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HELIUM(3) RICH SOLAR FLARES 

We i n t e r p r e t  t h e  extreme enrichment of 3 H e / 4 H e  2 1 i n  some s o l a r  f l a r e s  
as due t o  s p a l l a t i o n  and t h e  subsequent confinement of t h e  products  i n  a h igh  
temperature ,  kT 200 keV, h igh  d e n s i t y ,  ne = 3 x l O I 5  cm-3 plasma a s s o c i a t e d  
w i t h  t h e  magnetic i n s t a b i l i t y  producing t h e  f l a r e .  The pinch o r  f i l amen t  is  
a c u r r e n t  of high energy pro tons  t h a t  c r e a t e s  t h e  s p a l l a t i o n  and main ta ins  
t h e  temperature  t h a t  produces t h e  high energy x-ray spectrum and d e p l e t e s  
o t h e r  i s o t o p e s  D, L i ,  Be, and B as observed. F i n a l l y  t h e  h igh  temperature  
plasma i s  a uniquely e f f i c i e n t  s p a l l a t i o n  t a r g e t  t h a t  is powered by t h e  i n t e r -  
a c t i o n  of s t e l l a r  convection and s e l f  generated magnetic f i e l d .  

So la r  cosmic r a y s  a t  r e l a t i v e l y  l o w  energy (less than  approximately 30 MeV/ 
nucleon) coming from some s o l a r  f l a r e  events  have shown that a t  very  low energy 
(between 1 t o  5 MeV/nucleon) 3He is  observed t o  have a ve ry  l a r g e  va lue  (up t o  

4Hc) i n  t h i s  energy range (Hurford e t  a l .  1975),  Anglin (1975), Ser le -  

In an earlier paper w e  d i scussed  ahd r e j e c t e d  several. a l t e r n a t e  mechanisms 

8 t i m e s  t h e  number of 4 H e  whi le  deuterium and t r i t i u m  are g e n e r a l l y  absent  (G 

mitsos  and Balasubrahmanyan (1975). 

f o r  the product ion of 3He Colgate,  e t  a l .  1977. 
eral a s p e c t s  of t h e  s o l a r  f l a r e  model t h a t  emphasizes the evidence f o r  t h e  
formation of c u r r e n t  f i l amen t s  as mechanisms of f i e l d  d i s s i p a t i o n ,  t h e  hard 
x-ray spectrum and f i n a l l y  t h e  extreme case  of t h e  3He-rich f l a r e .  

The Or ig in  of F l a r e  Yagnetic F i e l d s  

Parker  (1971) is t h a t  a small. d i p o l e  f i e l d  i s  ampl i f ied  by a l a r g e  f a c t o r  by 
d i f f e r e n t i a l  r o t a t i o n  of a laminar ,  i .e . ,  non-convective core. The r e s u l t i n g  
t o r o i d a l  magnetic f i e l d  ( a c t u a l l y  two o r  more oppos i t e ly  d i r e c t e d  t o r o i d s )  l i e s  
e n t i r e l y  w i t h i n  t h e  star. The o u t e r  boundary of t h e  t o r o i d a l  f i e l d  i s  t h e  base  
of t h e  convect ive zone. Convection then carries some of  t h i s  t o r o i d a l  f l u x  t o  
t h e  stellar sur face .  Because convection t a k e s  p l ace  in  a r o t a t i n g  system ( t h e  
star must be r o t a t i n g ) ,  t h e  convection is  p a r t i a l l y  cyc lon ic ;  i . e . ,  a loop of 
f l u x  i n i t i a l l y  i n  t h e  t o r p i d a l  p lace  w i l l  be  r o t a t e d  - s t o c h a s t i c a l l y  i n t o  t h e  
d ipo le ,  o r  or thogonal  plane.  The release of f l u x  loops by r e s i s t i v e  d i s s i p a -  
t i o n  above t h e  s u r f a c e  of t h e  s tar  i n  t h e  d i p o l e  p lane  adds t o  t h e  i n i t i a l  
small d i p o l e  f i e l d  and hence a genera tor  occurs .  
a t o r  occurs  e i t h e r  because of a l i m i t e d  d i f f e r e n t i a l  r o t a t i o n  stress o r  a l i m -  
i t e d  convection stress. 

we would expect  t h a t  i t  would genera te  a magnetic f i e l d .  

t h e  su r face ,  once a twis ted  f l u x  loop is convected above t h e  s u r f a c e ,  i t  

I n  t h i s  paper  w e  d i s c u s s  sev- 

The gene ra l ly  accepted view of t h e  o r i g i n  of s te l la r  magnetic f i e l d s ,  

The s a t u r a t i o n  of t h i s  gener- 

The sun i s  a convect ive star and r o t a t e s .  

Regardless of t h e  r a t i o  of JI t o  JII i n  t h e  magnetic conf igu ra t ion  below 

Hence on very  gene ra l  grounds 
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becomes force-free,  o r  by d e f i n i t i o n  Jl 4 0 and Jll maintains  t h e  conf igura t ion  
stress of t h e  f i e l d s .  
e rgs  and t y p i c a l  dimensions of Ro = l o8  cm, L = 2.5 x 109, then WT = 2r[R0*L 
(b2/811) and Be  = 100 gauss. 
t ance  and induc t ive  drop f o r  a d i s s i p a t i o n  t i m e  of 100 seconds. 
i t ies  are: 

. I f  we choose a t y p i c a l  small f l a r e  energy of WT = 1029 

We can a l s o  d e r i v e  a cu r ren t  = 5R0Bg, an induc- 
These quant- 

TABLE I 

Typical  Small Flare  

wHCl = 4 x 1028 e rgs  Time = 102 sec 

W X U ~  4 x 1028 e r g s  Bo = 10 gauss 

Weverything else -u 2 x 1028 e r g s  

’Total = 1029 e rgs  

L = l eng th  = 2.5 x l o 9  cm 

%inch = 1 x 108 cm 

Gall = 2.5 x lo8 c m  

2 

I = 5 x‘1010 amperes 

Inductance = 5 Henries 

Voltage = 109 v o l t s  

E = 0.8 v o l t s  cm- l  

Power = I x vo l t age  = 1020 w a t t s  = 

1027 e r g s  sec-1 

Therma 1 D i s  t r i b  u t ion  
We assume t h a t  by whatever mechanism t h a t  t h e  j o u l e  hea t ing  is  quas i - loca l  

s i n c e  t h e  “pe r fec t ”  run-away f r a c t i o n  is s m a l l .  
m a l  conduct iv i ty  along t h e  h e l i c a l  l i n e s  of force .  
j o u l e  hea t ing  source  ( t o t a l  energy/volume x time) t o  t h e  divergence of t h e  
thermal conduction f l u x  and ob ta in  

We a l s o  assume c l a s s i c a l  ther -  
Then we equate  t h e  s p e c i f i c  

4/7 This has t h e  s o l u t i o n  T7 = TJ [z/(L/2)1 

where 

7 Using our  va lues  from Table I, TJ = 1 0  
s m a l l  f l a r e s .  

E lec t ron  Density 
A r a d i a t i o n  boundary condi t ion  can be  used t o  de 

5 by us ing  a loss t e r m  f o r ‘ t h e  X”V l i n e  emission i n  Eq. (1) r a t h e r  t h  n a h e a t i n  
t e r m .  The f e s u l t s  of Tucker and Koren (1971) g ive  s = -So ne 2 T7- 172 e r g s  cm- 
sec-1 with So = 3 x 10-23 f o r  10-2 < T7 < 1. I f  w e  use t h i s  i n  Eq. (l), T7 = 
T.rad ( z / z )  
t h e  t o t a l  hea t ing  and w e  assume cons tan t  pressure ,  (L/2 / sound speed = 10 s) 
then : 

degrees  i n  good agreement wi th  typical.  

mine t h e  plasma d e n s i t y  

T,,d = 5 x 106 degrees.  I f  t h e  t o t a l  r ad ia t io f i  i s  set equal  t o  

-1 2 6/7  , and n :: (WT/ Ro t) 
0 

n = noT7 e 

and for t h e  condi t ions  i n  Table I, no = 10” This  g ives  an x-ray emission 
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* measure (ne2 Volume) a t  T7 = 1 and t h e  dimensions of Table I of 1048 cm-3. 

. This  is  t y p i c a l  of small f l a r e s ,  Pe te rson  e t  a l .  (1973), Horan (1971). 
We t h e r e f o r e  f e e l  conf ident  t h a t  r e l a t i v e l y  s i m p l e  measurements of energy, 

dimensions, and t i m e  s c a l e  lead  t o  a plasma temperature and d e n s i t y  d i s t r i b -  
u t i o n  c o n s i s t e n t  wi th  t h e  f a i r l y  r e s t r i c t i v e  thermal x-ray measurements. Most 
impor tan t ly  t h i s  a n a l y s i s  e s t a b l i s h e s  t h e  p r i n c i p a l  hea t  l o s s  pa th  and mechan- 
i s m .  It a l s o  e s t a b l i s h e s  a va lue  f o r  t h e  t o t a l  c u r r e n t  and e l e c t r i c  f i e l d .  I f  
we re ta in  t h i s  model and cons ider  t h e  h ighe r  energy x-ray s p e c t r a  hv 2 5 keV, 
then  t h e  f r equen t ly  observed power l a w  s p e c t r a  Kane (1973), McKenzie e t  a l .  
(1973), Datlowe e t  al .  (1974a,b), w i l l  f o r c e  us  t o  a thermal view of t h e  o r i g i n  
of  t h e s e  photons. 

High Energy X-rays 
The c h a r a c t e r i s t i c  f e a t u r e  of t h e  x-ray spectrum above roughly 5 keV pho- 

t o n  energy and extending up t o  200 keV i s  t h a t  i t  can be u s u a l l y  and approxi- 
mately descr ibed  as a power l a w  i n  energy dN(hv)/d(hv):: (hv)-y where 3 G y G 5, 
Pe terson  e t  a l .  (1973). 

The usua l  i n t e r p r e t a t i o n  of t h e  hard x-rays i s  t h a t  an e l e c t r o n  beam both  
carries t h e  energy of t h e  f l a r e  and makes t h e  hard x-rays by bremsstrahlung on 
t h e  s o l a r  su r f ace .  Ne f e e l  t h i s  i s  u n l i k e l y  because: 

than t h a t  of t he  f l a r e .  Colgate e t  21. (1977). 

limb f l a r e s  Roy and Datlowe (1975) are s i m i l a r  t o  i f  n o t  a ha rde r  s p e c t r a  than 
face-on f l a r e s  and t h e r e f o r e  exclude t h i c k  t a r g e t  bremsstrahlung from t h e  
photosphere as a t a r g e t  f o r  2 50 keV e l e c t r o n s .  

ance of an a c c e l e r a t i o n  mechanism for producing equal  and oppos i t e  streams, w e  

1. 

2. The energy s p e c t r a  and t o t a l  f l u x  of photons 2 50 keV f o r  37 over-the- 

The self-magnetic energy of such a beam would b e  1010 t o  1012 l a r g e r  

Therefore ,  a l though we cannot g ive  an  a b s o l u t e  proof a g a i n s t  t h e  exist- 

b e l i e v e  t h e  arguments a g a i n s t  such a mechanism 
a t tempt  t o  model t h e  high energy x-ray s p e c t r a  
h igher  plasma temperature  and smaller emission 
posed by Chubb e t  a l .  (1966, Chubb (1970). 

are s t r o n g  enough t o  warrant  an 
as o r i g i n a t i n g  from reg ions  of 
measure as w a s  o r i g i n a l l y  pro- 

Filament s 
We extend t h e  o r i g i n a l  a n a l y s i s  of  l a b o r a t o r y  measurements of B, pinches.  

B i r d s a l l  e t  a l .  (1962) and show t h a t  t h e  e l e c t r o n  beam mapping of t h e  magnetic 
f l u x  s u r f a c e s  are c o n s i s t e n t  wi th  a developing s i n g u l a r i t y ( i e s )  i n  the c u r r e n t  
d i s t r i b u t i o n  t h a t  can b e s t  be descr ibed  by one, o r  a t  most several c u r r e n t  
f i l amen t s  rather than a nea r  uniform cu r ren t  d i s t r i b u t i o n  as expected and forms 
i n i t i a l l y .  I f  we extend t h i s  l abora to ry  observa t ion  of  t h e  i d e n t i c a l  config- 
u r a t i o n  of our  twis ted  f l u x  tube  f l a r e  model where even t h e  f i e l d  s t r e n g t h s  and 
d e n s i t i e s  are comparable, then  w e  have a p o s s i b l e  explana t ion  of t h e  hard x-ray 
o r i g i n .  We suggest  t h a t  the c u r r e n t  of t h e  f l a r e  - that  main ta ins  t h e  t w i s t  
undergoes a f i l amen ta ry  i n s t a b i l i t y  j u s t  as observed i n  t h e  l abora to ry  and 
p red ic t ed  by t h e  " tear ing" mode i n s t a b i l i t y  Fur th  e t  a l .  (1963). Then t h e s e  
r eg ions  of higher  c u r r e n t  d e n s i t y  have a h igher  plasma temperature  e x a c t l y  as 
ca l cu la t ed  i n  Eq. (2) .  H e r e  w e  have assumed a c u r r e n t  d i s s i p a t i o n  mechanism 
that is so f a r  n o t  s p e c i f i e d ;  only t h a t  the energy of the f l a r e  i s  somehow 
re l eased  i n t o  a plasma volume nR8L i n  a time t. Now w e  presume a h i  her  temp- 
e r a t u r e  TJ f o r  a smaller R ,  keeping L roughly cons tan t .  S ince  Tj:F$l7, t h e  
smallest s i z e  s i n g l e  f i lament  necessary  t o  c r e a t e  a peak plasma temperature  of 
Tmax = 200 keV becomes Rmax/Ro = ( T W ~ / T J ) - ~ / ~  = 3 x 10-4 o r  RmaX 
Note t h a t  w e  have r e t a i n e d  t h e  s u b s c r i p t  "max" f o r  t h e  maximum temperature  
region.  

I f  a s i n g l e  h igh  temperature f i lament  conducts l a t e r a l l y  by t h e  t a n g l e  
flux tube  model i n t o  a l a r g e r  r a d i u s  and correspondingly lower temperature ,  b u t  

I 

300 meters. 
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a t  a cons tan t  p re s su re  independent of r a d i u s  o r  Tm 
from Eq. (1) dVol = [R(T)]2 dz = T-7/2+3/4 dT = T-ff /4  dT and w e  ob ta in  a 
spectrum: 

then ne = no T-1, and 

This index of -4.25 f a l l s  i n  t h e  middle range of t h e  observed i n d i c e s  Kane 
(1971); Peterson (1973). 
ment by t h e  f i l amen t s  as a l ready  discussed.  
because we expect a p o s i t i v e  c o r r e l a t i o n  between f i lament  l eng th  and Tmax 
meaning t h a t  t h e  smallest diameter f i l amen t s  w i l l  tend t o  be s h o r t e r  and coo le r  
than the  above assumption. This  e f f e c t  w i l l  make t h e  x-ray spectrum s t i l l  
s t e e p e r  (a more nega t ive  index) so t h a t  w e  see a n a t u r a l  way i n  which a range 
of power l a w  spectral  i nd ices  from 2.5 G y G 8 can occur as analyzed by Pe ter -  
son (1973) and Kane (1971). 

S m a l l e r  va lues  can be expected f o r  g r e a t e r  confine- 
S t i l l  l a r g e r  i n d i c e s  can occur ,  

Current C a r r i e r s  
F i n a l l y  w e  n o t e  t h a t  t h e  f l u x  of pro tons  necessary  t o  g ive  t h e  y r a y s  f o r  

t h e  August 4, 1972, f l a r e  Ramaty e t  a l .  (1974); Chupp e t  a l .  (1973) of 1033 
pro tons  E > 30 MeV is  j u s t  t h a t  f l u x  i f  ex t r apo la t ed  back t o  4 MeV such t h a t  
a l l  t h e  f l a r e  c u r r e n t  I 7 x 10l1 amperes f o r  l o 3  seconds must be c a r r i e d  
by run-away protons presumedly acce le ra t ed  by t h e  induc t ive  e lectr ic  f i e l d .  
t h e r e f o r e  are l e d  t o  be l i eve  t h a t  an i n s t a b i i i t y  ( ion sound waves) immobilizes 
t h e  e l e c t r o n s  and a l l  t h e  c u r r e n t  is c a r r i e d  by ions.  

3He-Rich F l a r e s  

filament t h a t  conf ines  t h e  cu r ren t  and plasma f o r  a t i m e  = 10 seconds. 
t h i s  assumption two condi t ions  are p a r t i a l l y  re laxed:  

i n s t a b i l i t i e s .  

va lues  of Eq. (2) .  

Balasubrahmanyan (1975), during which roughly 5 x 1028 3 ~ e  w e r e  emit ted a t  t h e  
sun. We expect t h a t  t h e  protons w e r e  acce le ra t ed  as run-aways so t h a t  only t h e  
3 H e  and 4He must be confined by t h e  f i lament .  The hard x- 
r a y  s p e c t r a l  index w a s  s i n g u l a r l y  l a r g e  y u -2.5 t o  -3 f o r  t h i s  f l a r e  and a t  
hv > 100 keV, kTe 
This ex t r apo la t e s  t o  ne2Vol 3 x 1047 t o  1048 a t  T = 107 degrees  i n  agreement 
wi th  t h e  thermal x-ray model. Then ne  = 3 t o  6 x 1015 cm-3 i n  a f i lament  of 
Rf 1: 1 meter diameter.  I f  we t ake  t h e  hard x-ray b u r s t  t i m e  t N 10 seconds,  
then t h e  thermonuclear r e a c t i o n s  w i l l  d e p l e t e  t h e  s p a l l a t i o n  product D by t h e  
necessary 1 0  t o  100 f o l d  as w e l l  as t h e  l i g h t  n u c l e i i  s p a l l a t i o n  products  of 
C,O (n iov i t  = 3 x 10250). 
s p a l l a t i o n  products  wi1l"continue t o  run-away i n  t h e  ePectric f i e l d ,  Ell and be  
lost i n  t h e  photosphere. 

The proton f l u x  a t  an energy of = 108 e V  ( t h e  p o t e n t i a l  drop along t h e  
f i lament )  i s  j u s t  l a r g e  enough,4 x lO30,to g ive  Np LOspallation = 1 t o  2 x 1029 
3He i f  t h e  o r i g i n a l  4He dens i ty  = no/12. I n  o t h e r  words t h e  extreme f i lament  
plasma condi t ions  t h a t  s a t i s f y  t h e  x-ray emission measure and 3He confinement 
t u r n s  o u t  t o  be j u s t  t h e  r i g h t  "hot dense" t a r g e t  such t h a t  with & t h e  c u r r e n t  
c a r r i e d  by run-away protons t h a t  3He i s  j u s t  made by s p a l l a t i o n  of t h e  o r i g i n a l  
4He. I f  one d id  no t  have such an extremely hot  (200 keV) dense (3  x tar- 
g e t  one could not  make t h e  3He wi th  6 x 10 
seconds. 

We 

We presume t h a t  f o r  some reason these  f l a r e s  form a s i n g l e  quas i - s t ab le  
With 

1. 

2. 

A 3He-rich f l a r e  3He/4He = 1.5 is  descr ibed  by Seremitsos and 

The hea t ing  rate can be smaller s i n c e  presumedly i t  i s  based upon 

The s t a b l e  confinement means that t h e  d e n s i t y  can be l a r g e r  up t o  

Then neVol = 1029. 

20C keV =: ne2Vol 3 t o  6 x 1044 Van Hollebecke (1977). 

It should be noted t h a t  a l l  t h e  forward d i r e c t e d  

eres of 108 ev protons i n  10 
I f  t h e  c u r r e n t  of protons were l a r g e r ,  t h e  self magnetic f i e l d  would 
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be too  la rge .  W e  t h e r e f o r e  f e e l  t h a t  t h e  simple s t a b l e  f i lament  i s  a unique 
explanat ion of t h e  pecu l i a r  circumstances requi red  t o  c r e a t e  and process  t h e  
s p a l l a t i o n  products from 3He-rich f l a r e s .  We do not  know why such a c u r r e n t  
f i l ament  should be s t a b l e .  

EXPERIMEFITS 

One obvious test of t h e  f i l amen ta t ion  and thermal models of s o l a r  f l a r e  
x-rays i s  t o  measure t h e  t i m e  necessary t o  reach  a given i o n i z a t i o n  s t a t e  t h a t  
is a c c e s s i b l e  only by e i t h e r  a high temperature plasma T7 2 10,  o r  by t h e  h igh  
energy e l e c t r o n  beam flux of t h e  nonthermal model. 
f u l l y  s t r i p p e d  i r o n ,  x i o ,  t he  i o n i z a t i o n  p o t e n t i a l ,  = 8 keV, and t h e  t h r e e  
e l e c t r o n  conf igura t ions  i f  i r o n  x i 3  
t i o n  is  of i n t e r e s t  because of t h e  h igh  binding energy and low energy reson- 
ance t r a n s i t i o n .  Since x i 3  occurs  j u s t  where T7 = 2, i t  cannot be  used e f fec-  
t i v e l y  t o  d i sc r imina te  between thermal and nonthermal models. 
pendence of t he  Lyman a r a d i a t i o n  from Fe (= 6 keV) on t h e  o t h e r  hand w i l l  re- 
q u i r e  T7 fl 10 f o r  r ap id  s t r i ? p i n g .  
rates f o r  thermal,  t r anspa ren t  plasma, and o b t a i n s  a ra te  qecriui = 1.5 x 10-12 
ne. If w e  choose no = 2 x 
cons tan t  f o r  s t r i p p i n g  becomes 3 t o  0.3 seconds a t  T7 = lo! 
and s h o r t e r  t i m e  would correspond to t h e  f l a t t e r  x-ray spectra y 
pared t o  -4.25 f o r  t h e  lower dens i ty  case.  
o t h e r  hand would be considerably lower i n  dens i ty ;  f o r  example a t  @e = 
sec'l, Ro = l@ cm, a t  1 0  keV, ne = 6 x lo9  
be several o rde r s  of m g n i t u d e  slower. 

The two l i k e l y  states are 

The t h r e e  e l e c t r o n  configura- 2 . 0  keV. 

The t i m e  de- 

Pos t ,  1 9 6 1  has  es t imated t h e  i o n i z a t i o n  

t o  2 x 1013 and ne =: no T-1, then t h e  t i m e  
The h igher  dens i ty  

-3.25 com- 
The nonthermal beam models on t h e  

and the  s t r i p p i n g  rate would 
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