  i s  

averaged over a l t i t u d e .

2 . Aspect was lim ite d  to  o r ie n ta t io n s  of th e  s p a c e c ra f t  such th a t  th e  

in te r s e c t io n  p o in t o f th e  c e n te r  o f  th e  look  d ir e c t io n  and th e  su rfa c e  

o f th e  E arth  d id  n o t d i f f e r  by more than  5° in  a rc  d is ta n c e  o r about

1 GV in  r i g i d i t y  from th e  v a lu e  in  r i g i d i t y  c a lc u la te d  as  in
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S ec tio n  I I I ,  D. This i s  l e s s  than  th e  average  change in  r i g i d i t y  

over a  3-m inute scan .
r\,

3 . Data was l im ite d  to  th a t  tak en  >150 min. a f t e r  passage through 

th e  South A tla n tic  anomaly to  minimize th e  c o n tr ib u tio n  from s h o r t 

l iv e d  s p a l l a t io n  p roducts  which could  mask th e  r i g i d i t y  dependence. 

A lso, d a ta  was only analyzed  f o r  a 4-day  p e rio d  of minimum background; 

th a t  i s ,  fo r  tim es when th e  apogee was in  n o rth e rn  l a t i tu d e s  

(S ec tio n  I I I ,  A) .

4 . The q u ie t- t im e  s o la r  c o n tr ib u tio n  to  th e  0 .511 MeV f lu x  i s  

n e g l ig ib le  (S ec tio n  I ,  B) and d a ta  ob ta ined  d u rin g  p erio d s  o f s o la r  

a c t i v i t y  have been om itted  from th e  r i g i d i t y  a n a ly s is .

5. Large changes in  th e  c h a r g e d - p a r t id e  f lu x  in  th e  s p a c e c ra f t  

environm ent can be m onitored by o b serv a tio n  o f th e  coun ting  r a t e s  in  

th e  c h a rg e d -p a r t ic le  s h ie ld  s la b  and cup. Times when th e se  r a te s  

d i f f e r e d  from q u ie t- t im e  r a te s  (such as  p e rio d s  o f s tro n g  s o la r  

a c t i v i t y )  were om itted  from th e  a n a ly s is .

A fte r choosing  th e  scans by th e  above c r i t e r i a ,  th ey  were 

grouped acco rd in g  to  r i g i d i t y  ( l  GV r e s o lu t io n ) ,  d a y /n ig h t s t a t u s ,  

and s o l a r / a n t i s o l a r  q u ad ran t. The coun ting  r a t e  in  th e  0 .511 MeV 

peak was determ ined f o r  each in d iv id u a l scan u s in g  a l in e a r  f i t  to  

th e  background as  d e sc rib ed  in  S ec tio n  I I I ,  C. I t  can be no ted  h e re  

th a t  G o le n e ts k ii ,  e t  a l .  (1971) used a s im i la r  approach w ith  "Cosmos" 

d a ta ,  s in c e  th e  background i s  a p p a re n tly  tak en  a s  sm oothly jo in in g  

th e  spectrum  on bo th  s id e s  o f th e  peak.

Data combined acco rd in g  to  E a rth  a s p e c t ,  w ith  s o la r /d a y  d a ta  

added to  a n t i s o la r /n ig h t  d a ta  ( a n t ie a r th  d a ta ) and s o la r /n ig h t  d a ta  

added to  a n t i s o la r /d a y  d a ta  (E arth  d a ta ) ,  i s  shown in  f ig u re s  IV-1
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and IV -2. Again, t h i s  p lo t  i s  com parable to  "Cosmos" d a ta  which had 

s im ila r  tim e (2-m inute scans) and r i g i d i t y  r e s o lu t io n  a lth o u g h  th e  

e s s e n t i a l ly  i s o t r o p ic  Cosmos d e te c to rs  had no a sp e c t c r i t e r i a .  Both 

d a ta  were a ls o  averaged over a l t i t u d e ,  w ith  an average a l t i t u d e  of 

^  400 km in  both  c a se s . The p lo tte d  d a ta  summarizes th e  4-day 

minimum background p e rio d  (25 A pril 1972 -  28 A p ril 1972).

I t  was no ted  in  S e c tio n  I I I  th a t  an ex p o n en tia l continuum i s  

a more rea so n ab le  re p re s e n ta t io n  o f th e  spectrum  continuum th an  a 

l i n e a r  background. There i s  in s u f f i c i e n t  d a ta  to  f i t  ex p o n en tia l 

backgrounds to  sp e c tra  summed over th e  4-day p erio d  fo r  s in g le  r i g i d 

i t y  v a lu e s , -^or t h i s  re a so n , th e  sum of scans w ith  f i t t e d  background 

d iscu ssed  in  S ec tio n  I I I  was used to  s c a le  th e  r i g i d i t y  dependence 

from a l i n e a r  background assum ption to  an ex p o n en tia l background .

The b a s is  of th e  method i s  i l l u s t r a t e d  in  f ig u re  IV -3. a  i s  th e  coun t

in g  r a t e  o b ta ined  from a l in e a r  f i t  to  th e  background in  th e  sum 

spectrum ; b i s  th e  background used f o r  a l in e a r  f i t ;  A i s  th e  t o t a l  

coun ting  r a t e  under a g au ss ian  peak r id in g  on th e  ex p o n en tia l back

ground C. Once th e  r e la t io n s h ip  between a and A i s  found fo r  th e  sum 

spectrum , i t  can be found f o r  a d d it io n  v a lu es  o f a  and A m erely  by 

v ary in g  th e  value  o f £  and e m p ir ic a lly  d e term in ing  th e  correspond ing  

v a lue  o f a .  This method i s  a p p lic a b le  only i f  th e  p roduction  peaks 

on both  s id e s  o f th e  a n n ih i la t io n  peak do n o t vary  w ith  r i g i d i t y ,  

fo r  then  th e  value  o f b , which c o n tr ib u te s  to  th e  peak, would no t 

v a ry  l in e a r ly  w ith  C. The c o rre c t io n  i s  a ls o  good as  long as  th e  

e x p o n en tia l background C does no t vary  r a d ic a l ly  in  shape. Both of 

th e se  q u a l i f i c a t io n s  a re  met in  th e  p re sen t a n a ly s is .  The fu n c tio n a l
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dependence o f A on a  i s  A = (1 .21  a  + 0 .26) c o u n ts -se c - *" f o r  E a rth  

a sp e c t and A = (1 .21 a + 0 .1 2 )  c o u n ts -se c - *" fo r  a n t i e a r th  a s p e c t .

Comparison of sum s p e c tra  show th a t  th e  0 .511 MeV peak i s  in  

bo th  E a rth  and a n t ie a r th  d i r e c t io n s  w ith  a c o n s id e ra b le  excess seen 

in  th e  E a rth  d i r e c t io n  (F ig u re  I I I - 5 ) .  The coun ting  r a t e  in  th e  a n t i 

e a r th  q u ad ran t ( £ 0 .4  se c - '*" or 8 x ICT^ photons cm- ^ sec - *'sr"’^) i s  

c o n s id e ra b ly  g re a te r  than  l im i t s  put on th e  cosmic f lu x  fo r  t h i s  peak 

determ ined by M etzger e t  a l .  (1964). S ince p o s itro n  e m itte r s  can be 

expected  from s p a l l a t io n  p ro d u c ts  in  d e te c to r  and s h ie ld  m a te r ia ls  

and s in ce  M etzger and o th e rs  have seen  an a n n ih i la t io n  peak a ss o c ia te d  

w ith  lo c a l  background, we can te n ta t iv e ly  id e n t i f y  th e  coun ting  r a te  

seen in  th e  a n t ie a r th  d i r e c t io n  w ith  lo c a l  p ro d u c tio n . The r a t e  seen 

in  th e  E a rth  q uad ran t i s  th e re fo re  lo c a l  p ro d u c tio n  p lu s  th e  E a r th 's  

c o n tr ib u t io n .  In  th e  fo llo w in g  d is c u s s io n  however, th e  d e te c to r  

s e n s i t i v i t y  w i l l  be combined w ith  coun ting  r a t e s  ob ta ined  in  th e  

E a rth  and a n t ie a r th  d i r e c t io n s  to  g iv e  an e q u iv a le n t f lu x  f o r  com pari

son w ith  o th e r  m easurem ents, w ith  th e  u n d ers tan d in g  th a t  th e  E a r th -  

a n t ie a r th  d if f e r e n c e  f lu x ,  in  which lo c a l  e f f e c t s  can ce l o u t, i s  th e  

most p h y s ic a lly  m eaningful q u a n t i ty .

For a  tra n s fo rm a tio n  from coun ting  r a t e  to  f lu x  fo r  any de

t e c t o r ,  th e  an g u la r dependence of th e  f lu x  must be in c lu d e d . The 

most re a so n ab le  assum ption f o r  th e  c o n tr ib u tio n  from E a r th 's  atmos

phere i s  an is o t r o p ic  f lu x  over th e  an g le  subtended by th e  atm osphere 

(n e g le c tin g  lim b e f f e c t s ) .  The r e l a t io n  o f  f lu x  to  co u n tin g  r a t e  i s  

th en  o b ta ined  from

R = F / S  (0  , <f>)dfi
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p _i
where R i s  th e  coun ting  r a t e ,  F i s  th e  f lu x  in  photons cm s r  and 

S ( 0 , <f>) i s  th e  photopeak s e n s i t i v i t y  d iscu ssed  in  S ec tio n  I I ,  B.

S( 0 , (j>) f o r  0.511 MeV photons was ob tained  by in te r p o la t in g  th e  

experim en tal v a lu es  ob ta ined  a t  0 .393 and 0.662 MeV and in te g r a t in g  

over ang le  to  g ive th e  v a lu es  o f S shown in  Table IV -1.

The e q u iv a le n t E a rth  and a n t ie a r th  f lu x e s  c a lc u la te d  from th e  

above method a re  p lo t te d  in  F igure IV-4-. A s im ila r  p lo t  of f lu x e s  

from Cosmos measurements a re  shown in  F igure IV-4.. The o r ig in a l  d a ta  

was p lo t te d  by the  a u th o rs  (K onstantinov e t  a l . ,  1970) u s in g  th e  

form ula F = N/Sq Ep where F i s  th e tran sfo rm ed  co u n tin g  r a t e  (cm ~^sec"^), 

N i s  th e  d e te c to r  co u n tin g  r a t e ,  i s  th e  photopeak e f f ic ie n c y ,  and 

Sq i s  th e  geom etric  f a c to r  o f t h e i r  d e te c to r  f o r  an is o t r o p ic  f lu x .

For com parison purposes, t h i s  has been transfo rm ed  to  an e q u iv a le n t

f lu x  by assum ing th e  E a rth  to  be an i s o t r o p ic  so u rc e , sub tend ing  a
a.

s o l id  ang le  ft g -  1 .3  it a t  th e  average a l t i t u d e  4-00 km fo r  th e  Cosmos 

s a t e l l i t e .

The above s tan d a rd  method o f c a lc u la t in g  th e  i s o t ro p ic  s e n s i 

t i v i t y  and f lu x  by combining th e  geom etric f a c to r  and th e  e f f ic ie n c y  

fo r  a p a r a l l e l  f lu x  appears to  un d erestim ate  th e  f lu x  by up to  50$ 

a s  i s  shown in  the  work o f F o rre s t (1969) and o f Puskin (1970). The 

same method has been used in  most o f the  b a llo o n  ex perim en ts, th e  

r e s u l t s  of which a re  d iscu ssed  below. No c o r re c t io n  fo r  t h i s  e f f e c t  

i s  in c lu d ed  in  e i th e r  th e  Cosmos 135 r e s u l t s  in  F igure  IV-4. o r th e  

b a llo o n  r e s u l t s  in  F igu re  IV -5.
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TABLE IV-1 .

DETECTOR SENSITIVITY AT 0.511 MeV KIR VARIOUS

Time Aspect

ASPECTS

Source S e n s i t iv i ty

D ay-night E arth E arth 37 cm2s r

D ay-night E arth C osm ic-Iso tro p ic 16 cm^sr

D ay-night A n tiea rth E arth 2
3 cm s r

D ay-night A n tiea rth C osmi c - I s o tro p ic 2
50 cm s r

Day A n tiea rth Sun 15 cm2

S e n s i t iv i ty  to  an is o t r o p ic  f lu x  n o t screened  by th e  E a rth  i s  

53 cm2s r .
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The r i g i d i t y  dependence and f lu x  in d ic a te d  here  can be compared

w ith  a summary of r e s u l t s  from b a llo o n -b o rn e  d e te c to r s  given by

K astu riran g an  e t  a l .  (1972). The d a ta  p lo t te d  by K astu riran g an  e t  a l .

as a fu n c tio n  o f m agnetic l a t i tu d e  i s  transfo rm ed  to  a r i g i d i t y

dependence as shown in  F igu re  IV -5. Again t h i s  f lu x ,  d e riv ed  from

b a llo o n  ex perim en ts, i s  d iv id ed  by 3 .8 u , th e  e f f e c t iv e  s o l id  ang le

due to  th e  atm osphere a t  b a llo o n  a l t i t u d e s  n ear 1 MeV (P e te rso n , 1967).

This g ives th e  f lu x  per u n i t  s o lid  ang le  which i s  compared w ith  th e

f lu x  coming from th e  E a rth  measured by th e  OSO-7 d e te c to r .  The OSO-7

f lu x  i s  o b ta ined  by ta k in g  th e  d if fe re n c e  between th e  t o t a l  " f lu x e s"

seen w hile  look ing  toward and away from th e  E a rth  shown in  F ig u re  IV -4.

This removes th e  ap p aren t f lu x  due to  lo c a l  p ro d u c tio n . The leakage

of a f r a c t io n  o f th e  E a rth  f lu x  in to  th e  a n t ie a r th  q u ad ran t i s  removed

by a f i r s t  o rd e r c o r re c t io n  to  th e  d a ta .  T his i s  given by th e  r a t i o

o f th e  s e n s i t i v i t y  o f th e  d e te c to r  to  an E arth  f lu x  w hile  po in ted

away from th e  E a rth  to  th e  co rrespond ing  s e n s i t i v i t y  w hile  p o in tin g
3 cm^sr

toward the  E a r th . This amounts to  37 cm^sr or 8%. Also shown in  

Figure IV-5 a re  d a ta  p o in ts  fo r  th e  b a llo o n -b o rn e  experim ents from 

which K astu riran g an  e t  a l .  o b ta ined  th e  r i g i d i t y  dependence o f th e  

f lu x . D e ta i ls  of th e se  experim ents a re  d iscu ssed  in  th e  in tro d u c tio n  

o f th e  p re se n t work.

The agreem ent between th e  b a llo o n  measurements and th e  p re se n t 

experim ent i s  q u ite  good excep t fo r  th e  anom alously low p o in t a t

4 .5  GV in  th e  p re se n t experim en t. The s a t e l l i t e  d a ta  a ls o  seems to  

in d ic a te  a weaker r i g i d i t y  dependence th an  th e  b a llo o n  d a ta .  This 

may be due to  th e  la rg e  opening ang le  of th e  s a t e l l i t e  d e te c to r
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which sam ples a la r g e r  range o f r i g i d i t y  th an  does a b a llo o n  experim en t. 

S ince d e t a i l s  o f  e f f ic ie n c y ,  an g u la r re sp o n se , and a tm ospheric  depth  

c o r re c tio n s  a re  no t c le a r - c u t  in  th e  co m pila tions o f b a llo o n  d a ta ,  i t  

app ears  to  be more m eaningful to  compare th e  p re se n t experim ent w ith  

a  b a llo o n  experim ent th a t  i s  a s  s im ila r  to  th e  p re sen t experim ent as  

p o s s ib le . This i s  done in  S ec tio n  IV B 3.

2 . A ltitu d e  Dependence

Another s a t e l l i t e  param eter which m ight be co n sidered  a p r io r i  

as being  of im portance to  th e  d e te c to r  coun ting  r a t e  i s  th e  s a t e l l i t e  

a l t i t u d e .  S p e c i f ic a l ly ,  th e  coun ting  r a t e  due to  r a d ia t io n  from th e  

E arth  in  a d e te c to r  w ith  is o t r o p ic  response  above th e  E a r th 's  atmos

phere should d ecrease  as  th e  E a r th 's  s o l id  an g le  fo r  i s o t r o p ic a l ly  

produced low -energy gamma ray s  (P e te rso n , 1967). I t  w i l l  be shown 

below th a t  th e  counting  r a t e  v a r ia t io n  due to  a l t i t u d e  changes i s  

sm all and i s  c o n s is te n t  w ith  th e  above model.

F igure  IIT -5  shows a sum spectrum  accum ulated w hile  loo k in g  

toward th e  E a rth  over a pe rio d  of fo u r days w ith  th e  s a t e l l i t e  

a l t i t u d e  le s s  than  430 km d u rin g  each scan , a mean a l t i t u d e  o f 375 km, 

and an average c u to f f  r i g i d i t y  below th e  s a t e l l i t e  o f 10.2  GV. A 

s im ila r  sum spectrum  was accum ulated fo r  th e  same period  a t  a l t i tu d e s  

g re a te r  than  430 km, a mean a l t i t u d e  of 472 km, and an average 

r i g i d i t y  o f 10 .1  GV. The d if f e r e n c e  between th e se  sp e c tra  i s  shown 

in  F ig u re  IV-6 fo r  25-channel-w ide energy b in s . Also shown i s  the  

measured d if f e r e n c e  r a t e  fo r  th e  0 .51  MeV peak.

The expected  or c a lc u la te d  r a t e  f o r  th e  0 .51  MeV peak i s  a ls o  

shown in  th e  same f ig u r e .  This was ob ta ined  by c a lc u la t in g  th e  change
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i n  th e  co u n tin g  r a t e  from th e  E arth  th a t  would be caused by th e  

change in  s o l id  an g le  in  moving from th e  low er a l t i t u d e  (375 km) to  

th e  h ig h e r a l t i t u d e  (4-72 km). There i s  an expected  d ecrease  a t  0 .51  

MeV o f 1 .2  counts/sec-M eV  a s  compared to  a  m easured in c re a se  o f 0 .4  

counts/sec-M eV . when c o r re c t io n  i s  made fo r  th e  d if f e r e n c e  in  

r i g i d i t y  between th e  two a l t i t u d e s  however, th e  expected  r a t e  becomes 

+0.1 c o u n ts /  sec-MeV which i s  w ith in  th e  s t a t i s t i c a l  e r r o r  o f m easure

m ent. In  any c a se , th e  a l t i t u d e  dependence which i s  £ 3 p e rcen t i s  

a p p re c ia b ly  sm a lle r  th an  th e  r i g i d i t y  dependence which causes a 

co u n tin g  r a t e  v a r ia t io n  o f £7 p e rcen t p er GV a t  10 GV and ^200 p e rcen t 

v a r ia t io n  over th e  e n t i r e  r i g i d i t y  ran g e .

3 . Aspect

The E a r th 's  atm osphere i s  known to  be a sou rce  o f continuum 

gamma ray s  and an a n n ih i la t io n  l in e  (Appendix I ) .  As a r e s u l t ,  th e  

look  d i r e c t io n  of th e  d e te c to r  w ith  re s p e c t  to  th e  E arth  i s  an 

im p o rtan t paramameter a f f e c t in g  th e  coun ting  r a t e  in  th e  0 .51  MeV 

re g io n . The e x te n t o f t h i s  c o n tr ib u tio n  i s  analyzed  in  P a r t  B o f 

t h i s  s e c t io n .  Only th e  a c t iv e  Sun i s  an a d d i t io n a l  source  o f an

n ih i l a t i o n  r a d ia t io n  (S ec tio n  IV, D) in  th e  d a ta  analyzed  fo r  t h i s  

work.
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C. V a r ia tio n  o f  0 .511 MeV F lux w ith  C u to ff  R ig id i ty

1 . C o rre la tio n  w ith  Continuum V a ria tio n

Pusk in  (1970) has c a lc u la te d  th a t  85 p e rcen t o f th e  0 .3  to  

10 MeV photon f lu x  a t  b a llo o n  a l t i tu d e s  (3 .5  mb) i s  due to  e le c tro n  

b rem sstrah lu n g . Most of th e  rem aining f lu x  i s  due to  th e  0 .511 MeV 

l in e  (1056) and s c a t te re d  r a d ia t io n  from th a t  l in e  (5%). S ince th e  

e le c tro n s  cau sin g  th i s  r a d ia t io n  a re  produced in  r e a c t io n s  s im i la r  to  

th o se  y ie ld in g  p o s i tro n s , we can expect th e  gamma-ray continuum to  

depend on th e  same param eters as  th e  l in e  f lu x .

F igure  IV-7 shows th e  v a r ia t io n  o f s a t e l l i t e  c u to f f  r i g i d i t y ,  

a n tic o in c id e n c e  cup r a t e ,  and th e  in te g r a l  gamma-ray r a t e  (0 .3  to  1 .0  

MeV) as a fu n c tio n  of tim e fo r  a 4 -hour period  on A p ril 26, 1972.

The d a ta  p o in ts  cover tim es o f good E a rth  a sp e c t on ly . The in te g r a l  

r a t e  d a ta  i s  p lo t te d  v e rsu s  r i g i d i t y  f o r  t h i s  p e rio d  in  F igu re  IV -8 , 

w ith  both  E a rth  and a n t i e a r th  a sp e c t in d ic a te d . Each d a ta  p o in t 

corresponds to  s in g le  scans and th e  coun ting  r a t e  i s  f o r  th e  in te g r a l  

r a t e  over th e  energy range 0 .3  to  1 .0  MeV. This d a ta  can be compared 

w ith  th e  r i g i d i t y  dependence o f th e  c a lc u la te d  0 .511 MeV f lu x  shown in  

F ig u re  IV -4 . Comparing th e  r i g i d i t y  dependence o f  th e  l in e  and th e  

continuum in  th e  a n t ie a r th  d i r e c t io n ,  f o r  exam ple, in d ic a te s  a s tro n g e r  

r ig id ity - in d e p e n d e n t  component in  th e  continuum . I f  th e  l in e  r a t e  i s  

p lo t te d  v e rsu s  the  continuum r a t e ,  th e  r e s u l t a n t  curve can be f i t t e d  

w ith  a l in e a r  re g re s s io n  g iv in g  a re s id u a l  continuum r a te  o f 13 + 4 c t s /  

sec fo r  ze ro  l i n e  f lu x .  T his re s id u a l  r a te  i s  lo c a l  p roduction  r a th e r  

than  cosmic in  o r ig in  because th e  cosmic f lu x  seen by Apollo 15 (P e te r 

son and Trombka, 1973) would c o n tr ib u te  2 .5  c t s / s e c  a t  m ost. The 
e x is te n c e  o f r i g i d i t y  independen t lo c a l  background i s  n o t unexpected
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s in c e  F igure  I I I - l  in d ic a te s  th a t  th e  long -term  (and th e re fo re  r i g i d i t y -  

independent) v a r ia t io n  o f th e  gamma-ray co u n tin g  r a t e  depends on energy . 

The com bination o f such lo n g -term  p ro d uction  e f f e c t s  w ith  prompt r i g i d i t y -  

dependent e f f e c t s  make th e  i n te r p r e ta t io n  o f such procedures as  e x t r a 

p o la tio n  to  ze ro  r i g i d i t y  d i f f i c u l t .

Also shown fo r  com parison in  F igure  IV-8 i s  th e  r i g i d i t y  

dependence fo r  0 .5  to  1 .5  MeV gamma ra y s  f o r  th e  0S0-1 d e te c to r  

(P e te rso n , 1967). The 0S0-1 coun ting  r a t e  i s  norm alized to  equal th e  

OSO-7 co u n tin g  r a t e  a t  8 .3  GV. The obv iously  weaker r i g i d i t y  dependence 

in  th e  OSO-7 probab ly  in d ic a te s  a somewhat la r g e r  r i g i d i t y  independent 

component in  th e  p re se n t experim en t.

2 . C o rre la tio n  w ith  Ch a rg e d -P a r t ic le  Flux V aria tio n .

F igure  TV-9 i s  a p lo t  o f cup r a t e  v e rsu s  c u to f f  r i g i d i t y  fo r  

th e  same scans used in  th e  p rev ious p lo t o^ th e  gamma-ray continuum 

v a r ia t io n .  I t  should be no ted  th a t  t h i s  c h a rg e d -p a r t ic le  s h ie ld  i s  

a ls o  s e n s i t iv e  to  gamma ra y s  g iv in g  an energy lo s s  o f 100 keV or more 

in  th e  cup. T h e re fo re , th e  p lo t  in c o rp o ra te s  th e  v a r ia t io n  of lo c a l ly  

produced gamma ray s  as w e ll as charged p a r t i c l e s .  This p lo t  shows a 

s tro n g e r  r i g i d i t y  dependence th an  e i th e r  th e  a n n ih i la t io n  l i n e  o r th e  

0 .3  -  1 .0  MeV continuum . This i s  c o n s is te n t  w ith  th e  e x is te n c e  o f a 

s u b s ta n t ia l  r ig id i ty - in d e p e n d e n t  lo c a l  p ro d u c tio n  c o n tr ib u tio n  to  both 

th e  a n n ih i la t io n  l in e  and th e  gamma-ray continuum .

The f ig u re  a ls o  shows th e  c a lc u la te d  r i g i d i t y  dependence fo r  

th e  0S0-1 d e te c to r  r a t e  on cosmic ra y  s in g le s  even ts  and on 0.5-1.5MeV 

gamma-rays (P e te rso n , 1967). Also in c lu d ed  i s  th e  l a t i t u d e  dependence
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o f  th e  e q u ilib riu m  albedo  n eu tro n  f lu x  c a lc u la te d  f o r  s o la r  minimum 

by R. E. L in g e n fe lte r  (P e te rso n , 1967). A ll r a t e s  a re  norm alized to  

equal th e  OSO-7 cup r a t e  a t  8 .3  GV.

3. R ig id i ty  V a ria tio n  and Components o f th e  Flux

a .  C o n trib u tio n  o f Atmospheric FLux

The measurement o f  d i f f e r e n t  coun ting  r a t e s  in  th e  0 .51  MeV 

re g io n  o f th e  photon spectrum  when loo k in g  toward and away from th e  

E a rth  in d ic a te s  th a t  th e re  a re  comparable c o n tr ib u tio n s  to  th e  coun ting

r a t e  from lo c a l  p roduction  and from gamma ra y s  from th e  E a r th 's  atm os

p h e re . S ec tio n  IV, B shows th e  v a r ia t io n  w ith  r i g i d i t y  o f th e  lo c a l

p ro d u c tio n  r a t e  ( a n t ie a r th  d i r e c t io n )  and th e  sum of lo c a l  p roduction

and th e  E a r th 's  c o n tr ib u tio n  (E arth  d i r e c t io n ) .  The c o n tr ib u tio n  to  

th e  a n n ih i la t io n  l in e  from a cosmic background i s  expected to  be sm all 

(see  below ). The c o rre c tn e s s  o f assum ing th a t  th e  d if f e r e n c e  in  coun ting  

r a t e s  i s  indeed due to  a c o n tr ib u tio n  from th e  E a r th 's  atm osphere can 

be s u b s ta n t ia te d  by c a lc u la t in g  t h i s  d if f e re n c e  r a t e  and comparing i t  

w ith  measurements o f th e  a tm ospheric  gamma-ray f lu x  made w ith  b a llo o n -  

borne d e te c to r s .

The d if f e r e n c e  spectrum  shown in  F igure  IV-10 was ob ta ined  from

scans accum ulated between A p ril 25 and A pril 28, 1972, th a t  i s ,  i t  i s  

th e  d if f e r e n c e  between th e  e a r th  and a n t ie a r th  s p e c tra  shown in

F igu re  I I I - 5 .  The s p e c tra  were gathered  a t  c u to f f  r i g i d i t i e s  between

8 and 12 GV and a t  a l t i t u d e s  between 320 and 430 km. Only scans f o r  
which th e re  was good E arth  a sp e c t were chosen. The s p e c tra  ob ta ined

lo o k in g  i n  th e  E a rth  d i r e c t io n  and th o se  ob ta ined  look ing  in  th e  a n t i 

e a r th  d i r e c t io n  were summed s e p a ra te ly . The t o t a l  l i v e  tim e f o r  th e se  
sum sp e c tra  i s  about 30 m in u tes , re p re se n tin g  a r e a l  tim e o f about 40
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m in u tes . F igure  IV-10 i s  th e  d if f e r e n c e  between th e  E a rth  sum spectrum  

and th e  a n t i e a r th  sum spectrum  w ith  each p o in t in  th e  d i f f e r e n t i a l  

co u n tin g  r a t e  spectrum  re p re se n tin g  an average over th e  number o f 

p u ls e -h e ig h t channels  in d ic a te d . The d if f e r e n c e  spectrum  shows a 

c o n s is te n t  excess in  th e  E a rth  d i r e c t io n  over th e  e n t i r e  range o f 

e n e rg ie s .

The only  s ig n i f ic a n t  f e a tu re  in  th e  d if f e r e n c e  spectrum  i s  th e  

peak a t  0 .51  MeV. T his peak i s  w ell f i t  by a G aussian curve w ith  a

mean energy o f .516 MeV and a f u l l  w id th  a t  h a l f  maximum ( AH ) ofE
8 .8  p e rc e n t. T his i s  in  good agreem ent w ith  th e  a n n ih i la t io n  l i n e  

energy o f 0 .511 MeV and d e te c to r  r e s o lu t io n  o f 8 .8  p e rcen t a t  t h i s  

energy . The coun ting  r a t e  f o r  t h i s  l in e  amounts to  0.4.1 + 0 .0 6  

c o u n ts /se c  and i s  about s ix  s tan d a rd  d e v ia t io n s  above th e  continuum 

background. T his im p lie s  a c o n tr ib u tio n  from th e  E arth  o f 0.4.4- ± 0 .06

c o u n ts /se c  when th e  leak ag e  o f 8 p e rc en t o f th e  E a rth  f lu x  in to  th e  a n t i 

e a r th  q u ad ran t i s  accounted  f o r  ( c f .  S ec tio n  IV B l . ) .  The continuum

can be f i t  below 1 MeV by a power law of th e  form

0.52E " 3 *1 ^± °* 5)c o u n ts /se c  -  MeV 

and above 1 MeV by a power law o f th e  form

0.67E ^co u n ts /sec  -  MeV

A s im ila r  d if f e r e n c e  spectrum  f o r  a l t i t u d e s  between 4.30 and 530 km 

shows a power law dependence o f  below 1 MeV and E- ^*''^*

above 1 MeV.

The gamma-ray continuum , u n lik e  th e  a n n ih i la t io n  l in e  r a t e ,  

re c e iv e s  an a p p re c ia b le  c o n tr ib u tio n  from th e  d i f f u s e  cosmic gamma ra y s . 

In  o b ta in in g  th e  d if f e r e n c e  spectrum  in  F ig u re  IV -10, th e  cosmic con

t r i b u t io n  i s ,  in  e f f e c t ,  s u b tra c te d  from E a r th 's  c o n tr ib u tio n . In
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o rd e r to  o b ta in  th e  a c tu a l  E a rth  c o n tr ib u t io n , th e  e f f e c t  o f th e  cosmic 

c o n tr ib u tio n  must be c a lc u la te d  and added on to  th e  d if f e r e n c e  spectrum . 

The measurement o f  th e  cosmic f lu x  by Apollo 15 (P e te rso n  and Trombka,

1973) has been used f o r  t h i s  c a lc u la t io n .  The r e s u l t  i s  a  co u n tin g  r a te  

from th e  E a rth  o f
-2 .6 (+  0 .5)

1 .3  E “ c o u n ts /se c  -  MeV

below 1 MeV and

1 .3  E"1 * ^ -  0 ,2 ^co u n ts /sec  -  MeV

above 1 MeV. S ince  measurements o f th e  c osmic f lu x  by d i f f e r e n t  groups 

d i f f e r  by a s  much a  f a c to r  o f  2 in  t h i s  energy  ran g e , th e  above r e s u l t  

cannot be co n sid ered  e x a c t.

To compare th e se  l in e  and continuum coun ting  r a t e s  to  m easure

ments made in  th e  atm osphere, i t  i s  e a s i e s t  to  use  d a ta  from a d e te c to r  

w ith  i s o t r o p ic  resp o n se  and th e  same s iz e  and m a te r ia l  a s  th e  UNH 

d e te c to r .  The co u n tin g  r a t e  f o r  such a 3” by 3” Nal s c i n t i l l a t o r  

flown in  th e  atm osphere by L . P e te rso n  has been pub lished  in  th e  l i t e r 

a tu re  (G o ren ste in  and G ursky, 1970). T his spectrum  i s  s im ila r  in  many 

re s p e c ts  to  th e  d if f e r e n c e  spectrum  d esc rib e d  above. I t  c o n s is ts  o f  a 

continuum which can be d e sc rib e d  below 1 MeV by a power law o f th e  form

O.U E~^ counts/cm^-sec-M eV

and above 1 MeV by

O.U E~^*^counts/cm2-sec-MeV 

The only f e a tu re  i s  a c le a r ly  re so lv ed  peak which was assumed f o r  

energy  c a l ib r a t io n  to  be th e  a n n ih i la t io n  peak a t  0 .511 MeV. The value 

g iven  fo r  th e  coun ting  r a t e  in  th e  peak i s  0.060  + 0 .003 counts/cm ^sec. 

Using th e  geom etric  f a c to r  o f th e  i s o t r o p ic  d e te c to r  o f 67 cm2 , t h i s  i s
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e q u iv a le n t to

0 .060 x 67 = 4 .0  c o u n ts /se c  

In  o rd e r to  compare t h i s  to  a measurement a t  s a t e l l i t e  a l t i t u d e ,  a 

c o r re c t io n  must be made f o r  th e  d i f f e r e n t  s o l id  a n g le s  seen by each 

d e te c to r .  At b a llo o n  a l t i t u d e s ,  th e  e f f e c t iv e  s o l id  ang le  which th e  

atm osphere sub tends a t  an i s o t r o p ic  d e te c to r  i s  abou t 3 .8  it s te ra d ia n s  

(P e te rso n , 1967). The e f f e c t iv e  s o l id  an g le  fo r  th e  UNH d e te c to r  a t  

0.51 MeV i s  about 1 it s te r a d ia n s  (co rrespond ing  to  a cone o f 60° h a l f  

a n g le ) .  A f u r th e r  c o r re c t io n  must be made fo r  th e  change in  r i g i d i t y  

between th e  b a llo o n  p o s i t io n  (4 .5  GV) and th e  average s a t e l l i t e  p o s i

t io n  (10 GV). This corresponds to  a d ecrease  in  co u n tin g  r a t e  of

approx im ate ly  a f a c to r  of 2 (F ig u re  IV -5 ) . There i s  a ls o  a sm all 

c o r re c t io n  fo r  th e  a t te n u a t io n  o f th e  f lu x  due to  th e  f ro n t  s la b  on th e  

UNH d e te c to r .  This amounts to  a f a c to r  o f 0 .8 . The b a llo o n  m easure

ment as  c o rre c te d  to  th e  s a t e l l i t e  p o s it io n  becomes

4 .0  c o u n ts /se c  x ^ x x 0 .8  = 0 .4  c o u n ts /se c

This ap rees  ve ry  w e ll w ith  th e  measured value  o f 0 .4 4  + 0 .06  c t s / s e c .

The energy  dependence o f th e  continuum a ls o  a g re e s  w ell fo r  

bo th  measurements — a power law  dependence w ith  a break  a t  1 MeV. A 

com parison o f th e  a b so lu te  r a t e s  f o r  th e  continuum a t  0 .51 MeV g iv es  

11 cts/sec-M eV  fo r  th e  c o rre c te d  b a llo o n  r a te  compared to  a measured 

r a t e  o f 6 .8  cts/sec-M eV . The g r e a te r  r a t e  a t  b a llo o n  a l t i tu d e s  could 

be due p a r t ly  to  a la c k  o f th e  Compton su p p ress io n  c a p a b i l i ty  which 

th e  Ttnh d e te c to r  h a s . There may a ls o  be a p p re c ia b le  lo c a l  p ro d u c tio n  

in  th e  b a llo o n  experim ent.
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b . C o n tr ib u tio n  o f Local P roduction

I t  w i l l  be shown in  th e  s e c tio n  fo llo w in g  t h i s  one th a t  th e  

0 .511 MeV co u n tin g  r a t e  observed w hile  lo o k in g  away from th e  E arth  i s  

much g re a te r  th an  th a t  expected  from th e  upper l im i t  fo r  an is o t r o p ic  

cosmic f lu x  o b ta ined  by M etzger e t  a l .  (1964.). The observed r a t e  can 

th e re fo re  be i d e n t i f i e d  w ith  lo c a l  p ro d u c tio n . I f  we co n s id e r th e  

a n n ih i la t io n  l in e  coun ting  r a t e  averaged f o r  8-12 GV u s in g  th e  ex

p o n e n tia l continuum  background c a lc u la te d  in  S e c tio n  I I I , C ,  th e  r a t e  

f o r  th e  E a rth  q u ad ran t i s  1 .0 8  c t s / s e c ,  w h ile  th e  r a t e  f o r  th e  a n t i -  

e a r th  i s  O.56  c t s / s e c .  We can id e n t i f y  th e  d if f e r e n c e  o f

0 .52  + 0 .1 0  c t s / s e c  w ith  th e  a tm o sp h eric  f lu x  from th e  E a rth . This 

l a s t  v a lue  ag re es  f a i r l y  w e ll w ith  th e  v a lue  o f  O.4.4. + 0 .0 6  c t s / s e c  

ob ta ined  in  th e  p rev ious s e c t io n  by f i t t i n g  th e  continuum in  th e  d i f 

fe re n ce  spectrum  where no c o r re c t io n  from l in e a r  background assum ption 

to  e x p o n en tia l background assum ption  had to  be made. The agreem ent 

between th e  two methods g iv es  us confidence  th a t  no s ig n i f ic a n t  e r r o r s  

a re  in tro d u ced  i n  th e  t r a n s i t i o n  to  th e  ex p o n en tia l background assump

t io n .

I t  should  be no ted  th a t  th e  lo c a l  p ro duction  (o r  a n t ie a r th )  

co u n tin g  r a t e  v a r ie s  w ith  r i g i d i t y .  This r ig id ity -d e p e n d e n t p a r t  can 

be i d e n t i f i e d  w ith  prompt p ro d u c tio n . However, th e  long-term  v a r ia t io n s  

seen in  th e  d a ta  im ply a c o n tr ib u tio n  th a t  w i l l  rem ain e s s e n t i a l ly  

c o n s ta n t over th e  pe rio d  o f a n a ly s is .  I t  i s  reaso n ab le  to  id e n t i f y  

t h i s  c o n tr ib u tio n  w ith  th e  v a lue  o b ta ined  by e x tra p o la t in g  th e  a n t ie a r th  

coun ting  r a t e  to  th e  r a t e  which would be a s s o c ia te d  w ith  a n u l l  charged - 

p a r t i c l e  cup r a t e .  U sing a l i n e a r  e x tra p o la t io n ,  o f th e  0 .511 MeV r a te



62

v s . cup r a t e  to  zero  cup r a t e ,  we g e t a v a lu e  o f 0 .25  c t s / s e c  f o r  th e  

r ig id ity - in d e p e n d e n t  p ro d u c tio n  background. Local p ro d u c tio n , 

th e r e f o r e ,  app ears  to  be d iv i s ib le  in to  a r ig id ity -d e p e n d e n t p o rtio n  

a s s o c ia te d  w ith  prompt p ro d u c tio n  and a n o n -n e g lig ib le  r i g i d i t y  in 

dependent p o r tio n  p robab ly  caused by long  l iv e d  is o to p e s .  This component 

w i l l ,  o f c o u rse , depend on th e  epoch o f s a t e l l i t e  h is to r y  in  which the  

d a ta  i s  an a ly zed .

c . C o n trib u tio n  o f Cosmic Flux

The p o s s ib i l i t y  o f a m easurable f lu x  o f a n n ih i la t io n  r a d ia t io n  

being  produced in  th e  g a lazy  i s  d iscu ssed  in  Appendix I .  An i s o t r o p ic  

f lu x  cannot be d i f f e r e n t ia te d  from lo c a l  p ro d u c tio n  in  th e  p re sen t 

d e te c to r  because n e i th e r  w i l l  show a d i r e c t io n a l  dependence. Prompt 

p ro d u c tio n  due to  cosmic ray s  should show a dependence on th e  c u to f f  

r i g i d i t y  which c h a ra c te r iz e s  th e  p o in t in  th e  s a t e l l i t e  o r b i t  a t  which 

a spectrum  i s  accum ulated . L ong-lived  iso to p e s  produced by cosmic ray s  

or trap p ed  p a r t i c l e s  should  reach  a q u a s i-e q u il ib r iu m  c o n d itio n , however, 

which w i l l  be independent o f th e  sh o rt- te rm  r i g i d i t y  changes. For t h i s  

re a so n , only  an upper l im i t  can be p laced on an is o t r o p ic  cosmic f lu x .

Perhaps th e  most c o n se rv a tiv e  v a lue  f o r  an upper l im i t  coun ting  

r a t e  due to  a cosmic f lu x  i s  th e  r a t e  measured a t  h ig h  r i g i d i t y  when th e  

d e te c to r  i s  p o in ted  away from th e  E a rth . I t  i s  a t  t h i s  tim e th a t  th e  

c o n tr ib u tio n s  from th e  E arth  and from prompt p ro d u c tio n  a re  a t  a minimum. 

From th e  r i g i d i t y  v a r ia t io n  o f th e  0 .511 MeV coun ting  r a t e  as  p re se n te d , 

in  S e c tio n  IV, B, th e  r a t e  a t  h ig h  r i g i d i t i e s  (14.-17 GV) in  th e  a n t i -  

E a rth  d i r e c t io n  i s  about 0.4. c o u n ts /s e c . The s e n s i t i v i t y  f o r  an 

i s o t r o p ic  f lu x  from th e  s o l id  an g le  exclud ing  th e  E a rth  i s  50 cm^
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s te r a d ia n s .  This g iv es  an upper l im i t  v a lue  f o r  an is o t r o p ic  cosmic 

f lu x  o f 8 x 10”3 photons cm-2  sec“^ s r " ^ .  The l im i t  p laced  on th i s  

f lu x  from th e  Ranger 3 gamma-ray d e te c to r  was (M etzger e t  a l . ,  1964.) 

0 .014 photons cm-2  sec -1  o r i . l  x io~3  photons cm”2 sec“l  s r " l  f o r  an 

is o t r o p ic  f lu x .  The 0S0-7 l im i t  i s  a ls o  c o n s is te n t  w ith  th e  Apollo 15 

measurement o f (3 .0  + 1 .5 ) x 10-2  photons cm”2 sec “l  or (2 .4  + 1 .2 )  x 

10“3 photons cm“^ sec “l  s r “l  (Trombka e t  a l . ,  1973). Here we n o te  th a t  

th e  Ranger 3 l im i t  im p lie s  a maximum c o n tr ib u tio n  to  th e  080-7 coun ting  

r a t e  o f  0 .055 c o u n ts /se c  which i s  sm all compared to  th e  c o n tr ib u tio n  

from th e  E a r th 's  atm osphere o f about 0 .4  c o u n ts /s e c .

D. S o la r  0 .511 MeV Flux

1 . L im it fo r  th e  Q uiet Sun

The UNH d e te c to r  g a th e rs  d a ta  in  o p p o site  quad ran ts  v i r t u a l ly  

s im u ltan eo u s ly . This p rov ides th e  p o s s ib i l i ty  o f an a ly z in g  th e  d a ta  

fo r  a d if f e r e n c e  in  coun ting  r a te s  in  th e  two d i r e c t io n s .  The E srth  

proves to  be a gamma-ray source u sin g  t h i s  method. In  a sea rch  fo r  

o th e r so u rc e s , th e  d i f f i c u l t y  p re sen ts  i t s e l f  o f  choosing "background” 

d a ta  which can be s u b tra c te d  from " s ig n a l"  d a ta .  Typical p a ir s  o f  scans 

co n ta in  one which views th e  E a rth , e i th e r  in  th e  background q uad ran t 

du rin g  th e  day or in  th e  s o la r  quadran t d u r in g  th e  n ig h t .  Any  coun ting  

r a t e  from an e x t r a t e r r e s t r i a l  source would be "washed out" in  a d i f 

fe re n ce  spectrum  by th e  r e l a t i v e ly  s tro n g  E a rth  f lu x  in  th e  op p o site  

q u a d ra n t.

The above d i f f i c u l t y  can be overcome by choosing th e  " s ig n a l"

and "background" d a ta  to  be gathered  w hile  th e  d e te c to r  i s  look ing

ta n g en t to  a su rfa c e  c o n c e n tr ic  to  th e  su rfa c e  of th e  E a rth . In  t h i s  

c a se , th e  E a r th 's  c o n tr ib u tio n  to  th e  co u n tin g  r a t e  w i l l  be equal in
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both  d i r e c t io n s  as  long  a s  th e  an g u la r response  o f th e  d e te c to r  i s  

c y l in d r ic a l ly  sym m etric, which i s  a good approx im ation  in  th e  p re se n t 

c a se . The r a t e  due to  lo c a l  p ro duction  w i l l  a ls o  be e lim in a te d  in  a 

d if f e r e n c e  spectrum  s in c e  i t  w i l l  be e q u iv a len t in  bo th  d i r e c t io n s .

The Sun i s  a good can d id a te  f o r  a n a ly s is  by th e  above method. 

When th e  d e te c to r  i s  o p e ra tin g  in  i t s  normal mode, th e  Sun i s  p o s itio n e d  

in  th e  c e n te r  o f the  s o la r  q u ad ran t, and th e  background q u ad ran t views 

an analogous s e c to r  of th e  c e l e s t i a l  sphere  180° away from th e  s o la r  

d i r e c t io n .  The look d i r e c t io n  i s  tan g en t to  a sphere  c o n ta in in g  th e  

o r b i t  tw ice  every  o r b i t ,  and d a ta  ob tained  a t  th e se  tim es can be 

ev a lu a ted  f o r  a s o la r  c o n tr ib u tio n .

In  g e n e ra l , th e  lo o k  d i r e c t io n  fo r  such scans i s  n o t p e r f e c t ly  

ta n g en t to  th e  o r b i t .  I f  we d e f in e  L to  be a u n i t  v e c to r  in  th e  look
A

d ir e c t io n  and R to  be a u n i t  v e c to r  p o in tin g  from th e  s a t e l l i t e  to  th e  

c e n te r  o f th e  E a r th , th en  th e  an g le  which d e f in e s  a scan to  be ta n g en t 

to  a sphere  c o n ta in in g  th e  o r b i t  i s

0 = cos _1 (L • R) = 90°

This can be c a l le d  a "lim b" scan . S ince a scan  i s  accum ulated over a 

period  o f th re e  m inu tes, we can guaran tee  th a t  two such "lim b" scans 

w i l l  be accum ulated each o r b i t  i f  th e  range in  0 i s  taken  to  be about 

10°. In  p r a c t ic e ,  a lim b scan was d e fin ed  as one fo r  which 84° < e < 

96°. On th e  av erag e , th e  E a rth  w i l l  c o n tr ib u te  e q u a lly  to  a stun o f s o la r  

"lim b" scans and to  a sum of background "lim b" scans i f  th e  average
'V 0v a lue  o f 0 f o r  th e  sum i s  ^90  .

Limb sp e c tra  were ob ta ined  fo r  th e  5-day p eriod  between 14:51 UT 

on A p ril 25, 1972 and 14:14 UT on A pril 29, 1972. The s o la r  and a n t i 

s o la r  scans were summed s e p a ra te ly  and th e  d if f e r e n c e  between th e se  sum
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e x c e s s  i s  s e e n  i n  t h e  s o l a r  d i r e c t i o n .

O''VJl
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s p e c tra  was tak en  as  shown in  F igure  IV -11. This shows th e  s o la r  sum 

spectrum  minus th e  a n t i s o la r  sum spectrum  and com prises a l iv e  tim e o f 

^1300 se c . The d a ta  i s  c o l le c te d  in to  25-channel-w ide b in s  and th e  

e r r o r s  shown a re  th e  1 a e r ro r s  due to  coun ting  s t a t i s t i c s .  The 

mean v a lue  o f 0 fo r  th e se  scans i s  8 9 .6 ° . No s ig n i f ic a n t  excess i s  

seen  in  th e  s o la r  d i r e c t io n .  This n u l l  r e s u l t  a llow s an upper l im i t  to  

be out on th e  gamma ra y  f lu x  from th e  Sun a t  t h i s  tim e. In  o rd e r to  

g e t  an u p re r l im i t  ^or th e  0 .511 MeV l in e  c o n tr ib u tio n  from th e  Sun, 

we can ta k e  a 5 -channel reg io n  cen te red  on t h i s  energy . This would 

in c lu d e  about 85$ o f th e  coun ts from a h y p o th e tic a l  s o la r  l i n e  f lu x .

The excess r a t e  in  th e  s o la r  d i r e c t io n  in  t h i s  energy reg io n  i s  0 .015 

coun ts per second . Using th e  d e te c to r  s e n s i t i v i t y  o f 15 cm2 f o r  a 

p o in t source  a t  0.511 MeV, t h i s  g iv e s  an excess o f 1 .0  x 10“3 p h o to n s/ 

cm^ sec  from th e  Sun w ith  a 1 a e r r o r  o f 3 .8  x 10”^ p h o to n s / cm2 se c .

A s im ila r  a n a ly s is  can be perform ed fo r  th e  energy re g io n  

c e n te re d  a t  2 .23  MeV, th e  p o s it io n  o f a p o ss ib le  deuterium  fo rm ation  

l in e  from th e  Sun. In  t h i s  case  an excess f lu x  o f 2 .1  x 10“3 p h o to n s / 

cm2 sec i s  seen in  th e  a n t i s o la r  d i r e c t io n  w ith  a 1 a e r r o r  of 

2 x 10"3 p h o to n s / cm2 sec . These l im i t s  a re  compared w ith  p rev ious 

sea rc h es  f o r  l in e  r a d ia t io n  in  Tables IV-2 and IV-3 (Chupp, 1971).

The l im i t s  f o r  t h i s  experim ent a re  tak en  to  be th e  2 a s t a t i s t i c a l  

e r r o r  which im p lie s  a n u l l  r e s u l t  a t  th e  95$ confidence  le v e l .  I t  can 

a ls o  be noted th a t  th e  l im i t s  in  t h i s  experim ent a re  somewhat s t ro n g e r ,  

s in c e  th ey  in c lu d e  bo th  l in e  and continuum ra d ia t io n  a t  th e  r e s p e c tiv e  

e n e rg ie s .  P o ss ib le  c o n tr ib u tio n s  from known d is c r e te  gamma ra y  so u rc e s , 

th e  Crab Nebula and th e  g a la c t ic  c e n te r ,  a re  n e g l ig ib le  a t  th e se  e n e rg ie s , 

b e ing  le s s  th an  1 x 10“^ photons/sec-cm 2 in  both  c a se s .
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TABLE IV -  2 

SOLAR UPPER LIMITS (0 .511  MeV)

D at« F lux  (cra"2se c -1 )

5-2-61 1 x xo- -*-

6-10-62 1 .3  x  10"2

11_2“67 (7 .5  -  26) x 10“3

“68 8.4. x 10“4

-68 7 x  10-3

4-24-68  (1 .1  -  4 .8 )  x 10-2

4"72 7 .6  x  10“3

R efe ren ce ; Chupp (1971).

E xperim enters 

P e te rso n  

F ro s t e t  a l  

Chupp e t  a l  

Haymes e t  a l  

Womack and Overbeck 

Chupp e t  a l  

P re se n t work



TABLE IV - 3

SOLAR UPPER LIMITS (2 .2 3  MeV)

F lu x  (cm"^sec“ -̂ ) E xperim enters

5 x 10"3 Chupp e t  a l

4 .5  x 10“3 Womack and Overbeck

4 .2  x 10“ 3 P re se n t work

R efe ren ce ; Chupp (1971).
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2 . The A ctive Sun (August 2 to  August 11 , 1972)

On August 4 , 1972, a 3B s o la r  f l a r e  occurred  w h ile  th e  UNH 

d e te c to r  was in  normal quadran t mode and du rin g  s a t e l l i t e  "day” . The 

Ha f l a r e  began a t  ^  0621 UT, reached  a maximum a t  0638 UT, and ended 

^ 0852 UT. Gamma ra y  l i n e  and continuum r a d ia t io n  were observed in  

th e  s o la r  o uad ran t between th e  beg inn ing  of th e  f l a r e  and the  passage 

of th e  s a t e l l i t e  behind th e  E a rth  a t  % 0633 UT (Chupp e t  a l . ,  1973).

S p ec tra  in  th e  0 .5  MeV re g io n  ob tained  p r io r  to  th e  f l a r e  and 

a f t e r  e c l ip s e  by th e  E arth  can be compared w ith  th e  f la r e - t im e  spectrum  

(0623 to  0632 UT) in  F igu re  IV -12. A peak a t  0 .5  MeV i s  e v id en t in  

th e  f l a r e  d a ta  a long  w ith  an energy-dependent continuum . S im ila r  

sp e c tra  a t  h ig h e r  e n e rg ie s  show a s tro n g  l in e  a t  2 .2  MeV and weaker 

l in e s  a t  4 .4  MeV and 6 .1  MeV. The p ro d uction  of f e a tu re s  seen a t  t h i s  

tim e have been p re d ic te d  to  occur du ring  s o la r  f l a r e s  from th e o r e t i c a l  

c a lc u la t io n s  (Appendix I ,  C ). These fe a tu re s  in c lu d e  a continuum 

produced by e le c tro n  b rem sstrah lu n g , a l i n e  a t  0 .511 MeV due to  p o s itro n  

a n n ih i la t io n ,  a l i n e  a t  2 .23  MeV due to  deuterium  fo rm atio n , and l in e s  

a t  v a rio u s  e n e rg ie s  due to  i n e l a s t i c  p ro ton  s c a t te r in g  on l i g h t  n u c le i

( in c lu d in g  l i n e s  a t  4.4-3 MeV and 6 .1 4  MeV from e x c ite d  and 0 ^ ) .

Another 3B f l a r e  occurred  on August 7 , 1972, commencing a t  

£1500 UT d u rin g  s a t e l l i t e  n ig h t .  Enhancements a t  0 .5  MeV (F ig u re  IV- 

13) and 2 .2  MeV were seen  in  th e  s o la r  quad ran t a t  th e  beg inn ing  o f 

s a t e l l i t e  day (1538 UT) and l a s t e d  u n t i l  about 1547 UT. Fluxes ob

ta in e d  d u rin g  th e se  f l a r e  tim es a re  summarized in  Table IV -4.
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Aug. L, 1972 
0S0-7 

—  Solar Quad 
- — Bkg. Quad

05 MeV

08-

20,

(0623-0532) UT 
DAY

o  12

i :uJ

25 30 ‘ 35
Channel Number

F i g u r e  I V - 1 2 .  The g am m a-ray  p u l s e  h e i g h t  s p e c t r u m  f o r  
t h e  e n e r g y  r e g i o n  1+35 -  615 keV  on A u g u s t  1+, 1 9 7 2 .
The H a flare began about 0621  UT and the satellite 
was occulted by the Earth at about 0633  UT.
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Aug.7,1972 
(Day 220) 

—  Solar Quad. 
— Bkg. Quad.

0.5 MeV

0600-1609) UT DAY

E 02 0547-1600) DAYo

o

0538-1547) UT DAY0.0

00
38 42 46 50

Channel Number

F i g u r e  I V -1 3 .  The g a mm a - ra y  p u l s e  h e i g h t  s p e c t r u m  
f o r  t h e  e n e r g y  r e g i o n  1*35 -  6 l0  keV on A u g u s t  J ,  
1 9 7 2 .  The Ha f l a r e  b e g a n  a b o u t  1500  UT d u r i n g  
s a t e l l i t e  n i g h t .  S a t e l l i t e  s u n r i s e  o c c u r r e d  a t  
1538  UT.
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TABLE IV-4

MEASURED ENERGIES AND FLUXES OF LINES 
AT 0 .51  AND 2 .2  MeV AT 1 AU

Time o f F la re  
O bserva tions

August 4 , 1972 
(0623:49-0633;02 )UT

August 7 , 1972 
(1538:20-1547:33)UT

Energy

510.7  + 6 .4  keV 
2 .2 4  + 0 .02  MeV

508.1 + 5 .8  keV 
2 .22  + 0 .02 MeV

Flux (photons cm~2se c ”^)

(6 .3  + 2 .0 )  x 10 -2 
(2 .8 0  + 0 .2 2 ) x  10"1

(3 .0  + 1 .2 ) x  lO "2 
(6 .9  + 1 .1 )  x  lO ”2
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The p o s s ib i l i t y  of observ ing  therm al Doppler broadening 

in  gamma-ray l in e s  produced du rin g  s o la r  f l a r e s  has been d iscu ssed  by 

K uzhevskii (1969) and Cheng (1972). The o b serv a tio n  o f th e se  l in e s  

by th e  0S0-7 s a t e l l i t e  a llow s a l im i t  to  be put on therm al broadening 

and, th e r e f o r e ,  on th e  tem p era tu re  of th e  plasma in  which th e se  l in e s  

a re  produced.

Line b roaden ing  a t  0 .511 MeV due to  th e  therm al v e lo c i t i e s  of 

a n n ih i la t io n  of p o s itro n s  and e le c tro n s  i s  approx im ate ly  (A lle r ,  1963; 

S te c k e r , 1969)

< 4 g l, s  2 [ 2* t j l n 2 i ] 1 /2
m e2

where k = 8 .6  x 10~^ eV/°K i s  B oltzm ann's c o n s ta n t, T i s  th e  tem pera-
2

tu re  o^ th e  plasm a, and me i s  th e  r e s t  energy o f th e  e le c tro n . In -  

a d d it io n  to  th e  w idening o f th e  l in e  a t  i t s  so u rce , a f u r th e r  broaden

ing  i s  in tro d u ced  by th e  s t a t i s t i c a l  n a tu re  of th e  d e te c t io n  and 

a m p lif ic a tio n  p ro c e ss , ^ g u r e  IV-14. shows th e  dependence o f th e  

r e s o lu t io n  on th e  gamma ra y  l in e  energy fo r  v a rio u s  ra d io a c tiv e  

sou rces d u rin g  pre launch  t e s t s .  The d a ta  a re  f i t  by th e  fu n c tio n

< ^ > D R =  0 - ° “ EM e v ' ° - 5

whore ( AEy ) i s  th e  f u l l  w idth a t  h a l f  maximum (FVJHM) of th e  l in e  
v Ey DR

d a ta .

f ig u r e  TV-14- shows th e  fWHM of th e  l in e s  a t  0 .5  and 2 .2  MeV 

observed d u rin g  th e  August 4 f l a r e  as w e ll as th e  FVHM of Co^® 

c a l ib r a t io n  l in e s  observed b e fo re  and a pt e r  th e  f l a r e .  The FWHM's 

were ob ta ined  by s u b tra c tin g  th e  background q uad ran t d a ta  from s o la r  

quadran t d a ta ,  and then  s u b tra c t in g  a f i t t e d  continuum from th e  d a ta
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□ 0.51 MeV Flare Line 
■ 2.2 MeV Flare Line

♦ Pre*Flare
* Post-Flare

Energy (Mev)

F ig u r e  I V - lU . The d e p e n d e n c e  o f  e n e r g y  r e s o l u t i o n  on 
e n e r g y  f o r  t h e  UNH d e t e c t o r  a s  o b t a i n e d  fro m  p r e l a u n e h  
c a l i b r a t i o n  d a t a  ( ©) .  P r e - f l a r e  ( ^ )  a n d  p o s t - f l a r e  
(O) v a l u e s  - fo r  r e s o l u t i o n  come fro m  Co^O c a l i b r a t i o n  
s p e c t r a .  The m e a s u re d  l i n e  w id th s  f o r  t h e  0 .5 1  an d  
2 .2  MeV f l a r e  l i n e s  a r e  a l s o  sh o w n .
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and f i t t i n g  th e  rem aining peaks w ith  G aussian c u rv es . The ex ac t 

form of th e  continuum  was no t c r i t i c a l  to  th e  r e s u l t s ,  b u t a power 

law below th e  0 .5  MeV peak f i t  th e  d a ta  b e s t .  The f i t  to  th e  f l a r e

0 .5  MeV peak w ith  a  G aussian o f w id th  0 .074  i s  shown in  F igure  IV -15. 

The agreem ent o f th e  i n f l i g h t  c a l i b r a t io n  d a ta  w ith  th e  p relaunch  

t e s t s  in d ic a te  t h a t  th e  d e te c to r  r e s o lu t io n  was normal a t  th e  tim e 

o f th e  f l a r e .  W ith in  th e  u n c e r ta in ty  o f th e  l in e  w idth  d e te rm in a tio n  

= 0 . 014) ,  th e re  i s  no a d d i t io n a l  broadening due to  therm al 

e f f e c t s  a t  0 .5  MeV. The f a c t  th a t  th e  measured w idth  (0 .074) i s  

le s s  than  th e  expected  w idth  (0 .088) seems to  be c o n s is te n t  w ith  th e  

u n c e r ta in ty  o f th e  m easurement.

We can c a lc u la te  an upper l im i t  to  th e  therm al broadening 

•from th e  re s o lu t io n s  which should be combined in  q u a d ra tu re .

(A E) 2 AE 2 AE 2
v E'TOTAL v E ;TH ' E DR 

A n u ll  c o n tr ib u tio n  from (—g-)rppj in d ic a te d  by th e  d a ta ,  so th e

upper l im i t  to  th e  tem pera tu re  i s  ob ta ined  from th e  above eq u a tio n  i f
AE

th e  maximum or upper li.ra lt v a lue  o f (— TOTAL usec** ^  "^e 

95 p e rcen t co n fidence  l e v e l ,  t h i s  va lue  i s

,AE. = 0 .0 8 8  + 0 .0 2 8  = 0 .1 1 6
l t o t a l  MAX

where 0 .028 i s  th e  2a  u n c e r ta in ty  in  th e  m easurement. 'the G aussian 

f i t  to  th e  d a ta  fo r  th i s  confidence  le v e l  i s  shown in  F igure IV -15.

At th e  99 p e rc en t con fidence  le v e l

/ AE. = 0 .0 8 8  + 0 .0 4 2  = 0 .1 3 0
V E TOTAL MAX

where 0.042  i s  th e  3q u n c e r ta in ty  in  th e  measurement.
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Best Fit 
Gaussian

Upper Limit 
Line Width

Detector
Resolution

36 373533 34
Channel Number

30

-A

F ig u r e  I V -1 5 .  The f l a r e  p e a k  a t  0 .5 1  MeV an d  t h e  b e s t  f i t  
G a u s s ia n  c u r v e  w i th  a FWHM o f  J . k %.  A lso  show n a r e  p e a k s  
w i th  w id th s  c o r r e s p o n d i n g  t o  t h e  d e t e c t o r  r e s o l u t i o n ,  a n d .  
t o  t h e  ( 2 a )  u p p e r  l i m i t  l i n e w i d t h .  . ■

l
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Then ta k in g  ( - ^ ) dr 1:50 0*088 (w ith  an e r r o r  which i s  n e g lig ib le

compared to  0 . 014) ,  ( - ^ ) th < P .0 7 6  95 p e rcen t confidence  l e v e l ,

and (-^ ■■)TH<jO.Q96 a t  th e  99 p e rc en t confidence  le v e l .  This g iv es  

upper l im i t  tem p era tu res  in  th e  a n n ih i la t io n  re g io n  o f 6 .2  x 10^ °K 

and 9 .9  x 10 ^ °K. Because o f th e  la rg e  m agnetic f i e ld s  in  th e  f l a r e ,  

i t  i s  re a so n ab le  to  suppose t h a t  th e  p o s itro n s  a re  produced and a n n ih i

l a t e  in  th e  f l a r e  re g io n  and th a t  th e  above tem pera tu res a re  upper l im i t s  

fo r  th e  f l a r e  re g io n .

A s im ila r  c a lc u la t io n  f o r  th e  2 .2  MeV l in e  g ives an upper 

l im i t  tem p era tu re  o f % 10^ °K. The reason  fo r  t h i s  much h ig h e r 

v a lue  i s  th a t  th e  e le c tro n  mass in  th e  form ula fo r  therm al b roadening  

must be re p la ce d  by th e  p ro ton  mass fo r  deuterium  fo rm ation . No 

a n a ly s is  was done fo r  o th e r  l in e s  seen in  t h i s  f l a r e  o r fo r  th e  l in e s  

seen  on August 7 because o f th e  poorer s t a t i s t i c s  due to  low er f lu x e s .

I t  should  be no ted  th a t  th e  6 x 10^ °K upper l im i t  i s  m eaningful 

s in c e  tem p era tu res  o f % 10® ok have been c a lc u la te d  by Chubb e t  a l .

(1966) to  accoun t fo r  hard  X -rays g re a te r  th an  30 keV from s o la r  f l a r e s .

Thermal broadening  i s  n o t th e  only p rocess which can a f f e c t  

th e  a n n ih i la t io n  l in e  shape. L even thal (1973) has shown th a t  th e  

measured energy o f an a n n ih i la t io n  peak can be r e d - s h if te d  and th e  

peak can be broadened i f  i t  i s  caused by a n n ih i la t io n  through th e  

p ositron ium  mode. This s h i f t  and broadening a re  due to  th e  fo ld in g  

o f th e  th ree-quan tum  continuum and th e  two-quantum peak th rough th e  

f i n i t e  in s tru m e n ta l r e s o lu t io n .  For a d e te c to r  w ith  th e  r e s o lu t io n  of 

th e  p re se n t in s tru m en t (8.8% o r 4.5 keV) a t  511 keV, th e  ap p aren t p o s i

t io n  o f such a  s h i f te d  peak would be 505 keV fo r  a n n ih i la t io n  t o t a l l y  

th rough  th e  postronium  mode. A sm all f r a c t io n  o f b o u n d -s ta te  a n n ih i la t io n
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would cause a sm a lle r  s h i f t  from 511 keV. S ince th e  p resence o f 

positron ium  depends on th e  d e n s ity  and tem pera tu re  o f th e  gas in  

which th e  p o s itro n s  a n n ih i la te  (L ev en th a l, 1973), th e  d e te rm in a tio n  

o f th e  e x ac t p o s it io n  o f th e  peaks d e te c te d  d u rin g  th e  f l a r e s  o f

August 4 and August 7 , 1972 i s  o f i n t e r e s t .  L im its  on energy s h i f t

and broaden ing  in  th e  p re se n t experim ent le ad  to  a l im i t  on positron ium  

fo rm atio n  in  th e  f l a r e .

The good energy re s o lu t io n  o f th e  gamma ra y  d e te c to r  to g e th e r  

w ith  th e  on-board c a l ib r a t io n  source a llow  th e  d e te rm in a tio n  o f th e  

energy o f measured l in e  r a d ia t io n  w ith  good accu racy . I t  w i l l  be 

shown h e re  th a t  th e  energy o f r a d ia t io n  n ear 0 .5  MeV can be determ ined 

to  w ith in  £ 1 p e rc e n t. The energy o f  a f e a tu re  in  th e  d e tec te d

spectrum  i s  determ ined from th e  form ula

E = c (n + nQ)2

where n i s  th e  number of th e  channel in  which th e  fe a tu re  f a l l s  snd 

c and nQ a re  c o n s ta n ts . The c o n s ta n t nQ was determ ined by f i t t i n g  

ground c a l ib r a t io n  d a ta  to  th e  above q u a d ra tic  fo rm ula. This g ives 

a v a lu e  o f 80.2  fo r  nQ. The value o f c i s  c o n s ta n t fo r  a g iven  

spectrum  b u t can vary  w ith  tim e due to  gain  changes in  th e  d e te c to r .

Any c a lc u la t io n  of energy from t h i s  form ula in v o lv es  th e  com

pounding o f e r ro r s  o f th e  measured q u a n t i t ie s  c and n . The s t a t i s t i 

c a l  e r r o r  in  de term in in g  th e  c e n te r  channel n o f a gamma-ray peak i s  

tak en  to  be o^. ^or a peak o f FWHM equal to  2 .35  a p , th e  e r r o r  in  

de te rm in in g  i t s  c e n te r  channel i s  g iven  by a n = c r / /T T ^  where Np i s  

th e  number o f counts in  th e  peak. I f  th e re  i s  a background Ng which 

must be s u b tra c te d , t h i s  form ula must be m u ltip l ie d  by th e  f a c to r  

/ l  + x /1  -  x , where x = Ng/(Np + Nfi) .  For our pu rposes, th e
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random e r r o r  a in  de term in in g  th e  dependence o f energy on channel c
number f o r  a g iven  spectrum  i s  taken  to  be an e r r o r  in  th e  f a c to r  c 

on ly . This i s  c o n s is te n t  w ith  th e  a b i l i t y  to  f i t  v a r ia t io n s  in  ga in  

w ith  co rrespond ing  v a r ia t io n s  in  c , w hile  h o ld in g  n ,̂ c o n s ta n t, c and

a can be determ ined  fo r  any tim e by a p p ro p r ia te ly  f i t t i n g  th e  tim e c

v a r ia t io n  o f c .

In  p r a c t ic e ,  th e  v a lu e  o f c i s  determ ined  from th e  p o s it io n  

and known energy of th e  C o ^  c a l ib r a t io n  peaks ob ta ined  tw ice every  

o rb i t  w hile  th e  d e te c to r  i s  i n  th e  c a l i b r a t io n  mode, c can be de

term ined fo r  tim es between c a l ib r a t io n s  from th e  presence o f leakage 

counts from th e  C o ^  in  normal d a ta .  C a lcu la ted  v a lu es  o f c fo r  

tim es around th e  s o la r  f l a r e s  o f August 4 and August 7 , 1972 a re  

shown in  F ig u res  IV-16 and IV -17. The c v a lue  f o r  th e  f l a r e  tim es 

can be determ ined  by assum ing a l in e a r  v a r ia t io n  o f c w ith  tim e n ear 

th e  f l a r e  p e r io d . This y ie ld s  th e  v a lu es

c = (0.3930 + 0 .0007) x 10“^ M eV/(channel)2 

fo r  th e  August /+ f l a r e  and

c = (0.3619 + 0.0009) x 10“4 M eV/(channel)2 

fo r  th e  August 7 f l a r e .

The c e n te r  channel o f  th e  f l a r e  peak which occurs n ear 0 .5  MeV 

on August 4. i s  determ ined from a l e a s t  squares f i t  to  th e  d a ta .  Data 

ob ta ined  in  th e  background q uad ran t i s  f i r s  t  s u b tra c te d  from th e  

s o la r  qu ad ran t d a ta  to  e lim in a te  lo c a l  e f f e c t s .  The rem ain ing  spectrum  

can be f i t  w ith  a continuum p lu s  a G aussian-shaped peak u s in g  s e v e ra l 

models fo r  th e  c ontinuum. The c e n te r  channel does no t depend s tro n g ly  

on th e  shape o f th e  continuum . A s im ila r  tech n iq u e  can be used on th e  

August 7 d a ta ,  excep t th a t  th e  continuum i s  n e g l ig ib le .  For August U
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we g e t th e  v a lue  n = 34.8  + .64  ch; and fo r  August 7 th e  v a lu e  

n = 39 .0  + .65 ch.

The ap p aren t e n e rg ie s  o f th e  f l a r e  peaks ob ta ined  u s in g  our 

v a lu es  f o r  c and n a re

E = 519.9 + 5 .8  keV fo r  August 4 

and E = 514.2 + 5 . 8  keV fo r  August 7 .

So f a r ,  only random e r ro r s  in  measurements have been tak en  in to  accoun t. 

N o n lin e a r ite s  in  th e  d e te c tio n  system  can cause a sy stem a tic  d e v ia t io n  

between p u lse  h e ig h t spectrum  and a c tu a l  energy  lo s s  in  th e  c r y s t a l .

Such n o n l in e a r i t ie s  a re  a p ro p e rty  o f th e  p u lse  h e ig h t a n a ly z e r as  

w e ll as  o f in o rg a n ic  s c i n t i l l a t o r s  them selves (H eath, 1964). The de

te rm in a tio n  o f nQ by f i t t i n g  c a l ib r a t io n  d a ta  m inim izes th e  sy s tem a tic  

e r r o r  due to  th e  n o n l in e a r i ty  b u t does no t e lim in a te  i t .  For example, 

th e  ap p aren t energy of th e  .511 MeV ground c a l ib r a t io n  peak i s  .520 MeV.

A c o r re c t io n  can be a p p lie d  fo r  such a sy s tem a tic  e r r o r  i f  we 

use th e  lo c a l  p roduction  a n n ih i la t io n  peak as a c a l ib r a t io n  l i n e .

S ince both f l a r e s  occur w hile  th e  s a t e l l i t e  i s  in  a re g io n  o f h igh  

r i g i d i t y  ( > 13 GV ) th e  c o n tr ib u tio n  to  th e  l o c a l ly  d e te c te d  peak

from th e  atm osphere, which may be a f fe c te d  by positron ium  p ro d u c tio n , 

can be n e g le c te d . A c o rre c t io n  f a c to r  ”k ” which i s  th e  r a t i o  o f th e  

ap p aren t a n n ih i la t io n  l in e  energy  to  th e  t r u e  energy  fo r  th e  lo c a l  

peak i s

k = E /E  = 1 .018  + 0.0057 fo r  August 4X
k = 1 .012 + .0022 f o r  August 7 .

U sing t h i s  c o r re c t io n  f a c to r  on th e  ap p aren t f l a r e  e n e rg ie s , 

we g e t th e  c a lc u la te d  e n e rg ie s

E = E /k = 510.7 + 6 .4  keV fo r  August 4C **"
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E„ = 508.1 ± 5 . 8  keV fo r  August 7. 

where th e  e r r o r  i s  due m ainly  to  u n c e r ta in ty  in  th e  c e n te r  channel o f 

th e  f l a r e  peaks because o f random coun ting  s t a t i s t i c  e r r o r s .  This 

r e s u l t  shows th a t  th e  peaks d e te c te d  du rin g  th e  f l a r e s  o f August 4 

and August 7 , 1972 a re  c o n s is te n t  in  energy w ith  f r e e  a n n ih i la t io n  

l in e s  a t  511 keV w ith in  th e  experim en ta l e r r o r s .

As was m entioned p re v io u s ly , th e  positron ium  mode a ls o  causes 

an in c re a s e  in  th e  ap p aren t l i n e  w id th  o f th e  a n n ih i la t io n  l i n e .  The 

s p e c tra  fo r  f r e e  a n n ih i la t io n  and fo r  bound a n n ih i la t io n  a re  shown in  

F ig u re  IV -18. The e q u iv a le n t w idth  o f  a G aussian curve f i t t e d  to  th e  

positron ium  spectrum  over th e  energy range o f th e  d a ta  i s  11 .2  p e rc e n t.

From th e  a n a ly s is  of therm al broadening we have seen  th a t  

w id th  o f th e  August 4 peak i s  7 .4  + 1 .4  p e rc e n t, which i s  to  be com

pared w ith  8 .8  p e rcen t f o r  f r e e  a n n ih i la t io n s  and 11 .2  p e rcen t fo r  

bound a n n ih i la t io n .  I f  we combine th e  measurements o f energy and 

l i n e  w id th , th e  l ik e lih o o d  th a t  th e  ap p aren t peak energy i s  as  low 

or low er than  th a t  re q u ire d  by t o t a l l y  bound a n n ih i la t io n  and th e  

w idth  i s  a s  g re a t  or g re a te r  than  th a t  re q u ire d  by t o t a l l y  bound 

a n n ih i la t io n  i s  £ 1 p e rc e n t. Although i t  i s  probably  b e t t e r  n o t to  

combine th e  d a ta  o f two d i f f e r e n t  f l a r e s ,  th e  peak o f  August 7 shows 

a s im ila r  la c k  o f  broadening and la rg e  energy s h i f t ,  b u t a t  a low er 

con fidence  le v e l*  Im p lic a tio n s  o f th e  positron ium  l im i t  a re  given below.

The energy l im i t s  a ls o  put a l im i t  on a Doppler s h i f t  o f  th e  

l in e  due to  bulk  m otion o f th e  plasm a, -^or a bu lk  v e lo c i ty  much le s s

than  th e  speed o f l i g h t

( _AE ) ^  ^ r
K “ e "  DOPPLER * “ c “



• Id

Bound
Annihilation

Free _  
Annihilation

200 4 0 0
ENERGY (keV)

6 00

F ig u r e  IV -1 8 . S p e c t r a  f o r  f r e e  a n n i h i l a t i o n  an d  h o u n d  a n n i h i l a t i o n  
a f t e r  f o l d i n g  th r o u g h  t h e  d e t e c t o r  r e s o l u t i o n  o f  8 .8 $  (^ 5  keV ) a t  . 
511 keV .

oo
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where ( ■ 4 - ) ^ ™  i s  th e  f r a c t io n a l  energy s h i f t  due to  th e  Doppler E DOPPLER
e f f e c t ,  Vr  i s  th e  v e lo c i ty  a long  th e  l i n e  o f s ig h t  and c i s  th e  speed 

o f l i g h t .  At th e  95 p e rcen t confidence  l e v e l ,  th e  u n c e r ta in ty  in  E i s

AE = 2a *12 keV, 

so Vp /  c £  12 keV/511 keV = 0 .0 2  

and Vf  < 6 x 10^ km /sec.

For purposes o f  com parison, th e  v e lo c i ty  o f  th e  s o la r  wind n e a r the  

E a rth  i s  ^ 5  x  10^ km /sec.

E. D iscu ssio n  o f R esu lts

The UNH d e te c to r  on 0S0-7 has proved to  be a u s e fu l  to o l  in  

gamma-ray astronom y. I t s  prim ary goal was f u l f i l l e d  by th e  o b se rv a tio n  

o f s o la r  gamma ra y s  du rin g  th e  s o la r  a c t i v i t y  o f August 2 to  August 11 , 

1972. The w ide-ang le  te le s c o p ic  p ro p e r t ie s  which made t h i s  o b se rv a tio n  

a c le a r - c u t  one a ls o  made p o s s ib le  a d i s t in c t io n  between r a d ia t io n  

from th e  E a rth  and lo c a l ly  produced r a d ia t io n .  The E a rth  a n n ih i la t io n  

l i n e  f lu x  o b ta ined  in  t h i s  way ag rees  v e ry  w e ll w ith  a s im ila r  E a r th -  

based experim ent. For a  v e r t i c a l  c u to f f  r i g i d i t y  of 10 GV t h i s  f lu x  

i s  1 .0  x 10"2 (+ o .2  x 10-2) photons-cm -2_sec”l - s r “-*-.

The agreem ent between th e  a n n ih i la t io n  f lu x  from th e  E arth  

measured by 0E0-7 w ith  th a t  measured from b a llo o n  experim ents in  th e  

atm osphere (F ig u re  IV-5) encourages us th a t  th e re  a re  no la rg e  s c a le  

sy s te m a tic  e r r o r s  in  th e  p re s e n t d a ta  a n a ly s is .  However, we cannot 

ru le  out sy s te m a tic  e r ro r s  o f th e  s iz e  o f th e  e r r o r  b a rs  in  F igure IV-5 

on th e  grounds o f th e  d if fe re n c e  tech n iq u e  a lo n e . I t  appears th a t  

s p a l l a t io n  produced g+ e m itte r s  w ith  h a l f - l i v e s  l e s s  th an  o n e -h a lf  

th e  r o ta t io n  p erio d  o f th e  s a t e l l i t e  could  produce a  "pseudo-E arth”
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co u n tin g  r a t e  i f  th e  p ro ton  f lu x  > 300 MeV has an a n iso tro p y  o f th e  

p roper m agnitude and d i r e c t io n .  Because o f th e  th ic k  a c t iv e  s h ie ld in g ,  

th e  bu lk  o f lo c a l  p ro d u c tio n  observed in  th e  d e te c to r  i s  th a t  which 

i s  nroduced in  th e  d e te c to r  and in  th e  s h ie ld  i t s e l f .  This i s  sup

po rted  by th e  a n a ly s is  o f th e  l in e  c o n tr ib u tio n s  to  th e  sum s p e c tra .

As in d ic a te d  in  Appendix I I ,  th e  s tro n g  l in e s  a re  due to  s p a l l a t io n  

p roducts in  th e  s h ie ld  and d e te c to r .

A survey  of th e  s p a l l a t io n  c ro s s - s e c t io n s  fo r  is o to p e s  produced 

in  th e  s h ie ld  and d e te c to r  shows th a t  th e  c ro s s - s e c t io n s  fo r  th e  p ro 

d u c tio n  of th e  p roper s h o r t - l iv e d  (10y sec -1  sec) g+ e m itte rs  by 

in c id e n t  p ro to n s  (0 .3 -3  GeV) a t  l e a s t  an o rd e r o f m agnitude below th e  

co rrespond ing  c ro s s - s e c t io n s  f o r  th e  p ro d u c tio n  o f long  h a l f - l i f e  g+ 

e m itte rs  and th e  iso to p e s  which c o n tr ib u te  an observab le  r a t e  to  th e  

lo c a l  p ro d u c tio n  spectrum  ( e .g .  lI2 6  ancj ]"124) (Fishman, 1972).

S p e c i f ic a l ly ,  th e  p roducts Na^® (0 .4  s e c ) ,  Ne^® (1 .4 6  sec) and N e ^
+(0 .10  sec) a re  th e  only  im p o rtan t s h o r t - l iv e d  g e m itte rs  in  th e  de

t e c t o r  and s h ie ld  m a te r ia ls .  T heir c ro s s - s e c t io n s  a re  < 10 mb compared 

to  £ lP 0  mb fo r  th e  observed l i n e s .  Furtherm ore, n e g le c tin g  su rfa c e  

e f f e c t s ,  th e  p o s itro n s  em itted  in  such decays have a continuum k in e t ic  

energy d i s t r i b u t io n  (E ^^. o f 2 .57  MeV or g re a te r )  y ie ld in g  a continuum 

o f energy  lo s s  in  th e  d e te c to r  r a th e r  th an  an a n n ih i la t io n  peak. This 

would reduce any ap p aren t a n is o t ro p ic  component by a t  l e a s t  an o th e r 

o rd er o f m agnitude.

T h e re fo re , a n is o t ro p ie s  of th e  o rd e r o f 100/1 would be n ecessa ry  

to  cause th e  observab le  excess from th e  E a rth . But even h e re , th e  

lo n g e r l iv e d  iso to p e s  would be produced a t  a r a t e  only 50# red u ced .
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from th e  i s o t r o p ic  c a se . T h e re fo re , th e  a n is o t ro p ic  lo c a l  p ro d u c tio n  

would be ^  2/100 or about 2% r a th e r  th an  th e  £ 50% e f f e c t  seen  .

The method o f m easuring th e  d if f e r e n c e  between "lim b" s p e c tra
o -2  —1has given an u p p e r - l im it  q u ie t  Bun f lu x  o f 7 x 10 ^ photons-cm -se c  . 

This compares fav o ra b ly  w ith  upper l im i t s  measured by b a llo o n -b o rn e  

experim en ts. Only th e  upper l im i t  o f  Haymes e t  a l .  (1968) o f 8 x 10”^ 

i s  low er. S ince  th e  p re se n t l im i t  was c a lc u la te d  from d a ta  tak en  over 

a  5-day p e rio d , a s ig n i f ic a n t  low ering  of th e  0S0-7 l im i t  can be ob

ta in e d  by u s in g  a l l  o f th e  0S0-7 d a ta  in  which th e  0 .5  MeV re g io n  i s

covered . This amounts to  some 240^d ay s. S ince th e  upper l im i t  depends
. T

on th e  o b se rv a tio n  tim e to  a s  1/ tq , th e re  i s  enough d a ta  a v a i la b le  

to  confirm  th e  l im i t  o f Haymes provided th a t  sy s te m a tic  e r ro r s  do n o t 

become im p o rtan t.

The p rev ious argum ents reg a rd in g  a n is o t ro p ic  lo c a l  p ro d u c tio n  

app ly  to  th e  s o la r  q u ie t- t im e  l i m i t  a l s o ,  excep t th e  p a r t i c l e  a n iso tro p y  

to  be d e a l t  w ith  i s  th e  East-W est a n iso tro p y  of h ig h -en erg y  p ro to n s . 

B alloon f l i g h t s  by Webber and Ormes (1967) show th a t  th e  East-W est 

e f f e c t  i s  of th e  o rder o f 50% o r le s s  fo r  p ro ton  e n e rg ie s  between 

60 and 300 MeV. This a n iso tro p y  appears  to  e x tra p o la te  to  h ig h e r 

e n e rg ie s .

Heckman and Nakano (1963) have found an East-W est asymmetry fo r  

p ro tons o f E > 57 MeV in  th e  Bouth A tla n tic  anomaly reg io n  a t  about 

4-00 km. The m agnitude o f t h i s  e f f e c t  g ives a f a c to r  o f 2 .3  more 

p ro tons in c id e n t  from th e  w est than  from th e  e a s t .  Even i f  th e  p ro ton  

a n iso tro p y  i s  t h i s  la rg e  a t  0S0-7, a n is o tro p ic  p ro d u c tio n  i s  c a lc u la te d  

to  be a ’'o u t an o rd er o f m agnitude sm a lle r  th an  th e  e r r o r  used to  

c a lc u la te  th e  q u ie t- t im e  s o la r  upper l im i t  a t  0 .511 MeV. Anaiy s i s of
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a l l  o f th e  OSO-7 d a ta  may re v e a l w hether such sy s te m a tic  e f f e c t s  

become im p o rtan t as th e  s t a t i s t i c a l  e r ro r s  a re  d ec rea sed . The absence 

of a s ig n i f ic a n t  excess or d e fe c t  in  th e  d if f e r e n c e  spectrum  g iven  in  

F igure  IV-11 a ls o  a rgues a g a in s t  th e  presence of sy s tem a tic  e r ro r s  

as la rg e  a s  th e  s t a t i s t i c a l  e r r o r s  p re sen ted .

Upper l im i t s  s im ila r  to  th o se  given above can be pu t on any 

c e l e s t i a l  p o in t so u rces  which a re  p o s itio n e d  n ear th e  c e n te r  o f th e  

d e te c to r  f i e l d  o f view d u rin g  "lim b" scan s . Such re g io n s  sweep th e  

sky th rough  th e  y ear due to  th e  ap p aren t m otion o f th e  Sun a c ro ss  th e  

c e l e s t i a l  sp h e re . Such o b je c ts  a s  x -ra y  so u rc e s , supernovae and th e  

G a la c tic  C en ter a re  l i k e ly  can d id a te s  fo r  a s e a rc h . F0r  exam ple, th e  

f lu x  from th e  Crab Nebula (Haymes e t  a l . ,  1968) should reach  th e  

99 p e rc en t con fidence  le v e l  f o r  th e  f i r s t  energy in te r v a l  shown in  

F igure IV-11 f o r  d a ta  taken  over a period  of about 2 weeks. Un

fo r tu n a te ly ,  th e  Crab Nebula and th e  G a la c tic  C enter l i e  a lm ost op

p o s i te  one a n o th e r on th e  c e l e s t i a l  sp h e re , th e re fo re  a p o s it iv e  excess 

in  one of th e  opposing q u ad ran ts  m ight n o t len d  i t s e l f  to  a s t r a i g h t 

forw ard in te r p r e ta t io n .

The p re sen t d e te c to r  i s  n o t w e ll designed  f o r  a measurement 

o f an is o t r o p ic  gamma-ray background a t  0 .511 MeV. S ince th e re  i s  no 

c o n f ig u ra tio n  in  which th e  d e te c to r  i s  screened  from t h i s  so u rc e , ex

c e p t by th e  E a r th , which i s  a s tro n g  source  i t s e l f ,  no d if fe re n c e  s p e c t

rum can be ob ta ined  by which th e  lo c a l  p ro d u c tio n  c o n tr ib u tio n  

(which i s  c o n s id e ra b le )  can be removed. These d i f f i c u l t i e s  could be 

overcome p a r t i a l l y  by s e p a ra tio n  o f th e  d e te c to r  from th e  s p a c e c ra f t  

and by av o id in g  th e  trap p ed  r a d ia t io n  b e l t s  e i t h e r  by lo w -ly in g  o rb i t s  

or in  c is lu n a r  space as  in  th e  Ranger experim en ts. This would minim ize
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th e  m agnitude of c h a rg e d -p a r t ic le  e f f e c t s .  The a d d it io n  o f  an a c t iv e  

s h u t te r  which could be in s e r te d  b e fo re  and removed from th e  a p e r tu re  

of a c o ll im a to r  would a llow  a c a lc u la t io n  and subsequent s u b tra c t io n  

o f th e  rem ain ing  lo c a l  c o n tr ib u tio n .

With reg a rd  to  th e  c a lc u la t io n  o f th e  Doppler broadening of
Ath e  f l a r e  a n n ih i la t io n  l i n e ,  th e  upper l im i t  tem p era tu re  o f ^  6 x 10 °K

cannot be used to  determ ine th e  reg io n  on th e  Sun in  which s o la r  f l a r e s

occur. The tem pera tu re  o f th e  s o la r  atm osphere v a r ie s  from ^  x 10^ °K
0» A rjra t  th e  base o f th e  chromosphere to  ^  10 TC in  th e  corona. However, 

h igh  energy s o la r  x -ra y s  ( > 30 keV) have sometimes been ex p la in ed  as 

therm al b rem sstrah lung  o f h o t plasmas a t  tem p era tu res  o f 10? °K and 

g re a te r  (Chubb e t  a l . ,  1966). In  f a c t ,  tem p era tu res  o f th e  o rd e r of 

1010 °K would be re q u ire d  to  e x p la in  th e  gamma ra y  continuum observed 

by th e  UNH d e te c to r  in  th e  August U, 1972 f l a r e .  Although tem p era tu res  

of 10? °K and h ig h e r a re  n o t in d ic a te d  in  th e  p re se n t a n a ly s is ,  th e  

e x is te n c e  o f such h igh  tem p era tu re  re g io n s  cannot be ru le d  o u t. The 

l in e  from p o s itro n s  a n n ih i la t in g  th e re  would be g re a t ly  broadened and 

could be l o s t  in  th e  s t a t i s t i c a l  f lu c tu a t io n s  o f th e  continuum .

A nalysis of th e  a n n ih i la t io n  l in e  w idth  and energy shows th a t  

th e  f r a c t io n  o f a n n ih i la t io n s  in  th e  bound s t a t e  i s  l e s s  th an  100; p e rcen t 

a t  th e  99 p e rcen t confidence  le v e l  and l e s s  th an  75 p e rcen t a t  th e  

95 p e rcen t confidence  le v e l .  This r e s u l t  can be caused by h igh  

tem pera tu re  or s tro n g  m agnetic f i e ld s  in  th e  a n n ih i la t io n  re g io n .

In  a n e u tra l  medium, positron ium  i s  formed by e n e rg e tic  

p o s itro n s  v ia  charge exchange. At e n e rg ie s  above th e  io n iz a t io n  

p o te n t i a l ,  I ,  o f the  am bient g a s , e l a s t i c  c o l l i s io n s  and f r e e  a n n ih i la 

t io n  dom inate over positron ium  form ation  a lthough  only a few p e rcen t or
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le s s  o f th e  p o s itro n s  a n n ih i la te  above th i s  energy . For p o s itro n  

e n e rg ie s  between I  and (1 -6 .8  eV), where 6 .8  eV i s  th e  b in d in g  energy 

o f p o sitro n iu m , the  positron ium  form ation  c ro s s - s e c t io n  dom inates the  

f r e e  a n n ih i la t io n  c ro s s - s e c t io n  by many o rd e rs  o f m agnitude. Below 

th e  energy I ,  p o s itro n s  a n n ih i la te  only  in  th e  f r e e  s t a t e .  However, 

fo r  am bient d e n s i t ie s  < lfV ^ atoms cm”^ v i r t u a l l y  a l l  of th e  p o s itro n s  

w i l l  have been l o s t  to  positron ium  fo rm ation  b e fo re  f a l l i n g  below th a t  

th re sh o ld  (G tecker, 1969; L ev en th a l, 1973). In  media o f s u f f i c i e n t  

d e n s ity  ( > 1 0 ^  atoms cm”^) o rth o p o sitro n iu m  a n n ih i la t io n  i s  quenched 

by c o l l i s io n a l  d is s o c ia t io n .  This d e n s ity  i s  o b ta ined  approx im ate ly  by 

s e t t in g  th e  mean tim e between c o l l i s io n s  (—^  .) equal to  th e  o rth o 

positron ium  l i f e t im e  (1.4- x IC T^sec), w heren  i s  th e  d e n s i ty ,  a i s  

th e  positron ium  io n iz a t io n  c ro s s - s e c t io n ,  and v i s  th e  p o s itro n  v e lo c i ty .  

At h ig h e r d e n s i t ie s  th e  r a t i o  o f positron ium  a n n ih i la t io n  to  a l l  an

n ih i la t io n s  v a r ie s  between 20$-50$ depending on th e  n a tu re  of th e  

am bient gas (Green and Lee, 1964).

In  a plasm a, charge exchange i s  no lo n g e r im p o rtan t, however,

and th e  postronium  a n n ih i la t io n  r a t e  i s  determ ined by io n iz a t io n

and recom bination  of th e  positron ium  atom. I f  th e  recom bination

c o e f f ic ie n t  i s  taken  to  be th e  same as th a t  o f hydrogen, th e  recom bination

tim e i s  1 .5  x 109T°*®5/ne se c , where n Q i s  th e  e le c tro n  d e n s ity  and T

i s  the  tem p era tu re  of th e  plasma (Ramaty and L in g e n fe l te r ,  1973).

S ince th e  mean r a t e  fo r  f r e e  a n n ih i la t io n  i s  7 .5  x  10"^^ n s e c - ^
e

(D eutsch, 1953)> th e  co rrespond ing  mean tim e i s  1 .3  x 10U /h  se c . ? e t -
e

t in g  t h i s  equal to  th e  recom bination  tim e we see th a t  h igh  tem p era tu res  

can quench a n n ih i la t io n  v ia  positron ium  independent of am bient d e n s ity .

The tem p era tu re  a t  which th e  positron ium  fo rm atio n  r a t e  equals  th e  f r e e
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a n n ih i la t io n  r a t e  i s  'v 7 x 10^ °K (Ramaty and L in g e n fe l te r ,  1973).

This mechanism could e x p la in  th e  p re sen t o b se rv a tio n  th a t  a n n ih i la t io n  

i s  no t t o t a l l y  through th e  positron ium  mode. I t  should be n o ted , 

however, th a t  up to  o n e - th ird  o f th e  th re e -p h o to n  decays ( th o se  from 

th e  m=0 s u b s ta te s )  can be quenched in  m agnetic f i e ld s  £ 5 kG (Green 

and Lee, 1964.). This i s  due to  th e  m ixing of th o se  s t a t e s  by th e  

p e rtu rb in g  m agnetic f i e ld  and th e  subsequent a n n ih i la t io n  in  th e  

s in g le t  s t a t e  s in c e  i t s  l i f e t im e  (1 .4  x 10“? sec) a g a in s t  a n n ih i la t io n  

in  co n s id e ra b ly  s h o r te r  than  th e  l i f e t im e  in  th e  t r i p l e t  s t a t e  

(1 .3  x 10”I0  s e c ) #

The accu racy  o f l in e  w idth  measurements such as  th e  one 

p resen ted  in  t h i s  work i s  l im ite d  by th e  coun ting  r a t e ,  th e  background, 

and th e  r e s o lu t io n  o f th e  d e te c to r .  The r e la t io n s h ip  between l in e

broadening  and tem peratu re  i s  approx im ately

,AE% y  n r 2 k t  ( I n  2 ) , 1 / 2
”"e t h  *  2 1 E E 2 ]

In  th e  0S0-7 experim ent fo r  th e  0.511 MeV l in e  seen  du rin g  th e  s o la r

f l a r e ,  th e  c a l ib r a te d  re s o lu t io n  fo r  th e  d e te c to r  and th e  u n c e r ta in ty

in  th e  w idth o f th e  measured l in e  were 0 .088 and 0 .0 2 8 , r e s p e c t iv e ly ,  

w ith  th e  u n c e r ta in ty  a t  th e  95 percen t (2 CT ) confidence  le v e l  ( i . e . ,  

about 30 to  35 p e rcen t o f th e  d e te c to r  r e s o lu t io n ) .  The u n c e r ta in ty  

depends on th e  a b i l i t y  to  s u b tr a c t  background and th e  a b i l i t y  to  f i t  

th e  rem ain ing  peak to  a G ussian . I f  Ng i s  th e  number o f counts in  

th e  background and N i s  th e  number o f counts in  th e  peak, th en  th e

u n c e r ta in ty  in  th e  background f i t  goes approx im ate ly  as  /  N and th eB
u n c e r ta in ty  in  th e  peak f i t  goes approx im ate ly  as  /  Np where Np i s  th e  

number o f counts in  th e  peak. For our f l a r e  d a ta  th e  e r ro r s  due to
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both  sources were about equal and of th e  o rd er o f 0 .0 1 , or about 

10 p e rcen t of th e  r e s o lu t io n  o f th e  d e te c to r .

I t  i s  i n t e r e s t in g  to  c a lc u la te  th e  improvement made by u s in g  

a d e te c to r  o f s u p e r io r  r e s o lu t io n  such as  a s o l i d - s t a t e  d e te c to r .

Such d e te c to rs  g e n e ra lly  have low er s e n s i t i v i t y  th an  th e  in o rg a n ic  

s c i n t i l l a t o r  used on th e  0S0-7, however. For a s o l i d - s t a t e  d e te c to r ,  

l e t  us tak e  a r e s o lu t io n  a f a c to r  of te n  le s s  th an  0S0-7 ( i . e . ,  1 p e rcen t 

a t  .5  MeV, or 5 keV). L et us a ls o  suppose t h a t  th e  s e n s i t i v i t y  i s  a 

f a c to r  o f te n  down.

For th e  s o l id - s t a t e  d e te c to r  th e  channels must be packed 10 

tim es as d en se ly  as  th e  0S0-7 a n a ly z e r  so th a t  th e re  a re  s t i l l  about 

5 channels under th e  peak. The f a c to r  of 10 change in  r e s o lu t io n  

i s  balanced  by th e  f a c to r  of 10 d ecrease  in  th e  s e n s i t i v i t y  so the  

counts per channel in  th e  peak a re  th e  same. However, th e  continuum 

has decreased  by a f a c to r  of 10. T h ere fo re , th e  e r r o r  in  f i t t i n g  th e  

continuum i s  down by a f a c to r  of 3 ( i . e . ,  /Ng/LO r a th e r  th an  /  Ng) 

which makes i t  sm a lle r  than  th e  G aussian f i t t i n g  e r r o r  which should  s t i l l  

be about 10 p e rcen t o f w idth  due to  th e  i n t r i n s i c  r e s o lu t io n  o f th e  

d e te c to r .  This i s  t ru e  because th e  counts per channel in  th e  peak 

a re  th e  same as in  th e  o r ig in a l  c ase . °o  i f  an upper l im i t  were c a l 

c u la te d  fo r  th i s  s o l id - s t a t e  d e te c to r  in  th e  same way as  fo r  th e  0S0-7,

Ch ! }TH * 2 l 2 k t m ^ n 2 ) ] 1 /2  = 3 x  1 0 ~ 5 T1 /2

Combining th e  components o f l in e  w idth in  q u ad ra tu re  a s  in  S e c tio n  IV, D, 

fo r  th e  upper l im i t  to  4— TH
f AE) 2 ,AE 2 -  (£ 1 ) 2
v E TH -  1 E TOTAL E DR
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where ( ^ | ) T0TM, = 0 . 0 1  + 2e  = 0 . 0 1 2 ,  C^f) DR S 0 . 0 1

80 (^ i }TH -  ° * 007

and T1/ 2 £  7 x  1 0 _ 3 / 3  x  1 ( T 5 = 233  a n d  T < 5 x  1 0 4 °K

In  t h i s  c a se , therm al broadening should  c e r ta in ly  be seen . A ll 

o** th i s  denends on th e  assum ption th a t  background e f f e c t s ,  s h ie ld in g , 

p o in t in g , a n g u la r  re sp o n se , e t c .  a re  th e  same or e q u iv a le n t.



94

APPENDIX I  

GENERATION OF ANNIHILATION RADIATION 

A. G eneral Theory

The e x is te n c e  of a p o s i t iv e ly  charged p a r t i c l e  o f mass equal to  

th a t  o f an e le c tro n  was f i r s t  p o s tu la te d  t h e o r e t i c a l ly  by P. A. M D irac 

as  th e  p h y s ica l in te r p r e ta t io n  o f th e  n eg a tiv e  energy s o lu t io n  of th e  

D irac eq u a tio n  (D irac , 1928a; D irac , 1928b). Tracks of th e  p o s itro n  

were d isco v ered  in  cloud chamber photographs by C. D. Anderson in  1932 

(A nderson, 1932; Anderson, 1933).

The c ro s s - s e c t io n  fo r  e le c tro n -p o s i t ro n  tw o-photons a n n ih i la t io n  

was f i r s t  deduced by D irac (1930), w hile th e  c ro s s - s e c t io n  f o r  p a ir  

c re a t io n  by gamma ray s  in  th e  v ic in i t y  o f a nucleus was c a lc u la te d  by 

H e i t le r  and R auter (1933) and by Bethe and H e i t le r  (1934-). Modern 

p re s e n ta tio n s  o f th e  th eo ry  a re  given by H e i t le r  (i9 6 0 ) and by Bjorken 

and D re ll  ( i 9 6 0 .

1 . A n n ih ila tio n  Mechanisms

The d i f f e r e n t i a l  c ro s s - s e c t io n  ^or tw o-photon a n n ih i la t io n  i s  

g iven by ( H e i t le r ,  I960)

2 2 2 2 4 24 E +p +p sin 0 2p sin 0
do = f—  [ 9  0  0 ------- --° -------^ ^ ] sinQ d0 a*

P0 E^-p^cos 0 (E^_p^cos 0)

in  th e  center-of-m om entum  frame f o r  u n p o la rized  quan ta  and p a r t i c l e s ,  

where Pq i s  th e  e le c tro n  momentum in  th e  c.m. fram e, E^ i s  th e  e le c tro n  

energy in  th e  c.m . f r a m e ,0 i s  th e  an g le  between p^ and the  d ir e c t io n  

of one photon, and <j> i s  th e  azim uth o f th e  d i r e c t io n  o f th a t  photon.
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Transform ing to  th e  la b  frame in  which th e  e le c tro n  i s  a t  r e s t ,  

and in te g r a t in g  over both a n g le s , th e  c ro s s - s e c t io n  f o r  th e  a n n ih i la t io n  

o f a p o s itro n  o f energy E+ i s

• -  *ro2 7TT ln iY+'7z= n - J$ ! r J
where y= E^/mc^ and ro=e^/m c^.

An aoproxim ate form f o r  y ^  1 ( " n o n - r e la t iv i s t i c "  case) v a l id

fo r  p o s itro n  k in e t ic  e n e rg ie s  such th a t  e^ /h c  << T+ <<mc^ i s
a, 2 ,a ^ u r  c / v ,  o +

where v+ i s  th e  p o s itro n  v e lo c i ty  and T+ i s  th e  p o s itro n  k in e t ic  energy .

An approxim ate form f o r y > > l  (extrem e r e l a t i v i s t i c  case ) i s
2 2* irrQ me 2E

— -------  ( l n  I T  - 1}
+

Although tw o-photon a n n ih i la t io n  i s  th e  predom inant channel f o r  f t e e

p o s itro n  decay , th e re  a re  s e v e ra l com peting p ro c e sse s . S in g le-p h o to n

a n n ih i la t io n  can tak e  p lace  when th e  e le c tro n  i s  s tro n g ly  bound to  a

nuc leus o f charge Ze. (The nucleus i s  n ecessa ry  to  conserve energy

and momentum). However, th e  c ro s s - s e c t io n  fo r  s in g le -p h o to n  a n n ih i la t io n

i s ,  a t  m ost, about 20 p e rcen t th a t  o f tw o-photon a n n ih i la t io n  even f o r

th e  h e a v ie s t  n u c le i ( H e i t le r ,  I9 6 0 ) . For example (Hayakawa, 1969),

f o r  y > > !  - 5  4
a l  n, a
^  * I n  ( 2 y ) —1

w herea j / ° 2  tlle of* s in g le -p h o to n  to  tw o-photon c ro s s - s e c t io n s ,

a =e^/hc = 1 /137 , and fo r  3 >>1

* 4 /3  z W

v+ 5 y  *1where g -  bu t z a 4 << 1 s o  —  <<1.
a 2

Another p o ss ib le  p rocess i s  one in  which no photons a re  em itted  

and th e  energy  of a n n ih i la t io n  i s  g iven  o f f  to  a second e le c tro n  in  th e
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v ic in i ty  o f th e  c o l l i s i o n .  The c ro s s -s e c t io n  f o r  t h i s  p rocess  i s  

sm all ( H e i t le r ,  I9 6 0 ) .

Three-photon decay w i l l  occur when two-quantum a n n ih i la t io n  

i s  fo rb id d en  by s e le c t io n  r u le s  which a re  a p p lic a b le .  For an unbound 

S s t a t e ,  th e  r a t i o  o f th e  c ro s s - s e c t io n  fo r  three-quantum  decay to  

th a t  fo r  two-quantum decay i s  (Ore and Pow ell, 1949)

! i  ±—
a 2 ^  372 *

For s t a t e s  o f g re a te r  an g u la r momentum, th e  c ro s s -s e c t io n s  

d e c re a se . The p o s itro n  and e le c tro n  can form a bound s t a t e  (p o s i

tronium ) in  which th e  th ree -p h o to n  decay mode becomes im p o rtan t.
3

For exam ple, i f  % = 0 , th e  fo rm ation  o f  the  t r i p l e t  S-̂  s t a t e  

(o rth o p o sitro n iu m ) i s  3 tim es more p robab le  than  th e  fo rm ation  o f th e  

s in g le t  s t a t e  ( p a ra p o s itro n iu m ). S ince th e  decay of positron ium  

obeys th e  s e le c t io n  ru le  (S ta c k e r , 1969)

( - 1 ) 2' ( - 1 ) S + 1 ( - 1 ) ?= ( - 1 )  

where % i s  th e  o r b i t a l  a n g u la r momentum quantum number, S i s  th e  sp in  

quantum number, and ? i s  th e  number of photons in  th e  f i n a l  s t a t e ,  

th r e e -q u a r te r s  of th e  positron ium  decays go to  th re e  photons and one- 

q u a r te r  go to  two photons. The decay r a te s  f o r  s t a t e s  & = 0 a re  

n e g l ig ib le  compared to  th e  1 = 0  r a t e  (D eutsch, 1953). The a s t r o -  

p h y sica l c o n d itio n s  under which positron ium  fo rm ation  i s  im p o rtan t 

have been d iscu ssed  by S te c k e r and by Leventhal (1973). S te c k e r 

shows th a t  under i n t e r s t e l l a r  c o n d itio n s  p o s itro n s  gen era ted  by cosmic 

ra y  in te r a c t io n s  a n n ih i la te  from r e s t  v ia  positron ium  fo rm ation  over 

95 p e rcen t o*" th e  tim e . In  most gases n ear a tm ospheric  p re s su re , 

p o s itro n s  w i l l  a n n ih i la te  through th e  positron ium  mode between 21



97

p e rcen t (n itro g en ) and 50 p e rc en t (oxygen) o f th e  tim e (Green and Lee,

1964.) . L eventhal c a lc u la te s  th a t  th e  positron ium  fo rm ation  f r a c t io n

can approach 100 p e rc en t fo r  atom ic hydrogen a s  the  d e n s ity  f a l l s  
15 3below 10 ' atoms cm . At h igh  enough d e n s i t ie s  o r tem p era tu res , 

however, t r i p l e t  decay and positron ium  fo rm ation  can be su p ressed  by 

c o l lo s io n s .  Furtherm ore, h igh  m agnetic f i e ld s  ( ^5kG) can d ecrease  

t r i p l e t  decay by o n e -th ird  (Green and Lee, 1964) .  In  s o l id s ,  th re e  

photon a n n ih i la t io n  i s  n e g l ig ib le .

2 . G eneration  o f P o s itro n s

There a re  th re e  modes of p o s itro n  p ro d u c tio n  which dom inate 

in  in te r a c t io n s  i f  a s tro p h y s ic a l  im portance; th e se  a r e :  1 . p a ir

p ro d u c tio n , 2. p o s i t iv e  pion decay , and 3. decay of p o s itro n -e m itt in g  

n u c le i .

P a ir  p ro d u c tio n  i s  the  conversion  of an e n e rg e tic  photon 
2

(E > 2mc ) in to  a p o s i tro n -e le c t ro n  p a i r .  Energy and momentum con

s e rv a tio n  re q u ire s  th a t  an o th er p a r t i c l e  be p re s e n t. The c ro s s -s e c t io n s  

fo r  t h i s  in te r a c t io n  were f i r s t  c a lc u la te d  by H e i t le r  and G auter (1933) 

and by Bethe and H e i t le r  (1934-). For p a i r  c re a t io n  in  th e  v ic in i ty  o f

a nucleus o f charge Ze th e  c ro s s - s e c t io n  i s  ( H e i t le r ,  I960)
_  P + P - 4 P . 2+ P _ 2oE dE = a ----- dE, {- 2- - 2E E ----------- +

k3 p + 2p _ 2
E E  e,E e ,e , o

+ (m c 2 ) 2 ( _ L j l  + _JLJL -  _ + _ Z )  + L [3S (E 2E 2+p  2p  2 } _
~  3 ~  3 „  ^  _  3 _  3 +  “  'P _ 3 P + 3 P+P_ P+ 3P . 3

- 8 / 3  -  (m e2 ) 2]c fE+E- - P 2 E+E-  ~P+ 2 + 2kE+B- ,  -I ,
P+P_ 2p+p_  P _ 3 -  p T 3 e+ P . 2P _ 2) ] }

where k i s  the  momentum of t h e  photon, E+  ̂  ̂ i s  th e  t o t a l  energy o f 

th e  p o s itro n  ( e le c t r o n ) ,  p+  ̂ i s  the  momentum o f t h e  p o s itro n
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( e le c t r o n ) ,  e - 2 &n L=̂ 2 i n '^E+'E k*10  ̂  ̂ f
f a c 2 '' ‘  ’  =’ ~ " ’ T l i n c z k

and a= Z 2r o 2/1 3 7=Z 2r 0 2,

This form ula i s  v a l id  under th e  c o n d itio n s  o f th e  Born ap

p rox im ation , assuming th a t  th e  sc reen in g  of th e  n u c lea r Coulomb f i e l d  

by th e  o u te r e le c tro n s  i s  n e g l ig ib le .  By in te g ra t in g  t h i s  e x p re ss io n  

over E+, a t o t a l  p a i r - c r e a t io n  c ro s s -s e c t io n  can be o b ta in ed . For th e

case  in  which a l l  e n e rg ie s  a re  la rg e  compared w ith  mc^,
- ,28 , 2k 218,0 = 0 (—ft i n   rr -  „--)9 mc^ 27

In  g e n e ra l , th e  p a ir  p ro d u c tio n  c ro s s -s e c tio n  fo r  an e le c tro n  r i s e s  

from a n e g l ig ib le  v a lue  (compared to  th e  Compton c ro s s -s e c t io n )  below 

1 MeV and le v e ls  o f f  to  a weak dependence on photon energy above 

100 MeV.

Another mechanism im p o rtan t i s  a s tro p h y s ic s  i s  th e  decay o f

th e  p o s i t iv e  p ion . The normal pion decays a re  (S eg re , 1964)
o — + +IT + 2y(T ^  2 x  10 16 s e c ) ,  it -*y +vy

and tt- -»-u" + v (t + 'x, 2 .55 x 10“®sec)y =
Down in  p ro b a b il i ty  by a f a c to r  o f  10"4 i s

+ + .7t -> e  + .
-8Down in  p ro b a b i l i ty  by a f a c to r  o f 10“ i s+ o - + .ir -»■ it + e  + v .e

Free muons ob ta ined  from th e  pions decay by th e  scheme

(Segre"*, 1964) _ _ _
y *  e  + ve  + v y

+  +  -  - 6y ->■ e  + v + v (T Qj. 2.2 x  10. s e c )
The mean energy of th e  r e s u l t in g  e le c tro n  i^  rough ly  o n e -q u a rte r  th e  

energy of th e  o r ig in a l  p ion (Cheng, 1972).

N egative muons r e a c t  weakly w ith  n u c le i ( e .g . ,  p + y +  n + v ) ,
4 -b u t y decays f r e e ly  as  in d ic a te d  above. The chain  it -*-y ->e i s
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im p o rtan t because pions a re  produced by cosmic ra y  in te r a c t io n s  in

i n t e r s t e l l a r  space by re a c t io n s  such a s  (Ramaty and L in g e n fe l te r ,  1966)
p+p+A+B+a-rr^+b ) + . ctt°

and p+He lt->A+B+C+aTr+ +b Ctt+ + tt" vI + '  ct t°

where A, B, and C a re  n u c le i  and nucleons and a ,  b , and c a re  zero  or 

p o s i t iv e  in te g e r s .  About 30 p e rcen t o f th e  in c id e n t  k in e t ic  energy 

of th e  p ro tons goes to  p ion  energy (Cheng, 1972). Most o f th e  

g a la c t ic  p ions a re  produced by cosmic ra y s  o f  energy 500 MeV o r g r e a te r .  

The c o n tr ib u t io n  from cosmic ra y  a - p a r t i c l e  in te r a c t io n s  w ith  He^ and 

p ro to n  in te r a c t io n s  w ith  h e a v ie r  n u c le i  can be n eg lec ted  because o f 

low r e l a t i v e  in t e n s i t y  and d e n s i ty .  The c o n tr ib u tio n  from kaon p ro 

d u c tio n  and decay can be n e g lec te d  because th e  kaon p ro duction  c ro s s -  

s e c tio n  i s  10-2056 of th e  pion  c ro s s - s e c t io n  and kaons c a r ry  a sm a lle r  

f r a c t io n  o f th e  t o t a l  energy . S im ila r ly , th e  p o s itro n  c o n tr ib u tio n  

from o th e r s tra n g e  p a r t i c l e s  i s  n e g l ig ib le .

Another source o f p o s itro n s  (o f  e n e rg ie s  below 20 MeV) i s  th e  

decay o f $ + e m ittin g  is o to p e s  ( e . g . ,  C ^ ,  N ^ ,  0 ^ ,  0 ^ ) .  These

ra d io n u c lid e s  can be formed in  th e  cosmic ra y  s p a l l a t io n  in te r a c t io n s  

between p ro tons and C ^ ,  an(j qT-6 n u c le i ,  a s  w e ll a s  in  s im ila r

in te r a c t io n s  in  th e  atm ospheres o f th e  E a rth  and th e  Sun. The r o le  o f 

t h i s  mechanism in  th e  p ro d u c tio n  o f p o s itro n s  in  th e  galaxy  has been 

in v e s t ig a te d  by S teck er (1969) and Ramaty, S te c k e r , and M isra (1970) 

u s in g  c ro s s - s e c t io n s  pub lished  by Audouze e t  a l .  (1967).

Less im p o rtan t modes o f p a ir  p roduction  in c lu d e  th e  fo llo w in g :

1 . C rea tio n  o f p a ir s  in  th e  c o l l i s io n  o f two heavy p a r t i c l e s .

H ere» or Sk (me2 ) 2 f * * * -
1 3 7  c  f 2 ^ ---]

where p a r t i c l e  1 i s  i n i t i a l l y  a t  r e s t  and T£ i s  th e  k in e t ic  energy o f
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p a r t i c l e  2 (assum ing ^2^ )  ( H e i t le r ,  I9 6 0 ) .

2 . C rea tio n  of p a ir s  by a f a s t  e le c tro n  in  th e  f i e l d  o f a

3 . C rea tio n  by c o l l i s i o n  between two e le c tro n s .

4 .  C rea tio n  by th e  a n n ih i la t io n  o f two l i g h t  quanta ( in v e rse

p a i r  a n n ih i la t io n ) .

5 . C onversion o f a y quantum em itted  by a nucleus in to  a 

p a i r  in  th e  f i e l d  o f th a t  n u c leu s . A n  0f  th e se  l a t t e r  p rocesses 

a re  n e g l ig ib le  compared to  th e  f i r s t  th r e e .

B. P roduction  in  th e  E a r th 's  Atmosphere

1 . Cosmic Ray I n te r a c t io n s

g en e ra te  continuum and l i n e  gamma r a d ia t io n ,  which have been measured 

by b a llo o n -b o rn e  d e te c to r s  (Jo n e s , 1961; P e te rso n , 1963;Haymes e t  a l . ,  

1969; Chupp e t  a l . ,  1967). The channels in to  which th e  energy o f th e  

cosmic ray s  goes i s  shown in  th e  fo llo w in g  ta b le  (Hayakawa, 1969):

rn z 28
n u c leu s . H ere, a % - J 3 JT  271

2
and th e  e le c tro n  energy EQ>>mc .

nucleus Cin E o/ m c 2 )

Cosmic ray s  which a re  in c id e n t  on th e  E a r th 's  atm osphere

P rocess Energy dissination 
(MeV-cm^-

Io n iz a t io n  in  th e  atm osphere 730

R esid u a l energy a t  sea  le v e l

N uclear d is in te g r a t io n 150

N eutrinos

TOTAL
-230

1150
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where th e  numbers hold  fo r  l a t i tu d e  50° . The in c id e n t  and d is s ip a te d  

e n e rg ie s  can a ls o  be analysed  in to  th e  sp ec ie s  by which they  a re  

c a r r ie d  (Hayakawa, 1969):

S pec ies  In c id e n t Energy
(MeV-cm- 1- s e c “ - s r ”1 )

P ro tons 889- 25

He -  n u c le i  200^  4

L -  elem ents 6-  2

M -  elem ents 47^ 1

H -  elem ents 4 0 - 1

TOTAL 1180^ 30

where L, M, and H r e f e r  to  l i g h t ,  medium, and heavy cosmic ra y  n u c le i .  

S p ec ies  D iss ip a te d  Energy

P ro to n  Io n iz a t io n  lo s s  129- 3

n* 416^  14

TT° 265- 24

N uclear d is in te g r a t io n  301- 68

TOTAL l l i o i  80

where th e  e s tim a te s  have been made f o r  a geom agnetic l a t i t u d e  o f 55° . 

The above ta b le s  i l l u s t r a t e  th e  im portance o f p ions in  cosmic ra y  

in te r a c t io n s  in  th e  atm osphere.

Cosmic ra y  components can a ls o  be c h a ra c te r iz e d  by t h e i r  

a b i l i t y  to  p e n e tra te  m a tte r . The s o -c a l le d  s o f t  component i s  composed 

o f e le c tro n s  and photons ( th e  e le c t ro n ic  or E-com ponent). Near s e a -  

l e v e l  th e  charged pions have la rg e ly  decayed in to  p mesons ( th e  

p e n e tra tin g  component) which i n t e r a c t  w ith  m a tte r  even le s s  s tro n g ly  

th an  th e  N-component. The g e n e tic  r e la t io n s h ip s  among th e  cosmic ra y
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seco n d a rie s  a re  i l l u s t r a t e d  by Hayakawa (1969) in  th e  fo llo w in g  

d iag ram s:

Low
Energy

N > N

K~

High
Energy

N t N
E

N
m  V  +  -I

7T
V  11

+

i—

w
i

i --------------------------------------------------------*  v

Although th e se  diagram s a re  only rough sch em atics , th ey  in d ic a te  th a t  

th e  main c o n tr ib u tio n  to  th e  e le c tro n ic  component (and , hence, to  

th e  p o s itro n  a n n ih i la t io n  r a d ia t io n  and th e  gamma-ray continuum) i s  

tt° p ro d u c tio n . This can be seen  q u a n t i ta t iv e ly  in  th e  graphs o f th e  

i n t e n s i ty  v e rsu s  a tm ospheric  dep th  in  F igure  A-l and F igure  A-2 

(Hayakawa, 1969) where th e  e le c tro n  (p o s ito n  p lu s negaton) f lu x e s  

from t t °  in te r a c t io n s  and from ^ decays a re  compared. Only a t  la rg e  

dep ths (> 600g/cm ) does th e  e source  become im p o rtan t. S ince 

b a llo o n -b o rn e  gamma-ray d e te c to r  measurements have shown th a t  th e  f lu x  

of a n n ih i la t io n  r a d ia t io n  in c re a s e s  w ith  d e c rea s in g  atm ospheric  depth
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Figure A-l. Vertical intensities yersus 
atmospheric depth of the soft component CS 1 and its 
subcomponents; S = e + sp + s p , e (electrons) =
N -> e (electrons from it0 ) + p -»• e (electrons from 
the knock-on and decay processes of m u o n s ),CHayakawa, 
1 9 6 9 ) .
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ATMOSPHERIC DEPTH /  NUCLEON ATTENUATION LENGTH

Figure A - 2 . Intensities of electrons Cel and 
gamma rays C y ). of energies above 1 QQ MeY -versus 
atmospheric depth, in units of the nucleon attenu
ation length, 110 g— cm”^ . The contributions of 
tt° - 2y decays (.Y^Qj e 0 ) and ir - u — e decays 
(y , e ) to gamma rays and electrons are shown 
separately. CHayakawa, 1 9 6 9 ).
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in  a manner s im i la r  to  th e  E-component (K astu riran g an , 1972), we can 

conclude th a t  th e  p o s itro n s  which produce t h i s  r a d ia t io n  come m ainly  

from th e  channel
■v, o +1 .

where th e  p o s itro n  i s  produced by p a ir  p ro d u c tio n  and lo s e s  energy  by 

brem sstrah lung  r a d ia t io n  (E„ > lOOMeV) and io n iz in g  c o l l i s io n s  

(Eq <lOOMeV).

The g en e ra tio n  o f low energy gamma ra y s  in  th e  atm osphere has 

been in v e s t ig a te d  by Puskin  (1970). U sing e le c t ro n  f lu x  measurements 

o f Verma (1967) and B rin i e t  a l .  (1967), he has c a lc u la te d  th a t  8l& 

o f th e  photon f lu x  a t  3 .5  mb re s id u a l  p re s su re  from 0 .3  to  10 MeV can 

be ex p la in ed  by e le c tro n  b rem sstrah lung  in  th e  atm osphere. Less 

im p o rtan t p ro cesses  a re  a n n ih i la t io n  l in e  and s c a t te r e d  r a d ia t io n ,  

n u c le a r  d e -e x c i ta t io n  r a d ia t io n ,  and gamma ra y s  d i r e c t l y  from ^ 0 

decay. C a lc u la tio n s  and o b se rv a tio n s  by K astu riran g an  e t  a l .  (1972) 

and Haymes e t  a l .  (1969) a ls o  show th a t  th e  low energy photons la r g e ly  

o r ig in a te  from th e  e le c t ro n ic  component o f th e  secondary  cosmic 

r a d ia t io n .  The p o s itro n  p o r tio n  o f th e  e le c t r o n ic  component a ls o  g iv es  

r i s e  to  th e  0.511 MeV r a d ia t io n .

2 . A n tim atte r in  M eteor Showers

The d i s t r ib u t io n  o f a n tim a tte r  in  th e  u n iv e rse  i s  a  phenomenon 

in  cosm olology th a t  may be amenable to  s tu d y  by gamma-ray astronom y. 

K onstan tinov  (1966) has hypo thesized  th e  e x is te n c e  o f m e te o r- lik e  

bod ies  exchanged between m a tte r  and a n tim a tte r  s t e l l a r  system s. P o s i

t iv e  ev idence f o r  t h i s  id ea  has been claim ed th rough a c o r r e la t io n  

between th e  in t e n s i ty  o f h ig h  energy gamma-ray f lu x  and neu tron
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measurements in  th e  upper tropopause  w ith  th e  tim e o f e n try  o f 

in d iv id u a l m eteors in to  th e  E a r th 's  atm osphere (K onstan tinov  e t  a l . ,  

1966; K onstan tinov  e t  a l . ,  1967).

K onstan tinov  e t  a l .  (1970) have an aly sed  gamma ra y  d a ta  in  th e  

range 0 .3  to  2 .7  MeV from th e  Cosmos-135 s a t e l l i t e  and have found an 

enhancement d u rin g  m eteor showers in  th e  0 .511 MeV ra d ia t io n  observed 

by th e i r  d e te c to r .  The o b se rv a tio n s  were made d u rin g  th e  Geminide, 

U rs id e , and Q uadrantide  showers o f 1966-1967 and amounted to  a 50$ 

e f f e c t .

The enhancement was n o t c o r re la te d  w ith  changes in  th e  gamma 

ra y  continuum or w ith  c h a rg e d -p a r t ic le  e f f e c t s .  According to  th e  

h y p o th e s is , th e  observed enhancement could  be caused by abou t 20 mg. 

o f a n t im a t te r  in tro d u ced  in to  th e  E a r th 's  atm osphere d u rin g  one day.

The 4-day  p eriod  o f 25-28 A pril 1972 used in  S e c tio n  IV of 

t h i s  work in  an in v e s t ig a t io n  o f a sp e c t and r i g i d i t y  v a r ia t io n  has 

a ls o  been used to  in v e s t ig a te  th e  tim e v a r ia t io n  o f th e  0 .511 MeV 

f lu x . In  o rd e r to  see  d a i ly  v a r ia t io n s  which a re  independent o f 

r i g i d i t y  e f f e c t s ,  scans used to  o b ta in  a d a i ly  average must be c h a r

a c te r iz e d  by th e  same r i g i d i t y  from day to  day; th a t  i s ,  i f  two scans 

a t  4-5  GV and th re e  scans a t  10-11 GV a re  used to  o b ta in  an average  

r a t e  on 26 A p ril ,  e q u iv a le n t scans must be used to  o b ta in  th e  average  

r a t e  fo r  27 A p ril i f  a v a l id  tim e dependence i s  to  be seen . O ther 

param eters need no t be co n sid ered  s in c e  th ey  do no t a f f e c t  th e  r a t e  

by th e  f a c to r  o f 50$ seen by K onstan tinov  e t  a l .

The v a r ia t io n  o f th e  average d a i ly  r a t e  i s  shown in  F ig u re  A-3. 

The e r r o r  b a rs  shown a re  due only  to  coun ting  s t a t i s t i c s  bu t in c lu d e
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th e  u n c e r ta in ty  in  s u b tra c t in g  a l in e a r  background from beneath  th e  

peak . Each p o in t i s  an average  o f 22 scan s . The 1 o e r r o r  b a rs  a re  

about 15% o f th e  average r a t e  in  le n g th . A c o n s is te n t  in c re a s e  in  th e  

r a t e  o f  50% o r more over a pe rio d  o f s e v e ra l days in  co in c id en ce  w ith  

a m eteor shower, as was seen  by K onstan tinov  e t  a l . ,  should be ap p aren t 

in  t h i s  ty p e  o f a n a ly s is .

At th e  tim e o f th e  p re se n t work, only  U days o f d a ta  were 

a v a i la b le  f o r  computer a n a ly s is .  In  th e  f u tu r e ,  however, d a ta  covering  

A pril to  December 1972 w i l l  be a v a i la b le .  This span o f tim e in c lu d e s  

such la rg e  showers as A quaride, P erse id  and O rio n id e . I f  th e  0 .511 MeV 

enhancement i s  a  g e n e ra l p ro p e rty  o f m eteor showers as  th e  work o f 

K onstan tinov  e t  a l .  im p lie s , i t  should  be confirm ed in  th e  080-7 d a ta .

G. P roduction  in  th e  S o la r  Atmosphere

1 . Q u ie t Sun

Although th e  h ig h  energy therm onuclear r e a c t io n s  in  th e  Sun’s 

core  produce x -  and gam m a-radiation , th e se  photons a re  degraded in  

energy  in  t h e i r  passage th rough  th e  s o la r  m a te r ia l  to  th e  s u r fa c e . The 

tem pera tu re  o f th e  su rfa c e  o f th e  photosphere i s  £ 4500°K, and th e  S u n 's  

s p e c t r a l  d i s t r i b u t io n  can be approxim ated by a b lack  body a t  abou t 

6000°K. This d i s t r ib u t io n  peaks a t  about 5000$ and v i r t u a l l y  a l l  o f th e

energy of th e  S u n 's  r a d ia t io n  i s  below 2000A (Green and W yatt, 1965).
6o

The tem p era tu re  of th e  corona i s  about 10 K, and i t  r a d ia te s  l ik e  a 

"g ray  body" w ith  a d i s t r ib u t io n  peaked a t  29A (0 .43  keV). However, 

t h i s  em ission  r a r e ly  exceeds 10 o f th e  s o la r  c o n s ta n t (Green and 

W yatt, 1965).
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The average k in e t ic  energy  o f gas p a r t i c l e  i s :

T = 3 /2  k ©

fo r  a M axwell-Boltzmann d i s t r i b u t io n ,  where 0 i s  th e  k in e t ic  tem per

a tu re  and k i s  B oltzm ann's c o n s ta n t (8 .6  x 10“5 eV /°k ). For a tem pera

tu re  o f 6 x 10^°K, T -  0 .77  eV; and fo r  10^°K, T = 130 eV. The th re sh o ld  

fo r  p o s itro n  producing mechanisms a re  much g r e a te r  th an  th e se  v a lu e s .

For example, th e  th re sh o ld  f o r  th e  p roduction  of g+e m itte rs  in  nu c leo n - 

nucleon c o l l i s io n s  i n  th e  s o la r  atm osphere i s  5 MeV or h ig h e r (Dolan 

and F az io , 1965; Cheng, 1972). The th re sh o ld s  fo r  tt+ p ro d u c tio n  i n  p -p  

and p -  a re a c t io n s  a re  290 MeV and 172 MeV, re s p e c t iv e ly .  F in a lly , 

th e  c o n tr ib u tio n  to  the  a n n ih i la t io n  gamma ra y  f lu x  from th e  therm o

n u c lea r r e a c t io n

H1 + H1 H2 + e+ + v 

i s  expected  to  be sm all even f o r  the  h o t corona and co ro n a l condensation  

as  compared w ith  a f l a r e - r e l a t e d  c o n tr ib u tio n  (Cheng, 1972).

Because o f th e  above c o n s id e ra tio n s , th e  gamma ra d ia t io n  em itted  

by th e  q u ie t  Sun i s  n e g lig ib le  compared w ith  em ission  d u rin g  s o la r  

f l a r e s  (Dolan and F az io , 1965). No p o s i t iv e  measurements o f q u ie t-s u n  

gamma ra y s  have been made to  d a te ;  a summary of upper l im i t s  fo r  th e  

gamma ra y  continuum has been p re sen te d  by Cheng (1972) and a s im ila r  

summary f o r  th e  0 .51  MeV r a d ia t io n  has been g iven  by Chupp (1971).

The l i s t i n g  o f Chupp i s  reproduced  h e re  as Table A -l.
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TABLE A-l

EXTRATERRESTRIAL UPPER LIMITS (0 .51  MeV)

Source Date -2  -1Photons cm sec Experim enters

Sun (Crab) 5- 2-61 1 x 10"1 P e te rso n  (1963)

Cosmos 1-62 1 .4  x 10”2 M etzger e t  a l ,  (1964)

Sun 6- 10-62 1 .3  x K f 2 F ro s t e t  a l .  (1966)

Sun 11-2-67 (7 .5 -2 6 ) x 10"3 Chupp e t  a l .  (1968)

Crab (Sun) -68 8 .4  x 10"4- Haymes e t  a l .  (1968)

Cygnus -68 1.24  x 10~3 Haymes e t  a l .  (1968)

V irgo -68 2.1  x 10"3 Haymes e t  a l .  (1968)

Cent A -68 1 .8  x 10“3 Haymes e t  a l .  (1968)

Sun -68 7 x 10"3 Womack and Overbeck 
(1968)

Sun 4-25-68 (1 .1- 4 . 8) x 10”2 Chupp e t  a l .  (1970)

Sun 7-7-66

8-28-66

N ull r e s u l t C lin e  e t  a l .  (1968) 

OGO-III

5-23-67

R efe ren ce : Chupp (1971)
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2. S o la r  F la re s

A rev iew  of* th e o r e t ic a l  f l a r e  mechanisms has been p re sen ted  by- 

Sweet (1969). Aiese models in c lu d e  th e  a c c e le r a t io n  o f f a s t  n u c le i 

which a re  sometimes d e te c te d  d i r e c t ly  and which must be p re sen t fo r  

th e  p ro d u c tio n  of a n n ih i la t io n  r a d ia t io n .  In  f a c t ,  h igh  energy pro tons 

have been thought to  be produced predom inantly  l )  b e fo re  th e  f l a r e  

(H. E l l i o t ) ,  2) du ring  th e  ex p lo siv e  phase (K. S a k u ra i) , and 3) du rin g  

th e  decay s ta g e  (C. de Jag e r)  (Sweet, 1969) .  A review  of f l a r e  models 

as  r e la te d  to  gamma ra y  and neu tro n  p ro d u c tio n  has been done by Chupp 

(1971). Here th e  models and f lu x  e s tim a te s  a re  d i f f e r e n t ia te d  ac 

co rd ing  to  t h e i r  geom etries: A) th e  d ire c te d  p a r t i c l e  geometry

(S . I .  S y r o v a ts k i i ) , B) i s o t r o p ic  th in  ta r g e t  geometry (R. E. L ingen- 

f e l t e r  and R. Ramaty, a c c e le r a t io n  p h ase ), C) i s o t r o p ic  th ic k  ta r g e t  

geometry (L in g e n fe lte r  and Ramaty, slow down p h ase ), and D) m agnetic 

b o t t l e  geometry (H. E l l i o t  and E. Schatzman) (Chupp, 1971).

The r a t e  o f g e n e ra tio n  o f a n n ih i la t io n  r a d ia t io n  d u rin g  s o la r  

f l a r e s  has been c a lc u la te d  by s e v e ra l  w orkers. The main so u rces  of 

p o s itro n s  a re  the  decay of tt+ mesons produced in  p-p  re a c tio n s  an i 

th e  3 decay o f s p a l la t io n  p ro d u c ts . Dolan and Fazio  (1965) have 

c a lc u la te d  th e  tim e-averaged  a n n ih i la t io n  l in e  f lu x  assum ing a 

r i g i d i t y  dependent p ro ton  spectrum

i  -  v ’RA°-
L in g e n fe lte r  and Ramaty (1967) have c a lc u la te d  th e  f lu x  f o r  a p o s itro n  

p ro d uction  r a t e  per g/cm^ of f l a r e  proton range averaged over th e



112

p a r t i c l e  a c c e le r a t io n  tim e (geom etry B, above). The range o f th e  ac 

c e le ra te d  p ro to n s  i s  g e n e ra lly  tak en  to  be ^ 1 g/cm^. A f lu x  can 

a ls o  be produced d u rin g  th e  slow ing down o f th o se  p a r t i c le s  which do 

n o t escape th e  Sun. For t h i s  geometry (C ), th e  au th o rs  have assumed 

th a t  1 /2  th e  f l a r e  p a r t i c l e s  a re  d ire c te d  toward th e  Sun where th ey  

in t e r a c t  and slow down. Assuming th e  same r ig id ity -d e p e n d e n t spectrum  

as Dolan and F azio , th e  mean gamma ra y  f lu x  p er u n i t  tim e a t  E a rth  

d u rin g  a c c e le r a t io n  i s
N x . & x 

_  _T 1 ( a c c )
$ = t  x

acc 1 1

where i s  th e  number o f a c c e le ra te d  p a r t i c l e s  >30 MeV, x-̂  i s  the
A

range (g/cm ) o f th e se  p a r t i c l e s  du rin g  a c c e le r a t io n ,  t^  i s  th e  a c 

c e le ra t io n  tim e , and $ acc/x-^ i s  ta b u la te d  by L in g e n fe lte r  and Ramaty.

The f lu x  d u rin g  slowdown i s  g iven  by
N e

$ _ T sd
t

sd ad

where e i s  th e  f r a c t io n  o f p a r t i c l e s  which i n t e r a c t  a f t e r  a c c e le r a t io n ,

t  , i s  th e  tim e over which in te r a c t io n  ta k es  p la c e , and a . i s  ta b u la te d , sd * sd
Cheng (1972) has tak en  in to  account th e  tim e-dependent energy

lo s s e s  o f th e  f l a r e - a c c e le r a t io n  o f p a r t i c l e s  fo llow ed by energy  lo s s

through v a rio u s  mechanisms. They may rem ain trap p ed  in  th e  f l a r e

re g io n  or a la rg e  f r a c t io n  may escape and i n t e r a c t  on th e  (h igh  d e n s ity )

s o la r  s u rfa c e . The f lu x e s  a re  c a lc u la te d  bo th  fo r  a power law in

i n i t i a l  p a r t i c l e  k in e t ic  energy

dN = K(E-Mc2 ) " a 
dE
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and fo r  an ex p o n en tia l law in  r i g i d i t y

m . = Ke-RA )
dN

Then th e  i n i t i a l  maximum a n n ih i la t io n  f lu x  a t  E arth  due to  ir+ 

p ro duction  i s
2 8

^ w ry = 7 .1  x  10 (njjKV)Q^ ^ photons cm-2 sec -3'

where n^ i s  th e  am bient p ro ton  d e n s i ty , V i s  th e  gamma-ray em ittin g

volume (KV=N/Rq , where N i s  th e  t o t a l  number o f a c c e le ra te d  p ro to n s ) ,

an<* c*ir,+ i s  th e  p o s itro n  p ro d u c tio n  r a t e  ta b u la te d  by Cheng. The tim e

dependence o f th e  f lu x  goes as  exp [ - ( t - T  a n )/T ]  f o r  t>_Tan where T i s

th e  ’'decay™ tim e fo r  tt+ p ro d u c tio n  (due to  p ro ton  energy lo s s e s ) ,

and T0_ i s  th e  mean tim e fo r  p o s itro n  p ro d uction  to  a n n ih i la t io n .  The an

i n i t i a l  f lu x  due to  g+ -  decay p o s itro n s  i s
_ 28  2 -1  

J  3 , Y  _ 7 .1  x 10 q g KV photons cm “  sec”

where q i s  th e  p o s itro n  p ro d u c tio n  r a t e  which i s  graphed by Cheng as
3

a fu n c tio n  o f tim e fo r  v a rio u s  ng and Rq . There i s  a f ix e d  d e lay  of

Tan between p o s i tro n  p ro d u c tio n  and a n n ih i la t io n  where 120 sec <.

12 -3  1 / -3
Ta n £ i . 2  sec f o r  e le c tro n  d e n s i t i e s  between 10 cm and 10 ^cm .

The f lu x e s  ob ta ined  by th e se  models can be compared f o r  a f l a r e  

w ith  param eters

N = 1032

V = 1028cm3

Rq = 200MV

= 3 x 10^3cm“3
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%
Dolan and Fazio  

L in g e n fe lte r  & Ramaty* 

Cheng

Model 0 .51 MeV f lu x  a t  e a r th  

u + decay g+ decay T o ta l

4 .2  x 10"1 2 .1  x 10"2 4 .4  x 10_1

1 .2  x 10“2 1 .4  x 10“^  1 .2  x 10-2

* average f lu x  over 100 seconds 

* * i n i t i a l  maximum f lu x

D. Cosmic Sources

S te c k e r (1969) has c a lc u la te d  t h a t  th e re  may be a d e te c ta b le  

f lu x  o f a n n ih i la t io n  gamma ra y s  from th e  g a la c t ic  d is k . As in  s o la r

f l a r e s ,  th e  two main p o ss ib le  p o s itro n  p roduction  modes a re  from th e

fo rm ation  o f i7+ mesons and p o s itro n  e m ittin g  ra d io n u c lid e s . S te c k e r 's  

argument shows th a t  an a n n ih i la t io n  gamma ra y  f lu x  w i l l  be due m ainly
4* TP 1 /  i  A

to  g decay o f p roducts o f p -  C , p -  N , and p -  0 s p a l l a t io n

in te r a c t io n s  r a th e r  th an  ir+ fo rm atio n . This i s  because p o s itro n s  

from g + decay have a low er i n i t i a l  energy ( le s s  th an  a few MeV) than  

p o s itro n s  which r e s u l t  from re a c tio n s  producing ^ + mesons (g re a te r  

th an  a few MeV). The l a t t e r  p o s itro n s  have a much g re a te r  p r o b a b i l i ty  

o f escap ing  th e  galaxy  b e fo re  a n n ih i la t in g .

from knowledge o f th e  g a la c t ic  cosmic ra y  spectrum  (assumed to  be th e  

same as  th a t  measured above 500 MeV n ear th e  E a r th ) . The p o s itro n  

energy lo s s  r a t e  (v ia  io n iz a t io n ,  b rem sstrah lu n g , syn ch ro tro n  r a d ia t io n ,  

and Compton c o l l i s io n s )  and tra p p in g  tim e in  th e  galaxy  a ls o  determ ines

For th e  ir decay mode, th e  p o s itro n  spectrum  can be c a lc u la te d
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th e  shape o f th e  a n n ih i la t io n  gamma ra y  spectrum . Because o f th e  h igh  

v e lo c i ty  a t  which a n n ih i la t io n  ta k e s  p la c e , D oppler s h i f t in g  i s  im

p o r ta n t in  t h i s  mode and th e  c h a r a c te r i s t i c  peak i s  smeared between 

250 and 500 keV. Only 1-2$ of th e se  p o s itro n s  a n n ih i la te  n ear r e s t .

The second im p o rtan t source o f g a la c t ic  p o s itro n s  i s  s p a l l a t io n

in te r a c t io n s .  S teck er (1969) uses th e  l i s t  o f in te r a c t io n s  o f Audouze

e t  a l .  (1967) and th e  a u ie t - s u n  cosm ic-ray  spectrum  between 20 and

1000 MeV/nucleon of Comstock e t  a l .  (1966) to  e s tim a te  th e  p o s itro n
"fp ro d u c tio n  from 3 e m it te r s .  Most o f th e se  p o s itro n s  a re  em itted  

w ith  e n e rg ie s  le s s  th an  5 MeV and over 95 p e rcen t of them a n n ih i la te  

n ear r e s t  in  th e  ga laxy . S to c k e r 's  c a lc u la t io n s  in d ic a te  th a t  alm ost 

a l l  o f th e se  p o s itro n s  form p o sitro n iu m , 25 p e rcen t of which decays 

in to  0 .51  MeV gamma ray s  and 75 p e rcen t o f which decays in  a continuum 

of energy le s s  than  0.51 MeV (see  appendix on G eneral Theory of An

n ih i l a t i o n ) .  The most o p tim is tic  e s tim a te  of th e  a n n ih i la t io n  l in e  

f lu x  which comes out of th i s  a n a ly s is  i s  about 10“3 photons cm”^ sec “^

s r ” '*' from th e  g a la c t ic  d is k , w ith  more c o n se rv a tiv e  v a lu es  being

. , r,-U -2  -1  -1  ,U x 10 ^  cm sec s r  or l e s s .

A l a t e r  a n a ly s is  by Ramaty, ^ te c k e r , and Mis ra  (1970) concludes 

th a t  th e  f lu x  f o r  a homogeneous d is k  model o f th e  galaxy  would be 

sm a lle r  than  th e  background continuum ( %3 x  10”^cm"^sec ^ s r ”^) u n le ss  

th e  mean cosmic ray  energy d e n s i ty  i s  much l a r g e r  th an  seems probable  

from th e  g en e ra l dynamics of th e  i n t e r s t e l l a r  medium. Thus th e  hypo

t h e t i c a l  f lu x  would be very  d i f f i c u l t  to  d e te c t .  However th e se  a u th o rs  

go on to  argue th a t  p h y sica l co n d itio n s  in  th e  g a la c t ic  c e n te r  could 

modify th e  energy d e n s ity  argument and so i t  m ight be a d e te c ta b le  

source of 0 .51  MeV gamma ra y s .
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Johnson e t  a l .  (1972) have d e te c te d  a gamma-ray continuum and 

a  peak a t  £76 + 30 keV from th e  g a la c t ic  c e n te r  re g io n . This measurement 

has re c e iv e d  s e v e ra l i n te r p r e ta t io n s .  The most in t e r e s t in g  one, in  

th e  o re se n t c o n te x t , i s  due to  ^ev en th a l (1973). He su g g es ts  t h a t  a 

lin e -p lu s -c o n tin u u m  spectrum , which i s  em itted  from th e  g a la c t ic  

c e n te r  by a n n ih i la t in g  p o sitro n iu m , i s  fo lded  th rough  th e  86 keV energy 

r e s o lu t io n  o f th e  d e te c tin g  in s tru m e n t. This r e s o lu t io n  causes th e  

ap p a ren t energy of th e  maximum o f th e  peak to  be s h i f te d  down to  490 keV.
o o

The observed f lu x  fo r  t h i s  f e a tu re  i s  1 .8  + 0 .5  x  1 0 photons cm sec
o —2 —1 —1f o r  a p o in t source (o r about 3 x 1 0 photons cm sec s r  f o r  source 

extended over th e  24° a n g u la r  opening o f th e  d e t e c to r ) . I t  should  be 

m entioned h e re  th a t  M etzger e t  a l .  (1964) have pu t an upper l im i t  o f 

1 .1  x  10“3 photons cm”^ se c “^ s r ”^ fo r  an is o t r o p ic  cosmic f lu x .  Trombka 

e t  a l .  (1973) have a p o s i t iv e ,  though weak, in d ic a t io n  o f an a n n ih i la 

t io n  r a d ia t io n  o f  cosmic o r ig in ,  a lth o u g h  o th e r sources cannot be 

com pletely  ru le d  o u t. T h e ir measurement in d ic a te s  a  f lu x  of 

2 .4  ± 1 .2  x 10"3 photons cm_2gec”^ s r" ^ .
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APPENDIX I I  

LOCAL PRODUCTION IN THE SATELLITE

I t  i s  re a so n ab le  to  expect th a t  c h a rg e d -p a r t ic le  in te r a c t io n s  

w ith  th e  s p a c e c ra f t  m a te r ia l  would produce low energy gamma ra y s . 

S a t e l l i t e s  a re  always exposed to  cosmic ray s  and th o se  in  E a rth  o rb i t  

can be exposed re g u la r ly  to  trap p ed  p a r t i c l e s .  The gamma ra y  experim ent 

aboard th e  Ranger 3 S p a c e c ra f t in d ic a te d  the  s ig n if ic a n c e  of cosmic 

ra y  e f f e c t s  (M etzger e t  a l . ,  196A). S pec tra  in  th e  range 70 keV

A.A MeV were measured w ith  an i s o t ro p ic  d e te c to r  both  stowed on th e  

s p a c e c ra f t  and extended on a 6 -fo o t boom. Comparison o f th e  sp e c tra  

showed a d e c rea se  in  co u n tin g  r a t e  o f about a f a c to r  of 2 in  th e  

extended p o s i t io n  a s  compared to  th e  stowed p o s i t io n .  The d if f e r e n c e ,  

due to  secondary p roduction  in  th e  s p a c e c ra f t ,  inc luded  a peak a t  

0 .51  MeV. This background was a p p a ren tly  caused by cosmic ra y s .

An a n a ly s is  o f th e  background produced in  th e  0S0-1 s a t e l l i t e

by P e terson  (1967) in d ic a te d  th a t  about 50 p e rcen t of th e  coun ting

r a t e  in  th e  energy range 1 .5  to  A. 5 MeV was caused by secondary

p ro d u c tio n  in  th e  s p a c e c ra f t ,  about AO percen t was due to  a tm ospheric

gamma ray s  and 10 p e rcen t to  cosmic gamma ra y s . A d d itiona l background

was seen a f t e r  exposure to  trap p ed  pro tons encountered  in  th e  500 km

o r b i t .  The mechanism was in d ic a te d  as  being due to  th e  decay of 
12825-m inute I  a c t i v i t y  induced in  th e  Nal c r y s ta l  by secondary 

n eu tro n s produced by trap p ed  pro tons (P e te rso n , 1965).

More re c e n t a n a ly s is  tends to  in d ic a te  th a t  s p a l la t io n  re a c tio n s  

in  th e  d e te c to r  and s p a c e c ra f t  a re  more im portan t gamma ra y  sou rces
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th an  neu tro n  c a p tu re . Fishman (1972) has c a lc u la te d  th e  s p a l l a t io n  

y ie ld s  fo r  100 MeV pro tons in te r a c t in g  w ith  Na l  s c i n t i l l a t o r  m a te r ia l .  

These c a lc u la t io n s  were checked ex p erim en ta lly  by i r r a d i a t i n g  Nal w ith  

600 MeV p ro to n s  and observ ing  th e  sp ec tra  of th e  decay products a s  a 

fu n c tio n  o f tim e . The a n a ly s is  in d ic a te d  numerous l in e s  in  the  s p e c tra  

due to  th e  decay by e le c tro n  cap tu re  or in te r n a l  t r a n s i t io n  o f iso to p e s  

o f io d in e , te l lu r iu m , and antim ony. An e x p o n en tia l continuum due to  

b e ta  e m itte r s  and unreso lved  l in e s  was a ls o  found.

Dyer and M o rf il l  (1971) have ob ta ined  s im ila r  r e s u l t s  fo r  th e  

i r r a d i a t i o n  o f C sl(T l) w ith  155 MeV p ro to n s . These r e s u l t s  were used 

to  p re d ic t  p roduction  in  t h i s  m a te r ia l by cosmic ra y s  and trap p ed  

p ro to n s .

The re c e n t Apollo f l i g h t s  have enabled P e te rso n  and Trombka 

(1973) to  measure th e  a c t iv a t io n  in  a Nal s c i n t i l l a t o r  d i r e c t ly .

A 7 .0  cm x 7 .0  cm Nal c r y s ta l  was stowed in  th e  Apollo 17 Command 

Module fo r  some 300 hours and passed through th e  Van A llen b e l t s  tw ice 

b e fo re  i t  was examined on th e  ground about 1 1 /2  hours a f t e r  r e - e n tr y  

in to  th e  atm osphere. The c r y s ta l  was examined by view ing i t  w ith  a 

p h o to m u ltip lie r  tube and by exposing i t  to  Ge(Li) d e te c to rs  and a  la rg e  

U tt s c i n t i l l a t i o n  c o u n te r . R ad ioac tive  n u c lid e s  in  th e  c r y s ta l  were 

id e n t i f i e d  by th e  c h a r a c te r i s t i c  e n e rg ie s  of th e  gamma ray s  em itted  by 

them and by t h e i r  h a l f  l i v e s .  Q u a li ta t iv e  id e n t i f i c a t io n  was ob tained  

fo r  th e  fo llo w in g  n u c lid e s : N a ^  (2 .6  y r s ) ,  N a ^  (15 h r s ) ,  I (13 h r s ) ,

I  (4- d a y s ) , I ^ ^ ( 1 3  d a y s) , I ^ ^ ( 2 5  min) and Xe^*',(34- d a y s) . The
2 L 128 23Na and I  a re  e v id e n tly  produced from neu tron  cap tu re  by Na and

127 2? O’iI  , r e s p e c t iv e ly .  Na ~ i s  produced by s p a l l a t io n  from Na< J , and th e
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o th e r p roducts r e s u l t  from th e  s p a l la t io n  o f I^-2? . The l in e s  a t  

1.4.6 MeV and 2 .62  MeV due to  and Th were a ls o  observed .

S ev era l of th e  l in e s  seen by th e  UNH d e te c to r  a re  c o n s is te n t  

w ith  th e se  so u rc es . In  F igure  I I I - 5  we see a peak near 0 .40  MeV and 

a  broad fe a tu re  between 0 .59  and 0 .78  MeV. The fe a tu re  a t  0 .40  MeV 

irtay be due to  th e  0 .39  MeV l in e  from I 1-2^ to g e th e r  w ith th e  0 .4 4  MeV 

l in e  from I^ 2®. A fe a tu re  s im ila r  to  th e  one between 0 .59  and 0 .7 8  MeV 

was seen  by P e terson  and Trombka. This was caused by th e  fo llo w in g

l in e s :  0 .60  MeV ( I 124-), 0 .67  MeV ( I 126) ,  0 .72 MeV ( I 123) and 0 .75  MeV
, 126,
( I  )•

The lo c a l  source o'* a n n ih i la t io n  r a d ia t io n  i s  a la rg e  number of 

p o s itro n  e m itte r s  th a t  can be produced by s p a l l a t io n .  When th e se  

ra d io n u c lid e s  a re  produced in  th e  s c i n t i l l a t o r  i t s e l f ,  th ey  produce 

an energy lo s s  continuum spectrum  r a th e r  than  an a n n ih i la t io n  l i n e .

This i s  because th e  p o s itro n s  r e le a s e  energy by io n iz a t io n  lo s s e s  as 

th ey  slow down in  th e  s c i n t i l l a t o r ,  p r io r  to  a n n ih i la t io n .  The C sl 

s h ie ld ,  however, should be an im portan t source o f 0 .51 MeV gamma ray s  

because o f i t s  m assiveness and because i t  su rrounds th e  c e n tr a l  d e te c to r .

The th e o r e t ic a l  and la b o ra to ry  a n a ly s is  o f Dyer and M o rf il l  

(1971) in d ic a te  th a t  numerous p o s itro n  e m itte rs  can be produced 

by s p a l l a t io n  in  C s l. The most im portan t a re :  C s^ ^ (3 0  m in), Cs^2®(3

m in ), Cs^2^ (1 .6  m in), Xe^23(120 m in), I 122(4 m in), I  (96 m in),

Sbm '* '^ (3 .5  min) and S b ^ ^ ( l5  m in). P o s itro n  e m itte r s  produced in  th e  

p h o to m u ltip lie r  tube and in  th e  r e s t  of th e  s p a c e c ra f t  may a ls o  con

t r i b u t e  to  th e  d e te c te d  background. The m u l t ip l ic i ty  o f p o s itro n  

e m itte r s  makes th e  a n a ly s is  o f th e  background r a t e  in to  v a rio u s
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c o n tr ib u to r s  p r o h ib i t iv e ly  d i f f i c u l t  in  t h i s  experim ent. In s te a d ,  th e  

te le s c o p ic  p ro p e r t ie s  o f th e  d e te c to r  a re  used to  d is t in g u is h  lo c a l  pro

d u c tio n  from e x te rn a l so u rces .



121

BIBLOGRAPHY

A lle r ,  L. H ., A stro p h y sics . 2 'h d ed ., Ronald C o ., New York, 1963.

Anderson, C. D ., The P o s it iv e  E le c tro n , S c ie n ce . 76 . 238, 1932.

Anderson, C. D ., The P o s i t iv e  E le c tro n , Phys. Rev. .  4-3. 4-91, 1933.

Anderson, K. A ., Cosmic Ray Photons Below Cascade Energy, Phys. Rev. .
123, 1435, 1961.

Audouze, J . ,  M. E pherre , and H. R eeves, Survey o f Experim ental Cross 
S ec tio n s  fo r  P ro ton  Induced S p a l la t io n  R eac tions in  He^, C12^
N and 01 , i n  H igh-Energy N uclear I n te r a c t io n s  in  A stro 
p h y s ic s . e d ite d  by B. S . P. Shen, W. A. Benjamin, I n c . ,  New 
York, 1967.

B ethe, H. and W. H e i t l e r ,  S topping of F ast P a r t i c le s  and C rea tio n  of 
E le c tro n  P a ir s ,  P ro c . Roy. S o c .. 146; 83, 1934.

Bingham, R. G ., W. R. Webber, D. M. Sawyer, and J .  F. Ormes, D ire c t 
Measurements o f  Geomagnetic C u to ffs  fo r  Cosmic Ray P a r t i c l e s  
in  th e  L a titu d e  Range 45° to  70° Using B alloons and S a t e l l i t e s ,  
P ro c . I n t .  Conf. Cosmic Rays. C algary , Canada, S1078, 1968.

B jorken , J .  D. and S . D. D r e l l ,  R e l a t i v i s t i c  Quantum M echanics.
McGraw-Hill Book C o ., New York, 1964.

B r in i ,  D ., V. C i r ie g i ,  F. F u l ig n i ,  and E. M o re tti, Low-Energy Cosmic- 
Ray Photons in  Atmosphere, J .  Geophys. R es. .  72, 903, 1967.

B u r t is ,  D. W., D. Aalami, R. H. Evelyn-V eere, and A. A. Sarkady, A
Q uad ratic  P u lse  H eight Analyzer fo r  Space A p p lic a tio n s , IEEE 
T ran s . Nuc. S c i. NS-19. 613, 1972.

Cheng, C ., T h e o re tic a l S tu d ie s  o f th e  FLux and Energy Spectrum of 
Gamma R ad ia tio n  from th e  Sun, Space S c i .  R ev .. 13 . 3 , 1972.

Chubb, T. A ., R. W. K re p lin , and H. Friedm an, O bserva tions o f Hard
X-Ray Q nission  from S o la r  F la re s ,  J .  Geophys. R e s .. 71 . 3611, 1966.

Chupp, E. L . ,  Gamma Ray and N eutron Em issions from th e  Sun, Space S c i . 
R ev .. 12 , 486, 1971.

Chupp, E. L . ,  and D. J .  F o r r e s t ,  D iscussion  o f Paper by R. C. Haymes,
S . W, Glenn, G. J .  Fishman, and F. R. Harnden, J r . ,  J .  Geophys. 
R e s .. 7£ , 871, 1970.

Chupp, E. L . ,  A. A. Sarkady, and H. P. Gilman, The 0 .5  MeV Gamma-Ray
F lux  and th e  Energy Loss Spectrum in  C sl(T l)  a t  4 g/cm^, P la n e t . 
Space S c i . . 15, 881, 1967.



122

Chupp, E. L . ,  D. J .  F o r r e s t ,  A. A. Sarkady, and P. J .  Lavakare, Low 
Energy Gamma R ad ia tio n  in  th e  Atmosphere During A ctive and 
Q uie t P e rio d s  on th e  Sun, P la n e t. Space S c i . .  18. 939, 1970.

Chupp, E. L . ,  D. J .  F o r re s t ,  P. R. H igb ie , A. N. S u r i ,  C. T sa i, and
P. P . Dunphy, S o la r  Gamma Ray L ines Observed During th e  S o la r  
A c tiv i ty  o f August 2 to  August 11, 1972, N atu re , 241. 333, 1973.

D eutsch, M., A n n ih ila tio n  o f  P o s i tro n s , in  P ro g ress  in  N uclear P h y s ic s . 
V ol. 3 . e d ite d  by 0 . F r isc h , Pergamon P re s s , London, 1953.

D irac , P. A. M., Quantum Theory o f th e  E le c tro n , Proc. Roy. S o c .. A117. 
610, 1928a .

D irac , P. A. M.  Quantum Theory o f th e  E le c tro n . P a r t  I I ,  P roc. Roy. Soc. .  
A118. 351, 1928b .

D irac , P . A. M ., A n n ih ila tio n  o f E lec tro n s  and P ro to n s , P roc. Cambridge 
P h i l .  Soc. .  26, 361, 1930.

D olan, J .  F. and G. G. F az io , The Gamraa-Ray Spectrum o f th e  Sun,
Rev, o f  Geophys. .  319, 1965.

Dyer, C. S . and G. E. M o r f i l l ,  C o n trib u tio n  to  th e  Background Rate o f 
a S a t e l l i t e  X-ray D e tec to r by S p a lla t io n  P roducts in  a Caesium 
Io d id e  C ry s ta l ,  A strophys. and Space S c i . .  14.. 243, 1971.

Fishman, G. J . ,  P ro ton-Induced  R a d io a c tiv ity  and N al(T l) S c i n t i l l a t i o n  
D e te c to rs , Teledyne Brown E n g ineering , H u n ts v il le , Alabama,
R eport RE-SSL-14.97, 1972.

F o r re s t ,  D. J . ,  unpublished  t h e s i s ,  U n iv e rs ity  o f New Hampshire, 1969,

F o r re s t ,  D. J . ,  P. R. H igb ie , L. E. Orwig, and E. L. Chupp, An
E le c t r o n ic a l ly  Gated Gamma and X-Ray C a l ib ra t io n  Scheme, Nucl. 
I n s t r .  and Methods. 101. 567, 1972.

F ro s t ,  K. J . ,  E. D. R othe, and L . E. P e te rso n , A Search fo r  th e  Q u ie t-  
Time S o la r  Gamma Rays from B alloon A lti tu d e s , J .  Geophys. R es. .  
71 , 4079, 1966.

G reen, J .  and J .  Lee, P osltron ium  C hem istry . Academic P re s s , New York,
N. Y ., 1964.

G reen, A. E .,  and P. J .  W yatt, Atomic and Space S c ien ce . Addison- 
Wesley P u b lish in g  C o ., I n c . ,  Reading, M ass., 1965.

G o le n e ts k ii ,  S . V ., E. P. M azets, V. N. I l ' i n s k i i ,  M. M. Bredov,
Yu. A. G ur'yan , and V. N. Panov, Cosmic Gamma-Ray Measurements 
in  th e  Range 0 .3 -3 .7  MeV, A strophys. L e t t . .  2> 69, 1971.

G o ren ste in , P. and H. G ursky, C h a r a c te r is t ic  Y and X -R adiation in  th e  
P la n e ta ry  System, Space S c i .  Rev. ,  10. 770, 1970.



123

Hayakawa, S . ,  Cosmic Ray P h y s ic s . John W iley & Sons, I n c . ,  New York, 
1969.

Haymes, R. C ., D. V. E l l i s ,  G. J .  Fishman, J .  D. K u rfe ss , and W. H.
Tucker, O bservation  o f Gamma R ad ia tio n  from th e  Crab N ebula, 
A stropys. J .  L e t t e r s . 151 . L9, 1968.

Haymes, R. C ., S . W. G lenn, G. J .  Fishman, and F. R. Harnden, J r . ,
Low Energy Gamma R ad ia tio n  in  th e  Atmosphere a t  M id la titu d e s ,
J .  Geophys. R e s .. 74-. 5792, 1969.

Haymes, R. C ., S . W. Glenn, G. J .  Fishman, and F .  r .  Harnden, J r . ,
R eply , J .  Geophys. Res,.,. 75, 873, 1970.

H eath, R. L . ,  S c i n t i l l a t i o n  S pectrom etry , Gamma Ray Spectrum C atalogue, 
AEC Research and Development R ep o rt-P hysics  TID-4.500. 1964..

Heckman, H. H. and G. H. Nakano, East-W est Asymmetry in  th e  Flux of 
M irro rin g  G eom agnetically  Trapped P ro to n s , J .  Geophys. R e s ..
68, 2117, 1963.

H e i t l e r ,  W., The Quantum Theory of R a d ia tio n . Oxford U n iv e rs ity  P re s s , 
London, 1936, I960.

H e i t l e r ,  W. and F. S a u te r , S topping  of F ast P a r t i c l e s  w ith  Em ission o f 
R ad ia tio n  and th e  B ir th  o f P o s i t iv e  E le c tro n s , N a tu re . 132.
892, 1913.

H ig b ie , P. R ., E. L. Chupp, D. J .  F o r re s t ,  and I .  U. G leske, A Gamma 
Ray M onitor fo r  th e  0S0-7 S p a c e c ra f t,  IEEE T rans. Nuc. S c i .
NS-19. 606, 1972.

H ig b ie , P. R . , D. F o r re s t ,  I .  G leske, E. L. Chupp, and D. B u r t is ,
E xperim ental Gamma Ray Response F unction  f o r  th e  0S0-7 Space
c r a f t ,  Nucl. I n s t r .  and M ethods. 108, 167, 1973.

Jo n es , F. C ., Cosmic Flay P ro d u ctio n  o f Low-Energy Gamma Rays, J .
Geophys. R e s .. 66. 2029, 1961.

K astu r iran g an , K, U. R. Rao, and P. D. B havsar, Low Energy Atmospheric 
Gamma Rays .Near Geomagnetic E quato r, P la n e t .  Space S c i . . 20 .
1961, 1972.

K onstan tinov , B. P . ,  M. M. Bredov, A. I .  B e ly ae v sk ii, and I .  A. Sokolov, 
The P o ss ib le  A n tim atte r N ature o f M icro m eteo rite s , Cosmic R e s ..
4 , 58, 1966.

K onstan tinov , B. P . ,  M. M. Bredov, A. I .  B e ly a e v sk ii, I .  A. Sokolov,
Yu. A. G ur'yan , L. P . Pakhomov, V. K. B ocharkin , L. F . A lekseev , 
N. I .  O rlov , and V. I .  Chesnokov, An Experim ent to  T est th e  
H ypothesis of th e  A n tim atte r N ature o f M eteoric Swarms, S o v ie t 
Phys. Tech. P h y s .. 12, 531, 1967.



124

K onstan tinov , B. P . ,  S . V. G o le n ts k i i ,  E. P. M azets, V. N. I l ' i n s k i i ,  
R. L. A p te k a r ', M. M. Bredov, Yu. A G ur'yan , and V. N. Panov, 
In v e s t ig a t io n  o f th e  V a r ia tio n s  o f A n n ih ila tio n  Gamma R ad ia tio n  
by th e  A r t i f i c i a l  E a rth  S a t e l l i t e  ''CosmoSfl35" in  C onnection 
w ith  th e  P o ss ib le  A n tim atte r N ature of Meteor S tream s, Cosmic 
R e s . . 8, 849, 1970.

K uzhevsk ii, B. M., N uclear R eac tio n s  and th e  Line Spectrum o f S o la r -  
F la re  Gamma Rays, Sov. A stron . AJ. 12, 595, 1969.

L ev en th a l, M., P ositron ium -F orm ation  R ed sh ift of th e  511-keV A nnih ila
t io n  L ine, A strophys. J .  L e t t . . 183, L 147, 1973.

L in g e n fe l te r ,  R. E. and R. Ramat.y, in  High Energy N uclear R eactions in  
A stro p h y sic s , ed . by B. S . P . Shen, W. A. Benjamin P re s s , New 
York, N. Y ., 1967.

M etzger, A. E . ,  E. C. Anderson, M. A. Van D i l la ,  and J .  R. A rnold, 
D e tec tio n  o f an I n t e r s t e l l a r  Flux o f Gamma-Rays, N a tu re . 204.
766, 1964.

Nakagawa, S . ,  M. Tsukuda, K. O kudaira, Y. H irasim a, M. Yoshim ori,
T. Yamagami, H. Murakami, and S. Iwama, The 0.511 MeV Gamma 
Rays Measured w ith  th e  Ge(Li) D e tec to r a t  th e  B alloon A lti tu d e , 
in  P roc. I n t .  Conf. Cosmic Rays. OG-26, 1971.

N e ile r ,  J .  H ., and P. R. B e l l ,  in  A lpha-. B e ta - and Gamma-Ray S p ec tro 
scopy . ed . by K. S iegbahn, N orth-H olland P u b lish in g  Company,
Ams terdam , 1965.

N orth rop , J .  A. and R. L. H o s te t le r ,  Measurements of Gamma-Ray Fluxes 
in  and above th e  Atmosphere, B u ll. Amer. Phys. S o c .. 6 , 52,
1961.

Ore, A. and J .  L. P ow ell, T hree-photon A n n ih ila tio n  o f an E le c tro n , 
Phys. R ev .. 75 . 1696, 1949.

Perlow , G. J . ,  and C. W. K is s in g e r , A Search fo r  Prim ary Cosmic 
R ad ia tio n  I I ,  Low Energy R ad ia tio n  Above and W ithin  th e  
Atmosphere, Phys. R ev .. 84. 572, 1951.

P e te rso n , L. E . ,  The 0.5-MeV Gamma-Ray and th e  Low-Energy Gamma-Ray 
Spectrum to  6 Grams per Square C entim eter over M inneapolis,
•J. Geophys. R e s .. 68 . 979, 1963.

P e te rso n , L. E . ,  R a d io a c tiv ity  Induced in  Sodium Io d id e  by Trapped 
P ro to n s , J .  Geophys. R e s .. 70 . 1762, 1965.

P e te rso n , L. E . ,  Gamma-Ray P ro d u ctio n  by Cosmic Rays Observed on 0 8 0 -1 , 
U n iv e rs ity  o f C a l i fo rn ia ,  San Diego, R eport UCSD-SP-68-1, 1967.



125

P e te rso n , L. E . ,  and J .  I .  Trombka, The Measurement and I n te r p r e ta t io n  
o f th e  Cosmic Gamma-Ray Spectrum Between 0 .3  and 27 MeV as 
O btained During th e  Apollo M ission , in  I n te r n a t io n a l  Symposium 
and Workshop on Gamma-Ray A stro p h y sics , GSFC P re p r in t  X-641-73- 
180, G reen b e lt, MD., 1973.

Pusk in , J .  S . ,  Low-F.nergy Gamma Rays in  th e  Atmosphere, Sm ithsonian 
A stro p h y sica l O bservato ry  S p ec ia l Report No. 318, 1970.

Ramaty, R ., and R. E. L in g e n fe l te r ,  G a lac tic  Cosmic-Ray E le c tro n s ,
J .  Geophys. R e s .. 71 . 3687, 1966.

Ramaty, R ., and R. E. L in g e n fe l te r ,  N uclear Gamma Rays from S o la r 
F la re s , P roc. I n t .  Conf. Cosmic Rays. Denver, 1590, 1973.

Ramaty, R ., F. W. S te c k e r , and D. M isra, Low-Energy Cosmic Ray P o s itro n s  
and 0.51-MeV Gamma Rays from th e  Galaxy, J .  Geophys. R e s .. 75 . 
1141, 1970.

R e s t, 1?. G ., L. R e i f f e l ,  and C. A. S tone , Note on S o ft Gamma Component 
o f Cosmic Rays, Phys. R ev .. 81. 894, 1951.

R occhia, R ., J .  L ab y rie , G. D ucros, and D. B o c le t, Gamma-Ray G enera tion  
in  th e  High Atmosphere, P roc. I n t .  Conf. Cosmic Rays. London,
4?3, 1965.

S e g r i , E ., N uclei and P a r t i c l e s . W. A. Benjamin, I n c . ,  New York, 1965.

Shea, M. A ., and D. F. Sm art, Worldwide T ra jec to ry -D eriv ed  V e r tic a l  
C u to ff R ig id i t i e s  and T h e ir A p p lica tio n  to  Experim ental 
M easurem ents, J .  Geophys. R e s .. 72 . 2021, 1967.

Shea, M. A., D. F. Sm art, and J .  R. McCall, A Five Degree by F if te e n  
Degree World Grid o f T rajec to ry -D eterm ined  V e r t ic a l  C u to ff 
R ig id i t i e s ,  Can. J .  P h y s .. 46 . S1098, 1968.

S te c k e r , F. W., E q u ilib riu m  S p ec tra  o f Secondary Cosmic Ray P o s itro n s  
and th e  Spectrum o f Cosmic Gamma Rays R esu ltin g  from T heir 
A n n ih ila tio n , A strophys. Space S c i . . 2 ,  579, 1969.

Sw eet, P . A., Mechanisms in  S o la r  F la re s , Ann. Rev. A stron. A strophys.
7 , 149, 1969.

Trombka, J .  I . ,  A. E. M etzger, J .  R, A rnold, J .  L„ M atteson, R. C.
Reedy, and L. E. P e te rso n , The Cosmic y —Ray Spectrum Between 
0 .3  and 27 MeV Measured on Apollo 15, A strophys. J . . 181.
737, 1973.



126

Verma,

V e tte ,

Webber,

S. D ., Measurement o f th e  Charged S p lash  and R e-E n tran t Albedo 
o f th e  Cosmic R a d ia tio n , J .  Geophys. R e s .. 72 . 915, 1967.

J .  I . ,  Low-Energy Gamma Rays in  Air and in  Lead, J .  Geophys. 
R e s .. 67, 1731, 1962.

W. R. and J .  F. Ormes, An Upper L im it on th e  Q uiet Time S o la r  
N eutron Flux a t  E nerg ies  > oOMeV, J .  Geophys. R e s . . 72 . 3367, 
1967.



BIOGRAPHICAL DATA

Name P h i l ip  P a t r ic k  Dunphy

Date o f  B ir th

25 O ctober 194-3

P lace  o f B ir th

J e r s e y  C ity , New J e r s e y

C o lle g ia te  I n s t i t u t i o n s  a tte n d e d

Seton  H a ll U n iv e rs i ty , South O range, N .J .

B. S . (Cum la u d e )  -  P h y s ic s  June 1965

Honors o r Awards

Academic E x ce llen ce  -  P h y s ic s  
Seton  H a ll U n iv e rs i ty , 1965

C ross and C rescen t Honor S o c ie ty  
S eton  H a ll U n iv e rs i ty ,  1965

NASA T ra in in g  G rant 
U n iv e rs ity  o f New Hampshire

A sso c ia te  Member, S o c ie ty  o f  th e  Sigma X i 
U n iv e rs ity  o f New Hampshire

P u b lic a tio n s

Chupp, E . L . , D .J . F o r r e s t ,  P.R . H ig b ie , A 
P .P . Dunphy, "S o la r  Gamma Ray L ines Obser* 
A c tiv i ty  o f  August 2 to  August 11 , 1972,


	ANALYSIS OF THE 0511 MEV RADIATION AT THE OSO-7 SATELLITE
	Recommended Citation

	00001.tif

