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A B S T R A C T 

More than 70 cases have been observed of energetic solar flare X-ray bursts by large ionization 
chambers on the O G O satellites in space. The ionization chambers have an energy range between 
10 and 50 KeV for X-rays and are also sensitive to solar protons and electrons. A study has been 
made of the X-ray microwave relationship, and it is found that the total energy released in the form 
of X-rays between 10 and 50 K e V is approximately proportional to the peak or total energy simul­
taneously released in the form of microwave emission. For a given burst the rise time, decay time 
and total duration are similar for the 10-50 K e V X-rays and the 3 to 10 cm radio emission. Roughly 
exponential decay phases are observed for both emissions with time constants between 1 and 10 min. 
All 3 or 10 cm radio bursts with peak intensity greater than 80 solar flux units are accompanied by 
an X-ray burst greater than 3 x 10~ 7 ergs c m - 2 s e c - 1 peak intensity. The probability of detecting such 
X-ray events is low unless the radio spectrum extends into the centimetric range of wavelengths. The 
best correlation between cm-A and energetic X-rays is observed for the first event in a flare. Subsequent 
structure and second bursts may not correspond even when the radio emission is rich in the micro­
wave component. The mechanism for the energetic X-rays is shown to be bremsstrahlung probably 
of fast electrons o n a cooler plasma. If the radio emission is assumed to be synchrotron radiation 
then a relationship is developed between density and magnetic field which meets the observed quanti­
tative results. One finds, on the average, that 5 x 10 5 4 joules m 2 ( C P S ) 1 of microwave energy at 
the Earth are required per electron at the Sun to provide the radio emission for the various events. 

A strong correlation between interplanetary solar flare electrons observed by satellite and X-ray 
bursts is shown to exist. This correlation is weak for solar proton events. One may infer a strong 
propagation asymmetry for solar flare electrons along the spiral interplanetary magnetic field. 

1. Introduction 

Since S e p t e m b e r 1964 i o n i z a t i o n c h a m b e r s flown in space h a v e de tec ted n u m e r o u s 

so la r flare X - r a y burs t s in t h e ene rgy r a n g e f rom 10 to 50 keV, o r i g ina t i ng in so la r 

flare d i s t u rbances . In t he p r e sen t p a p e r we shall p resen t t h e m o s t r ecen t s u m m a r y of 

these obse rved events a n d d iscuss the i r r e l a t i onsh ip wi th t h e m i c r o w a v e so la r r a d i o 

b u r s t s a n d wi th t he o b s e r v a t i o n s of energe t i c e lec t rons a n d p r o t o n s ejected i n t o space 

by t h e s a m e flares. T h e cen t r a l objec t of such a s tudy is t o r e a c h a be t t e r u n d e r s t a n d i n g 

of t h e so la r flare p rocesses a n d t h e n a t u r e of t he ins tab i l i ty wh ich gene ra t e s flares bu t , 

in pa r t i cu l a r , t o u n d e r s t a n d t h e p rocesses which gave rise t o s u p r a t h e r m a l par t ic les 

so f requen t ly observed f rom flares. 

Kiepenheuer (ed.), Structure and Development of Solar Active Regions, 490-509. t I.A.U. 
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T h e X- rays a re de tec ted by ion iza t ion c h a m b e r s ca r r ied for l ong p e r i o d s of t i m e 
ou t s ide t h e m a g n e t o s p h e r e by t h e O G O - I a n d O G O - I I I satel l i tes . De ta i l s of t h e 
i n s t r u m e n t a t i o n a n d p r e v i o u s w o r k o n th is p r o g r a m h a v e been s u m m a r i z e d in several 
p u b l i c a t i o n s ( K a n e et al., 1966; A r n o l d y et al, \961a,b). T h e r a n g e of energies 
covered by the p r e s e n t e x p e r i m e n t s is s imi la r t o , b u t in genera l s o m e w h a t less t h a n , 
t h e X- ray events de tec ted p rev ious ly by b a l l o o n s flown n e a r t h e t o p of t he a t m o s p h e r e 
(Pe t e r son a n d Winck le r , 1959; W i n c k l e r et al., 1 9 6 1 ; Vet te a n d C a s a l , 1 9 6 1 ; A n d e r s o n 
a n d Winck le r , 1962; H o f m a n n a n d Winck le r , 1963). Several s u m m a r i e s of th is very 
energe t ic b r e m s s t r a h l u n g emiss ion f rom flares a n d the i r r e l a t i onsh ip t o t h e r a d i o a n d 
op t ica l fea tures a re ava i l ab le , ba sed on t h e o lde r resul ts (Winck le r , 1963 ; F r i e d m a n , 
1964; K u n d u , 1965). In a genera l sense t he energet ic flare X - r a y s of energy a b o v e 
10 K e V a p p e a r as b u r s t s of d u r a t i o n be tween 1 a n d 20 min in very g o o d t ime s imul­
t ane i ty wi th t he ' exp los ive ' p h a s e of flares ( M o r e t o n , 1964). P rev ious ly , the obser ­
va t i ons of these energe t ic X- rays were m a d e by c h a n c e on h igh -a l t i t ude ba l l oons 
ca r ry ing ion c h a m b e r s o r sc in t i l la t ion c o u n t e r s . T h e s e ear ly e x p e r i m e n t s de tec ted only 
t h e mos t energet ic q u a n t a f rom t h e flare d u e t o t h e a t m o s p h e r i c a b s o r p t i o n a b o v e the 
ba l l oons . These r a t h e r excep t iona l events have given rise t o c o n s i d e r a b l e specu la t ion 
a b o u t p rocesses wh ich cou ld p r o d u c e energe t ic q u a n t a , such as t h e inverse C o m p t o n 
p rocess ( A c t o n , 1964; Shk lovsky , 1964, 1965; Z h e l e z n y a k o v , 1965), t h e s y n c h r o t r o n 
p rocess (Stein a n d N e y , 1963), o r nuc lea r p rocesses giving g a m m a - r a y s . T h e resul ts 
of t h e p resen t s tudy s h o w t h a t flares of all sizes f rom Class I S t o C las s 3B emi t such 
energe t ic X- rays a n d t h a t the i r or igin is p r o b a b l y b r e m s s t r a h l u n g fol lowing the 
s u p r a t h e r m a l hea t ing of e l ec t rons in t he m a g n e t i c - p l a s m a m e d i u m in t h e solar act ive 
reg ion . O u r recen t inves t iga t ion ( A r n o l d y et al., \961b) h a s s h o w n t h a t the X- ray 
b u r s t s a re wel l -cor re la ted wi th t he d i rec t o b s e r v a t i o n s i m m e d i a t e l y a f t e rward in space 
of energe t ic e l ec t rons g r e a t e r t h a n 4 0 K e V ene rgy w h i c h m a y well c o m e from the 
s a m e source (Lin a n d A n d e r s o n , 1967). In th is p a p e r a n d the p r e v i o u s re la ted a c c o u n t s 
we also have found ev idence t h a t the acce le ra t ion of solar flare p r o t o n s which a re 
n o w widely obse rved in i n t e r p l a n e t a r y space o r a t t h e E a r t h m a y ar ise f rom a process 
dis joint f rom t h a t r e spons ib l e for t he X - r a y e lec t ron emiss ion . 

2 . Discussion of the O G O Experiments 

T h e X - r a y s were de tec ted w i t h a n 18-cm d i a m e t e r a l u m i n u m wal l i on i za t i on 
c h a m b e r filled wi th a r g o n gas a t 3-5 a t m pressure . Iden t i ca l i n s t r u m e n t s were p r o v i d e d 
for the O G O - I ( l a u n c h e d S e p t e m b e r , 1964) a n d the O G O - I I I ( l a u n c h e d J u n e , 1966) 
satel l i tes, b o t h of w h i c h c o n t i n u e t o give d a t a . De ta i l s of t h e i n s t r u m e n t a t i o n a r e 
given in o u r p r e v i o u s p u b l i c a t i o n s ( K a n e et al., 1966; A r n o l d y et al., \961b). T h e 
i o n - c h a m b e r r e sponse h a s a lower l imit of 10 K e V , has a m a x i m u m r e s p o n s e be tween 
20 a n d 30 K e V a n d a n effective u p p e r l imit be tween 50 a n d 100 K e V d e p e n d i n g o n 
t h e type of spec t rum cha rac te r i s t i c of the X- rays . In th is p a p e r t h e i o n - c h a m b e r ra tes 
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a r e given in t he va r ious figures in t e r m s of a s t a n d a r d i z e d a r b i t r a r y r a t e des igna ted 
a s n o r m a l i z e d pulses pe r sec x 1 0 3 ( N P P S x 10 3 ) . T h e r e s p o n s e charac te r i s t i c s a n d 
f ac to r s for conve r t i ng t h e c h a m b e r r a t e to a b s o l u t e ene rgy flux a r e given in T a b l e 1. 
F o r t he analys is in th is p a p e r , we h a v e a s s u m e d a r a t h e r s teep e x p o n e n t i a l type X - r a y 
s p e c t r u m wi th E 0 = l K e V . T h e t h r e s h o l d sensi t ivi ty of t h e c h a m b e r for X- rays is 
3 x 1 0 " 7 ergs c m - 2 s e c " 1 . T h e c h a m b e r r e s p o n d s a lso t o p r o t o n s a b o v e 12 M e V , t o 
e l ec t rons a b o v e 700 K e V , a n d f requent ly de tec t s par t i c le even ts in space closely 
fo l lowing the X- ray bu r s t s f rom the s a m e flare. 

Recen t ly s o m e so la r X - r a y even t s have been de tec ted s i m u l t a n e o u s l y by b o t h 

1630 1700 1730 1800 1830 

SEPTEMBER 20, 1966 (UT) 

F I G . 1. A solar flare X-ray increase observed simultaneously by the ion chamber on OGO-J and 
OGO-III satellites. This X-ray burst has a sharp preliminary peak at 1712 UT and a broad maximum 
centered at 1730. A satisfactory 10-cm radio correlation exists. 
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O G O - I a n d I I I . F igu re 1 s h o w s such a n e x a m p l e a n d a l so de l inea tes t h e o rb i t a l 
pos i t i ons of t h e t w o satel l i tes w i th respect t o the m a g n e t o s p h e r i c s t ruc tu re . Such 
s i m u l t a n e o u s events m a k e t h e ident i f ica t ion of t he X - r a y inc rease comple t e ly ce r t a in 
a n d he lp t o d is t inguish s p u r i o u s cases d u e t o e lec t ron bu r s t s a s soc ia t ed wi th t he 
m a g n e t o s p h e r e . T h e e x a m p l e s h o w n in F igure 1 is a lso in te res t ing because of the 
s h a r p bur s t a t 1712 U T a n d the r a t h e r s m o o t h m a x i m u m a t 1730. T h e c lose a g r e e m e n t 
of t h e t w o ion c h a m b e r s m e a s u r i n g t h e s a m e even t s h o w s t h a t t h e c a l i b r a t i o n s used 
w e r e co r r ec t a n d t h a t n o drift h a s o c c u r r e d in t h e ca l i b r a t i on of t h e O G O - I i n s t r u m e n t 
ove r a p e r i o d of 2\ yea r s . 

F I G . 2. Comparison of X-ray intensities (lower) and 3 and 10-cm radio emission (above) for a 
large complex flare event. 
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3 . Correlation of X-Ray and Radio Bursts 

I n F igu re 2 we have a m o r e o r less typica l la rge flare even t p r o d u c i n g a cons ide rab l e 
in tens i ty of energet ic X - r a y s a n d r a d i o emiss ion in t h e m i c r o w a v e r a n g e . W e n o t e a 
c lose s imilar i ty in t he s t r u c t u r e a n d r a t h e r g o o d c o r r e l a t i o n of t he s t a r t a n d t ime of 
m a x i m u m in tens i ty . H o w e v e r , t h e fluctuations in t he r a d i o emiss ion a r e m u c h la rger 
a n d d o n o t a lways c o r r e s p o n d t o fluctuations in t h e X - r a y in tens i ty , w h i c h is obse rved 
in genera l t o be m u c h s m o o t h e r . T h e decay of t he M a r c h 30 event s h o w n in F igu re 2 
is g iven in F i g u r e 3, a n d o n e no t e s t h a t i t is r ough ly exponen t i a l b u t w i th t h e p r ev ious ­
ly n o t e d fluctuations in t h e r a d i o emiss ion . A p p r o x i m a t e l y 70 even t s h a v e n o w been 
ana lyzed cons t i t u t i ng m o s t of t h e cases obse rved u p to D e c e m b e r 3 1 , 1966. T h e 
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F I G . 3 . The decay of a complex event showing similar trends for X-rays and 3-cm radio emission. 

co r r e l a t i on p lo t of t h e i n t e g r a t e d r a d i o a n d X - r a y flux is s h o w n in F i g u r e 4. T h e d a t a 
a r e s epa ra t ed i n t o t w o p e r i o d s r ep re sen t i ng events p r i o r t o J u n e 30, 1966 a n d events 
f r o m Ju ly 1 t o D e c e m b e r 3 1 , 1966, a l t h o u g h a r e a s o n a b l e l ine m a y be c o n s t r u c t e d 
for t h e ear l ier pe r iod . W i t h t h e a d v a n c e of t h e so la r cycle, t h e r e s eems t o b e a sys tem­
a t i c effect such t h a t re la t ively m o r e X - r a y emiss ion occu r s w i t h t h e s a m e r a d i o 
emiss ion . A l s o , t h e sca t te r inc reases cons ide rab ly especial ly for l o w e r va lues of t he 
fluxes. T h e so la r cycle t r e n d s h o w n in this g r a p h m a y poss ib ly b e a s soc i a t ed wi th t h e 
a p p e a r a n c e in t h e s e c o n d ha l f of 1966 of m a n y cen te r s of ac t iv i ty a n d s u n s p o t zones 
i n b o t h so la r h e m i s p h e r e s . 

4. Interpretive Remarks about the X-Ray Radio Relationship 

Because of the very c lose m o r p h o l o g i c a l re la t ion be tween the X - r a y p r o d u c t i o n a n d 
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10 
CORRELATION O F INTEGRATED X - R A Y A N D RADIO FLUX 
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F I G . 4 . Correlation of integrated X-ray and integrated radio flux for the observed events. The 
integral has been carried out over the first event in a flare occurrence. A roughly linear relation exists, 
but the events later in the solar cycle between July 1966 and December 1966 appear relatively more 
rich in X-ray emission than the earlier events. 

t h e cen t r ime t r i c r a n g e of r a d i o emiss ion it is very p laus ib le t o sea rch for a m o d e l o r 
t o p r o p o s e a s i tua t ion in wh ich b o t h types of e l e c t r o m a g n e t i c emiss ion c o m e f rom 
a c o m m o n source . In t h e p a p e r of P e t e r s o n a n d W i n c k l e r (1959) t h e s o u r c e of t h e 
X - r a y s w a s a s s u m e d t o be b r e m s s t r a h l u n g f r o m energe t ic e l ec t rons in a n ene rgy r a n g e 
a r o u n d 500 K e V . T h e r a d i o emis s ion w a s t hen a s s u m e d t o be by t h e s y n c h r o t r o n 
p r o c e s s f r o m t h e s a m e e lec t rons . T h i s lead t o t h e difficulty t h a t a b o u t 1 0 4 t imes t o o 
m u c h r a d i o emiss ion w a s expec t ed c o m p a r e d t o t h e obse rved . T a k a k u r a (1963 , 1966) 
e x a m i n e d t h e s i t ua t ion a n d p r o p o s e d t h a t t h e r eg ion of emiss ion w a s different for t h e 
X - r a y s a n d t h e r a d i o b u r s t s a n d w a s ab le t o ad jus t t h e r a d i o p o w e r a t t h e s a m e t i m e 
r e t a i n i n g t h e c o n c e p t t h a t t h e s a m e ene rgy reg ion of e l ec t rons w a s r e spons ib l e for 
b o t h emiss ions . 

T h e e x a m p l e s given in th i s p a p e r h a v e been p resen ted p u r p o s e l y t o s h o w t h e c o m ­
plex c h a r a c t e r of t h e s i t ua t ion . Ea r ly in t h e flare event t h e r e a p p e a r s t o be a very close 
r e l a t i o n s h i p be tween X - r a y s a n d m i c r o w a v e s a n d a s t i m e p rogres ses t h e r a d i o emiss ion 
a s s u m e s a t i m e s t ruc tu re f requen t ly n o t closely re la ted t o t h e s m o o t h l y d i s a p p e a r i n g 
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X - r a y burs t . It will t h u s be difficult o r imposs ib le t o fo rm a s ingle m o d e l app l i cab le 
t o all events . H o w e v e r , for t h e ini t ial pa r t of t he events whe re t he co r r e l a t i on is very 
s t r o n g be tween X- rays a n d m i c r o w a v e s , it m a y be poss ib le . I n o u r p r e v i o u s p a p e r 
( A r n o l d y et al, 19676) we a t t e m p t e d t o visual ize t h e s imples t poss ib le s i tua t ion t h a t 
w a s cons i s ten t w i th t h e e x p e r i m e n t a l facts a n d did n o t a s s u m e special k inds of 
p rocesses n o t specifically d i c t a t ed by the obse rva t i ons . W e recal l t h e a p p r o x i m a t e 
p r o p o r t i o n a l i t y be tween t h e X - r a y a n d r a d i o emiss ion a s s h o w n a b o v e a n d the s imi­
lar i ty in d u r a t i o n a n d decay r a t e of t h e t w o types of emiss ion . T w o poss ib le cases 
a r e c o n s i d e r e d : (a) t h a t t h e cha rac t e r i s t i c t i m e c o n s t a n t is d e t e r m i n e d ent i re ly by t h e 
t i m e va r i a t ion of t h e bas ic ene rgy sou rce itself wi th all o t h e r t i m e c o n s t a n t s assoc ia ted 
wi th specific processes (for e x a m p l e , s y n c h r o t r o n emiss ion) be ing s h o r t e r t h a n this . 
In case (b) the sou rce is impuls ive b u t a single d o m i n a n t e l ec t ron -decay process 
d e t e r m i n e s the t ime c o n s t a n t for b o t h the X - r a y a n d r a d i o emiss ion . Th i s t i m e 
c o n s t a n t cou ld be t h a t r equ i r ed for t h e s u p r a t h e r m a l e l ec t rons r e spons ib l e for the 
b r e m s s t r a h l u n g to d i s a p p e a r by col l is ion loss in t h e p l a s m a . W e cons ide r t h a t t he 
s a m e p l a s m a reg ion a n d p r o b a b l y t he s a m e e lec t rons a r e p r o d u c i n g b o t h the X - r a y 
a n d r a d i o emiss ion . T h e p l a s m a is e n t r a i n e d in a m a g n e t i c field a b o v e the so lar ac t ive 
cen t r e . These fields m u s t p lay a m a j o r role in the acce le ra t ion of pa r t i c les a n d in the 
emiss ion a n d p r o p a g a t i o n of r ad io - f r equency energy . F o r any q u a n t i t a t i v e ca lcu la t ions 
t h e emiss ion p rocess m u s t be m a d e specific. O u r m o d e l a s s u m e s t h a t very h o t energe t ic 
o r s u p r a t h e r m a l e l ec t rons lose ene rgy p r e d o m i n a n t l y by col l is ions w i th a m u c h coo le r 
p l a s m a . Th i s p o i n t of view h a s a lso been sugges ted by E lwer t (1961) . N e i t h e r t he 
p re sen t m e a s u r e m e n t s , n o r t he or ig ina l m e a s u r e m e n t s of P e t e r s o n a n d W i n c k l e r 
(1959) can p rov ide exac t energy d i sc r imina t ion . T h u s a r e - i n t e r p r e t a t i o n of the 
M a r c h 20, 1958 event of P e t e r s o n a n d Winck le r , m a d e by C h u b b et al (1966) in t e r m s 
of a n exponen t i a l s p e c t r u m wi th E0 a b o u t 60 K e V is p r o b a b l y a c c e p t a b l e . H o w e v e r , 
b a l l o o n sc int i l la t ion c o u n t e r m e a s u r e m e n t s by A n d e r s o n a n d W i n c k l e r (1962) showed 
di rec t ly the presence of p h o t o n s > 150 K e V energy , a n d Cl ine et al (1967) have s h o w n 
flare b r e m s s t r a h l u n g spec t r a a t 100 K e V . W e d o n o t cons ide r p laus ib le t h e c o n c e p t 
t h a t t he re exists a c o m p l e t e p l a s m a a t an e n o r m o u s l y e levated t e m p e r a t u r e a n d t h a t 
o n e is just if ied in us ing t h e t h e r m a l b r e m s s t r a h l u n g a p p r o a c h for c o m p u t i n g the X - r a y 
emis s ion p o w e r for such even t s . T h e t h e r m a l b r e m s s t r a h l u n g a p p r o a c h wi th very 
h igh t e m p e r a t u r e s h a s b e e n cons i s ten t ly p r o p o s e d by t h e N R L g r o u p (see e.g. C h u b b 
et al, 1966). I t is t r u e t h a t t h e c o n c e p t of t e m p e r a t u r e is of ten app l i ed t o o n e c o m ­
p o n e n t of a m e d i u m , e.g. e l ec t ron energies a r e f requent ly g iven in t e r m s of e lec t ron 
t e m p e r a t u r e if t h e e n e r g y d i s t r i b u t i o n a p p e a r s t o be e x p o n e n t i a l . H o w e v e r , o n e m i g h t 
expec t t h a t use of t h e c o n c e p t of t e m p e r a t u r e w o u l d i m p l y t h a t t h e m e d i u m is c lose 
t o a t h e r m o d y n a m i c e q u i l i b r i u m c o n d i t i o n a n d t h a t o n e is t he re fo re justif ied in 
a p p l y i n g this s a m e t e m p e r a t u r e t o c o m p u t e m a n y types of p rocesses such as , e.g., t he 
d i s t r i bu t ion of i on i za t i on s ta tes , spect ra l emiss ion , e tc . T h e r e a p p e a r s t o be n o 
ev idence at all t h a t the t e m p e r a t u r e s d e d u c e d f rom o t h e r m e a n s in flare reg ions reach 
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t h e e n o r m o u s va lues of 1 0 8 ° wh ich o n e is forced t o a s s u m e in o r d e r t o p r o d u c e t h e 
h a r d X- rays by t h e r m a l b r e m s s t r a h l u n g . Opt ica l m e a s u r e m e n t s ( D e Jager , 1959) 
f requen t ly s h o w 1 0 0 0 0 - 2 0 0 0 0 ° as typ ica l . W e therefore favor t h e p o i n t of view t h a t 
t h e e lec t ron h e a t i n g in t h e flare r eg ion is h ighly n o n - e q u i l i b r i u m a n d m a y be assoc ia ted 
w i th such p h e n o m e n a as m a g n e t o - h y d r o d y n a m i c waves a n d t h a t t h e r e exists an energy 
d i s t r i bu t i on charac te r i s t i c of a m u c h lower t e m p e r a t u r e wi th a la rge s u p r a t h e r m a l tai l . 

W e n o w cons ide r a q u a n t i t a t i v e e s t ima te of t he b r e m s s t r a h l u n g emiss ion . In case 
(a) , w h e r e t he t i m e b e h a v i o r of t he even t is d e t e r m i n e d ent i re ly by t h e ene rgy source , 
t h e col l is ion l ifet ime is very sho r t . O n e can use t h e th i ck t a rge t b r e s m s s t r a h l u n g 
e q u a t i o n given by K o c h a n d M o t z (1959) for non-re la t iv is t ic e l ec t rons 

e = 5 x 1 0 ~ 4 Z K , (1) 
m0c 

w h e r e e is the efficiency defined as ( to ta l energy r ad i a t ed ) / ( t o t a l b e a m energy) , EK t he 
k ine t i c energy , a n d Z t h e a t o m i c n u m b e r of t h e t a rge t . C o n s i d e r i n g 100-KeV e lec t rons 
for a la rge event such as M a r c h 30, 1966 o r Ju ly 7, 1966 a b e a m energy of 3 x 1 0 3 0 ergs 
is r equ i r ed , wh ich is equ iva l en t t o 2 x 1 0 3 2 e lec t rons . If we cons ide r case (b ) , where 
a n impuls ive inject ion of 100-KeV e lec t rons is a s s u m e d t h e col l is ion loss d e t e r m i n e s 
t h e decay of t h e event ( f rom 1 t o 10 m i n ) a n d gives dens i ty e s t ima te s of 3 x 1 0 1 0 a t o m s 
c m " 3 t o 3 x 1 0 9 a t o m s c m " 3 for t h e l ifetime r a n g e of 1 t o 10 m i n respect ively . T h e 
b r e m s s t r a h l u n g p o w e r is ca l cu la t ed a l so f rom t h e resu l t s of K o c h a n d M o t z (1959) 
val id for e lec t ron energ ies of 10 -100 K e V inc iden t o n n e u t r a l h y d r o g e n . Q u a n t i t a ­
t ively, t h e r e l a t ionsh ip r educes t o t h e fo l lowing, whe re P is t h e n u m b e r of p h o t o n s 
b e t w e e n 10 a n d 50 K e V p e r c m 2 p e r sec m e a s u r e d a t t he E a r t h , a n d iVH a n d Ne a r e 
respect ively t h e densi t ies of h y d r o g e n a n d energet ic e l ec t rons s i tua ted in t he v o l u m e V. 

P = 3 x \0~43NHNcVphotons c m " 2 s e c " 1 . (2) 

If NH c a n be e s t ima ted f r o m obse rved event l ifet imes, a n d if P is m e a s u r e d , t hen 
E q u a t i o n (2) m a y be used t o c o m p u t e t h e to ta l n u m b e r of e l ec t rons , Ne V. A g a i n for 
a la rge X - r a y event the va lue of P is 1-5 x 1 0 4 a n d f rom t h e o b s e r v e d m e a n lifetime 
of 300 sec N H is e s t ima ted t o be 5 x 1 0 9 c m ~ 3 . F o r th is dens i ty 1 0 3 7 e l ec t rons a r e 
r e q u i r e d in t h e impuls ive in ject ion p roces s , i.e. essent ia l ly t h e s a m e n u m b e r as ca lcu­
l a t ed u n d e r a s s u m p t i o n (a ) . 

I t is necessary t o p o i n t o u t t h a t in t h e th ick t a rge t case (a) we begin wi th 100 K e V 
e l ec t rons b u t t h e ene rgy is d e g r a d e d t o z e r o in t h e th i ck t a r g e t as t h e y a r e b r o u g h t t o 
res t . T h u s t h e emiss ion o c c u r s for all energies be tween 0 a n d 100 K e V . A p o r t i o n of 
th i s e m i t t e d s p e c t r u m is n o t de t ec t ed by the i on i za t i on c h a m b e r wh ich resul t s in a n 
e r r o r of p r o b a b l y n o t m o r e t h a n a f ac to r of 2 in a p p l y i n g t h e K o c h a n d M o t z th ick 
t a r g e t e q u a t i o n . In case (a) t h e i n t eg ra t ed b r e m s s t r a h l u n g ene rgy ove r t h e en t i r e 
obse rved X - r a y b u r s t is u sed for t h e c o m p a r i s o n . In case (b) we ut i l ize t h e K o c h a n d 
M o t z t h in t a rge t a p p r o x i m a t i o n for e l ec t rons of t he u n i q u e ene rgy of 100 K e V e q u a l 
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t o t h e a s s u m e d inject ion ene rgy . F o r c o m p a r i s o n wi th t h e t h e o r y t he re fo re t he m e a s ­
u r ed p e a k X - r a y bu r s t in tens i ty is used r a t h e r t h a n t h e i n t eg ra t ed in tens i ty . 

C o n s i d e r i n g the r a d i o emiss ion th is is often a t t r i b u t e d t o s y n c h r o t r o n r a d i a t i o n . 
A l t h o u g h th is is ce r t a in ly a p laus ib le m e c h a n i s m the de ta i led m e a s u r e m e n t s of po l a r i ­
z a t i o n a n d o t h e r fac tors d o n o t exc lude a t h e r m a l sou rce a c c o m p a n i e d by p r o p a g a t i o n 
effects wh ich p r o d u c e p o l a r i z a t i o n . In fact, K u n d u (1965) sugges ts t h a t t h e m i c r o w a v e -
b u r s t events m a y f requent ly be a m i x t u r e of t h e r m a l a n d s y n c h r o t r o n emiss ion . 
C o n s i d e r i n g a large even t such as M a r c h 30, 1966 a n d Ju ly 7, 1966 t h e m i c r o w a v e 

10,000 MHg 
r- • 1 

0 200 400 600 800 1000 3570 
MAGNETIC FIELD (GAUSS) 

F I G . 5 . The density required to give the observed bremsstrahlung power per electron expressed as 
a function of the magnetic field required to give the observed radio emission at 10000 MHz by the 
synchrotron process. The relation is shown for discrete energies of 50 KeV and 100 KeV. Any point 
along the curves will satisfy the observed proportionality between the microwave and X-ray emission 
under the assumptions presented in the text. The densities at which the plasma frequency of the medium 
is equal to 10000 MHz is indicated for various temperatures. The magnetic-field strength which gives 
an electron gyro-frequency of 10000 MHz is also shown. 
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ene rgy received a t e a r t h a t 3 c m w a s a p p r o x i m a t e l y 6 x 1 0 " 1 7 j o u l e s m " 2 ( C P S ) - 1 . 
F o l l o w i n g o u r basic a s s u m p t i o n t h a t the s a m e e lec t rons a re r e spons ib l e for b o t h 
p rocesses , a b o u t 5 x 1 0 " 5 4 j o u l e s m " 2 ( C P S ) " 1 of m i c r o w a v e ene rgy a t t h e E a r t h a r e 
r e q u i r e d p e r e lec t ron a t t h e S u n o n t h e ave rage . Th i s n u m b e r will be a p p r o x i m a t e l y 
t h e s a m e for all events as l ong as t h e p r o p o r t i o n a l i t y be tween X- ray a n d m i c r o w a v e 
emiss ion is val id. T h e large difference in size f rom even t t o even t is t h u s pr inc ipa l ly 
d u e t o t h e difference in n u m b e r of e l ec t rons in t h e sou rce . 

F o r t h e p u r p o s e s of d i scuss ion w e have a s s u m e d t h a t t he m i c r o w a v e ene rgy is f rom 
t h e s y n c h r o t r o n emiss ion of e l ec t rons of i n t e r m e d i a t e energy . F o l l o w i n g t h e w o r k of 
T a k a k u r a (1960) for e l ec t rons of i n t e r m e d i a t e energy a n d a s s u m i n g 50 a n d 100 K e V 
energ ies o n e c a n ca lcu la te t h e t o t a l p o w e r r ad ia t ed by a n e lec t ron in u n i f o r m c i rcu lar 
m o t i o n averaged over 4n solid ang le . F o r a given f requency a n d e lec t ron ene rgy the 
p o w e r r ad i a t ed pe r e lec t ron d e p e n d s on ly o n t h e m a g n e t i c field B. O n t h e o t h e r h a n d , 
for b r e m s s t r a h l u n g the p o w e r r a d i a t e d per e lec t ron d e p e n d s on ly o n t h e dens i ty of 
h y d r o g e n . T h u s , as s h o w n in F i g u r e 5, o n e achieves a r e l a t ion be tween dens i ty a n d 
m a g n e t i c field for t h e t w o c h o s e n d iscre te energies such t h a t t h e obse rved p r o p o r t i o n ­
al i ty be tween energet ic X - r a y a n d 3-cm emiss ion is satisfied. In case (b) ( impuls ive 
in jec t ion by source) it b e c o m e s a p p a r e n t t h a t t he 3-cm emiss ion is o c c u r r i n g close t o 
t h e 2 0 t h h a r m o n i c for a n a c c e p t a b l e m a g n e t i c field. T h e emiss ivi ty a t th is h a r m o n i c 
is several o rde r s of m a g n i t u d e b e l o w t h a t n e a r t h e gy ro f requency a n d we cons ide r 
th i s t o be a very i m p r o b a b l e phys ica l s i tua t ion . H o w e v e r , if o n e a l lows h i g h e r densi t ies 
a n d very s h o r t e lec t ron l ifet imes as in case (a) (where t h e d u r a t i o n of t h e event is 
c o n t r o l l e d by the source) t h e n t h e pe rmiss ib le m a g n e t i c field is m u c h h i g h e r a n d t h e 
h a r m o n i c is r educed to a p laus ib le va lue . In prac t ice o n e w o u l d , of c o u r s e , wish t o 
use a c o n t i n u o u s s p e c t r u m of e lec t ron energies such as t he c o m p u t a t i o n of T a k a k u r a 
(1966) . Bu t w i t h t h e very s h o r t l i fet ime d u e t o col l i s ions a n d a r e -gene ra t i on c o n ­
t i n u o u s l y d u r i n g the even t by t h e sou rce o n e achieves wi th r e a s o n a b l e m a g n e t i c field 
s t r e n g t h s t he low s tored flux of e l ec t rons r equ i red t o agree wi th t h e obse rved r a d i o 
emis s ion . T h u s t h e or ig ina l difficulty in t h e ca lcu la t ion of P e t e r s o n a n d Winck l e r is 
reso lved . 

F i g u r e 5 shows a lso t h e dens i ty c o r r e s p o n d i n g t o t h e p l a s m a f requency for t he 
ion ized c o m p o n e n t a t severa l t e m p e r a t u r e s a n d a l so o n t h e x-ax is w i t h a n e x t e n d e d 
scale t h e m a g n e t i c field c o r r e s p o n d i n g t o t he gyro- f requency . T h e r a d i o emiss ion 
m u s t occu r wi th in t h e r ec tang le l imi ted by these l ines. 

T h e r e l a t i onsh ip s h o w n in F i g u r e 5 be tween dens i ty a n d magnet ic- f ie ld s t r eng th 
c o r r e s p o n d i n g t o t he d iscre te energ ies 50 K e V a n d 100 K e V m a y poss ib ly define s o m e 
d i rec t phys ica l s i tua t ion in t h e flare r eg ion . W e s h o w in F i g u r e 6 a m e a n cu rve for 
75 K e V a n d a family of cu rves for different va lues of t h e r a t i o , /?, of t h e r m a l ene rgy 
t o m a g n e t i c ene rgy for a c h o s e n t e m p e r a t u r e of 7 5 0 0 ° K . O n e m i g h t s u p p o s e t h a t 
d u r i n g a n act ive t ime the m a g n e t i c field a b o v e t h e s u n s p o t r eg ions w o u l d be ca r ry ing 
a la rge p l a s m a densi ty a n d t h a t poss ib ly t h e /?-value m i g h t t e n d t o be c o n s t a n t in 
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different p o r t i o n s of t h e field. H o w e v e r , t h e empir ica l cu rve for 75 K e V s p a n s several 
o rde r s of m a g n i t u d e va r i a t i on in /?, as s h o w n in F igu re 6. If, i ndeed , t he re is any d i rec t 
phys ica l significance t o th i s c u r v e t hen it impl ies t h a t t h e m a g n e t i c field is m o r e 
heavi ly loaded wi th p l a s m a for h igh field s t r eng ths a n d very l ightly l o a d e d in t he 
u p p e r c o r o n a w h e r e t he field s t r eng th s a re smal l . 

T 1 1 — 

MAGNETIC FIELD B (GAUSS) 

F I G . 6 . An examination of the hypothesis that the magnetic-field density curve (for mean energy 
75 Ke V) physically represents the thermal to magnetic-energy relationship in the plasma. 

T h e d iscuss ion a b o v e m a y be cons ide red app l i cab le t o t he 'f irst ' even t in a flare 
w h e r e a g o o d c o r r e l a t i o n b e t w e e n X - r a y a n d r a d i o emiss ion is o b s e r v e d . T h e c o m p l e x 
c h a r a c t e r of t h e X - r a y r a d i o r e l a t i o n s h i p is s h o w n by m a n y even t s . F i g u r e 7 s h o w s 
d a t a f rom va r ious s o u r c e s r e l a t ing t o t h e la rge flare o n Ju ly 7 , 1 9 6 6 . Besides t he r a d i o 
emis s ion a n d the O G O i o n i z a t i o n c h a m b e r r eco rd , a h igh-energy sc in t i l l a t ion c o u n t e r 
a l so on the O G O satel l i te (Cl ine et al., 1967) is p lo t t ed . W e n o t e t h a t t h e 25 K e V 
r a n g e of X- rays aga in is s imi la r in its s t r uc tu r e a n d t ime d u r a t i o n t o t h e r a d i o emiss ion . 
T h e > 80 K e V X- rays , h o w e v e r , s h o w a m u c h s h o r t e r t i m e c o n s t a n t r emin i scen t of 
the o lde r events obse rved by b a l l o o n s . H o w e v e r , t h e m a x i m u m in tens i ty in all r anges 
seems t o occur a t closely t h e s a m e t ime . 
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A n o t h e r event r ep resen ta t ive of m a n y a l r eady observed ( F i g u r e 8) s h o w s t h a t t h e 
energe t ic X- ray emiss ion is co r r e l a t ed closely wi th cen t ime t r i c r a n g e of f requencies 
a n d t h a t t h e a p p e a r a n c e la ter in t h e even t of a s p ec t ru m r ich in t h e m e t r i c reg ion 
d o e s n o t co r re la te w i th X - r a y emiss ion . Th i s m a y be i n t e r p r e t e d t o s h o w t h a t t h e 
p r o d u c t i o n reg ion of the X- rays is d e e p in the c h r o m o s p h e r e a n d t h a t t h e e lec t rons 
r e spons ib l e for the me t r i c w a v e emiss ion a re at g rea te r he igh ts in t h e c o r o n a . 

t 1 1 1 1 1 1 — ' — i — 1 — r 

I i i i i i i li i i i i I 
0020 0030 0040 0050 0200 0330 

HOURS(UT) 

FIG. 7. Radio and hard X-ray emission for the flare of July 7, 1966. Note that while the 25 KeV 
X-ray range shows a time structure similar in duration to the microwave emission, the > 80 KeV X-ray 
emission is very short, like cases observed earlier by balloon equipment. 

I n t h e inverse sense s o m e t i m e s d o u b l e X - r a y b u r s t s occu r for w h i c h t h e second is 
n o t wel l co r r e l a t ed wi th a m a x i m u m in t h e r a d i o emiss ion . Such a case is s h o w n in 
F i g u r e 9. In F igu re 10 w e see a g a i n a n event obse rved ear l ier by b a l l o o n a p p a r a t u s 
( H o f m a n n a n d Winck le r , 1963) in w h i c h the re is a large d o u b l e m i c r o w a v e event b u t 
for w h i c h only the first p a r t p r o d u c e s a de tec tab le X- ray inc rease . T h i s p a r t i c u l a r 
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even t on Ju ly 20 , 1961 h a s been wide ly s tud ied (Bruzek , 1964; El l i son et al, 1961) a n d 
o c c u r r e d on the so lar l imb . 

5. Energetic Particle Relationships 

T h e O G O ion iza t ion c h a m b e r c a n de tec t so la r par t ic le even t s a s well as X - r a y 
bu r s t s a n d f requent ly s h o w s in tens i ty increases fo l lowing a flare w h i c h a r e clear ly d u e 

i 1 1 1 ' i ' 1 1 ' i ' ' ' 1 i 1 1 ' ' i 1 ' 
SAGAMORE HILL 

R A N G E C H A N G E I 

1 . I . . . . I . . . . I . . . . i . . . . I . . I 
1755 1800 1805 I8K> 1815 

9 DECEMBER 1966 (U.T.) 

FIG. 8 . An example of a good X-ray radio correspondence for the first event in the flare beginning 
at 1757 but showing the lack of observable X-rays corresponding to the predominantly metric event 
beginning at 1806. 
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31 M A R C H 1 9 6 6 U T . 

F I G . 9. A large double X-ray event corresponding to a long-duration microwave increase. No 
detectable radio event corresponds to the second X-ray maximum at 1927 UT. 

t o c h a r g e d par t ic les f rom the S u n . T h e ion iza t ion c h a m b e r is very sensi t ive t o p r o t o n s 
a n d can de tec t a flux of 0*01 p r o t o n s c m - 2 s e c " 1 of energy g rea te r t h a n 12 M e V . T h e 
c h a m b e r a lso is sensit ive t o e l ec t rons g rea te r t h a n 700 K e V b u t in p r inc ip le c a n n o t 
d i s t inguish the type of pa r t i c le r e spons ib le for a given inc rease . A n e x a m p l e of a 
smal l par t ic le event fo l lowing a n X - r a y event on J u n e 5, 1965 is s h o w n in F igure 11. 
T h e event begins a t 1900 U T a n d reaches a m a x i m u m a t 2100 U T . I n t e r p r e t e d as 
p r o t o n s , th is impl ies 0-07 p r o t o n s c m " 2 s e c - 1 bu t th is inc rease cou ld a l so p r e s u m a b l y 
be d u e t o e lec t rons g rea te r t h a n 700 K e V . In fact, th is even t p r o d u c e d a n identif ied-
e l ec t ron increase in b o t h t h e M a r i n e r - I V a n d I M P - I satel l i tes ( V a n Al len a n d Kr imig i s , 
1965 ; L in a n d A n d e r s o n , 1967) of energ ies g rea te r t h a n 4 0 K e V . 

A very large X - r a y even t on A u g u s t 28 , 1966 fol lowed by a so la r p r o t o n event wh ich 
even tua l ly b e c a m e very la rge is s h o w n in F igu re 12. In th is case t h e X - r a y increase 
w a s roll m o d u l a t e d by t h e s p i n n i n g spacecraf t w h e n t h e ion c h a m b e r w a s ecl ipsed by 
t h e b o d y of t h e spacecraf t . O n e n o t e s t h e lack of roll m o d u l a t i o n for t h e par t i c le event . 
T h e m a x i m u m in so lar pa r t i c le in tens i ty w a s r eached a t 2100 U T wi th a n i o n - c h a m b e r 
r a t e of 15000 N P P S x 1 0 3 . O n e n o t e s t h e lack of co r r e l a t i on b e t w e e n t h e l a rge r a d i o 
m a x i m u m a t 1605 a n d t h e X - r a y in tens i ty . 

T h e release i n t o space of e l ec t rons a b o v e 40 KeV energy as soc ia t ed wi th so la r flares 
h a s n o w been observed o n m a n y occas ions by the I M P spacecraf t (Lin a n d A n d e r s o n , 
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1967). I t is poss ib le t o use I M P d a t a t o d e t e r m i n e which O G O par t ic le events d id n o t 
c o n t a i n e lec t rons a n d p r e s u m a b l y were d u e t o solar p r o t o n s . A l s o b o t h the I M P 
e lec t ron events a n d t h e p r o t o n events c a n be co r re l a t ed w i th t h e o c c u r r e n c e of ener ­
getic X - r a y burs t s a n d m i c r o w a v e emiss ion . A c o m p l e t e s u m m a r y wi th tab les for t he 
pe r iod Sep t embe r , 1964 t h r o u g h J u n e , 1966 has been given in o u r p r ev ious p a p e r 
( A r n o l d y et al.9 1967b). These co r r e l a t i ons m a y be s u m m a r i z e d a s fo l lows : 

(a) Of 8 p r o t o n even t s obse rved by the ion iza t ion c h a m b e r b u t n o t de tec ted as 
e lec t ron events on I M P satel l i te , 7 were n o t assoc ia ted w i th so la r flare energet ic 

11 I I I I I I I 
1540 1550 1600 I6K) 1620 1630 1640 1650 

TIME (UT) 20 JULY 1961 

F I G . 1 0 . An example of a limb event observed by balloon equipment in which the first increase 
produces a solar X-ray event but the second large microwave increase has no detectable X-rays. A solar 
proton increase from this West limb flare has begun by 1612. (See Hofmann and Winckler, 1963.) 
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X - r a y s . A n e x a m p l e of such a n even t w a s given as F i g u r e 20 of o u r p r e v i o u s p a p e r 
( A r n o l d y et al., 19676). I t a p p e a r s , therefore , t h a t t h e p r o d u c t i o n of so la r p r o t o n s 
is n o t necessar i ly closely co r r e l a t ed w i th t he processes p r o d u c i n g e l ec t rons a n d ener ­
get ic b r e m s s t r a h l u n g . 

(b) Eight la rge e lec t ron even t s de tec ted w h e n t he O G O a n d I M P spacecraf t we re 
s i m u l t a n e o u s l y o p e r a t i n g in i n t e r p l a n e t a r y space h a d assoc ia ted X - r a y bur s t s . T h e 
r e m a i n i n g 4 e lec t ron even t s w e r e ve ry smal l a n d were n o t r e c o r d e d by O G O as X- rays 
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FIG. 11. A small X-ray event showing the ensuing solar particle event observed by the ionization 
chamber. These particles are not specifically identified by the OGO ion chamber but may be solar 
protons. Solar electrons were observed by several experiments (see text) and correspond to this particle 
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n o r w a s t he re m i c r o w a v e emiss ion . T h i s r a t h e r g o o d co r r e l a t i on of X - r a y burs t s wi th 
i n t e rp l ane t a ry e lec t ron even t s sugges ts t h a t t he flare e lec t rons t h a t leak o u t i n t o in ter ­
p l a n e t a r y space m i g h t b e f rom t h e s a m e s u p r a t h e r m a l sou rce a s t h o s e r e spons ib le for 
t h e energe t ic X- rays . F o r t h e J u n e 5, 1965 event t h e obse rved n u m b e r of e lec t rons 
m e a s u r e d direct ly in space a b o v e 40 K e V can be p r o v i d e d by t h e l eakage i n t o in ter­
p l a n e t a r y space f rom t h e flare reg ion of a b o u t 0 - 1 % of t h e n u m b e r of e lec t rons re­
q u i r e d t o p r o d u c e t h e c o r r e s p o n d i n g X - r a y event . 

(c) T h e reverse c o r r e l a t i o n w h e r e o n e begins w i th k n o w n O G O X - r a y bu r s t s a n d 
c o m p a r e s I M P d a t a for i n t e r p l a n e t a r y e lec t rons s h o w s 12 even t s wi th n o in te r ­
p l a n e t a r y e lec t rons . I t is s t r ik ing t h a t all 12 were p r o d u c e d by flares n e a r o r Eas t of 
cen t ra l mer id i an . It is very r e a s o n a b l e t o a s s u m e t h a t t he a b s e n c e of e lec t rons in 
these cases is d u e t o a p r o p a g a t i o n a s y m m e t r y be tween t h e S u n a n d the E a r t h s imi lar 

= = U 1 i I T ~T i I i I i l_J 
1520 1530 1540 650 1600 1610 1620 

28 AUGUST 1966 UT 

F I G . 1 2 . The great event on August 28, 1966. Note the almost complete roll modulation of the X-ray 
burst with the 96-sec roll period of OGO-III. This roll modulation is not present in the solar particle 
increase beginning at 1550 UT. Only the initial features of the complex radio burst are reflected in the 
X-ray profile. 
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t o t h a t p rev ious ly obse rved for h igh-energy so la r p r o t o n s c a u s e d by t h e spiral in ter­
p l a n e t a r y magne t i c field. 

(d) It is general ly f o u n d t h a t very la rge flares such as Ju ly 7, 1966 o r A u g u s t 28 , 
1966 p r o d u c e all types of energe t ic so la r p h e n o m e n a s imu l t aneous ly . X- rays , m ic ro ­
w a v e emiss ion , i n t e rp l ane t a ry e l ec t rons a n d so la r p r o t o n s a r e all obse rved . 
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