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ABSTRACT- It has been shown that high energy particle spectra, particle 
dynamics, and radiation in a flare loop are determined by wave-particle 
interactions. The electron-whistler interaction occurs under conditions 
of strong pitch angle diffusion that makes the particle distribution 
function isotropic- The flare loop electrons retain information about 
the particle source spectrum. The interaction of energetic ions with 
Alfven waves is characterized by strong, moderate, and weak diffusion. 
The time delays in hard X-ray and gamma-ray emission during one-step 
acceleration processes might be understood in terms of a 
trap-plus-turbulent propagation model. The density of precipitating 
particles is less than or equal to the trapping one. Radiation 
signatures of flare loop electrons are discussed. 

1 . INTRODUCTION 

Pitch angle diffusion plays a very important role in the dynamics and 
radiation of the energetic particles in a solar flare loop. The 
accelerated particles diffuse into a loss-cone due to pitch angle 
scattering and precipitate toward the loop footpoints. The interaction 
of electrons with E > 10 keV with chromospheric plasma near the loop 
footpoints leads to hard X-ray emission. Gamma-ray line emission is 
produced by precipitation of ions with E > 10 MeV. According to Bespalov 
and Trakhtengertz (1986) the three modes of pitch angle diffusion are 
possible : 
(i) Weak diffusion is realized when tj T Q < Td» where Td is the diffusion 
time, a is the mirror ratio, T Q = L / 2v is the depletion time of the 
loss cone, L is the loop length,and v is the energetic particle 
velocity. The loss cone is always empty. 
(ii) Moderate diffusion corresponds to the inequality T Q < Td < rjT0. 
Filling of the loss cone is essential and the particle distribution 
function is close to an isotropic one. These diffusion modes were 
defined by Kennel and Petschek (1966). Bespalov and Trakhtengertz (1986) 
have shown that there exists a still more efficient scattering process: 
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( i i i ) S t r o n g d i f f u s i o n , T d < T 0 r o c c u r s when t h e p a r t i c l e s o u r c e i s 
p o w e r f u l e n o u g h . The p a r t i c l e c h a n g e s d i r e c t i o n s e v e r a l t i n e s d u r i n g one 
t r a n s i t t i n e o f t h e l o o p due t o e f f e c t i v e s c a t t e r i n g on t h e w a v e s and 
t h e p a r t i c l e p r o p a g a t i o n v e l o c i t y nay be much l o w e r a s compared w i t h 
c a s e s ( i ) and ( i i ) . The p i t c h a n g l e s c a t t e r i n g nay b e due e i t h e r t o 
Cou lonb c o l l i s i o n s o r t o w a v e - p a r t i c l e i n t e r a c t i o n s . I n t h e 
t r a p - p l u s - p r e c i p i t a t i o n n o d e l by M e l r o s e and Brown ( 1 9 7 6 ) c o l l i s i o n s 
l e a d t o weak p i t c h a n g l e d i f f u s i o n . I n s p i t e o f w a v e - p a r t i c l e 
i n t e r a c t i o n i n a f l a r e l o o p o n l y weak d i f f u s i o n was c o n s i d e r e d i n many 
p a p e r s (Aschwander e t a l . f 1 9 8 9 ; H u l o t e t a l . f 1 9 8 9 ) . Moderate d i f f u s i o n 
i n a f l a r e l o o p due t o A l f v e n w a v e - i o n i n t e r a c t i o n was i n v e s t i g a t e d by 
Z w e i b e l and Haber ( 1 9 8 3 ) and B e s p a l o v and Z a i t s e v ( 1 9 8 6 ) . B e s p a l o v e t 
a l . ( 1 9 8 7 ) drew a t t e n t i o n t o t h e p o s s i b i l i t y o f s t r o n g p i t c h a n g l e 
s c a t t e r i n g i n a f l a r e and s u g g e s t e d a t r a p - p l u s - t u r b u l e n t p r o p a g a t i o n 
m o d e l . 

I n t h e p r e s e n t r e p o r t we w i l l show t h a t t h e d y n a m i c s o f t h e f l a r e 
a c c e l e r a t e d p a r t i c l e s a r e d e t e r m i n e d n a i n l y by w a v e - p a r t i c l e 
i n t e r a c t i o n s . M o r e o v e r , f o r h i g h e n e r g y e l e c t r o n s w a v e - p a r t i c l e 
i n t e r a c t i o n s o c c u r i n t h e s t r o n g d i f f u s i o n r e g i n e o n l y . P a r t i c l e 
d i f f u s i o n on waves i s r e s p o n s i b l e f o r p a r t i c l e s p e c t r a f o r m a t i o n and 
a f f e c t s f l a r e r a d i a t i o n s i g n a t u r e s . 

2 . CYCLOTRON INSTABILITY IN A FLARE LOOP 

E n e r g e t i c p a r t i c l e s w i t h a l o s s c o n e a n i s o t r o p y may b e u n s t a b l e a g a i n s t 
s n a i l - s c a l e e l e c t r o m a g n e t i c wave e x c i t a t i o n . I n t h e c o n t e x t o f p i t c h 
a n g l e d i f f u s i o n c y c l o t r o n r e s o n a n t i n t e r a c t i o n w i t h w h i s t l e r s a) = 
a) (kc/o> ) 2 i s t h e most i m p o r t a n t f o r t h e e l e c t r o n s . The waves grow a t a 

e p 
r a t e (Kenne l and P e t s c h e k , 1 9 6 6 ) 

Y . - _ - - ( 1 ) 

where n i , no r e f e r t o t h e d e n s i t i e s o f t h e e n e r g e t i c p a r t i c l e s and t h e 
background p l a s m a , and w e = e B / m c . From t h e c y c l o t r o n r e s o n a n c e 

c o n d i t i o n u> - k n v u = a>e and t h e a n i s o t r o p y t h r e s h o l d o < 3 a > e / ( 2 a + l ) we 

f i n d t h a t t h e e n e r g y o f t h e e l e c t r o n s i n t e r a c t i n g w i t h w h i s t l e r s must 

e x c e e d t h e v a l u e 

( a - l ) / v c b s \ 

E . * 14 „ „ keV , ( 2 ) 

" 1 D ( 2 a + D 2 \ 1 0 8 / 

8 —1 
where v i s t h e A l f v e n v e l o c i t y . For v ~ ( 1 - 3 ) 10 cm s and a w 1 0 , 

A A 

f o r e x a m p l e , f r o n Eq. ( 2 ) we o b t a i n E m ^ n 20 - 200 keV. The e n e r g e t i c 
p a r t i c l e d e n s i t y i n s t a b i l i t y t h r e s h o l d u n d e r f l a r e l o o p c o n d i t i o n s i s 
a b o u t n i / n o * 10 - 10 and d e t e r m i n e d by J o u l e d i s s i p a t i o n o r by 
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Landau damping. 
Anisotropic ions generate Alfven waves u> = k v . * w . v A / v wi th 

11 A 1 A 

a growth r a t e of the order of (Kennel and Petschek, 1966) 

1 l eB / *i\ 
7 fl» — , o). = - - ( 3 ) 
1 nQ too i Mc 

The i n s t a b i l i t y thresho ld n i /no ** 10 8 i s determined e i t h e r by ion 
v i s c o s i t y or by Landau damping. By assuming t h a t i n the magnetic loon 
with a volume 1 0 2 6 cm3 the number of a c c e l e r a t e d p a r t i c l e s i s about 1 0 3 

- 1 0 3 2 f or a t y p i c a l value of no * 1 0 1 1 - 1 0 1 2 cm 3 , we obta in n i / n o * 
10 8 - 10 6 . Thus, there i s no problem t o e x c i t e t h e w h i s t l e r s and 
Alfven waves by h igh energy p a r t i c l e s i n a f l a r e loop . 

3. WAVE PARTICLE INTERACTION 

Wave p a r t i c l e i n t e r a c t i o n i s descr ibed by q u a s i - l i n e a r equations for the 
d i s t r i b u t i o n funct ion of the e n e r g e t i c p a r t i c l e s f and for the s p e c t r a l 
d e n s i t y of the wave energy W, : 

£ J D £ + i 
dt av A i j J 

dW, (*) 

dt 

where Dij i s the d i f f u s i o n c o e f f i c i e n t , j i s the p a r t i c l e source , and u 
i s t h e damping r a t e . The c o n d i t i o n Ta < TQ i s a necessary , but not 
s u f f i c i e n t cond i t ion for s trong d i f f u s i o n . The f u l l c r i t e r i o n has been 
found by Bespalov and Trakhtengertz (1986) on the b a s i s of Eqs. ( 4 ) . In 
the s trong d i f f u s i o n l i m i t t h e i n t e g r a l p a r t i c l e source power 

B 
I = / / - J r 5 J d 3 vdz 

exceeds the c r i t i c a l value 

t c B ( J / * \ 

4rceL 
I t should be noted t h a t I* does not depend on the p a r t i c l e s p e c i e s . 
S e t t i n g s * 1 0 9 cm, B * 1 0 3 G, a * 1 0 , i n t o Eq. ( 5 ) , we obtain I* * 5 
1 0 1 3 cm 2 s *. In the s t e a d y - s t a t e case the p a r t i c l e f lux towards the 
loop f o o t p o i n t s i s equal t o t h e i n t e g r a l source power 2S = I . I t f o l l ows 
from hard X-ray data t h a t t h e _ t y p i c a l va lue of e l e c t r o n f lux i s of the 
order of S e * 1 0 1 5 - 1 0 1 7 cm 2s~x » S*. The ion f l u x e s producing 
gamma-ray l i n e emiss ion are usualy two or three orders of magnitude 
l e s s . This impl i e s t h a t for f l a r e loop e l e c t r o n s the s trong d i f f u s i o n 
l i m i t i s formed e a s i l y and the e l e c t r o n d i s t r i b u t i o n funct ion i s 
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i s o t r o p i c . F o r e n e r g e t i c i o n s s t r o n g , Moderate, and weak d i f f u s i o n 
l i m i t s a r e p o s s i b l e . 

Under s t r o n g d i f f u s i o n c o n d i t i o n s i n s t e a d o f f r e e p a r t i c l e 
p r o p a g a t i o n a l o n g t h e l o o p a x i s , t u r b u l e n t p r o p a g a t i o n o c c u r s w i t h t h e 
wave g r o u p v e l o c i t y , w h i c h i s t h e w h i s t l e r g r o u p v e l o c i t y f o r e l e c t r o n s 
and A l f v e n v e l o c i t y f o r i o n s . The p a r t i c l e t u r b u l e n t p r o p a g a t i o n time 
from t h e t o p o f t h e l o o p t o t h e f o o t p o i n t f o r e l e c t r o n s and i o n s c a n be 
w r i t t e n i n t h e f o l l o w i n g form ( B e s p a l o v e t a l . , 1 9 8 7 ) 

e i V ( j L . i aL 
t W - - — , t ft* 7Z- ( 6 ) 

t u r b M v 2 v t u r b 2v 
A A A 

From E q s . ( 5 ) and ( 6 ) we c a n e s t i m a t e t h e c r i t i c a l d e n s i t y o f e n e r g e t i c 
e l e c t r o n s n* i n t h e s t r o n g d i f f u s i o n l i m i t . K e e p i n g i n mind t h a t 
S**n*v * 2 . 5 1 0 1 3 cm 2 s 1 , we f i n d n* * 6 1 0 3 c m . H e n c e , t h e v a l u e 

t u r b 
o f n* i s v e r y c l o s e t o t h e w h i s t l e r c y c l o t r o n i n s t a b i l i t y t h r e s h o l d ni** 
1 0 3 _ 1 0 4 cm 3 . T h i s e s t i m a t e i n d i c a t e s a v e r y i m p o r t a n t p o i n t : u n d e r 
f l a r e l o o p c o n d i t i o n t h e w h i s t l e r - e l e c t r o n i n t e r a c t i o n i s r e a l i z e d i n 
t h e form o f s t r o n g d i f f u s i o n . 

The e v e n t o f 4 Augus t 1972 i s a good example o f s t r o n g d i f f u s i o n . 
The h a r d X - r a y t i m e d e l a y was s m o o t h l y i n c r e a s i n g w i t h t h e i n c r e a s e o f 
p h o t o n e n e r g y up t o 5 s u n t i l a p h o t o n e n e r g y o f 150 keV where i t 
i n c r e a s e s s u d d e n l y t o 15 s ( B a i and Ramaty, 1 9 7 9 ) . T h i s jump may be 
c a u s e d by t h e t r a n s i t i o n from c o l l i s i o n a l d i f f u s i o n t o s t r o n g d i f u s i o n 
o f e l e c t r o n s on w h i s t l e r s when t h e e l e c t r o n e n e r g y e x c e e d s t h e t h r e s h o l d 
v a l u e ( 2 ) . As f o l l o w s from E q s . ( 6 ) t h e i o n - t o - e l e c t r o n t u r b u l e n t 
p r o p a g a t i o n t i m e r a t i o i s t 1 / t e 1 0 . 

t u r b t u r b 
T h e r e f o r e , a s b o t h e l e c t r o n s and i o n s a r e a c c e l e r a t e d s i m u l t a n e o u s l y , 
t h e b u l k o f t h e i o n s w i l l r e a c h t h e f o o t p o i n t s s e v e r a l s e c o n d s o r t e n s 
o f s e c o n d s l a t e r t h a n t h e e l e c t r o n s . As a r e s u l t , gamma-ray l i n e 
e m i s s i o n p e a k s w i l l b e d e l a y e d w i t h r e s p e c t t o c o r r e s p o n d i n g p e a k s o f 
h a r d X - r a y e m i s s i o n ( B e s p a l o v e t a l . , 1 9 8 7 ) . T h i s s u p p o r t s t h e i d e a t h a t 
t h e e l e c t r o n s and i o n s a r e a c c e l e r a t e d i n a f l a r e s i m u l t a n e o u s l y (Chupp, 
1 9 8 3 ) . 

4 . PARTICLE SPECTRA 

The e n e r g e t i c p a r t i c l e s p e c t r a i n a f l a r e l o o p c o n t a i n v e r y i m p o r t a n t 
i n f o r m a t i o n on t h e f l a r e a c c e l e r a t i o n p r o c e s s . T h u s , t h e q u e s t i o n a r i s e s 
: what i s t h e d i f f e r e n c e b e t w e e n t h e s p e c t r a o f p a r t i c l e s i n t e r a c t i n g 
w i t h w a v e s and t h e p a r t i c l e s o u r c e s p e c t r u m ? B e s p a l o v and Z a i t s e v 
( 1 9 8 6 ) h a v e shown t h a t t h e s p e c t r a o f p r o t o n f l u x e s f o r weak and 
m o d e r a t e d i f f u s i o n do n o t d e p e n d on t h e s o u r c e s p e c t r u m b u t a r e 
d e t e r m i n e d by t h e i n d e x p i n t h e wave damping r a t e u = U o ( k A o ) 2 p o n l y : 

S i ~ E ~ p + 1 / 2

f weak d i f f u s i o n 

S ~ E " * " 3 ' * , m o d e r a t e d i f f u s i o n , ( 7 ) 

i 
where p = 1 f o r i o n v i s c o s i t y damping and f o r Landau damping . I n t h e 
s t r o n g d i f f u s i o n l i m i t t h e s i t u a t i o n i s d i f f e r e n t . The p a r t i c l e 
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distribution function retains information on the source spectrum 
(Bespalov et al.f 1990) : 

f j(E) for ions 
f(E)* t j(E) ~ \ v i / 2 . f T ? . , + (8) 

turb LE ' j(E) for electrons 

5 . RELATION BETWEEN HARD X-RAY AND MCW RADIATION ELECTRONS 

There exists a well known discrepancy between the number of electrons 
inferred from the hard X-ray emission N x and the gyrosynchrotron radio 
emission NR^ (10 3 - 10 5)N X. This implies that the number of trapped 
electrons producing mew radiation is much less than the number of 
precipitating ones. However, such a situation is impossible in a flare 
loop. Indeed, we have shown that for electrons with E > E«in the typical 
pitch angle diffusion mode is strong diffusion which makes the electron 
distribution function isotropic. For an isotropic distribution the 
particle density is constant along the magnetic loop, i.e. NR ̂  Nx- In 
case of weak or moderate diffusion NR >> Nx- In order to resolve this 
discrepancy there exists only one way out : low emissivity of 
gyrosynchrotron emission due to a moderate value of B < 300 G (Gary, 
1985).On the other hand Kai (1982) assumed that the electrons generating 
mew emission have an anti-loss-cone distribution function. Such a 
distribution function cannot be formed in a flare loop because of strong 
diffusion. 

6 . CONCLUSIONS 

We are apt to conclude this report by summarizing the results as 
follows: 
1. The energetic particle spectra, particle dynamics and radiation in a 
flare loop are determined mainly by wave-particle interaction. 2. The 
strong pitch angle diffusion threshold implies that the flux of 
precipitating particles must be more than 10 1 3 - 10 1 4 cm 2s 1 which is 
easily realized in a flare loop. The most probable diffusion mode for 
high energy electrons interacting with whistlers is strong diffusion. 
For energetic ions the strong, moderate, and weak diffusion on Alfven 
waves are possible. 
3. Under strong diffusion energetic particles retain information on the 
particle source spectra. 
4. Time delays in hard X-ray and gamma-ray emission can be explained in 
the framework of a one-step acceleration process due to turbulent 
propagation of particles under strong diffusion conditions. 
5. The density of precipitating particles in a flare loop is less than 
or equal to the density of trapped ones. The discrepancy between mew and 
hard X-ray radiating electrons can be resolved by low emissivity of 
gyrosynchrotron emission. 

It should be noted also that the mew radiating electrons in a 
flare loop are almost isotropic due to strong diffusion. Nevertheless, 
isotropic electrons with a gap may be responsible for electron cyclotron 
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maser e m i s s i o n ( B l a n k e n and K u c k e s , 1 9 6 9 ) . 
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DISCUSSION 

SMITH: If one tries to accelerate the protons by resonant AlfV6n waves in the 7 June 1980 
flare, one finds that the protons propagate in strong diffusion. However, this bottles up the 
protons so effectively that you cannot explain the rapid time-scales in this flare. 

STEPANOV: If the AlfV6n waves are generated not by energetic ions but by an ambient 
source the situation will be different. In order to determine the diffusion regime we need 
the level of AlfV6n waves instead of the particle source power. 

SIVARAM: (i) What are the energies of the gamma-ray lines and what are they caused 
by? 
(ii) What is the energy of the hard X-rays? What is the time delay? 

STEPANOV: (i) The energy of the solar gamma-ray line emission is 0.2-6.4 MeV. This 
emission is caused by interaction of > 10 MeV ions with photospheric plasma. 
(ii) The energy of hard X-ray emission is 10-500 keV. The time delay is several seconds 
typically. 
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