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Data from The Univers i ty  of Michigan's i o n  chamber photometer aboard t h e  

e a r t h - o r b i t i n g  s a t e l l i t e  OSO-111 a r e  used t o  i n v e s t i g a t e  r e l a t i o n s h i p s  between 

s o l a r  s o f t  X-radia t ion  and phenomena observed a t  b t  her  wavelengths. The f i c h i -  

gan 8-12 a X-ray d a t a  a r e  excep t iona l ly  w e l l  s u i t e d  f o r  such s t u d i e s  because 

they  cover an  i n t e r v a l  of more than  a year  on a n e a r l y  continuous b a s i s  w i t h  

e x c e l l e n t  t ime r e s o l u t i o n ,  s e n s i t i v i t y ,  dyn.amic range, and s t a b i l i t y .  X-ray 

f luxes  a r e  determined us ing  t h e  assumption of a 2 x lo6 K gray-body spectrum 

which remains cons t an t  w i t h  time, Unce r t a in t i e s  i n  der ived  f luxes  t h a t  a r e  

caused by t h i s  assumption a r e  shown t o  be  small  even during X-ray b u r s t s ,  

We f i n d  t h a t  t h e  slowly varying component of s o l a r  s o f t  X-radiat ion i s  

+ 
c l o s e l y  r e l a t e d  t o  bo th  t h e  a r e a  and i n t e n s i t y  of  t h e  Ca emission of chromo- 

sphe r i c  'plages.  The X-radia t ion  associ.ated w i t h  each p l age  apparent ly  o r i g i -  

n a t e s  from a condensat ion which i s  s i g n i f  icant1.y above t h e  chromosphere and 

whose th i ckness  does not depend s t rong ly  on i t s  a rea ,  There i s  some evidence 

t h a t  t h e s e  condensations a r e  not  i so thermal  and t h a t  t h e i r  temperatures  and/or 

d e n s i t i e s  decrease  w i t h  age. I n  addi t ion ,  t h e  d a t a  suggest t h a t  t h e  tempera- 

t u r e  of t h e  X-ray emi t t i ng  source i s  in f luenced  by v a r i a t i o n s  i n  t h e  gene ra l  

l e v e l  of s o l a r  a c t i v i t y ,  

The b u r s t  component of s o l a r  s o f t  X-radiat ion i s  examined f o r  283 everits 

t h a t  a r e  a s s o c i a t e d  w i t h  w e l l  v e r i f i e d  Hal f l a r e s  of i m p o r t a ~ c e  - > 1, Of t h e s e  

f  barees, 282 a r e  accomparlied by a s i g n i f  f can t  eahane emen"c,r, X-radi atior., The 

peak amplitude of t h f  s  X-ray enhancement c o r r e l a t e s  w t th  t h e  a r e a  and i n t e n s i t y  



of t h e  Ha f l a r e ,  For a f l a r e  of a  given a r e a  and i n t e n s i t y ,  t h e  peak amplitude 

of t h e  a s soc i a t ed  X-ray b u r s t  i s  found t o  be a  func t ion  of i t s  d i s t a n c e  from t h e  

s o l a r  limb, an  e f f e c t  a t t r i b u t e d  t o  t h e  Ha observat ions.  The peak amplitude 

a l s o  depends on t h e  gene ra l  l e v e l  of  s o l a r  a c t i v i t y  a t  t h e  t ime of t h e  b u r s t  

and on t h e  age and " f l a r e - r i chness"  of t h e  a s soc i a t ed  plage. The l a t t e r  e f f e c t s  

a r e  most l i k e l y  due t o  d e n s i t y  v a r i a t i o n s  i n  t h e  X-ray emi t t i ng  r eg ion  i t s e l f .  

The p r o p e r t i e s  of t h e  gene ra l  t ime-p ro f i l e s  f o r  f l a r e - a s s o c i a t e d  b u r s t s ,  

a s  w e l l  a s  t h e i r  frequency of occurrence from c e n t e r  t o  limb, imply t h a t  such 

b u r s t s  a r e  predominantly thermal  i n  na ture ,  It i s  shown t h a t  thermal  brems- 

s t r ah lung  r a d i a t i o n  i s  n e g l i g i b l e  a t  8-12 a f o r  t h e s e  bu r s t s ,  s o  t h a t  t h e  dom- 

ir*ar,t mechanisms a r e  recombination and l i n e  emission. However, some cases  a r e  

observed of a r e l a t i v e l y  weak, impulsive component i n  8-12 b u r s t s  which may 

be  due t o  nonthermal processes ,  

We f i n d  t h a t  t h e  s t a r t  o f  t h e  s o f t  X-ray b u r s t  t y p i c a l l y ,  bu t  no t  always, 

p ~ e c e d e s  t h e  onset  of t h e  Ha enhancement by a  few minutes. I n  genera l ,  t h e  Ha 

i r L t e l ~ s i t y  of t h e  f l a r e ' s  b r i g h t e s t  p o i n t  and t h e  a s soc i a t ed  s o f t  X-ray f l u x  

have roughly s imi l a r  t ime-p ro f i l e s .  Isophotometry of t h r e e  s e l e c t e d  f l a r e s  

shows t h a t  i n  two cases  t h e  s i m i l a r i t y  i s  even more s t r i k i n g  when t h e  X-ray 

f l u x  curve i s  compared t o  t h a t  of t h e  f l a r e ' s  t o t a l  Ha f lux .  This suggests  

t h a t  t h e  t i m e  v a r i a t i o n  of each emission process  i s  governed by t h e  energy 

source term r a t h e r  t han  t h e  decay term a s  i s  u s u a l l y  assumed. 

I n  add i t i on ,  we f i n d  t h a t  t h e  peak enhancements i n  t h e  s o f t  X-ray and Ha 

emission r a t e s  a r e  nea r ly  i d e n t i c a l  f o r  t h e s e  f l a r e s ,  Furthermore, it i s  shown 

t h a t  t h e  t o t a l  energ ies  emit ted by t h e s e  f l a r e s  i n  t h e  forms of 8-12 a X-radia- 



t i o n  and Ha emission a r e  t h e  same wi th in  obse rva t iona l  e r r o r s ,  F ina l ly ,  i t  i s  

estima,ted t h a t  energy r a d i a t e d  between 8-12 may accour~t  f o r  almost one-terith 

of a  f l a r e ' s  t o t a l  e lectromagnet ic  emission. 



CHAPTER I 

INTRODUCTION 

The Un ive r s i t y  o f ~ i c h i g a n ' s  ion  chamber photometer aboard t h e  National  

Aeronautics and Space Administrat ion s a t e l l i t e  OSO-111 was one of t h e  f i r s t  t o  

monitor t h e  s o f t  X-radia t ion  of t h e  sun f o r  more than  a  yea r  on a  n e a r l y  con- 

t inuous  b a s i s ,  The d a t a  it provided a r e  excep t iona l ly  w e l l  s u i t e d  f o r  t h e  

i n v e s t i g a t i o n  of many a s p e c t s  of var ious  s o l a r  phenomena, The p r e s e n t  s tudy  

t a k e s  advantage of t h e s e  f i n e  observat ions t o  examine t h e  p r o p e r t i e s  of t h e  

s o l a r  X-ray "slowly varying" and "burs t"  components, a s  w e l l  a s  t o  i n f  e r  some 

of t h e  phys i ca l  c h a r a c t e r i s t i c s  of those  r eg ions  i n  t he  s o l a r  atmosphere which 

a r e  r e spons ib l e  f o r  t h i s  r a d i a t i o n ,  

The f i r s t  sugges t ion  t h a t  t h e  sun might emit X-radia t ion  was made inde-  

pendent ly by Hulburt (1938) and Vegard (1938) a s  a  poss ib l e  mecha.nism f o r  t h e  

maintenance of t h e  e a r t h ' s  ionosphere,  The f a c t  t h a t  sudden ionospher ic  d i s -  

turbances (sID's) seemed t o  be c l o s e l y  r e l a t e d  t o  s o l a r  f l a r e s  ( ~ a r t y n  e t  a l , ,  

1937; Newton and Barton, 1937) then  implied t h a t  t h e  s u n ' s  " ion iz ing  r a d i a t i o n "  

was apprecia'bly enhanced dur ing  t h e s e  chromospheric e rup t ions  and t h a t  t h i s  

enhanced emission o r ig ina t ed  from the  same gene ra l  reg ion  a s  t h e  o p t i c a l  f l a r e  

(G iovane l l i ,  1938).  Therefore,  t h e  ionosphere can be considered a s  be ing  a  very  

broad-band d e t e c t o r  of s h o r t  wavelength s o l a r  r a d i a t i o n ,  and by monitor ing d i s -  

t a n t  r a d i o  s i g n a l s  u s ing  c e r t a i n  s tandard techniques  ( s e e  f o r  example Aarons 

ed,,  19631, d a t a  can be e a s i l y  obtained f o r  t h e  s tudy of XUV s o l a r  r a d i a t i o n  

( roughly  1-1500 a ) ,  
1 



Until recently, this technique had provided a major source of information 

about the "slowly varying" and "burst" components of radia.tion in this spectral 

region ( e,g, , Kundu, 1965). These ionospheric studies are continuing ( e. 

Donnelly, 1968a, 1969a; Reid, 1969), and have even advanced to the point where 

emitting region sizes can be estimated from observations during a solar eclipse 

(~eisel, 1968), Unfortunately, the interpretation of ionospheric disturbances 

in terms of the incident solar radiation is quite uncertain, requiring detailed 

knowledge of the temperature, density, and composition of the earth's upper 

atmosphere, as well as the appropriate dissociation and recombination rates, 

among other parameters, In addition, some early investigators naturally assumed 

that most of the enhanced ionizing radiation during a solar flare was due to 

hydrogen Lyman-alpha emission (c, S. Warwick, 1963), an assumption which is now 

known to be incorrect  allam am, 1964)~ Furthermore, it appears that hard X- 

radiation (< 1 1) does not contribute to SID's (~onnelly, 1968a) or to the 

maintenance of the ionosphere (Allen, 1965), so that ionospheric studies pro- 

vide no direct information about this spectral region. For these reasons and 

because many X-ray bursts of only moderate amplitude do not produce any ob- 

servable ionospheric effects (~ickerman and Thornton, 1966), data from ground- 

based detectors are insufficient to support a complete and quantitative inves- 

tigation of solar X-radiation, Direct observations made above the earth's 

atmosphere are essential for this program, 

The U. S. Naval Research Laboratory pioneered in obtaining such observa- 

tions, the first of which utilized a captured V-2 rocket to carry a photo- 

graphic plate shielded by a. thin beryllium filter to an altitude greater than 



3 

100 lcm on 6  August 1948, Upon recovery, t h e  p l a t e  was found t o  be darkened, 

t hus  providing t h e  f i r s t  d i r e c t  evidence f o r  s o l a r  s o f t  X-radia t ion  ( ~ u r n i g h t ,  

1949)*  This observa t ion  was followed by a  s e r i e s  of f l i g h t s  which allowed t h e  

NRL group t o  develop and r e f i n e  t h e i r  ins t rumenta t ion  i n  o rde r  t o  expand t h e  

s p e c t r a l  reg ion  covered, improve s p e c t r a l  r e so lu t ion ,  and p u t  t h e  measurements 

on a  q u a n t i t a t i v e  b a s i s ,  Friedman (1962, 1963a) reviews t h e  work of t h e  NRL 

s o l a r  X-ray group from 1948 t o  1961, a  per iod  when they  were v i r t u a l l y  t h e  only 

obse rva t iona l  r e sea rche r s  i n  t h e  e n t i r e  f i e l d .  

By- 1961, t h e s e  rocket-borne X-ray d e t e c t o r s  were provid ing  d a t a  of s u f f i -  

c i e n t  q u a l i t y  t o  r e v e a l  t h e  main c h a r a c t e r i s t i c s  of s o l a r  X- rad ia t ion  and t o  

allow a  b e t t e r  de te rmina t ion  of t h e  ionospheric  parameters  mentioned e a r l i e r ,  

However, a  major l i m i t a t i o n  of t h i s  technique i s  t h e  f a c t  t h a t  t h e  d e t e c t o r  i s  

above t h e  e a r t h ' s  atmosphere f o r  on ly  a  few minutes of t h e  f l i g h t .  Although 

such b r i e f  observa t ions  do no t  s e r i o u s l y  compromise s t u d i e s  of t h e  q u i e t  sun, 

t hey  a r e  inadequate  t o  fo l low t h e  t o t a l  development of X-ray b u r s t s ,  s i nce  these  

may l a s t  more than  an  hour,  Furthermore, t h e  occurrence of a  b u r s t  i s  unpre- 

d i c t a b l e  ( a t  l e a s t  a t  t h i s  t ime)  s o  t h a t  t h e r e  i s  very  l i t t l e  chance f o r  a 

rocke t  f l i g h t  t o  b racke t  t h e  i n i t i a l  r i s e  of an event ,  which i n  many r e s p e c t s  

i s  t h e  most i n t e r e s t i n g  phase of t h e  e n t i r e  b u r s t .  

These d i f f i c u l t i e s  may be overcome t o  some e x t e n t  by  means of d e t e c t o r s  

aboard a  very  h igh  a l t i t u d e  bal loon.  On 20 March 1958, the  f i r s t  complete pro- 

f i l e  of a  d i r e c t l y  observed X-ray b u r s t  was recorded wi th  t h i s  technique ( ~ e t e r -  

son and Winckler, 1958).  Many such ba l loon  observa t ions  were made by t h e  Uni- 

v e r s i t y  of Minnesota group, and t h e i r  work through 1962 has been summarized by 



Winckler (1964), Unfortunately these studies also have severe limitations in 

that only the most energetic X-rays can penetrate the earth's atmosphere to 

balloon altitudes. In addition, a relatively large and somewhat uncertain cor- 

rection must still be applied to account for the atmospheric absorption above 

the balloon (peterson and Winckler, 1959)- Therefore, even this method is not 

completely satisfactory, 

Since ionospheric observations and suborbital and balloon flights are 

relatively inexpensive and simple, much valuable information about solar X- 

radiation has been and will be obtained by these means. But some other observ- 

ing technique is obviously required in order to conduct an "ideal" X-ray ex- 

periment, In addition to high stability, accurate absolute calibration, and 

high signal-to-noise ratio, the characteristics of such an ideal experiment 

should include : 

1. Time resolution better than 1 second, 

Unlike the slowly varying background component which changes on a time 

scale of several hours, the time scale of solar X-ray bursts is less 

than a minute and in some cases is as small as a second (e.g., Kane, 

1969) . 
2. Spectral resolution ( h / ~ h )  better than 1000 at 10 1. 

Since X-ray emission lines have widths of about 0.1 A, a spectral 

resolution better than 1000 at 10 A will be necessary to observe these 

line profiles properly (J. W. Evans - et -- a1 J 1969) 

3. Spatial resolution better than 1 arc-second. 

Several lines of evidence, i ncluding direct photographs ( e . g, , Vaiana 



e t  a1 1968), a l l  suggest t ha t  X-ray emitting regions have s ign i f ican t  - -* 7 

s t ruc ture  a t  1 arc-second, and t h a t  perhaps 0.1 arc-second resolut ion 

i s  necessary t o  resolve them adequately (J .  W. Evans e t  a l . ,  1969). 

4. High dynamic s ens i t i v i t y .  

The i n i t i a l ,  very gradual r i s e  of ten associated with so f t  X-ray burs t s  

can normally be observed only with a detector which has a high dynamic 

s e n s i t i v i t y  ( Teske and Thomas, 1969). 

5. Adequate absolute s ens i t i v i t y .  

Longward of 2 1, a s e n s i t i v i t y  of erg/(cm2 sec a) i s  su f f i c i en t  

even during so la r  minimum, For shor ter  wavelengths, only upper l i m i t s  

t o  the  minimum so la r  f l u x  are  known, so t h a t  the  necessary absolute 

s e n s i t i v i t y  l eve l s  i n  t h i s  i n t e rva l  cannot yet  be established.  How- 

ever, an unambiguous observation of quie t  sun hard X-radiation and 

gamma rad ia t ion  i s  of extreme importance i n  determining t o  what extent  

nonthermal electromagnetic or nuclear processes occur i n  the nonactive 

so la r  atmosphere ( Neupert, 1969). 

6. Dynamic range be t t e r  than 4 orders of magnitude. 

Soft  X-ray f l u x  var ia t ions  of nearly 3 orders of magnitude have been 

observed (van Allen, 1968), while i n  the hard X-ray region, the  varia-  

t i ons  may be greater  than 4 orders of magnitude (Kane and Winckler, 

1969). Therefore, a dynamic range a t  l e a s t  t h i s  large  i s  needed t o  

avoid detector sa turat ion,  

7. Coverage of the en t i r e  X-ray spectrum, 

An X-ray emitt ing region cannot be characterized by a single temperature 



and density �� lake et ale, 1963a; Mandel'shtam, 1965a; Cljne et al,, 

1968). Therefore, each interval of the X-ray spectrum gives informa- 

tion about a different portion of the emitting region, so that the 

entire spectrum must be observed in order to develop a realistic emis- 

sion model. 

8, Continuous operation for more than 10 years, 

Investigations into possible variations of X-ray emission character- 

istics during the entire solar cycle require observations over at least 

a 10-year period. However, in order to include the unpredictable 

starting phase of the X-ray burst component, these observations must 

be of a continuous monitoring type. 

Although present technology is not sufficiently advanced to conceive of a 

single instrument combining all these characteristics, all but the last can be 

approached by observing the sun with several instruments simultaneously, each 

of which provides some part of the total desired properties. However, the long- 

term, continuous monitoring capability can only be achieved by detectors aboard 

space satellites (short of building at least three observatories on the surface 

of Mercury or the ~oon). With the advent of such X-ray instrumented satellites, 

the amount of information concerning the sun's X-radiation has increased at a 

tremendous rate. 

After Vanguard 3 and Explorer 7 failed to return useful data, the first 

successful solar X-ray satellite, Solar Ra.diation I, was launched in June 1960, 

and once again it was the U, S, Naval Research Laboratory that pioneered this 

new field (Kreplin - et - 0 9  a1 1962). Following this initial success, a great num- 



be r  of s a t e l l i t e s  wi th  s o l a r  X-ray d e t e c t o r s  were p u t  i n t o  o r b i t  by  Great B r i -  

t a i n  and t h e  Sovie t  Union, a s  w e l l  a s  t h e  United S t a t e s ,  Although t h e  v a s t  

ma jo r i t y  of t h e s e  X-ray s a t e l l i t e s  o r b i t  t h e  e a r t h ,  t h e r e  a r e  some which a r e  

o r b i t i n g  the  moon (Explorer  35) o r  t h e  sun ( ~ a r i n e r  5 ) .  The g r e a t  amount of 

e f f o r t  be ing  expended i n  t h i s  f i e l d  can be seen  by not ing  t h a t  i n  t h e  i n t e r v a l  

March 1967 t o  March 1968, the  period of s p e c i a l  concern t o  t h i s  d i s s e r t a t i o n ,  

a t  l e a s t  - 12 d i f f e r e n t  s a t e l l i t e s  were monitoring t h e  sun ' s  X-radia t ion  (cosmos 

166, Explorers  30, 33, 35, and 37, Mariner 5, OGO's  4 and 5, OSO's 3 and 4, and 

Velas  7 and 8 ) ,  some of which had s e v e r a l  s o l a r  X-ray experiments aboard! These 

s a t e l l i t e  experiments were i n  a d d i t i o n  t o  rocke t  and ba l loon  f l i g h t s  dur ing  

t h i s  per iod,  a long  wi th  t h e  cont inuing  i n d i r e c t  s t u d i e s  us ing  ionospher ic  e f -  

f e c t s .  

The ques t ion  n a t u r a l l y  a r i s e s :  why i s  t h e r e  s o  very  much e f f o r t  over a 

mere 100 1 s p e c t r a l  band from a s ing le ,  o rd ina ry  s t a r ?  Of course,  t h e  reasons  

u s u a l l y  c i t e d  f o r  s tudying t h e  sun a r e  app ropr i a t e  here:  

( a )  s i n c e  t h e  sun i s  about 250,000 t imes c l o s e r  t han  t h e  next  n e a r e s t  

s t a r ,  requirements on ins t rumenta l  abso lu t e  s e n s i t i v i t y  a r e  l e s s  

s t r i n g e n t  by a f a c t o r  of more than  10"; 

( b )  a l s o  because of i t s  proximity, t h e  sun i s  t h e  only  s t a r  whose su r f ace  

f e a t u r e s  can p r e s e n t l y  be resolved;  

( c )  t h e  f a c t  t h a t  t h e  sun i s  near  t he  middle of t h e  Hertzsprung-Russel l  

main sequence means t h a t  knowledge about t h e  sun may be ex t r apo la t ed  

t o  t h e  g r e a t e s t  number of o t h e r  s t a r s  w i th  a minimum amount of un- 

c e r t a i n t y ;  



( d )  s ince  the  sun 's  p a r t i c l e  and rad ia t ion  emission a f f e c t s  every objec t  

i n  the  so la r  system t o  some extent ,  knowledge of s o l a r  emissions i s  

e s s e n t i a l  t o  a  complete understanding of these  objec ts ;  

( e )  and natura l ly ,  such a study i s  i n t r i n s i c a l l y  i n t e r e s t i n g ,  

The X-radiation of the  sun i s  of p a r t i c u l a r  importance f o r  o ther  reasons 

as  well :  

( a )  X-ray emit t ing  regions i n  the  corona can be observed during t h e i r  

e n t i r e  d i sk  passage, while these  coronal condensations can be seen 

i n  v i s i b l e  l i g h t  only a t  the  limb; 

( b )  s ince  these regions cons i s t  of very hot plasma confined by a magnetic 

f i e l d  and s ince  b u r s t s  seem t o  be r e l a t e d  t o  i n s t a b i l i t i e s  i n  t h i s  

f i e l d ,  s o l a r  X-ray observations touch on severa l  problems associa ted  

wi th  cont ro l led  thermonuclear fusion;  

( c )  s o l a r  X-radiation gives information about plasma under condit ions un- 

obtainable i n  the  labora tory;  

( d )  some hard X-ray b u r s t s  seem t o  be caused by very energet ic  nonthermal 

acce le ra t ion  processes and thus may provide information i n  t h i s  a r e a  

of g rea t  current  i n t e r e s t ;  

( e )  knowledge of t h e  sun 's  X-ray f l u x  and i t s  v a r i a t i o n s  i s  e s s e n t i a l  f o r  

a  proper understanding of the  e a r t h ' s  ionosphere; 

(f) such knowledge i s  a l s o  necessary t o  assess  c o r r e c t l y  t h e  p o s s i b i l i t y  

of X-ray induced changes i n  the  s t r u c t u r a l  c h a r a c t e r i s t i c s  of ma te r i a l s  

considered f o r  space appl ica t ions ;  

( g )  through i t s  e f f e c t  on the  ionosphere, s o l a r  X-radiat ion s t rongly  in -  



f luences  t h e  q u a l i t y  of long-distance rad io  communication, which can 

be completely disrupted during a l a r g e  X-ray burs t ;  

( h )  X-ray b u r s t s  a r e  usual ly  associa ted  with s o l a r  f l a r e s  and s o  give 

a d d i t i o n a l  information on these  complex phenomena; 

( i )  t h e r e  i s  evidence t h a t  a s o f t  X-ray enhancement i s  the  very  f i r s t  

manifestat ion of a s o l a r  f l a r e ,  a p o s s i b i l i t y  of obvious consequence 

f o r  a f l a r e  early-warning system; 

( j )  s ince  h igh-a l t i tude  nuclear  explosions produce l a rge  b u r s t s  of X- 

radia t ion ,  it  i s  important f o r  na t iona l  defense t o  be able  t o  d i s -  

t ingu i sh  them from s o l a r  X-ray burs t s ;  

(k) i n  addit ion,  it may be poss ib le  t o  u t i l i z e  s o l a r  burs t s  t o  es t imate  

the  e f f e c t s  of nuclear  explosion X-radiat ion on defense systems such 

as ant i -miss i le  t racking,  guidance, and communications. 

Clearly, t h e  X-ray region of the  s o l a r  spectrum i s  except ional ly  r i c h  i n  

information content  and wel l  worth in tens ive  inves t iga t ion ,  even though i t  ac- 

counts f o r  only one-millionth of one percent of the  sun ' s  t o t a l  luminosity: 

Many exce l l en t  reviews of previous s o l a r  X-ray s tud ies  a r e  a l ready ava i l ab le  

and so  w i l l  no t  be duplicated here, I n  add i t ion  t o  references c i t e d  e a r l i e r ,  

these  reviews include, i n  chronological order, Friedman (1963b), Kundu (1963), 

Lindsay -- e t  a l e  ( 1965), Mandel ' shtam ( 1965a, 1967), Goldberg ( 1967), Underwood 

(1968), and most r ecen t ly  Neupert (1969) However, a summary of present  ideas  

concerning s o l a r  X-ra.diation, including those derived from t h i s  study, w i l l  be 

given i n  Chapter VI, 



CHAPTER I1 

THE SOLAR SOFT X-RAY EXPERIMEITT 

1. INTRODUCTION 

On 8 March 1967, NASA's Third Orbi t ing  Solar  Observatory (OSO-111) was 

launched from Cape Kennedy, F lo r ida ,  and succes s fu l ly  a t t a i n e d  e a r t h  o r b i t .  A 

b r i e f  d e s c r i p t i o n  of t h i s  s a t e l l i t e  and t h e  seven s c i e n t i f i c  experiments aboard 

i s  g iven  by Brandt (1969).  The p r e s e n t  s tudy i s  p r imar i ly  concerned wi th  The 

Univers i ty  of Michigan's s o f t  X-ray i o n  chamber photometer which i s  l oca t ed  i n  

t h e  r o t a t i n g  wheel s e c t i o n  of OSO-111. 

The o r i g i n a l  des ign  of t h i s  i o n  chamber w a s  due t o  D r .  Robert W. Krepl in 

of NRL. The a s soc i a t ed  e l e c t r o n i c s  were developed by t h e  Consolidated Systems 

Corporat ion of  Monrovia, Ca l i fo rn i a ,  which a l s o  cons t ruc ted  t h e  e n t i r e  i n s t r u -  

ment. The des igns  of  bo th  t h e  e l e c t r o n i c s  subsystem and t h e  i o n  chamber were 

modified somewhat f o r  t h i s  experiment by The Univers i ty  of Michigan Space Phys- 

i c s  Research Laboratory, which was a l s o  r e spons ib l e  f o r  t h e  f i n a l  t e s t i n g  and 

c a l i b r a t i o n  o f  t h e  complete system. D r .  Richard G, Teske heads The Univers i ty  

of Michigan's s o l a r  X-ray p r o j e c t  and i s  t h e  p r i n c i p a l  i n v e s t i g a t o r  i n  t h i s  OSO- 

I11 experiment, 

2, GENERAL CHA~CTERISTICS 

Bas i ca l ly ,  an ion  chamber photometer i s  a g a s - f i l l e d  con ta ine r  w i th  a win- 

dow made of some very t h i n  mater ia l .  Inc ident  photons, which pass  through t h i s  

window and a r e  absorbed i n  t h e  f i l l e r  gas ,  produce f r e e  e l e c t r o n s  by t h e  process  



of photo ioniza t ion ,  The energy of each photo-e jec ted  e l e c t r o n  i s  qu ick ly  con- 

ve r t ed  i n t o  secondary i o n i z a t i o n s  of t h e  gas,  producing many more f r e e  e l ec t rons ,  

These a r e  c o l l e c t e d  by a low-voltage anode i n  t h e  chamber and t h e  r e s u l t i n g  cur -  

r e n t  i s  t h e n  measured by a n  e lec t rometer .  

Such measurements can be t r e a t e d  q u a n t i t a t i v e l y  because of t h e  fo l lowing  

p r o p e r t i e s  of X-ray pho to ion iza t ion  ( ~ i n t e r e g g e r ,  1963) : 

(a )  t h e  average number o f  ion-e lec t ron  p a i r s  formed pe r  u n i t  number of 

photons absorbed i n  a  gas  i s  d i r e c t l y  p ropor t iona l  t o  t h e  photon en- 

ergy; 

( b )  t h e  va lue  of t h i s  p r o p o r t i o n a l i t y  f a c t o r ,  c a l l e d  t h e  gas i o n i z a t i o n  

e f f i c i ency ,  i s  known r e l i a b l y  from numerous experiments;  

( c )  t h e  f r a c t i o n a l  number of photon abso rp t ion  events  not l ead ing  t o  any 

i o n  formation i s  p r a c t i c a l l y  neg l ig ib l e .  

Since t h e  ope ra t ing  vol tage  ac ros s  t h e  chamber i s  low, no e l e c t r o n  m u l t i p l i c a -  

t i o n  occurs  i n  t h e  f i l l e r  gas. Therefore,  only t h o s e  f r e e  e l e c t r o n s  produced 

by t h e  r a d i a t i o n  e n t e r i n g  t h e  d e t e c t o r  a r e  co l l ec t ed .  Because t h e  number of 

t h e s e  e l e c t r o n s  i s  p r o p o r t i o n a l  t o  t h e  energy of  t h e  absorbed photons, a n  i o n  

chamber photometer func t ions  a s  a t o t a l  energy de t ec to r .  

With t h i s  t ype  of d e t e c t o r  some s p e c t r a l  information i s  obtained i n  t h e  

sense t h a t  it responds e f f e c t i v e l y  only t o  r a d i a t i o n  i n  c e r t a i n  wavelength i n -  

t e r v a l s .  These i n t e r v a l s  a r e  determined by t h e  t r ansmis s ion  p r o p e r t i e s  of t h e  

window ma te r i a l ,  t h e  window9 s  t h i ckness ,  t h e  abso rp t ion  c h a r a c t e r i s t i c s  of  t h e  

f i l l e r  gas ,  t h e  gas p re s su re ,  and t h e  e f f e c t i v e  l eng th  of t h e  chamber. By an  

appropr i a t e  combination of t h e s e  parameters,  t h e  d e t e c t o r ' s  response can  be r e -  



s t r i c t e d  t o  a  p a r t i c u l a r  s p e c t r a l  band of only a  few ~ n g s t r o m s .  This procedure 

i s  l i m i t e d ,  however, by t h e  r e l a t i v e l y  smal l  number of s u i t a b l e  f i l l e r  gases  

and window ma te r i a l s ,  

A more complete d i scuss ion  of X-ray d e t e c t o r  i n s t rumen ta t ion  i n  gene ra l  and 

t h e  i o n  chamber photometer i n  p a r t i c u l a r  can be found i n  t h e  e x c e l l e n t  review 

a r t i c l e s  by Boyd (1963) and Giacconi -- e t  al. (1968). 

3. CORRECTION FOR THE BACKGROUND SIGNAL 

The above d e s c r i p t i o n  of a n  i o n  chamber's opera t ion  r e f e r s  t o  an i d e a l  ob- 

s e rv ing  s i t u a t i o n .  I n  r e a l i t y ,  t h e  o r b i t i n g  s a t e l l i t e  i s  pass ing  cont inuously 

and a t  a  high r e l a t i v e  v e l o c i t y  through a  medium of charged p a r t i c l e s  which 

e x i s t s  a t  t h i s  a l t i t u d e .  Some of t h e s e  charged p a r t i c l e s  p e n e t r a t e  i n t o  t h e  

d e t e c t o r  and cause i o n i z a t i o n s  i n  t h e  f i l l e r  gas. Because t h e  r e s u l t i n g  f r e e  

e l e c t r o n s  a r e  i n  a d d i t i o n  t o  t hose  caused by s o l a r  X-radiat ion,  t h i s  background 

s i g n a l  must be sub t r ac t ed  from t h e  t o t a l  response i n  order  t o  ob ta in  a  value 

which i s  due s o l e l y  t o  t h e  sun. 

Since t h e  Michigan experiment i s  loca t ed  i n  t h e  r o t a t i n g  wheel s e c t i o n  o f  

OSO-111, t h e  background s i g n a l  i s  measured d i r e c t l y  dur ing  those  i n t e r v a l s  when 

t h e  d e t e c t o r  i s  po in t ed  away from t h e  sun. The encoded vol tage  of t h e  i o n  cham- 

b e r ' s  e lec t rometer  i s  recorded every 0.64 second, while t h e  s a t e l l i t e ' s  wheel 

s e c t i o n  r o t a t e s  w i t h  a  pe r iod  of 1 .7  seconds. Therefore,  each wheel r o t a t i o n  

r e s u l t s  i n  roughly one word of s o l a r  s o f t  X-ray d a t a  and two words of p a r t i c l e  

background da ta .  It i s  easy t o  d i s t i n g u i s h  between them s i n c e  t h e  t o t a l  response 

i s  always l a r g e r  t han  t h e  background alone. However, a s  a  check, a  sun-sensing 



p h o t o c e l l  mounted next  t o  t h e  i o n  chamber p u t s  a " tag" on each s o l a r  word t o  

i n s u r e  i t s  proper  i d e n t i f i c a t i o n .  

I n  t h e  remainder of t h i s  paper ,  t h e  term " ion  chamber response" w i l l  r e f e r  

t o  only t h a t  p a r t  which i s  due t o  t h e  sun ' s  X-radiation. 

4. THE EFFECTIVE BANDPASS 

-4 
The Michigan experiment has an  aluminum window 5 x 10  cm t h i c k  and a 

n i t rogen  gas  f i l l i n g  a t  about one atmosphere pressure .  This combination g ives  

r i s e  t o  t h e  s p e c t r a l  e f f i c i e n c y  response,  ~ ( h ) ,  shown i n  F igure  2-1. Here spec- 

t r a l  e f f i c i e n c y  i s  def ined  a s  t h e  r a t i o  of t h e  r a d i a t i o n  f l u x  absorbed w i t h i n  

t h e  f i l l i n g  gas t o  t h a t  i n c i d e n t  upon t h e  d e t e c t o r  window. It can  be  shown (e .  

g . ,  Acton, 1964a) t h a t  t h i s  r a t i o  i s  g iven  by t h e  express ion:  

where p i s  t h e  mass absorp t ion  c o e f f i c i e n t ,  p t h e  dens i ty ,  x t h e  th i ckness  of 
m 

t h e  m a t e r i a l  i n  quest ion,  and t h e  s u b s c r i p t s  G and W r e f e r  t o  t h e  gas f i l l i n g  

and window ma te r i a l ,  r e spec t ive ly .  The r e l a t i o n  shown i n  F igure  2-1  was f i r s t  

c a l c u l a t e d  from t h i s  express ion  us ing  parameters app ropr i a t e  f o r  t h e  Michigan 

d e t e c t o r  and t h e n  checked by i l l umina t ing  t h e  instrument  w i t h  a c a l i b r a t e d  i r o n -  

55 source i n  a i r .  

Clear ly ,  t h e  d e f i n i t i o n  of a n  e f f e c t i v e  bandpass i s  somewhat a r b i t r a r y  f o r  

a d e t e c t o r  w i t h  such a s p e c t r a l  e f f i c i e n c y  response, One p o s s i b i l i t y  i s  t o  

choose t h o s e  wavelength i n t e r v a l s  i n  which t h e  ion  chamber has a t  l e a s t  10% of 

i t s  maximum response e f f i c i ency .  By t h i s  d e f i n i t i o n ,  t h e  e f f e c t i v e  bandpass of  



10 

(Angstroms) 

Figure 2-1. Spectral  ef f ic iency of the  Michigan ion chamber. The mass absorp- 
t i o n  coef f ic ien t s  as  a function of wavelength were taken from Victoreen (1949) 
and Cooke -- e t  a l .  (1962). The nitrogen surface density of the  instrument 
actual ly  flown was 0.00331 gm/cm2. This change a l t e r s  the  above curve by l e s s  
than 5%. 



t h e  Michigan instrument  i s  8 . 0  t o  12. L a,nd 2 .0  t o  4 .0  1, 

However, it would be more convenient t o  cons ider  a  bandpass which c o n s i s t s  

of a  s i n g l e  wavelength i n t e r v a l ,  Therefore,  one may choose t h a t  s p e c t r a l  band 

i n  which t h e  d e t e c t o r  e f f i c i e n c y  i s  always l a r g e r  t han  t h e  peak of t h e  s h o r t  

wavelength lobe. This d e f i n i t i o n  r e s u l t s  i n  a n  e f f e c t i v e  bandpass of  8.0 t o  

1 . 5  . Moreover, it seems j u s t i f i a b l e  t o  ignore  t h e  s h o r t  wavelength lobe  

s i n c e  s o l a r  r a d i a t i o n  i s  always observed t o  be a t  l e a s t  a  f a c t o r  of f i v e  

s t ronge r  a t  1 0  a t han  a t  3 a ( f o r  example, s ee  t h e  f l a r e  s p e c t r a  publ i shed  by 

Culhane -- e t  a l .  , 1969; Pounds, 1970). This means t h a t  r a d i a t i o n  i n  t h e  i n t e r v a l  

2-4 1 c o n t r i b u t e s  l e s s  t h a n  2% o f  t h e  Michigan d e t e c t o r ' s  response. 

Yet another  method i s  t o  s e l e c t  t h a t  i n t e r v a l  which minimizes t h e  e f f e c t  

on t h e  d e t e c t o r ' s  response due t o  changes i n  t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  

i n c i d e n t  r a d i a t i o n .  This  procedure was f i r s t  descr ibed  by Van Al l en  (1967a) and 

f u r t h e r  developed by Wende (1969). It i s  descr ibed  i n  more d e t a i l  i n  Sec t ion  

11-9 of t h i s  chapter .  For The Univers i ty  of Michigan instrument ,  t h i s  method 

impl ies  a bandpass of 8 .0  t o  11.9 i. 

Since a l l  t h r e e  methods g ive  approximately t h e  same r e s u l t ,  t h e  response 

f u n c t i o n  shown i n  F igure  2-1 can be adequate ly  cha rac t e r i zed  by an  e f f e c t i v e  

bandpass of 8 t o  1 2  a, and measurements made by t h e  Michigan i o n  chamber photom- 

e t e r  w i l l  be considered a s  r e f e r r i n g  only t o  t h i s  wavelength i n t e r v a l .  

5 THE SOLAR ASPECT CORRECTION 

Actua l ly ,  t h e  s p e c t r a l  e f f i c i e n c y  r e l a t i o n  shown i n  F igure  2-1 i s  c o r r e c t  

only when t h e  sun rls i n  t h e  d i r e c t i o n  normal t o  t h e  d e t e c t o r  window, I n  t h e  



gene ra l  ca se  where t h e  sun i s  a t  some angle  l3 t o  t h i s  d i r e c t i o n ,  t h e  su r f ace  

d e n s i t i e s  p x  of t h e  window m a t e r i a l  and f i l l e r  gas become l a r g e r  t han  t h e  values 

i nd ica t ed  i n  F igure  2-1 by a f a c t o r  of sec B .  The d e t e c t o r  response i s  f u r t h e r  

a l t e r e d  by t h e  f a c t  t h a t  t h e  i o n  chamber's e f f e c t i v e  a p e r t u r e  i s  p ropor t iona l  

t o  cos  B.  

However, t h i s  a spec t  e f f e c t  i s  n e g l i g i b l e  f o r  t h e  Michigan experiment be- 

cause of two c h a r a c t e r i s t i c s  of t h e  OSO-I11 system. F i r s t ,  t h e  i o n  chamber i s  

designed t o  t e l eme te r  t h e  value of  t h e  h ighes t  response which occurred dur ing  

t h e  0.64-second i n t e r v a l  s i n c e  t h e  previous  t ransmission.  This means t h a t  one 

of t h e  t h r e e  d a t a  words recorded i n  each wheel r o t a t i o n  w i l l  always r e f e r  t o  a 

measurement made a t  t h e  sma l l e s t  a spec t  angle  a t t a i n e d  dur ing  t h a t  ro t a t ion .  

Second, t h e  a t t i t u d e  of t h e  s a t e l l i t e  i s  maintained s o  t h a t  t h e  angle  between 

t h e  wheel s e c t i o n ' s  r o t a t i o n  p l ane  and t h e  d i r e c t i o n  t o  t h e  sun never exceeds 

2-112") which i s  t h e r e f o r e  t h e  l a r g e s t  p o s s i b l e  angle  f o r  a recorded s o l a r  

measurement. Since t h e  change i n  Michigan's i o n  chamber response a t  a 2-1/2O 

aspec t  angle  amounts t o  l e s s  t h a n  0.276, a  c o r r e c t i o n  f o r  t h i s  e f f e c t  has not 

been appl ied.  

It should a l s o  be noted t h a t  because t h e  i o n  chamber window i s  recessed  i n  

a p h y s i c a l  co l l ima to r ,  it i s  f u l l y  i l l umina ted  only when t h e  sun i s  w i t h i n  9 O  

of t h e  normal d i r ec t ion .  Therefore,  t h e  2-112" l i m i t  on t h e  angle  of t h e  r o t a -  

t i o n  p lane  wi th  r e s p e c t  t o  t h e  sun i s  completely adequate t o  i n s u r e  t h a t  t h e  

sun does pass  through t h e  "view cone" of t h e  Michigan de t ec to r .  However, s i n c e  

t h e  sun ' s  diameter i s  j u s t  1/2", t h i s  9" view cone does not  a l low any reso lu-  

t i o n  of t h e  s o l a r  d i sk ,  so t h a t  a l l  measurements r e f e r  t o  t h e  t o t a l  X-ray f l u x  



emi t ted  by t h e  sun r  s e n t i r e  v i s i b l e  hemisphere. 

Since a measurement i s  made each t ime t h e  sun passes  through t h e  d e t e c t o r ' s  

cone of view, t h e  t ime r e s o l u t i o n  of t h e  o r i g i n a l  d a t a  i s  1.7 seconds, i. e , ,  

t h e  r o t a t i o n  p e r i o d  of t h e  s a t e l l i t e .  However, f o r  economy of p r e s e n t a t i o n ,  t h e  

f i n a l  output  was determined by averaging s e t s  of four  consecut ive d a t a  p o i n t s ,  

so  t h a t  t h e  e f f e c t i v e  t ime r e s o l u t i o n  i s  a c t u a l l y  6.8 seconds. There appears  

t o  be no s i g n i f i c a n t  l o s s  of information due t o  t h i s  r educ t ion  procedure ( ~ e s k e ,  

19694 0 

The abso lu t e  t ime a t  which a measurement was made can be ass igned  w i t h i n  

1 second of t h e  c o r r e c t  va lue  i n  a l l  cases ,  a l though t h e  t iming u s u a l l y  i s  much 

more accu ra t e  t h a n  t h i s .  The d i f f e r e n c e s  i n  accuracy a r e  caused by a p e c u l i a r -  

i t y  of t h e  s a t e l l i t e ' s  i n t e r n a l  t iming  system, but  a r e  of l i t t l e  concern t o  

t h e  p re sen t  study. 

The Michigan experiment began r e t u r n i n g  d a t a  on 9 March 1967 w i t h  a n  ex- 

pec ted  l i f e t i m e  of  only s i x  months; bu t  it continued t o  t r ansmi t  u s e f u l  informa- 

t i o n  u n t i l  17 August 1969, when t h e  experiment was f i n a l l y  te rmina ted  by ground 

command. This  remarliable longevi ty  of n e a r l y  2-112 yea r s  speaks w e l l  indeed 

f o r  t h e  des ign  and cons t ruc t ion  q u a l i t y  of t h i s  s tu rdy  device. Unfortunately,  

t h e  second of t h e  two t a p e  r eco rde r s  aboard OSO-I11 f a i l e d  on 28 June 1968, 

Af t e r  t h a t  d a t e ,  only r ea l - t ime  d a t a  could be acquired during t h e  ten-minute 

i n t e r v a l s  when t h e  s a t e l l i t e  passed over a t r a c k i n g  s t a t i o n ,  thu.s s eve re ly  

l i m i t i n g  t h e  u t i l i t y  of t h e s e  observat ions.  



However, even while t he  s a t e l l i t e ' s  tape recorders were operating properly, 

t h e  data  coverage i s  not continuous. The major l o s s  occurs during " s a t e l l i t e  

night" when t h e  s a t e l l i t e ' s  o rb i t  c a r r i e s  it in to  t h e  ea r th ' s  shadow. I n  t h e  

case of OSO-111, the re  i s  approximately one hour of solar  observation fo r  every 

t h i r t y  minutes of s a t e l l i t e  night. But t h i s  coverage i s  fu r ther  interrupted by 

two other causes. One of these  i s  due t o  t h e  f a c t  t h a t  nothing can be recorded 

while t he  s a t e l l i t e ' s  taperecorder  i s  "playing back" previously made observa- 

t i ons  t o  a ground s ta t ion ,  a procedure which normally takes about f i ve  minutes. 

The other type of in te r rup t ion  occurs whenever t he  s a t e l l i t e  passes through 

t h e  enhanced densi ty  of charged p a r t i c l e s  i n  t he  region ca l led  t h e  South Atlan- 

t i c  Anomaly. The background response caused by these  p a r t i c l e s  becomes so large  

t h a t  it i s  not poss ible  t o  determine accurately t h e  component due t o  so la r  X- 

radiat ion.  Therefore, a l l  time in te rva l s  with high background r a t e s  have been 

ca re fu l ly  i den t i f i ed  and eliminated from the  following analysis. 

7. THE DYNAMIC RANGE AND SENSITIVITY 

The length  of t h e  da ta  word which describes t h e  response of t h e  Michigan 

instrument i s  l imited t o  seven b i t s  by t he  OSO-I11 telemetry system. Therefore, 

jus t  128 d i f f e r en t  values of t h e  ion chamber current  can be distinguished. This 

means t h a t  any attempt t o  increase t h e  experiment's dynamic range can be accom- 

plished only by degrading i t s  dynamic resolut ion,  or sens i t iv i ty .  

I n  order t o  overcome t h i s  d i f f i c u l t y  t o  some degree, t h e  Michigan ion cham- 

be r ' s  response can be encoded according t o  one of two operating modes, whose 

cha rac t e r i s t i c s  a r e  l i s t e d  i n  Table 2.1. 



TABLE 2 .1  

DYT;IAMIC CHARACTERISTICS OF THE MICHIGAN INSTRUMENT 

E(8,12) erg/cm2sec 
Mode 

Range Resolution 

High s e n s i t i v i t y  0  - 0.0044 0. 000035 
Low s e n s i t i v i t y  0  - 0.12 0,00095 

The f l u x  va lues  i n  t h i s  t a b l e  were derived from t h e  i o n  chamber's response 

by a  method descr ibed  i n  Sect ion 11-9. Note t h a t  t h e  high s e n s i t i v i t y  mode has 

exce l l en t  f l u x  r e s o l u t i o n  but  covers only a  r a t h e r  small  dynamic range. On t h e  

o ther  hand, t h e  low s e n s i t i v i t y  mode has a  much l a r g e r  dynamic range but  w i t h  

poorer f l u x  r e so lu t ion .  The instrument i s  designed t o  switch automat ica l ly  be- 

tween t h e s e  two modes depending on whether t h e  i n f e r r e d  8-12 a s o l a r  f l u x  i s  

2 above or  below t h e  value of 0.0044 erg/cm see,  This permits  a  t o t a l  range 

(0.12 erg/cm2 sec)  which i s  adequate f o r  a l l  but  t h e  very l a r g e s t  X-ray bur s t s ,  

and y e t  allows t h e  d e t e c t i o n  of s u b t l e  changes (0.000035 erg/cm2sec) i n  t h e  

q u i e t  sun l eve l ,  

Unfortunately, it was not poss ib le  t o  t a k e  f u l l  advantage of t h i s  s t r a t egy ,  

s ince  t h e  qu ie t  sun l e v e l  exceeded 0.00bb erg/cm2 sec more than  one-half of t h e  

time, t h u s  causing t h e  ion  chamber t o  opera te  i n  i t s  low s e n s i t i v i t y  mode even 

during t h e  major i ty  of nonburst periods.  On t h e  o ther  hand, although t h e  a v a i l -  

a b l e  high s e n s i t i v i t y  coverage i s  somewhat l imi ted ,  it i s  of g r e a t  importance 

t o  many of t h e  inves t iga t ions  described i n  Chapters I11 and IV.  

8. INSTRUMENTAL STABILITY 

There a r e  s e v e r a l  poss ib le  sources f o r  both short- term and long-term va r i a -  



t i o n s  i n  t h e  ope ra t ion  of  t h e  Michigan i o n  chamber photometer, I n  t h e  f i r s t  

p lace ,  t h e  response of t h e  instrument  i s  p a r t i a l l y  a func t ion  of i t s  temperature.  

This i s  due t o  t h e  temperature-dependent va lues  of t h e  r e s i s t o r s ,  ac ros s  which 

t h e  e lec t rometer  measures i t s  vol tage,  The temperature of t h e s e  r e s i s t o r s  var-  

i e s  dur ing  a given o r b i t ,  s i nce  t h e  s a t e l l i t e  i s  heated whi le  exposed t o  t h e  

sun and coo l s  when i n  t h e  e a r t h ' s  shadow. However, t h i s  e f f e c t  i s  n e g l i g i b l e  

because t h e  range i n  temperature which i s  encountered, 18 t o  32°C) g ives  r i s e  

t o  only a 1% d i f f e r e n c e  i n  t h e  d e t e c t o r ' s  output.  Therefore,  a cons tan t  tem- 

p e r a t u r e  ( 2 6 " ~ )  i s  assumed f o r  t h e  instrument  i n  t h e  a c t u a l  d a t a  r educ t ion  pro- 

cedure. 

Another p o s s i b i l i t y  i s  a d e t e r i o r a t i o n  of t h e  experiment 's  e l e c t r o n i c  sub- 

system which ampl i f ies ,  encodes, and t h e n  t r a n s m i t s  t h e  reading  of t h e  ion  cham- 

ber ,  I n  o rde r  t o  check f o r  t h i s ,  a known c u r r e n t  i s  appl ied  t o  t h e  electrom- 

e t e r ' s  i npu t  t e rmina l s  about every s i x  minutes. This c a l i b r a t i o n  technique 

shows t h a t  t h e  e l e c t r o n i c s  have remained s t a b l e  w i t h i n  around 1% dur ing  t h e  ex- 

per iment ' s  l i f e t i m e ,  

However, t h e r e  i s  no i n t e r n a l  c a l i b r a t i o n  system t o  monitor t h e  n i t rogen  

gas p re s su re  i n  t h e  i o n  chamber, Gas leakage i s  a p a r t i c u l a r l y  worrisome prob- 

lem w i t h  t h i s  type of instrument  because an u l t r a - t h i n  f o i l  window accounts f o r  

a l a r g e  p o r t i o n  of t h e  chamber wall .  Any s i g n i f i c a n t  l o s s  of f i l l e r  gas  would 

a l t e r  t h e  s p e c t r a l  e f f i c i e n c y  curve of F igure  2-1 i n  such a way a s  t o  lower t h e  

d e t e c t o r ' s  response t o  a given f l u x  of s o l a r  X-radiation, 

The permeabi l i ty  of  t h e  f o i l  window i n  t h e  Michigan experiment was measured 

by a helium lea,k d e t e c t o r  before  launch, This measurement implied t h a t  t h e  cham- 



ber  would r e t a i n  i t s  f i l l e r  gas  f o r  more than  s i x  months, b u t  only i f  t h e  f o i l  

window d i d  not  become punctured. Carefu l  f a b r i c a t i o n  and handling might p r o t e c t  

a g a i n s t  such an  acc ident  on t h e  ground, bu t  once t h e  instrument  i s  i n  o r b i t  t h e  

f o i l  window i s  completely exposed t o  t h e  p o s s i b i l i t y  of micrometeoroid impacts. 

An at tempt  t o  e s t ima te  t h e  frequency of impact by p a r t i c l e s  ene rge t i c  enough t o  

damage t h e  f o i l  l e d  t o  con t r ad ic to ry  r e s u l t s  (Teske, pe r sona l  communication). 

Depending on which observa t ion  of micrometeoroid d e n s i t y  was considered,  t h e  

expected l i f e t i m e  of Michigan's aluminum window ranged from 23 days t o  w e l l  

over a year. 

For tuna te ly ,  t h e r e  i s  an  e x t e r n a l  c a l i b r a t i o n  source which can be used t o  

overcome t h i s  d i f f i c u l t y :  t h e  sun i t s e l f .  The e x c e l l e n t  r e l a t i o n  between t h e  

d a i l y  2800 MHz s o l a r  f l u x  and t h e  s o f t  X-ray base- leve l  i s  we l l  known (e .g. ,  

W. A. White, 1964; Pounds, 1965a; Teske, 1969a; Wende, 1.969)~ The f a c t  t h a t  

a l l  t h e  ~ ( 8 ~ x 2 )  va lues  obta ined  between March 1967 and March 1968 followed 

very nea r ly  t h e  i d e n t i c a l  r e l a t i o n  w i t h  t h e  2800 MHz f l u x  ( ~ e s k e ,  1969b) i s  a 

s t rong  i n d i c a t i o n  t h a t  t h e  e n t i r e  Michigan experiment, inc luding  t h e  n i t rogen  

gas  f i l l i n g ,  remained h ighly  s t a b l e  dur ing  t h i s  period. 

9. CONVERSION OF DETECTOR RESPONSE TO X-RAY FLUX 

The i o n  chamber photometer has a r e l a t i v e l y  r e s t r i c t e d  bandpass of e f -  

f e c t i v e  response,  a s  descr ibed  i n  Sec t ion  11-4, b u t  it cannot g ive  any informa- 

t i o n  whatsoever concerning t h e  s p e c t r a l  d i s t r i b u t i o n  of t h e  r a d i a t i o n  w i t h i n  

t h a t  bandpass, The response t o  a l a r g e  number of low energy X-ray photons i s  

i d e n t i c a l  t o  t h a t  caused by a smaller  f l u x  of higher  energy r a d i a t i o n .  There- 



fo re ,  t h e  i n c i d e n t  X-ray spectrum f i r s t  must be known i n  order  t o  conver t  t h e  

measured i o n  chamber c u r r e n t  i n t o  t h e  proper  energy f l u x  of t h a t  radia , t ion,  

Since t h e  spectrum i s  i n  f a c t  not gene ra l ly  known, t h e  r e s u l t s  of X-ray stud- 

i e s  which use  ion  chamber d e t e c t o r s  have been s u b j e c t  t o  a  g r e a t  d e a l  of un- 

c e r t a i n t y .  Thus, it i s  necessary  t o  examine i n  some d e t a i l  bo th  t h e  ex t en t  of  

t h i s  u n c e r t a i n t y  and, i n  p a r t i c u l a r ,  t h e  degree t o  which t h e  f l u x  va lues  de- 

r i v e d  from t h e  Michigan experiment can be considered a s  va l id .  

Following Krepl in (1961), t h e  i o n  chamber cu r r en t  a s  a  f u n c t i o n  of t ime 

can be expressed a s :  

i ( t )  = AGe ~ ( h ) ~ ( h , t ) d h  
0 

where A i s  t h e  d e t e c t o r ' s  e f f e c t i v e  ape r tu re ,  G i s  t h e  i o n i z a t i o n  e f f i c i e n c y  

of  t h e  f i l l e r  gas, e  i s  t h e  e l e c t r o n i c  charge, ~ ( h )  i s  t h e  d e t e c t o r ' s  s p e c t r a l  

e f f i c i e n c y  g iven  by equat ion  ( 2 . 1 ) )  and F  i s  t h e  s p e c i f i c  f l u x  of t h e  i n c i d e n t  

r ad i a t ion .  For t h e  Michigan instrument ,  t h e  t o t a l  window a p e r t u r e  i s  3.88 cm2; 

bu t  t h e  t h i n  window f o i l  i s  supported by a  w i re  g r i d  which has a  t r ansmis s ion  

of 83% a s  determined by o p t i c a l  c a l i b r a t i o n .  Therefore,  t h e  e f f e c t i v e  a p e r t u r e  

-19 
Es a c t u a l l y  3.22 cm2. Then, w i t h  e  given a s  1 .60  x  10 cou l  and G taken  t o  

be 1.73 x  l 0 l 0  ion  p a i r s / e r g  f o r  n i t rogen  gas, t h e  Michigan i o n  chamber i s  char-  

a c t e r i z e d  by: 

-9 
AGe = 8.91 x  1 0  cou l  cm2/erg ( 2 . 3 )  

I n  order  t o  approximate t h e  inc iden t  s p e c i f i c  f lux ,  prev ious  i n v e s t i g a t o r s  



have always assumed t h a t  F can be separa ted  i n t o  two components, one of which 

i s  j u s t  a func t ion  of wavelength and another  of which v a r i e s  only w i t h  time. 

That i s :  

However, t h e  q u a n t i t y  of i n t e r e s t  i n  t h e  ca se  of t h e  Michigan experiment i s  

t h e  i n t e g r a t e d  f l u x  between 8 and 12  1 a s  a func t ion  of t ime:  

The t ime dependence of t h i s  value w i l l  b e  i m p l i c i t l y  understood h e r e a f t e r ,  s o  

t h a t  t h i s  q u a n t i t y  w i l l  be c a l l e d  simply ~ ( 8 , 1 2 ) .  The above express ions  t h e n  

imply t h a t  ~ ( 8 ~ 1 2 )  can  be w r i t t e n  i n  t h e  fol lowing form: 

where : 

.TI2 ~ ( h ) d h  
8 

Y =  erg/(cm2sec amp) 

AGe - $ t ( h )  - B(h)dA 

Note t h a t ,  f o r  a g iven  d e t e c t o r ,  t h i s  conversion f a c t o r  y depends on both t h e  

e f f e c t i v e  bandpass ( h e r e  8 t o  12  a) and t h e  assumed form of t h e  s p e c t r a l  d i s -  

t r i b u t i o n  ~ ( h ) .  

The most common procedure f o r  t h e  reduct ion  of i on  chamber measurements 



i s  t o  assume t h a t  B has t h e  same wavelength dependence a s  t h e  Planck black-body 

func t ion  : 

This i s  o f t e n  termed t h e  gray-body approximation, s ince  t h e  complete express ion  

f o r  t h e  s p e c i f i c  f l u x  (2 .4)  i nc ludes  t h e  t ime-varying "d i lu t ion"  f a c t o r  ~ ( t ) .  

A g r e a t  many i n v e s t i g a t o r s  have used t h i s  approximation wi th  a gray-body tem- 

p e r a t u r e  T of 2 x lo6 K f o r  observa t ions  near 1 0  ( s e e  t h e  reviews by Fried-  

man, 1963a; and Mandel' shtam, 1965a). Therefore,  t h e  same procedure was f o l -  

lowed f o r  t h e  Michigan experiment i n  order  t o  compare t h e  p re sen t  r e s u l t s  d i -  

r e c t l y  w i t h  t h o s e  a l r e a d y  observed. Furthermore, when t h e  Michigan p r o j e c t  be- 

gan, very l i t t l e  was known about t h e  t r u e  na tu re  of t h e  s o l a r  spectrum a t  X- 

r a y  wavelengths, so  t h e  gray  -body approximation seemed t h e  b e s t  p o s s i b l e  choice  

a t  t h a t  time. 

With T = 2 x lo6 K, equa t ions  (2. l), (2 .3 ) ,  (2 .7 ) ,  and (2 .8)  can be  used 

t o  c a l c u l a t e  t h e  conversion f a c t o r  y of equat ion  (2 .6) .  Under t h e  assumptions 

j u s t  descr ibed ,  t h e  conversion f a c t o r  f o r  t h e  Michigan experiment i s :  

2 
y = 7 - 7 1  x lo8 erg/(cm sec  amp) ( 2 . 9 )  

This  cons t an t  w i l l  be used throughout t h e  p re sen t  s tudy t o  determine ~ ( 8 ~ 2 ) .  

Values o f  ~ ( 8 ~ 2 )  der ived  by t h e  above procedure a r e  presented  g r a p h i c a l l y  

a s  a func t ion  of Universal  Time (UT)  by a computer-controlled p l o t t e r ,  F igure  

2-2 shows examples of two such consecut ive p l o t s  which d i sp l ay  many of t h e  
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f e a t u r e s  mentioned e a r l i e r  f o r  t h i s  experiment. "Sunrise1' and "sunset"  mark 

t h e  beginning and end of t h e s e  two records ,  which a r e  separa ted  by about h a l f  

an hour of s a t e l l i t e  "night.  " An X-ray b u r s t  begins a t  0422 UT, when t h e  de- 

t e c t o r  i s  i n  i t s  opera t ing  mode of high s e n s i t i v i t y .   h he f l u x  va lues  a r e  

given by t h e  s c a l e  on t h e  l e f t  s i d e  of t h e  o r d i n a t e  a x i s . )  The d e t e c t o r  au to-  

m a t i c a l l y  switches t o  i t s  low s e n s i t i v i t y  mode a s  t h e  b u r s t  exceeds .0044 erg/ 

2 cm sec, and t h e n  becomes s a t u r a t e d  f o r  about s i x  minutes dur ing  t h e  peak of 

t h e  bu r s t .  (Now t h e  f l u x  s c a l e  on t h e  r i g h t  s i d e  of t h e  a x i s  app l i e s .  ) A t  t h e  

s t a r t  of t h e  second record,  t h e  d e t e c t o r  i s  back i n  i t s  high s e n s i t i v i t y  mode 

w i t h  t h e  X-ray f l u x  g radua l ly  decaying t o  i t s  p re -bu r s t  l eve l .  

S tud ie s  t o  b e  presented  i n  t h e  remainder of t h i s  paper were a l l  based upon 

measurements made from p l o t s  similar t o  t hose  j u s t  descr ibed.  

10. ACCURACY OF THE X-RAY FLUX VALUES 

How c l o s e l y  do t h e  ~ ( 8 , 1 2 )  values der ived  by t h e  above method approximate 

t h e  a c t u a l  i n t e g r a t e d  f l u x e s  i n c i d e n t  on t h e  d e t e c t o r  window E (8 ,12)?  A r e -  
0 

l a t i o n  between them can be  w r i t t e n  i n  t h e  form: 

where b  is ,  i n  genera l ,  no t  cons tan t ,  The f a c t o r  a  i s  a  measure of t h e  abso lu t e  

e r r o r  i n  t h e  r educ t ion  procedure and depends i n  p a r t  upon in s t rumen ta l  c a l i b r a -  

t i o n  inaccurac ies .  The abso lu t e  c a l i b r a t i o n  of t h e  Michigan instrument  it s e l f  

i s  be l i eved  t o  be wi th ig  6% of c o r r e c t  ( ~ e s k e ,  1969a). This type  of e r r o r  i s  

r e l a t i v e l y  harmless i n  t h e  sense t h a t  a l l  f i n a l  r e s u l t s  can be co r r ec t ed  e a s i l y  



by applying a s i n g l e  constant  f ac to r ,  Furthermore, any s t a t i s t i c a l  r e l a t i o n -  

sh ips  der ived  from suc h measurements remain q u a l i t a t i v e l y  val id.  

On t h e  o ther  hand, t h e  r e l a t i v e  e r r o r  i n  t h e  d a t a  reduction,  represented  

by t h e  exponent b, i s  a much more se r ious  problem. This e r r o r  r e s u l t s  from 

t h e  f a c t  t h a t  t h e  s o l a r  X-ray spectrum does not a c t u a l l y  correspond t o  a two 

m i l l i o n  degree gray body and, more importantly, t h a t  t h e  spectrum changes s ig -  

n i f i c a n t l y  wi th  time. I f  b d i f f e r s  much from u n i t y  and e s p e c i a l l y  i f  b i s  not 

a monotonic func t ion  of  E , ion  chamber measurements would be extremely d i f -  
0 

f i c u l t  t o  i n t e r p r e t  and any conclusions drawn from them would be h ighly  ques- 

t ionable. 

Af ter  a c a r e f u l  s tudy of t h i s  problem, Acton (1964) concluded t h a t  obser- 

va t ions  from an aluminum window ion  chamber and reduced by assuming a constant  

two m i l l i o n  degree gray-body spectrum a r e  probably c o r r e c t  wi th in  a f a c t o r  of 

four. But many i n v e s t i g a t o r s  c la im t h a t  t h i s  type of e r r o r  can exceed a n  order  

of magnitude (Pounds and Willmore, 1963; Lindsay -- e t  a l . ,  1965; Mandel'shtam, 

1965a), while  Neupert (1969) po in t s  out  t h a t  t h e  d i f f i c u l t y  i s  enhanced f o r  a 

de tec to r  such a s  t h e  Michigan instrument,  which has a very l a r g e  dynamic range. 

One way t o  measure t h i s  e r r o r  i s  t o  determine t h e  e f f e c t  on t h e  ca lcu la t ed  

~ ( 8 ~ 1 2 )  values due t o  expected changes i n  t h e  s o l a r  X-ray spectrum. Figure 2-3 

shows t h e  r e s u l t  of one such study made by Teske (1969a). I f  t h e  t r u e  spectrum 

i s  t h a t  of a gray body a t  a temperature T, t h i s  graph g ives  t h e  c o r r e c t i o n  fac-  

t o r  which must be appl ied  t o  ~ ( 8 ~ 1 2 ) .  It can be seen t h a t  t h i s  c o r r e c t i o n  ex- 

ceeds an order of magnitude whenever t h e  corresponding gray-body temperature i s  

g r e a t e r  than  about twenty m i l l i o n  degrees. 



Figure 2-3. Correction for any error due to .the adopted gray-body temperature of 2 x lo6 K. Multiply 
~(8,12) by the factor given here in order to obtain the correct flux for a spectral slope of gray-body 
temperature T. (~igure from Teske, 1969a.) 



Now it i s  necessary  t o  d iscover  what range of T i s  t o  be expected, I n  

p r i n c i p l e ,  t h e  app ropr i a t e  gray-body temperature f o r  a given s e t  of observa- 

t i o n s  can  be es t imated  from measurements made by t h e  i o n  chamber dur ing  s a t e l -  

l i t e  "sunr i se"  and "sunse t . "  A t  t h e s e  t imes ,  t h e  e a r t h ' s  atmosphere d i f f e r -  

e n t i a l l y  ex t ingu i shes  t h e  s o l a r  X-radiat ion and thus  a c t s  a s  a broad-band spec- 

t r a l  analyzer.  Such a technique  has been used f o r  observa t ions  made by moder- 

a t e  a l t i t u d e  r o c k e t s  ( ~ h u b b  -- e t  a l .  , 1957; h n d e l ' s h t a m  e t  al. ,  1962) and by a n  

o r b i t i n g  s a t e l l i t e  w i t h  simultaneous measurements from t h r e e  d e t e c t o r s  of d i f -  

f  e r e n t  wavelength i n t e r v a l s  ( ~ a n d i n i ,  1967). The a n a l y s i s  i s  much more complex 

i n  t h e  l a t t e r  case ,  s i n c e  t h e  s o l a r  r a d i a t i o n  pas ses  i n t o  and t h e n  out  of t h e  

e a r t h ' s  atmosphere a t  a l a r g e  s l a n t  angle. This method t h e r e f o r e  appears  t o  

be imprac t i ca l  f o r  a s i n g l e  d e t e c t o r  experiment, such a s  Michigan's, because 

of t h e  g r e a t  u n c e r t a i n t y  due t o  e r r o r s  i n  t h e  atmospheric parameters  which must 

be used (Mount, pe r sona l  communication). It i s  i n t e r e s t i n g  t o  note  t h a t  t h i s  

technique i s  now being inve r t ed  i n  order  t o  determine more a c c u r a t e l y  t h e s e  

atmospheric parameters  u s ing  high r e s o l u t i o n  observa t ions  of t h e  s o l a r  X-ray 

spectrum ( ~ u g g e ,  pe r sona l  communication). 

Although i n d i v i d u a l  temperatures  cannot be de r ived  from t h e  Michigan ex- 

periment i t s e l f ,  it i s  p o s s i b l e  t o  e s t ima te  t h e  expected range of T from values 

quoted by o the r  i n v e s t i g a t o r s .  Table 2.2 summarizes many such temperatures  de- 

termined by a number of techniques which a r e  app ropr i a t e  f o r  t h e  s p e c t r a l  r eg ion  

0 

around 1 0  A, Some c a u t i o n  i s  necessary i n  u s ing  t h e s e  values,  however, because 

i n  gene ra l  they  r e f e r  t o  t h e  e l e c t r o n  temperature of t h e  emi t t i ng  plasma r a t h e r  

t han  i t s  gray-body temperature,  which i s  needed f o r  expression ( 2.8). Moreover, 



TABLE 2 .2  

TEMPERATURE DETERMINATIONS OF SOLAR ACTIVE REGIONS 

T ( l o 6  K )  
Wavelength Solar  

Met hod* Reference 
I n t e r v a l  (a)  A c t i v i t y  

< 1 0  - 20 
8-20 
- 20 
8-11 
8-12 

7- 9 
8 - 20 
2-18 
8-20 
< 10 
8 - 15 

" s o f t  x-rays" 
2- 18 
2-18 

7- 9 
< 10  

11-22 
> 11 
8-20 
2- lb  

" s o f t  x-rays" 
< 1 4  
8-12 
< 10 
< 10 
> 8 
2- 12 

" s o f t  X-rays" 
8-20 

nonf l a r e  
nonf lar e 
nonf l a r  e 
nonf l a r e  
nonf l a r e  
nonf l a r e  
nonf l a r e  
nonf l a r e  
f l a r e  
nonf l a r e  
nonf l a r e  
nonf l a r e  
nonf lar e 
nonf l a r e  
nonf l a r e  
f l a r e  
nonf l a r e  
nonf l a r e  
nonf l a r e  
subf l a r e  
f l a r e  
f l a r e  
f l a r e  
f l a r e  
f l a r e  
nonf l a r e  
nonf l a r  e 
f l a r e  
f l a r e  
2' f l a r e  

Mandel' shtam -- e t  a l .  , 1961 
Zhi tn ik  -- e t  a l . ,  1967 
Reidy -- e t  a l . ,  1968 
Jones -- e t  a l . ,  1968 
Pounds and Sanford, 1963 
Culhane -- e t  a l . ,  1963 
Bowen -- e t  a l . ,  1964 
Reidy and Vaiana, 1966 
Mandel' shtam, 1965a 
Negus and Glencross,  1968 
Mandel' shtam, 1965 b 

Blake -- e t  a l .  , 1965a 
Bi l l i ngs ,  1959 
Tindo and Surygin, 1965 
Mandel ' shtam, 1965a 
Bowen -- e t  a l . ,  1964 
W. A. White, 1963 
Evans and Pounds, 1965 
Pounds -- e t  a l .  , 1968 
Landini -- e t  al . ,  1965 
Beigman -- e t  a l . ,  1969 
De Jager  , 1965 a 
Acton, 1968 
Pounds, 1965b 
Mandel' shtam -- e t  al. , 1961 
Mandel' shtam -- e t  a l .  , 1962 
Culhane -- e t  al.  , 1968 
Wende, 1969 
Kawabat a, 1966a 
Elwert,  1964 

:% let llods : 
1 Ionospheric  e f f e c t s  
2 Rat io  of emission l i n e  i n t e n s i t i e s  
3 Rat io  of broad-band responses 
4 Propor t iona l  counter  
5 V i s ib l e  co rona l  condensat ion 
6 Theore t i ca l  model 
7 D i f f e r e n t i a l  atmospheric e x t i n c t i o n  

*-*Temperature r ev i sed  by Acton ( 1968). 



s ince  t h e  so la r  atmosphere i s  o p t i c a l l y  t h i n  t o  X-radiation ( ~ l l e n ,  1969) , t h e  

X-ray spectrum i n  r e a l i t y  cannot poss ib ly  be t h a t  of a gray body. For tunate ly ,  

t h i s  i s  not a se r ious  problem because Acton (1964) po in t s  out t h a t  t h e  s p e c t r a l  

s lopes  given by both temperatures a r e  very s i m i l a r  over a l imi t ed  wavelength 

i n t e r v a l ,  According t o  t h e  conversion scheme given by Mandel' shtam (1965a), t h e  

e l e c t r o n  temperature extremes of 1 and 10 m i l l i o n  degrees shown i n  Table 2.2 

correspond t o  a gray-body temperature range of roughly 0.7 t o  5 m i l l i o n  degrees. 

With these  l i m i t s ,  Figure 2-3 then  implies  t h a t  t h e  r e l a t i v e  e r r o r  i n  E(8,12) 

i s  always l e s s  t h a n  3%, assuming t h e r e  i s  no l i n e  emission. 

A more comprehensive es t imate  of t h i s  e r r o r  can be obtained by means of 

t h e  Van Allen-Wende method mentioned i n  Sect ion 11-4. I n  t h i s  procedure, ex- 

p res s ion  (2 .7)  i s  used t o  c a l c u l a t e  y a s  a funct ion  of e f f e c t i v e  bandpass f o r  

a v a r i e t y  of assumed spect ra .  Since t h e  shor t  wavelength l i m i t  of t h e  Michigan 

d e t e c t o r ' s  bandpass i s  c l e a r l y  t h e  aluminum K-edge a t  8 A, only v a r i a t i o n s  i n  

t h e  long wavelength l i m i t  h2 a r e  considered here. Figure 2-4 shows t h e  r e s u l t s  

of such c a l c u l a t i o n s  f o r  gray -body and f r e e - f r e e  ( thermal  bremsstrahlung) spec - 

t r a  a s  w e l l  a s  s p e c t r a  which a r e  s o f t e r  t h a n  f r e e - f r e e  by a f a c t o r  of h2. Fur- 

thermore, a curve f o r  each of t h e s e  s p e c t r a l  types  i s  p l o t t e d  us ing  temperatures 

of one, two, four ,  s i x ,  and t e n  mi l l ion  degrees (except  f o r  a gray-body spectrum 

a t  t e n  mi l l ion  degrees, which i s  u n r e a l i s t i c ,  a s  shown above). 

The s e t  of curves i n  Figure 2-4 forms a "bow-tie" and so t h e  combination 

of y and h2 which de f ines  t h e  narrowest p a r t  of t h i s  d i s t r i b u t i o n  w i l l  r e s u l t  

i n  f l u x  values which have t h e  smal les t  poss ib le  r e l a t i v e  e r ro r s .  For example, 

t h e  optimum point  i n  t h i s  p l o t  i s :  



Figure 2-4. Relation of the conversion factor y to the Michigan experiment's 
effective bandpass as defined by A,. Curves are shown for three types sf 
spectra at five different temperatures between 1 - 10 x lo6 K. The values of 
y and X2 adopted for this study are indicated by o. 



2 y = 5.9 x 10' erg/(cm sec amp), 12 = 11.9 a 

where v a r i a t i o n s  i n  y due t o  changes i n  t h e  X-ray spectrum lead  t o  r e l a t i v e  

e r r o r s  of l e s s  than  27%. This i s  only s l i g h t l y  b e t t e r  than  t h e  r e s u l t s  obtained 

by t h e  conversion f a c t o r s  a c t u a l l y  used i n  t h e  Michigan da ta  reduct ion  procedure: 

2 y = 7.71 x 10" erg/(cm sec amp), h2 = 12 a . 

Although t h e  ~ ( 8 ~ 1 2 )  values ca lcu la t ed  by t h e s e  f a c t o r s  a r e  t o o  l a r g e  by about 

2w0 i n  general ,  t h e  r e l a t i v e  e r r o r  i s  l e s s  t h a n  3Mo f o r  t h e  wide range of pos- 

s i b l e  spec t ra  considered i n  Figure 2-4. 

I n  a l l  of t h e  d iscuss ion  t o  t h i s  poin t ,  it has been t a c i t l y  assumed t h a t  

t h e  s o l a r  X-ray spectrum near  10  a, whatever i t s  slope, i s  predominantly a con- 

tinuum. This assumption i s  probably incor rec t ,  a t  l e a s t  during major X-ray 

burs ts .  With t h e  exception of F r i t z  -- e t  a l .  (1967)~ and Meekins -- e t  al. (1968), 

a l l  i n v e s t i g a t o r s  who have observed s o l a r  X-radiation wi th  high s p e c t r a l  resolu-  

t i o n  f i n d  t h a t  l i n e  emission s t rongly  dominates t h e  continuum around 10 a (e .  g. , 

Blake -- e t  a l . ,  1965a, 1965b; Rugge and Walker, 1967; Walker -- e t  a l . ,  1967; Evans 

and Pounds, 1968). The g r e a t  enhancement of t h i s  l i n e  emission during an X-ray 

b u r s t  i s  c l e a r l y  seen i n  Figure 2-5 ( taken from Neupert e t  a l . ,  1969). The 

f i g u r e  shows a spectrum observed while  a n  importance 2b f l a r e  was i n  progress,  

a s  w e l l  a s  one observed p r i o r  t o  t h e  f l a r e .  These observat ions l e d  Underwood 

(1968) t o  remark: "1t appears necessary t o  reevalua te  much of t h e  e a r l i e r  work 

done with broad-band photometers i n  terms of a spectrum dominated by l i n e  radia-  

t ion .  l'  
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Figure 2-5. High resolut ion X-ray spectra between 7 and 20 1 obtained by t h e  
Goddard Space Flight  Center 's  c ry s t a l  spectrometer aboard OSO-111. The 
measured values must be corrected f o r  scattered W rad ia t ion  as shown. 
( ~ i g u r e  from Neupert - e t  * a1 J 1969. ) 



Such a "reevaluat ion" was made f o r  t h e  Michigan experiment us ing  t h e  f l a r e  

spectrum of Figure 2-5, With an instrumental  e f f i c i e n c y  curve k indly  supplied 

by D r .  Neupert, t h i s  spectrum was converted i n t o  absolu te  u n i t s ,  a s  shown i n  

Figure 2-6, and then  planimetered t o  obta in  t h e  " t rue"  f l u x  between 8 and 12  i: 

Next, t h e  spectrum of Figure 2-6 was "folded" i n t o  t h e  e f f i c i ency  curve f o r  

Michigan's d e t e c t o r  t o  g ive  Figure 2-7. Planimetry of t h i s  curve t h e n  l eads  

t o  t h e  value of t h e  ion,chamber cu r ren t  which would be measured f o r  such an i n -  

c iden t  spectrum: 

-11 
i = 1 . 7 0 ~ 1 0  amp (2.12) 

Fina l ly ,  t h i s  cu r ren t  was mul t ip l i ed  by t h e  conversion f a c t o r  of expression 

(2 .9 )  t o  give t h e  equivalent  two m i l l i o n  degree gray-body f l u x :  

2 ~ ( 8 ~ 1 2 )  = 0.0131 erg/cm sec  (2.13) 

It may be j u s t  co inc iden ta l  t h a t  t h i s  value, derived by means of such a 

poor approximation t o  t h e  a c t u a l  X-ray spectrum, should be so  c lose  t o  t h e  "true" 

s o l a r  f l u x  shown i n  expression (2 .11) ;  but  it does make those  who worried about 

r e l a t i v e  e r r o r s  g r e a t e r  than  an order  of magnitude appear overly pess imis t i c .  

However, a good d e a l  of ca re  must s t i l l  be exercised when i n t e r p r e t i n g  t h e  

~ ( 8 ~ 2 )  values measured by t h e  Michigan ion  chamber photometer. For example, 

Figure 2-7 shows t h a t  over 2@ of t h e  ins t rument ' s  response i s  due t o  t h e  s ing le  







emission l i n e  a t  8.5 8. This f e a t u r e  has been i d e n t i f i e d  a s  a resonance l i n e  

of Mg XI1 by Garcia 3nd Mack ( 1 9 6 5 ) ~  Rugge and Walker (1967),  and Beigman and 

Vainshtein (1369). Therefore,  t h e  Michigan experiment can be considered a com- 

b i n a t i o n  broad-band f l u x  d e t e c t o r  g@ Mg X I 1  l i n e  monitor. 

In add i t i on ,  it should be noted t h a t  t h e  Michigan d e t e c t o r  was observing 

t h e  sun at t h e  t ime t h e  spectrum of F igure  2-6 was made. A t  t h a t  time, t h e  ion  

chamber was s a t u r a t e d ,  which means t h a t  t h e  implied value of  ~ ( 8 ~ 2 )  was g r e a t e r  

t han  0.12 erg/cm2sec. This value i s ,  of course,  much l a r g e r  t han  t h e  one i! 

express ion  (2 .13 ) ,  which, according t o  Neupert ' s  observat ions,  should have r e -  

su l t ed .  But t h i s  discrepancy merely p o i n t s  out t h e  u n c e r t a i n t i e s  i n  t h e  abso- 

l u t e  c a l i b r a t i o n  of t h e s e  two instruments .  For i n s t ance ,  Neupert (pe r sona l  

communication) warned that ,  t h ~  c a l i b r a t i o n  of h i s  experiment may be i n  e r r o r  

by more than  a f a c t o r  of  t h ree .  IIe : ~ l s o  noted ariother p c s s i b l e  explanat ion 

f c r  t h i s  discrepancy:  t h e  s c a t t e r e d  UV r a d i a t i o n  i n  h i s  observat ions might 

not  have been taken  p rope r ly  i n i o  acccunt.  But whatever t h e  cause of t h i s  d i f -  

f i c u l t y ,  t h e  above a n a l y s i s  shows t h a t  r e l a t i v e  ion  chamber r e s u l t s  der jved  by 

means of  t h e  gray-body approximation may s t i l l  be v a l i d  even during a l a r g e  

X-ray b u r s t  when t h e  a c t u a l  spectrum i s  a s  complex as t h e  one i n  F igure  2-6. 

Tliis can be shown i n  y e t  <~not,hcr way. 11' t h e  r e s u l t s  of broad-band photom- 

e t e r s  do depend s t r cnp ly  cn the  :xctual shape ci t h e  s o l a r  X-ray spectrum, one 

wbuld no t  expect a simple re1:ttion between t h e  met~surements made by two d e t e c t o r s  

d i t h  diSfel.ent spectr-a1 e f f i , i e n c y  c h a r a c t e r i s t i c s ,  s ince  t h i s  would r e q u i r e  t h e  

r e l a t i v e  ey ro r s  of t h e  two i n s t r u r n e ~ t ~ s  t o  match p e r f e c t l y  a t  :ill t imes. Figure 

2-8 shows t h e  r e l a t i o n  between ~ ( 8 , 1 2 )  and t h e  1-8 a f l u x  measured by a NRL ion  





chamber photometer aboard OGO-4,  h he 1-8 measurements were suppl ied by D. M. 

Horan of t h e  NRL,) S p e c i f i c a l l y ,  t h e  d a i l y  X-ray base - l eve l s  f o r  both expe r i -  

ments on each day between 1 August 1967 and 31 March 1968 a r e  p l o t t e d  i n  t h i s  

f igure .  The c o r r e l a t i o n  between t h e s e  two s e t s  of d a t a  i s  c l e a r l y  very good 

and t h e  r e l a t i o n  i s  almost l i n e a r .  This r e l a t i o n  w i l l  be  d iscussed  f u r t h e r  i n  

t h e  next chapter ,  which w i l l  a l s o  de f ine  t h e  "base-level1'  values used here. 

The X-ray spectrum i s  r e l a t i v e l y  simple dur ing  q u i e t  sun condi t ions  a s  i n  

t h e  above study, however. A much more s t r i n g e n t  t e s t  would involve d a t a  from 

X-ray b u r s t s  where t h e  spectrum i s  extremely complex and changing rap id ly .  F ig-  

u r e  2-9 shows such a  comparison between ~ ( 8 ~ 1 2 )  and t h e  2-12 1 f l u x  observed by 

a  Univers i ty  of Iowa d e t e c t o r  (Drake, pe r sona l  communication) and reduced on 

t h e  assumption of a cons tan t  spectrum. The values p l o t t e d  a r e  t h e  r e s p e c t i v e  

peak f l u x e s  f o r  every b u r s t  i n  Catalog I1 (desc r ibed  i n  Chapter I V )  which was 

observed by bo th  experiments. Again t h e  c o r r e l a t i o n  i s  exce l l en t ,  i n  t h i s  c a s e  

over a  range of n e a r l y  two o rde r s  of magnitude. A l l  s i x  of t h e  p o i n t s  which 

do not l i e  d i r e c t l y  on t h e  nominal r e l a t i o n  were marked a s  u n c e r t a i n  by one o r  

both inves t iga to r s .  

It t h e r e f o r e  seems s a f e  t o  conclude t h a t  order  of magnitude r e l a t i v e  e r r o r s  

do - not  occur i n  p rope r ly  reduced broad-band observat ions,  even during l a r g e  X- 

r a y  bu r s t s .  The a c t u a l  r e l a t i v e  e r r o r  f o r  t h e  Michigan experiment i s  perhaps 

l e s s  t han  30%. 

However, t h e  abso lu t e  e r r o r  may be much g r e a t e r ,  For example, note  t h a t  

t h e  ~ ( 8 ~ 2 )  values i n  F igure  2-9 a r e  l a r g e r  t han  t h e  corresponding ~ ( 2 , 1 2 )  values 

from t h e  Iowa observat ions,  a  s i t u a t i o n  which cannot p o s s i b l y  be co r r ec t .  
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Figure 2-9. Comparison of the peak rates of E( 8,12) and E(2,12) for X-ray 
bursts associated with major Ha flares. The values of ~(2,12) were derived 
from a University of Iowa experiment aboard Explorer 35, 



According t o  t h e  many comparisons j u s t  descr ibed,  it appears  probable t h a t  t h e  

abso lu t e  values of t h e  ~ ( 8 4 2 )  measurements which w i l l  be used i n  t h e  remainder 

of t h i s  s tudy a r e  s y s t e m a t i c a l l y  t o o  high, perhaps by a s  much a s  a f a c t o r  of 

two o r  t h ree .  But t h e  e x c e l l e n t  t ime r e so lu t ion ,  dynamic range, s e n s i t i v i t y ,  

s t a b i l i t y ,  and r e l a t i v e  accuracy of t h e  Michigan experiment, a s  w e l l  a s  i t s  

no tab le  longevi ty,  make t h e  d a t a  obtained from t h i s  instrument  extremely valua- 

b l e  f o r  t h e  s tudy  of  s o l a r  s o f t  X-radiation. 

I n  summary, t h e  va r ious  c h a r a c t e r i s t i c s  of t h e  Michigan i o n  chamber exper i -  

ment d i scussed  i n  t h i s  chap te r  a r e  compiled i n  Table 2.3. 



TABLE 2.3 

UNIVERSITY OF MICHIGAN SOLAR X-FLAY EXPERIMENT ABOARD OSO-I11 
( A l l  da ta  r e f e r  t o  normal incidence) 

Physical  c h a r a c t e r i s t i c s  

Window: Metal f o i l  
Surf ace density 
Ef fec t ive  area  

F i l l e r :  Gas 
Pressure 
Surface densi ty  
Ionizat ion e f f i c iency  

General : Chamber depth 
Collimation cone 

S a t e l l i t e  r o t a t i o n  period 
Instrumental  c a l i b r a t i o n  
S t a b i l i t y  

Data c h a r a c t e r i s t i c s  

Effect ive  bandpass 
Conversion f a c t o r  
Effect ive  time resolut ion 
Time accuracy 
Extensive coverage 
Limited coverage 
Flux absolute e r ro r  

Flux r e l a t i v e  e r r o r  

99% N2 + 1% He 
- 1 atmosphere 
0.00331 gm/cm2 
36.0 ev/ion-pair 

2.58 cm 
250 square degrees 

(window f u l l y  i l luminated) 
1.7 sec 
k 6% 
't 1% 

8-12 
7.71 x  lo8 erg/(  cm2 sec amp) 
6.4 sec 
b e t t e r  than 1 sec 
10 March 1967 - 28 June 1968 
28 June 1968 - 17 August 1969 
f a c t o r  of 2-3 ( ? )  

( f l u x  values probably high) 

+ 3% 



CHAPTER 111 

THE X-RAY SLOWLY VARYING COMPONENT 

So la r  r a d i o  emission i s  o f t e n  d iv ided  i n t o  a  slowly varying component 

wi th  a  time s c a l e  of 27 days and a b u r s t  component which shows s i g n i f i c a n t  

v a r i a t i o n s  w i t h i n  minutes,  The same scheme o f  c l a s s i f i c a t i o n  can be appl ied  

t o  t h e  X-ray reg ion  of t h e  spectrum ( e e g . ,  Kundu, 1963, 1965; Friedman, 1963a; 

Mandel'shtam, 1965a).  This  chapter  w i l l  de sc r ibe  some i n v e ~ t i g a t ~ i o n s  of t h e  

s lowly varying component o f  s o l a r  X-radiat ion;  Chapters I V  and V w i l l  consider  

i t s  b u r s t  component. 

1. DETERMINATION OF THE DAILY E(8,12)  BASE-LEVEL 

A g r e a t  dea l  of ca re  must be exerc ised  t o  i d e n t i f y  t h e  c o r r e c t  value of 

t h e  nonburst X-ray f l u x  f o r  a  s tudy  of t h e  slowly varying component. During 

t h e  per iod  observed by t h e  Michigan experiment aboard OSO-111, t h e  sun was 

near  i t s  l e v e l  of maximum a c t i v i t y  and X-ray b u r s t s  occurred f r equen t ly .  

Long i n t e r v a l s  e x i s t  i n  which t h e  ~ ( 8 ~ 1 2 )  record i s  cont inuously d is turbed ,  

w i t h  b u r s t s  o f t e n  overlapping one another .  This i s  e s p e c i a l l y  bothersome s i n c e  

X-ray b u r s t s  normally have grea te r  du ra t ions  than  t h e i r  o p t i c a l  o r  r a d i o  counter-  

p a r t s  ( a s  shown i n  Chapter I V ) .  Moreover, t h e  Michigan d e t e c t o r  observes t h e  

e n t i r e  s o l a r  d i sk ,  s o  t h a t  t h e  t r u e  X-ray base- leve l  can be a t t a i n e d  only when 

no o p t i c a l  o r  r a d i o  event  has occurred anywhere on t h e  v i s i b l e  hemisphere f o r  

some per iod  of t ime.  But even t h i s  condi t ion  i s  no t  adequate because many X-ray 

b u r s t s  a r e  not assoc ia ted  wi th  a  repor ted  o p t i c a l  o r  r a d i o  event  ( e . g . ,  Yefremov 

e t  a l ,  , 1962; Acton e t  a l . ,  1963; Conner e t  a l e ,  1964; Teske, 1969a) ,  A f i n a l  -- -- - - 
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d i f f i c u l t y  i s  t h a t  t h e  base - l eve l  f l u x  i s  u sua l ly  j u s t  a f r a c t i o n  of t h e  f l u x  

during a b u r s t .  Therefore,  any mistake i n  i d e n t i f y i n g  t h e  nonburst i n t e r v a . 1 ~  

can lead  t o  s u b s t a n t i a l  e r r o r s  i n  t h e  base - l eve l  va lues  derived.  

To avoid some o f  t h e s e  problems, no a t tempt  was made t o  s e l e c t  t hose  s p e c i f i c  

i n t e r v a l s  which were thought t o  be devoid o f  b u r s t  a c t i v i t y .  Rather ,  t h e  base-  

l e v e l  f o r  a g iven  day w a s  def ined a s  t h e  lowest f l u x  va lue  observed between 0400- 

2000 UT on t h a t  day (except  t h a t  anomalously low measurements of s h o r t  du ra t ion  

were discarded as spur ious) .  While t h e  above procedure i s  no t  i d e a l ,  we be l i eve  

t h a t  it i s  more u s e f u l  t han  presuming t o  i d e n t i f y  t h e  day ' s  "nonburst" observa- 

t i o n s  a s  i s  done f o r  many o the r  s t u d i e s  (e .g . ,  Pounds, 1965a; Michard and Ribes, 

1968; Wende, 1969)~ It d e f i n i t e l y  g ives  base - l eve l  va lues  t h a t  a r e  l e s s  mis- 

l ead ing  than  those  obtained from rea l - t ime  observa t ions ,  which inc lude  on ly  4 

o r  5 ten-minute i n t e r v a l s  each day (Ch i tn i s  and Kale, 1966).  

The d a i l y  ~ ( 8 , 1 2 )  base - l eve l  f l u x e s ,  a s  def ined here,  a r e  t h u s  taken  t o  

measure t h e  slowly vary ing  component of  s o l a r  X-radiat ion.  These va lues  w i l l  

be used i n  t h e  fol lowing i n v e s t i g a t i o n s  and w i l l  be r e f e r r e d  t o  as E (8,12) .  
b 

+ 
2 .  COMPARISON WITH Ca PLAGE INDICES 

E s s e n t i a l l y  a l l  of t h e  quiet-sun X-radiat ion (< 50 a)  o r i g i n a t e s  from 

co rona l  enhancements which o v e r l i e  a c t i v e  reg ions  roughly de l inea t ed  by chromo- 

sphe r i c  calcium plages.  This had been suggested i n d i r e c t l y  by some e a r l y  

s t u d i e s  ( e - g . ,  Waldmeier, 1947; Elwert,  1956); b u t  it i s  shown d i r e c t l y  by 

observa t ions  of i n d i v i d u a l  reg ions  using pin-hole  cameras  lake -- e t  a l . ,  1963b; 

Broadfoot, 1967; Pounds -- e% a l .  , 1968), s l i t - t e l e s c o p e s   lake -- e t  a l .  , 1963a),  



46 

Fresne l  zone-plate  o p t i c s  ( ~ l w e r t ,  1968), grazing-incidence t e l e scopes  ( ~ i n d s a y ,  

1965; Underwood and Muney, 1967; Vaiana - e t  - a l . ,  1968),  and r a s t e r - scann ing  devices  

( ~ e g u s  and Glencross,  1968; P a o l i n i  -- e t  a l . ,  1968; Beigman -- e t  a l . ,  1969),  a s  w e l l  

a s  measurements during a s o l a r  e c l i p s e  (Krepl in,  1961). 

However, t o  s tudy t h i s  r e l a t i o n  by means of t h e  OSO-111 da t a ,  t h e  sum of  

+ 
a l l  Ca p lages  on t h e  d i s k  must be considered,  s i n c e  Michigan's experiment has  

no s p a t i a l  r e s o l u t i o n  of s o l a r  f e a t u r e s .  Therefore,  t h e  E  (8,12)  f l uxes  were 
b  

+ 
compared w i t h  t h e  C a  plage ind ices  a, &I, and C A ~ / ~ X I  f o r  t h e  corresponding 

da t e s ,  ob ta ined  from measurements of t h e  d a i l y  calcium spectrohel iograms made 

a t  t h e  McMath-Hulbert Observatory. Only t h e  r e p o r t s  which were r a t e d  a t  l e a s t  

f a i r  i n  q u a l i t y  between 1 0  March 1967 and 1 June 1967 were used here .  The r e -  

s u l t i n g  c o r r e l a t i o n  c o e f f i c i e n t s  a r e  shown i n  Table 3.1. 

TABLE 3.1 

CORRELATION OF 5 ( 8 , 1 2 )  WITH caf PLAGE INDICES 

~ a +  Plage Index Cor re l a t ion  Coef f i c i en t  

The va lue  a r e p r e s e n t s  t h e  t o t a l  a r e a  o f  t h e  v i s i b l e  p lages ,  t h e  i n d i v i d u a l  

plage a r e a s  having been cor rec ted  f o r  foreshor ten ing .  The s t rong c o r r e l a t i o n  

of t h i s  index wi th  ~ ~ ( 8 ~ 1 2 )  i n d i c a t e s  aga in  t h e  c lose  r e l a t i o n  between t h e  plage 

reg ions  and t h e  source of s o f t  X-radiat ion.  Moreover, t he  s i z e  of t h e  reg ion  

seems t o  be a measure of  i t s  a s soc i a t ed  X-ray emission, which confirms t h e  r e s u l t s  



of severa l  image-forming experiments ( e . g . ,  Underwood and Muney, 1967; Negus and 

Glencross, 1968). 

But t h e  c o r r e l a t i o n  of E (8,12) i s  even stronger with &XI, a rough i n -  
b 

+ 
d ica to r  of t h e  t o t a l  Ca K excess f l u x  due t o  the  v i s i b l e  plages.  The i n t e n s i t y  

values fo r  t h i s  index a r e  derived by est imating t h e  rank of t h e  b r i g h t e s t  p a r t  

of each plage on a s c a l e  of 1 t o  5 ,  which i s  then converted i n t o  t h e  appropriate 

excess i n t e n s i t y  I by means of Table 3 .2 .  (This t a b l e  i s  courtesy of the  McMath- 

Hulbert Observatory.) Such a r e s u l t  implies t h a t  the  condit ions which determine 

t h e  chromospheric plage br ightness  ( t h a t  is ,  t h e  l e v e l  of the  enhanced temperature, 

dens i ty ,  and magnetic f i e l d  s t r eng th )  extend i n t o  t h e  overlying, X-ray emit t ing  

region. 

TABLE 3 .2  

I n t e n s i t y  i n  Units of Excess 
Scale 

caf  Background I n t e n s i t y  



Teske (1969b) has continued t h i s  comparison through 30 Apr i l  1968 using t h e  

Michigan da ta  and f inds  a  co r re l a t ion  c o e f f i c i e n t  of 0.73 between E (8,12) and 
b  

&XI f o r  t h i s  period.  Therefore, t h e  time i n t e r v a l  considered i n  t h e  present  

study does n o t  seem t o  be a t y p i c a l .  The f a c t  t h a t  o thers  (e .g . ,  Michard and 

Ribes, 1968) f ind  a  much weaker c o r r e l a t i o n  shows the  advantage of t h e  E (8,12) 
b  

d e f i n i t i o n  used here.  Direc t  observat ions of ind iv idua l  X-ray regions  i n d i c a t e  

a l s o  t h a t  t h e  X-ray emission i s  r e l a t e d  t o  t h e  area  and i n t e n s i t y  of t h e  as-  

soc ia ted  ~ a +  plage (Blake -- e t  a l . ,  196313; Pounds and Russel l ,  1966; Reidy -- e t  a l . ,  

1968). 

On t h e  o t h e r  hand, t h e  X-ray emi t t ing  region  i s  known to have an exten- 

s ive  three-dimensional s t r u c t u r e  ( ~ a i a n a  -- e t  a l . ,  1968; many o the r s )  so t h a t  it 

c l e a r l y  must be t r e a t e d  as  a  volume source. It would be i n t e r e s t i n g  t o  determine 

how t h i s  volume depends on t h e  a rea  of t h e  underlying chromospheric plage. 

W, A.  White (1964) f i n d s  t h a t  it i s  much b e t t e r  t o  assume t h a t  t h e  th ickness  

of t h e  X-ray source i s  d i r e c t l y  r e l a t e d  t o  t h e  mean plage diameter r a t h e r  than  

t o  assume a  cons tant  th ickness .  Therefore, he s e t s  t h e  X-ray emi t t ing  volume 

propor t ional  t o  A3/2. Unfortunately, h i s  ana lys i s  i s  based on an incor rec t  

i n t e r p r e t a t i o n  of t h e  i n t e n s i t y  index f o r  t h e  caf  plage a s  est imated by t h e  

McMath-Hulbert Observatory. 

Probably f o r  t h a t  reason, t h e  present  study does not  s u b s t a n t i a t e  White's 

r e s u l t .  Table 3.1 shows t h a t  t h e  c o r r e l a t i o n  of E (8,12) with b 3 / 2 x I  i s  no 
b  

b e t t e r  than t h a t  with h 1 ,  It fol lows t h a t  t h e  major p a r t  of t h e  s o f t  X-ray 

emi.ssion o r i g i n a t e s  from a  volume whose th ickness  does not s t rongly  depend on 

t h e  s i z e  of t h e  underlying plage. This would be t h e  case i f ,  f o r  example, t h e  



X-ray emi t t i ng  reg ion  cons is ted  o f  many smal l  volume elements,  each a s s o c i a t e d  

wi th  t h e  f i lamentary  s t r u c t u r e  of t h e  chromospheric p lage .  As t h e  plage a r e a  

grew by t h e  a d d i t i o n  o f  more such elements,  t h e r e  would not n e c e s s a r i l y  be any 

concurrent  i nc rease  i n  t h e  th i ckness  of t h e  X-ray emi t t i ng  source.  

Although t h e  c o r r e l a t i o n  between E  (8,12)  and a x 1  i s  q u i t e  good i n  genera l ,  
b  

t h e  r e l a t i o n  appears  much weaker when examined i n  d e t a i l .  This can be seen i n  

Figure 3-1, which p l o t s  t h e  d a i l y  va lues  used t o  f i n d  t h e  c o r r e l a t i o n  c o e f f i c i e n t  

d i scussed  above. By fol lowing t h e  t ime development of t h i s  r e l a t i o n ,  two i n -  

t e r v a l s  were i d e n t i f i e d  whose d a i l y  va lues  f e l l  i n  t o t a l l y  d i f f e r e n t  r eg ions  

of t h e  f i g u r e .  E (8 ,12)  was h igher  t han  would be predic ted  from &XI f o r  t h e  
b  

per iod  15-17 A p r i l  1967, and a t  t h a t  t ime t h e  l a r g e s t  plage on t h e  d i s k  was a 

reg ion  near  t h e  l imb (McMath #8776) which was i n  i t s  f i r s t  r o t a t i o n .  ( ~ n -  

f o r t u n a t e l y ,  t h e r e  were no adequate ~ a +  observa t ions  by McMath-Hulbert f o r  

13-14 A p r i l  when t h i s  r eg ion  w a s  d i r e c t l y  on t h e  l imb. )  I n  c o n t r a s t ,  t h e  major 

f e a t u r e  of t h e  d i s k  between 22-28 A p r i l  was  a  very  l a rge ,  bu t  fragmented plage 

near  t h e  c e n t r a l  meridian (McMath #8778) which was four  r o t a t i o n s  o l d .  During 

t h e  l a t t e r  i n t e r v a l ,  E (8,12)  was no t i ceab ly  low r e l a t i v e  t o  &I. Although 
b  

McMath-Hulbert's spec t rohe l iograph  w a s  r ead jus t ed  between t h e  two i n t e r v a l s  

considered he re ,  an examination of da t a  during t h e  two-month period bracke t ing  

t h e  readjustment  shows t h a t  t h i s  had no sys temat ic  e f f e c t  on the  r e l a t i o n  of 

~ ~ ( 8 ' 1 2 )  t o   XI. 

One i n t e r p r e t a t i o n  of t h e  above r e s u l t  i s  t h a t  a  r e g i o n ' s  X-ray emission 

g radua l ly  decays over a  per iod of s e v e r a l  s o l a r  r o t a t i o n s .  This would be con- 

s i s t e n t  wi th  t h e  observa t ions  of Neupert (1967, 1968)~ who f i n d s  t h a t  bo th  t h e  





temperature and dens i ty  of  a coronal  condensation decrease a s  t h e  a s soc i a t ed  

a c t i v e  reg ion  ages.  Another p o s s i b i l i t y  i s  t h a t  X-ray sources d i s p l a y  a  "limb- 

b r igh ten ing"  e f f e c t .  Such an e f f e c t  has  been suggested by Teske ' s  (1969a) s tudy,  

which shows t h a t  E (8,12)  i s  h igh  r e l a t i v e  t o  o t h e r  s o l a r  a c t i v i t y  i n d i c e s  dur-  
b  

i n g  both limb passages o f  a major a c t i v e  c e n t e r .  The observed "limb-brightening1'  

i s  undoubtedly due t o  t h e  he igh t  a t  which s o f t  X-radiat ion i s  emi t ted ,  X-ray 

sources  over ly ing  p lages  a t  t h e  limb a r e  t y p i c a l l y  repor ted  t o  have he igh t s  of 

roughly 100,000 km (e .g . ,  Negus and Glencross,  1968; P a o l i n i  -- e t  a l . ,  1968; 

Vaiana -- e t  a l . ,  1968; Beigman -- e t  a l . ,  1969)~  Thus a r e g i o n ' s  X-ray emission can 

be observed even i f  i t s  chromospheric plage i s  j u s t  beyond t h e  l imb.  

3. COMPARISON WITH X-RAYS OF OTHER WAVELENGTHS 

It i s  n o t  poss ib l e  t o  der ive any information about t h e  shape o f  t h e  X-ray 

s p e c t r a l  d i s t r i b u t i o n  from measurements by a s i n g l e  i on  chamber, as d iscussed  

i n  Chapter 11. However, a rough e s t ima te  o f  t h e  average s p e c t r a l  s lope  can be 

obta ined  from a comparison of equiva len t  observa t ions  made by two o r  more d i s -  

s i m i l a r  broad-badd d e t e c t o r s ,  

Figure 3-2 shows such "composite" s p e c t r a  of t h e  slowly vary ing  component 

between 1/2-60 1 f o r  two d i f f e r e n t  da t e s .  The s p e c t r a  a r e  based on d a t a  from 

four  IRL experiments ( a l l  c a r r i e d  by t h e  s a t e l l i t e  OGO-4) a s  w e l l  a s  from The 

Univers i ty  of  Michigan 's  experiment. Table 3-3 g ives  t h e  bandpass of each  

experiment and t h e  gray-body temperature t h a t  was used i n  t h e  r educ t ion  of each 

d e t e c t o r ' s  response,  For c l a r i t y  of p re sen ta t ion ,  t h e  s p e c t r a  have been p l o t t e d  

on an a r b i t r a r y  f l u x  s c a l e  wi th  a  convenient sepa,rat ion between t h e  d a t a  f o r  



/ 19 August 1967 

Figure 3-2.  Composite average spect ra  of the  slowly varying component between 
1/2 - 60 1 f o r  two dates .  The spec t ra  a r e  p lo t t ed  on an a r b i t r a r y  ordinate  
with a convenient separat ion.  The s p e c t r a l  s lopes of individual  segments r e -  
f l e c t  the  gray-body d i s t r i b u t i o n  assumed f o r  each measurement. 19 August and 
22 September 1967 represent  da tes  of high and low base-level  f lux ,  respect ive ly .  



t h e s e  two da t e s .  The s p e c t r a l  s lopes  of  t h e  i n d i v i d u a l  segments shown have been 

derived from t h e  gray-body d i s t r i b u t i o n  assumed f o r  each experiment.  

TABLE 3 3 

CHARACTERISTICS OF COMPARED EXPERIMENTS 

Bandpass 

(A) 

Assumed 
Gray -Body 

Temperature 
Inves t iga to r  

( l ob  K )  

1/2 - 3 10  NRL 
1 - 8  2 NRL 
8 - 1 2  2 Michigan 
8 - 20 2 NRL 
44 - 60 0 . 5  NRL 

This f i g u r e  shows, f i r s t  o f  a l l ,  how w e l l  t h e  Michigan r e s u l t s  agree  wi th  

those  of NRL, t h e  l a r g e s t  d i f f e r e n c e  a t  8 a being about 30%. Secondly, t h e  

6 
rough s p e c t r a l  s lope  around 1 0  4 seems t o  be q u i t e  c lo se  t o  t h e  2 x 1 0  K 

gray-body s lope  assumed i n  the r educ t ion  procedure f o r  ~ ( 8 , 1 2 ) .  Both of 

t h e s e  f i n d i n g s  o f f e r  f u r t h e r  support f o r  t h e  a n a l y s i s  of t h e  Michigan exper i -  

ment 's r e l i a b i l i t y  as discussed i n  Chapter 11. F ina l ly ,  it i s  obvious t h a t  

t h e  e n t i r e  spectrum between 1/2 - 60 cannot be represented  c o r r e c t l y  by a 

s i n g l e  temperature,  a r e s u l t  which a l s o  agrees  w i th  observa t ions  made by o the r  

techniques  ( e .  g. , Pounds and Sanford, 1963; Bowen -- e t  a l .  , 1964; Mandel 'shtam, 

1965"). Therefore,  t h e  X-ray emi t t i ng  source i s  no t  i so thermal ,  b u t  apparent ly 

c o n s i s t s  of a small ,  very  hot  nucleus surr-dunded by more ex tens ive  reg ions  of  

cooler  and cooler  ma te r i a l  (a l though s t i l l  h o t t e r  than  t h e  ambient corona) .  

Such a model has  been proposed by Blake -- e t  a l .  (1963a))  and Evans and Pounds 



(1968), and i s  cons i s t en t  wi th  t h e  r e s u l t s  of image-forming experiments which 

show t h a t  t h e  s i z e  of a coronal  X-ray source decreases  a s  t h e  wavelength of t h e  

observa t ion  becomes smaller   lake -- e t  a l . ,  1965a; Underwood and Muney, 1967).  

Since a l l  of t h e  experiments which were used t o  der ive  Figure 3-2 observed 

t h e  sum of  t h e  X-ray emission from t h e  e n t i r e  s o l a r  d i sk ,  another  i n t e r p r e t a t i o n  

of t h i s  f i g u r e  i s  conceivable.  Namely, each X-ray source on t h e  sun i s  i so thermal  

i t s e l f ,  b u t  d i f f e r e n t  temperatures  apply  t o  t h e  var ious  reg ions  on t h e  d i sk  a t  

any given time. However, t h i s  explana t ion  i s  not t enab le  f o r  t h e  fol lowing 

reason.  The da tes  f o r  t h e  s p e c t r a  shown i n  Figure 3-2 were chosen because t h e y  

represented  t h e  h ighes t  (19 August 1967) and t h e  lowest  (22 September 1967) 

+ 
d a i l y  base - l eve l  f l u x e s  encountered i n  t h e  t ime period s tud ied .  The Ca plages  

seen on t h e  d isk  d i f f e r e d  g r e a t l y  i n  number, i n t e n s i t y ,  and t o t a l  a r e a  on those  

two da t e s .  Thus, t h e  X-ray e m i t t i n g  reg ions  a s soc i a t ed  wi th  t h e s e  plages a l s o  

should have very  d i f f e r e n t  c h a r a c t e r i s t i c s ,  according t o  t h e  r e s u l t s  d i scussed  

i n  t h e  previous sec t ion .  Yet Figure 3-2 i n d i c a t e s  t h a t  t h e  o v e r a l l  s p e c t r a l  

shape has changed very  l i t t l e  between t h e  da t e s  i n  ques t ion ,  a l though each 

spectrum r e p r e s e n t s  t h e  con t r ibu t ions  from a complete1.y d i f f e r e n t  s e t  of emis- 

s ion  sources.  This would be h i g h l y  u n l i k e l y  i f  t h e  " isothermal  hypothes is"  

j u s t  descr ibed  were c o r r e c t .  

S t r i k i n g  changes i n  theaverage s p e c t r a l  slope of t h e  s lowly vary ing  com- 

ponent have never been observed, b u t  a s u b t l e  hardening of  t h e  spectrum a s  t h e  

d a i l y  base - l eve l  i nc reases  can be de t ec t ed  by a s t a t i s t i c a l  s tudy  of many days '  

observa t ions .  For t h i s  purpose, da t a  from t h e  NRL 1/2 - 3 i, 1.-8 #, and 8-20 

a d e t e c t o r s  aboard OGO-4 were aga in  used. L i s t s  of  hour ly  averages of t h e  



"nonburst" measurements made by these  de tec to r s  between 1 August 1967 and 31. 

March 1968 were searched t o  f ind  the  d a i l y  base- level  f luxes  i n  a  manner iden- 

t i c a l  t o  t h a t  described i n  Section 111-1. Hereafter ,  t hese  values w i l l  be 

r e f e r r e d  t o  a s  Eb(1/2,3), Eb(1,8) ,  and E (8,20).  Unfortunately, t h e  44-60 W 
b 

experiment aboard OGO-4 f a i l e d  very e a r l y  i n  November 1967 and so could not  be 

used i n  t h i s  study. 

The r e s u l t i n g  r e l a t i o n  between ~ ~ ( 8 ~ 1 2 )  and Eb(l /2,3)  i s  given i n  Figure 

3-3, along with t h a t  between E (8,12) and E (8,20).  The comparison between 
b b 

E (8,12) and E (1,8) has been presented a l ready a s  Figure 2-8 of Chapter 11. 
b b 

Note t h a t  the  poorest  co r re la t ion  i s  with E (1/2,3),  which represents  t h e  emis- 
b 

s ion of a  coronal r e g i o n ' s  h o t t e s t  por t ions .  One poss ib le  explanation i s  t h a t  

only c e r t a i n  regions have such a high-temperature component. This hypothesis  

therefore  implies t h a t  the  "quali ty1 '  of the  X-ray emit t ing  sources i s  t h e  most 

important c r i t e r i o n  f o r  E ( l /2 ,3 ) ,  r a t h e r  than t h e i r  "quantity1'  which i s  s o  
b 

important f o r  E (8,12). An i n t e r e s t i n g  problem f o r  f u t u r e  inves t iga t ion  i s  t o  
b 

attempt an i d e n t i f i c a t i o n  of any s p e c i a l  c h a r a c t e r i s t i c s  which might e x i s t  f o r  

the  chromospheric plages observed on days with anomalous E ( 2 )  : ~ ~ ( 8 ~ 1 2 )  
b 

r a t i o s .  This would be a valuable t e s t  of t h e  hypothesis j u s t  described. 

Although t h e  c o r r e l a t i o n  between E ( l /2 ,3 )  and Eb(8,12) i s  r e l a t i v e l y  
b 

weak, a  s t r a i g h t  l i n e  can be f i t t e d  t o  t h e  points  i n  Figure 3-3(a) .  An eye- 

est imate of t h i s  f i t  g ives :  





Since t h e  exponent i n  t h i s  expression i s  g r e a t e r  than un i ty ,  ~ ~ ( l / Z ? , 3 )  becomes 

l a r g e r  r e l a t i v e  t o  E (8,12) on t h e  average a s  t h e  base- level  f l u x  inc reases ,  thus 
b 

giving r i s e  t o  t h e  s p e c t r a l  hardening mentioned above. 

This hardening of t h e  X-ray spectrum i s  seen much more convincingly i n  

Figure 2-8, because t h e  r e l a t i o n  of E (8,12) wi th  E (1 ,8)  i s  c l e a r l y  much b e t t e r  
b b 

than  with E (1/2,3).  An eye-estimate of t h e  b e s t  s t r a i g h t  l i n e  f i t  t o  Figure 
b 

2-8 g ives :  

implying again t h a t  t h e  s h o r t e r  wavelength emission increases  r e l a t i v e  t o  

E (8,12) on t h e  average during per iods  of higher  base- level  f l u x .  
b 

As might be expected, t h e  " t i g h t e s t "  r e l a t i o n  i s  between E (8,12) and 
b 

~ ~ ( 8 ~ 2 0 )  shown i n  Figure 3 - j ( b ) .  However, t h e r e  i s  a very pronounced break 

2 
i n  t h e  r e l a t i o n  a t  about E (8,12) = 0.0038 erg/cm sec.  This i s  probably un- 

b 

r e l a t e d  t o  t h e  Michigan experiment because it does not appear i n  any o ther  

comparison wi th  E (8,12).  It i s  more l i k e l y  t o  be  caused by an improper 
b 

alignment of t h e  f l u x  s c a l e s  f o r  t h e  high and low s e n s i t i v i t y  modes of  the  NRL 

instrument.  (Note t h a t  t h e  break occurs wel l  below t h e  poin t  where t h e  

Michigan de tec to r  changes i t s  s e n s i . t i v i t y . )  By s h i f t i n g  each p a r t  of  t h e  

curve h o r i z o n t a l l y  toward t h e  o ther  an equal amount, t h e  r e l a t i o n  becomes 

approximately: 



which once aga in ,  has an  exponent app ropr i a t e  f o r  a spectrum t h a t  hardens, on 

t h e  average, w i th  inc reas ing  f l u x ,  

The change i n  s p e c t r a l  s lope  of t h e  slowly varying component, a l though 

minor, occurs  throughout t h e  range 1/2-20 1 and has  been repor ted  by many o t h e r s  

( e , g . ,  Kreplin,  1961; Michard and Ribes, 1968; Wende, 1969) (One except ion  

i s  Noci and Russo (1964) who c o r r e l a t e d  0-8 a f l u x  wi th  ionospher ic  parameters  

t o  f ind  t h a t  t h e  spectrum does n o t  vary  wi th  changes i n  t h e  q u i e t  s u n ' s  X-ray 

f l u x  l e v e l .  But t h e  evidence from d i r e c t  observa t ions  i s  overwhelming t h a t  t h i s  

i n t e r p r e t a t i o n  i s  i n c o r r e c t . )  Therefore,  we cannot consider  changes i n  t h e  

slowly varying component a s  being due s o l e l y  t o  d i f f e r e n c e s  i n  t h e  number o r  

t o t a l  volume of  otherwise s i m i l a r  X-ray sources.  A t  Least some of  t h e  reg ions  

t h a t  e x i s t  dur ing  per iods  o f  high base - l eve l  f l u x  must be s u b s t a n t i a l l y  h o t t e r  

t han  t h e  reg ions  observed when t h e  base - l eve l  f l u x  i s  low. Most l i k e l y ,  t h e  same 

b a s i c  mechanism which i s  r e spons ib l e  f o r  t h e  increased  l e v e l  of  gene ra l  s o l a r  

a c t i v i t y  a l s o  g ives  r i s e  t o  f u r t h e r  enhancements i n  t h e  temperatures  of  t h e  X- 

r a y  sources over ly ing  a c t i v e  regions.  



CHAPTER I V  

THE X-RAY BURST COMPONENT: STATISTICAL STUDIES 

Rapidly-varying b u r s t s  of s o l a r  X-radiation a r e  o f t en  superimposed on t h e  

sun' s X-ray base-level ,  These b u r s t s  usually ac@'ompany some o p t i c a l  phenomenon 

such a.s an Ha f l a r e ,  d i s p a r i t i o n  brusque, limb surge, o r  prominence erupt ion  

(Krepl in  e t  a l , ,  1962; Friedman, 196333; Muney and Underwood, 1968), but  they 

can a l s o  occur i n  the  absence of any other  reported events (e,g.,  Pounds, 1965b; 

Drake, 1969; Teske, 1967, 1969a, 1969b). The present  study w i l l  consider  only 

the  enhanced X-ray emission associa ted  with wel l  confirmed Ha f l a r e s ,  Spe- 

c i f i c a l l y ,  we w i l l  examine t h e  general  t ime-prof i les  of such burs ts ,  both  i n  

a,n absolute sense and r e l a t i v e  t o  t h e  associated Ha f l a r e s .  We w i l l  a l s o  com- 

pare the  peak emission r a t e s  of the  s o f t  X-ray and HW events, a s  we l l  a s  the  

t o t a l  energies emitted by these  two rad ia t ions  during f l a r e s  of var ious  impor- 

tances ,  I n  addit ion,  an attempt w i l l  be made t o  i d e n t i f y  some parameters ac- 

cess ib le  t o  ground-based observers which c o r r e l a t e  with the  X-ray b u r s t ' s  ampli- 

tude. A s t a t i s t i c a l  approach w i l l  be used i n  t h i s  chapter,  and i n  Chapter V 

th ree  we l l  observed events w i l l  be inves t iga ted  i n  some d e t a i l .  

1. SELECTION OF Ha FLARE EVENTS 

I n  order t o  f a c i l i t a t e  the  s t a t i s t i c a l  study of f l a re -assoc ia ted  X-radia- 

t ion ,  a  ca ta log  was compiled of a l l  we l l  confirmed f l a r e s  of importance - > 1 

which occurred between 10  March and 31 December 1967. Since a l l  r epor t s  of Ha 

f l a r e s  a re  not equally r e l i a b l e  (Dodson and Hedeman, 1968), an attempt wa.s 

made t o  el iminate events which were not c l e a r l y  v e r i f i e d ,  The f i r s t  such ca ta -  

59 



l o g  included only those  f l a r e s  which were repor ted  by t h r e e  or  more s t a t i o n s  

and r a t e d  importance 1 or  g r e a t e r  i n  t he  Quar t e r ly  B u l l e t i n  on Solar  A c t i v i t y ,  

This l i s t  formed t h e  b a s i s  of t he  s t u d i e s  r epo r t ed  by Teske and Thomas (1969), 

h e r e a f t e r  r e f e r r e d  t o  a s  Paper I. 

Unfortunately,  t h e  above s e l e c t i o n  procedure'  s t r o n g l y  biased t h e  sample 

toward those  events  which occurred i n  summer months and dur ing  European observ- 

i n g  hours, when t h e  number of s t a t i o n s  monitor ing the  sun can reach  t h r e e  t imes  

t h e  world-wide y e a r l y  average (~odson-Pr ince ,  personal  communication), To avoid 

t h i s  d i f f i c u l t y ,  a  second approach was taken f o r  t h e  c a t a l o g  used i n  t h e  p r e s e n t  

i n v e s t i g a t i o n ,  Each f l a r e  had t o  s a t i s f y  - a l l  of t h e  fo l lowing  condi t ions  t o  be 

included i n  t h i s  l i s t :  

( 1 )  a t  l e a s t  two s t a t i o n s  r e p o r t  t h e  event,  

(2) more than  50% of t h e  s t a t i o n s  observing a t  i t s  time of maximum r e p o r t  

t h e  event,  

(3) a t  l e a s t  50% of t he  s t a t i o n s  observing a t  i t s  t ime of maximum r a t e  

i t s  importance a s  1 o r  g rea t e r ,  

(4) a t  l e a s t  one s t a t i o n  r e p o r t i n g  t h e  event  must be photographic or  

cinematographic, and 

( 5 )  t h e  Q u a r t e r l y  B u l l e t i n  r a t e s  i t s  importance a s  1 or  g r e a t e r ,  

This s e t  of c r i t e r i a  r e q u i r e s  t h a t  a  photographic record  of t h e  f l a r e  e x i s t s ,  

and t h a t  most of t he  s t a t i o n s  which were monitoring the  sun a t  t he  time a c t u a l l y  

saw t h e  f l a r e  and agreed t h a t  it was indeed g r e a t e r  than  j u s t  a  s u b f l a r e ,  To 

determine e x a c t l y  which s t a t i o n s  were observing a t  ariy given time, l i s t s  were 

used of t h e  d a i l y  pa t ro l - t imes  f o r  a l l  f la re -moni tor ing  observa tor ies  which r e -  



p o r t  t o  t h e  World Data Center a t  Boulder, Colorado. ( ~ h e s e  pa t ro l - t imes  were 

obtained through the  kind o f f i c e s  of J, V i r g i n i a  Lincoln,)  The i n d i v i d u a l  f l a r e  

r e p o r t s ,  which a r e  t abu la t ed  i n  t he  " ~ e v i s e d "  l i s t  of t he  ESSA Solar-Geophysical 

Data B u l l e t i n  (SGDB), gave d a t a  on t h e  number of s t a t i o n s  r e p o r t i n g  t h e  event  

and t h e  va r ious  assessments of i t s  importance, ' 

I n  a d d i t i o n  t o  t h e  above screening  procedure, events  were elimina.ted when- 

eve r  it appeared t h a t  t h e  X-ray record  might be s e r i o u s l y  a f f e c t e d  by p a r t i c l e  

i n t e r f e r e n c e  (d i scussed  i n  Sec t ion  11-6) o r  by  t h e  occurrence of two o r  more 

f l a r e s  c lo se  toge the r  i n  t ime, The l a t t e r  requirement i s  n e c e s s i t a t e d  by  t h e  

Michiga.n d e t e c t o r ' s  l a c k  of s p a t i a l  r e so lu t ion ,  which does not  a l low t h e  i n d i -  

v i d u a l  con t r ibu t ions  of simultaneous b u r s t s  t o  be determined. Unfortunately,  

t h i s  e l imina te s  any poss ib l e  examples of t h e  so-cal led sympathetic c l a s s  of 

f l a r e s  discovered by Richardson (1951) and shown t o  be due t o  t h e  " t r igger ing1 '  

of one f l a r e  by  another  ( ~ e c k e r ,  1958),  Therefore, t h e  r e s u l t s  of t h e  p re sen t  

s tudy do not  n e c e s s a r i l y  apply  t o  t h i s  v e r y  i n t e r e s t i n g  c l a s s  of even t s ,  

2,  THE LIST OF Ha FLARES HAVING X-RAY COVERAGE 

After  t h e  c u l l i n g  process  descr ibed i n  t h e  previous sec t ion ,  we a r e  l e f t  

w i th  283 f l a r e s  f o r  which we have a t  l e a s t  p a r t i a l  X-ray coverage, Although 

many v a l i d  events  were no doubt excluded by t h i s  procedure, t h e  f l a r e  r e p o r t s  

which remain can be s a f e l y  considered a s  h ighly  r e l i a b l e ,  Table 4 .1  p r e s e n t s  

t he  r e s u l t i n g  l i s t  of H a  f l a r e s  along wi th  some information about t h e  a s soc i a t ed  

8-12 1 X-radiat ion,  (S ince  t h i s  l i s t  r e p r e s e n t s  t h e  second f l a r e  c a t a l o g  con- 

s t r u c t e d  f o r  events  observed by the  Michigan experiment, it w i l l  a l s o  be r e -  

f e r r e d  t o  a s  Catalog I1 i n  the  fo l lowing  d i scuss ion , )  The t imes of s t a r t  acd 



TABLE 4.1 

Ha FLARES WITH X-RAY COVERAGE (CATALOG I1 ) 
- 

Ha Flare Data ~(8,12)  B u r s t  Data 
Date Start 

No. 
Max. End Imp. Location S t a r t  Max. End Base Ampl. 

March 1967 



TABLE 4.1 (continued) 

Ha Flare Data ~ ( 8 ~ 2 )  B u r s t  Data 
Date start End Base Ampl. No. Max. End Imp. Location Start Max. 

March 1967 (concluded) 

April 1967 



TABLE 4.1 (continued) 

FB Flare Data ~ ( 8 ~ 2 )  B u r s t  Data 
Date 

End Base Ampl.  
no. 

Start  Max. End Imp. Location Start  &x. 

May 1967 [concluded) 



TABLE 4.1 (continued) 
\ 

Ha Flare Data ~ ( 8 ~ 2 )  B u r s t  Data 
Date start Max. End Imp.  Location S t a r t  Max. End Base Am-pl. No. 

June 1967 



TABLE 4.1 (continued) 

Ha Flare  Data ~ ( 8 ~ 2 )  B u r s t  D a t a  
Date 

End Base Ampl. 
No. 

S t a r t  Max. End Imp. Location S t a r t  h x .  
J u l y  1967 (continued) 

0810 

2340 
0600D 
1310 
005 o 
1015 
1008 
1210 
1220 
0100 

113 0 

15 00 
1740 
21571) 
0720 
0955 

115 0 
1910 
0320 
05 11 
0532 
07 OOD 
1445 
1615 



TABLE 4.1 (continued) 
\ 

Ha Flare Data 
Date 

~ ( 8 ~ 2 )  B W S ~  mta 
Star t  Max. End Location Start Max. End Base Ampl. no. Imp. 

~uly 1967 (concluded) 

August 1967 



TABLE 4.1 (continued) 
-..----_-*-_ - I_I ---- "--- _ ___?I__ ----. . ,  --- - --LII ---- X--I-*-m----edm-- 

L"i --*--- 
H a  Flare Data - ~(8 ,12)  Burst D a t a  

-A. --"- ----" - -7 

Start  Max. End Imp. Location AVO . --  -.-- ----- ---- -- --_I -- - - S t a r t  _ - - - _ _ I _ - - - ~ . . - v  Max. End ---- Base Ampl. I= ---- 

August 1967 ( ~oncluded ) 

September 1967 



TABLE 4.1 (continued) 
-- - -- - - - - - - - - - 

I&  lar re Data ~ ( 8 , 1 2 )  ~ G s t  D a t a  
Date start &x. End Imp. Location S t a r t  Max. End Base Ampl. 

No. 

September 1967 (concluded) 

October 1967 



TABLE 4.1 (continued) 
------. "--- - - ---" - *  -". -- -<-,*--- -- 

-- Flare Data 
*- 

~ ( 8  12)  B u r s t  Data 
a t e  &art End 

It0 e 
S t a r t  ------ End Max. .--"- Location Max. ='?EL- -,,---- ----------,--- * -- -, , % --- -,- *- --_..---- Base h p l .  

October 1967 ( ~ o ~ l c l u d e d )  

29 2347 2351 25 OOD 2b ~ 1 0 ~ 9 0  9034 - - 2558 125 1294" 179 
2414 

3 1 1124 1130 1200 2n a - 9 ~ 2 1  9047 1121 1132 1200 ' 53 190' 180 

November 1967 

December 1967 



TABLE 4 .1  (continued) 
- -- 

I32 Flare Data ~(8,12) Burst D a t a  
Start h x .  Ead Imp. Location Start Max. End 

December 1967 (continued) 

51 205 
268 "206 -i 

563' 207 
I-' 



TABLE 4.1 (continued ) 

Ib! F l a r e  Data E(B,12)  B u r s t  Data 
Date start Max. End Imp. Location Start Max. End B a s e  h p l .  

- KO. 

December 1967 (concluded) 

January 1968 



TABLE 4.1 (continued) 
-. 

P 

Ha Flare  Data ~ ( 8 ~ 2 )  Burst Data 
Date start fix. End Imp. Location S t a r t  Max. End Base Ampl. 

No. 

January 1968 (concluded ) 

February 1968 



TABLE 4 .1  ( ~ o n t  inued) 

DELte 
Ha Flare Data ~(8,121 Burst Data 

Start Max, End Imp. Locatlon Start Max. End Base Ampl. No. 

February 1968 (concluded) 

March 1968 





maximum f o r  each X-ray b u r s t  a re  measured t o  the  neares t  112-minute; o ther  

times a r e  t o  the  nea res t  minute, A l l  a r e  given i n  Universql Time (uT), The 

standard no ta t ion  E ( o r  D )  implies t h a t  the  event s t a r t e d  before (ended a.fter) 

the  time l i s t e d .  The f l a r e ' s  importance i s  indica ted  by means of tk present  

I .A .U.  ( I n t e r n a t i o n a l  Astronomical union) scheme which r a t e s  i t s  a rea  on a  s c a l e  

1 t o  4, a s  shown i n  Table 4.2, and the  i n t e n s i t y  of i t s  b r i g h t e s t  point  a s  f 

( f a i n t ) ,  n  (normal), or  b  ( b r i g h t ) .  The l o c a t i o n  of the  f l a r e  i s  given by i t s  

mean hel iographic coordinates and the  McMath s e r i a l  number of i t s  plage region.  

A l l  H a  f l a r e  da ta  were taken from the  Quarterly Bullet in,  except when tha.t 

source d i d  not give a  time of maximum. I n  such cases, t h e  value given by the  

SGDB was used - i f  t h e  individual  r epor t s  of maximum were i n  agreement t o  the  

au thor ' s  s a t i s f a c t i o n .  These a re  marked by * i n  Table 4.1. 

TABLE 4.2 

CLASSIFICATION OF FLARE AREA 

Corrected Area 
Class 

(mi l l ion ths  of hemisphere) 

S < 100 ( subf l a r e )  
1 100 - 250 
2 2 5 0 -  600 

3 600 - 1200 
4  > 1200 

I n  addi t ion  t o  the  timing values f o r  t h e  associated X-ray events,  the  t a b l e  

includes information on the  E(8,12) base f luxes  and burs t  amplitudes, both i n  

u n i t s  of lo1* erg/cm2sec. The base flux ( n o t  t o  be confused with the  d a i l y  

base-level  E (8,12) defined i n  Chapter 111) i s  an est imate of the  nonburst com- 
b  



ponent of ~ ( 8 ~ 1 2 )  a t  t h e  time of b u r s t  maximum, and i s  u sua l ly  taken  t o  be  t h e  

f l u x  value j u s t  p r i o r  t o  t h e  onse t  of the  event .  This  q u a n t i t y  w i l l  be r e -  

f e r r e d  t o  h e r e a f t e r  a s  E ( 8 , 1 2 ) ,  The b u r s t  amplitude ~ ~ ( 8 , 1 2 )  i s  def ined  a s  
B 

~ ~ ( 8 ' 1 2 )  minus E ( 8 , 2 ) ,  where E (8 ,12)  i s  t he  t o t a l  f l u x  a t  t h e  peak of t h e  X- 
B P 

r a y  b u r s t ,  Whenever an event  has more than  one &ximum, t h e  t a b u l a t e d  va lue  of 

~ E ( 8 , 1 2 )  r e f e r s  t o  t h e  l a r g e s t  amplitude, I n  a l l  cases ,  t h e  symbol ' means t h a t  

a measurement i s  somewhat uncer ta in .  The l a s t  column of Table 4,1 l i s t s  an 

i d e n t i f i c a t i o n  number f o r  each event  of Catalog 11, 

Three except ions  were made t o  t h e  screening  procedure descr ibed  above, 

F l a r e s  #136 and #148 of t h e  t a b l e  were inc luded  even though no photographic 

record of e i t h e r  event  e x i s t s  i n  t h e  ESSA f l a r e - p a t r o l  network. However, bo th  

f l a r e s  were r epo r t ed  by - a l l  t h e  obse rva to r i e s  which were monitor ing the  sun a t  

t h e  t ime ( a  d i sappo in t ing ly  r a r e  occurrence) - and the  i n t e r n a l  agreement among 

t h e  var ious  r e p o r t s  f o r  each f l a r e  was good, i n d i c a t i n g  t h a t  t h e  t ime develop- 

ment of t hese  two events  was c l e a r l y  marked, The t h i r d  case,  f l a r e  #202, wa.s 

included beca.use it  i s  t h e  only example during t h e  per iod  s tud ied  of a f l a r e  

wi th  an importance r a t i n g  of 2f which might be considered v a l i d .  This  event  

was repor ted  by j u s t  one s t a t i o n ,  Mitaka ( ~ o k y o ) ,  which was t h e  only s t a t i o n  

monitoring t h e  sun a t  t h e  t ime, Furthermore, i t  was r e c ~ r d e d  by cinematography, 

t h e  most r e l i a b l e  f l a r e - p a t r o l  technique.  Therefore,  t he  event  was r e t a i n e d  

i n  t h i s  ca t a log ,  bu t  wi th  t h e  e x p l i c i t  warning t h a t  it should be g iven  l i t t l e  

weight s ince  it has not  been p rope r ly  v e r i f i e d ,  

For one f l a r e ,  #55 i n  Catalog 11, t he  importaiqce r a t i n g  was not  taken from 

t h e  Q u a r t e r l y  B u l l e t i n ,  This g r e a t  event  on 23 May 1967, one of only about two 



dozen f la .res  ever observed i n  whi te- l ight  ( ~ e ~ a s t u s  and Stover, 1964; McIntosh, 

1967)~ gave r i s e  t o  the  l a r g e s t  hard X-ray burs t  ( ~ a n e  and Winckler, 1969) and 

s o f t  X-ray burs t  (van Allen, 1968) y e t  recorded, and wads accompanied by one of 

the  g r e a t e s t  s o l a r  r a d i o  b u r s t s  measured t o  da te  ( ~ a s t e l l i  - e t  -* a 1  f 1968a, 1968b). 

Although the  Quar te r ly  Bu l l e t in  l i s t s  t h e  event a s  th ree  separa te  2b f l a r e s ,  

Dodson and Hedeman (1969a) conclude t h a t  the  most p laus ib le  i n t e r p r e t a t i o n  of 

the  H a  f i l m  record i s  t h a t  a  s ing le  f l a r e  of importance 3b occurred which had 

three  d i s t i n c t  phases. This evaluat ion i s  used t o  describe the  event i n  Catalog 

The 23 May 1967 f l a r e  a l s o  caused the  g r e a t e s t  X-ray b u r s t  observed by the  

Michigan ion  chamber, s a t u r a t i n g  the  de tec to r  f o r  over two hours, Even so, an 

est imate of AE(8,12) f o r  t h i s  burs t  can be made by means of da ta  from the  Uni- 

v e r s i t y  of Iowa's 2-12 1 de tec to r  aboard Explorer 35, There i s  an excel lent  

r e l a t i o n  between the  2-12 1 and 8-12 1 peak f luxes  f o r  b u r s t s  measured simul- 

taneously by the  Iowa and Michigan instruments, a s  shown i n  Figure 2-9 of Chap- 

t e r  11. Since the  r e l a t i o n  app l i e s  over a  range of near ly  two orders of magni- 

tude, it seems unl ike ly  t h a t  an ext rapola t ion  of another f a c t o r  of 1 0  would be 

too  much i n  e r ro r .  On t h i s  assumption, the  r e l a t i o n  derived from Figure 2-9 

was used with the  Iowa measurement of t h e  peak 2-12 3 f l u x  t o  determine E (8,12) 
P 

f o r  the  23 May 1967 burs t .  Then, subt rac t ion  of t h e  observed 8-12 1 base f l u x  

gives the  value of ~ ~ ( 8 , 1 2 )  which i s  l i s t e d  i n  Catalog I1 f o r  t h i s  event. 

The i d e n t i c a l  procedure was used t o  f ind  the  approximate ~ ~ ( 8 , 1 2 )  f o r  s i x  

other  events which sa tu ra ted  the  Michigan detec tor :  #7, 53, 63, 130, 179, and 

223 i n  the  catalog.  The b u r s t  on 6  May 1967 (#42) a l s o  sa tura ted  the  i n s t r u -  



ment, bu t  f o r  such a s h o r t  per iod  of t ime tha.t i t s  peak f l u x  could be es t imated  

e a s i l y  by inspec t ion .   h his X-ray b u r s t  i s  shown i n  F igure  2-2 of Chapter 11.) 

The r e s u l t i n g  va lues  of ~ ~ ( 8 , 1 2 )  f o r  a l l  of t h e  events  j u s t  d i scussed  a r e  marked 

by t h e  symbol " i n  t h e  c a t a l o g  t o  i n d i c a t e  t h a t  t hey  were not  measured d i r e c t l y .  

3. CHARACTERISTICS OF THE Ha FLARES I N  CATALOG I1 

Severa l  t e s t s  were made t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of b i a s  i n  t h e  se-  

l e c t i o n  of f l a r e s  f o r  t h i s  ca ta log .  F i r s t ,  t h e  frequency of occurrence N a s  a 

func t ion  of f l a r e  importance was considered,  and t h e  r e s u l t s  a r e  shown i n  Table 

4.3 along wi th  t h e  "nominal" frequency d i s t r i b u t i o n  taken from Smith and Smith 

(1963). The l a t t e r  d i s t r i b u t i o n  f o r  given area  c l a s s e s  i s  no t  s i g n i f i c a n t l y  

d i f f e r e n t  from t h a t  found f o r  t he  even t s  of Catalog 11. Unfortunately,  no s tudy  

has y e t  been made, t o  t h e  a u t h o r ' s  knowledge, of t h i s  "nominal" d i s t r i b u t i o n  

us ing  t h e  new I . A , U .  c l a s s i f i c a t i o n  scheme, 

TABLE 4,3 

FREQUENCY DISTRIBUTION WITH FLARE IMPORTANCE 

F l a r e  This Study Smith and Smith 
I m ~ o r  t anc e N % % 

~f 14 4.9 
I n  172 60.8 
l b  63 22.3 
1 ( a l l )  249 88.0 

2f 1 0.4 
2n 15 5.3 
2b 1-5 5.3 
2 ( a l l )  31 l l o O  19 ,2  



Next, the  number of cataloged f l a r e s  occurring i n  the  northern o r  southern 

hemispheres and eas te rn  or  western hemispheres was inves t iga ted .  The r e s u l t s  

a r e  given i n  Table 4,4, which a l s o  includes the  p r o b a b i l i t y  P (der ived from 

Chi-squared t e s t s )  t h a t  the  observed north-south o r  east-west d i f f e rences  i n  

f l a r e  occurrence are  s i g n i f i c a n t .  For sunspots, an east-west asymmetry has been 

known s ince  Maunder's (1907) e a r l y  study, bu t  apparently none e x i s t s  f o r  f l a r e s  

i n  general  (Smith and Smith, 1963). Thus, the  occurrence of events  i n  Catalog 

I1 i s  not c l e a r l y  aty-pical, s ince  the re  i s  a l a rge  l ike l ihood t h a t  i t s  eas t -  

west d i f f e rence  (opposi te  i n  sense from the  sunspot 's  east-west asymmetry) i s  

due pure ly  t o  chance. On the  other  hand, the  north-south asymmetry of the  

cataloged events  i s  very s t r i k i n g  and i s  almost c e r t a i n l y  a r e a l  e f f e c t ;  but  

t h i s  i s  not  unexpected. Behr and Siedentopf (1952) have shown t h a t  i n  both 

sunspot and f l a r e  occurrence t h e r e  i s  a  d e f i n i t e  north-south asymmetry which 

changes sense pseudo-periodically with the  s o l a r  cycle,  During t h e  i n t e r v a l  

covered by the  present  study, t h e  s u n ' s  a c t i v i t y  was c l e a r l y  concentrated i n  

i t s  northern hemisphere, and Catalog I1 merely r e f l e c t s  t h i s  e f f e c t .  I n  f a c t ,  

Dodson and Hedeman (196913) r epor t  t h a t  the  north-south asymmetry i n  so la r  ac- 

t i v i t y  was stronger a t  t h e  s t a r t  of s o l a r  cycle  X) (1964-1966) than a t  the  on- 

s e t  of any o ther  so la r  cycle i n  t h e  pas t  100 years .  

TABLE 4.4 

FREQUENCY DISTRIBUTION WITH HEMISPHERE OF OCCURRENCE 

North 
South 

East  134 47.3 
West 149 

- 60% 
52.7 



One inves t iga t ion  of the  ca ta log  did r evea l  a b ias ,  however. A s  mentioned 

e a r l i e r ,  the  major motivation f o r  cons t ruct ing  another ca ta log  was t h a t  a  d i s -  

proport ionate number of events i n  Catalog I occurred during European observing 

hours. Unfortunately, Figure 4-1 shows t h a t  the  second e f f o r t  did not  completely 

el iminate t h i s  e f f e c t  s ince the  number of events  i n  Catalog I1 which occurred 

between 0800 and 1359 UT i s  again s i g n i f i c a n t l y  t o o  l a r g e  (more than 30 above 

the  mean). The e f f e c t  cannot be a t t r i b u t e d  t o  the  se lec t ion  procedure described 

i n  Section I V - 1 ,  s ince  it a l s o  e x i s t s  f o r  f la . re  r epor t s  i n  general  ( ~ o d s o n  and 

Hedeman, 1 9 6 0 ) ~  A more l i k e l y  explanation i s  t h a t  European observator ies  may 

tend t o  ass ign  a somewhat g rea te r  importance c l a s s i f i c a t i o n  t o  a  given f l a r e  

than would t h e i r  American counterparts ,  so  t h a t  they may r a t e  some events a s  

importance 1 which would have been ca l l ed  subfla,res by observers i n  o ther  p a r t s  

of the  world (Dodson and Hedeman, 1960; C.  S. Warwick, 1-96?). This p o s s i b i l i t y  

w i l l  be discussed f u r t h e r  i n  Section IV-6b. 

4. CHARACTERISTICS OF THE SOFT X-RAY BURSTS I N  CATALOG I1 

Catalog I1 was constructed as  a  l i s t  of wel l -ver i f ied  H a  f l a r e s  f o r  which 

v a l i d  X-ray coverage by the  Michigan i o n  chamber was avai lable ;  the re  were no 

requirements a s  t o  t h e  nature of t h a t  X-radiation, However, a l l  but  one s f  t h e  

l i s t e d  f l a r e s  were accompanied by a measurable E( 8,12) enhancement i n  exce l l en t  

t ime-re la t ion  t o  t h e  o p t i c a l  event. This sec t ion  considers  some of the  general  

c h a r a c t e r i s t i c s  of these  X-ray b u r s t s  themselves, and following sec t ions  w i l l  

i nves t iga te  the  r e l a t i o n  of these  b u r s t s  t o  other  phenomena, But it must be 

emphasized again t h a t  these s tudies  r e l a t e  t o  a  very spec ia l  type of s o f t  X-ray 





enhancement, one associa ted  with an H a  f l a r e  of importance > 1. The r e s u l t s  - 

found here may not  necessa r i ly  apply t o  a l l  X-ray b u r s t s  i n  general .  

a.  Occurrence of the  Bursts 

Many inves t iga to r s  have claimed t h a t  a s u b s t a n t i a l  f r a c t i o n  of H a  f l a r e s  

of importance - > 1 a r e  not accompanied by an enhancement of s o l a r  X-ray emission 

(Kreplin e t  a l . ,  1962; Acton, 1964; Lindsay - e t  a 1  1965; Culhane - e t  - 0 7  a 1  1968; 

Culhane and P h i l l i p s ,  1969; Hudson - e t  a 1  1969,). As j u s t  mentioned, t h e  pres-  

ent  study does not  subs tan t i a t e  t h a t  claim, Of t h e  283 f l a r e s  l i s t e d  i n  Cata- 

l o g  11, only one (#88) had no measurable X-ray b u r s t  associated with it, and 

t h a t  event was marginal i n  many respects ,  It was ra t ed  importance I f ,  t he  weak- 

e s t  type considered f o r  t h e  catalog,  and occurred very near the  s o l a r  limb, 

where importance r a t i n g s  a re  most d i f f i c u l t  t o  ass ign ,  It was reported by j u s t  

two s t a t ions ,  Lockheed and Ikomasan ( ~ a p a n ) ,  t h e  only observatories  monitoring 

the  sun a t  the  time of f l a r e  maximum, which was 2303 UT on 21 Ju ly  1967. 

Ikomasan i s  a v i s u a l  s t a t i o n  and reported merely t h a t  the  event began before 

2302 and ended a f t e r  2306 UT, although it was observing continuously before and 

a f t e r  these  times. This might ind ica te  t h a t  t h e  f l a r e  was very f a i n t  indeed, 

Therefore, the  r e p o r t s  of t h i s  f l a r e  were not  a s  we l l  v e r i f i e d  a s  one would 

l i k e .  

Furthermore, a t  the  time of the  event, t he  Michigan ion  chamber was i n  i t s  

operat ing mode of low s e n s i t i v i t y ,  so  t h a t  i t  could only de tec t  changes i n  the  

s o l a r  X-ray f l u x  of a t  l e a s t  95 x lo-* erg/cm2sec. Two other  b u r s t s  i n  Cata- 

l o g  I1 had measurable amplitudes l e s s  than t h a t  value. But, even if event #88 

i s  taken t o  be an example of a f l a r e  with no associated s o f t  X-ray enhancement, 



t h i s  study implies t ha t  a t  l e a s t  99% of f l a r e s  of importance 1 or l a rge r  are 

accompanied by s o f t  X-ray burs ts .  The f a i l u r e  of e a r l i e r  invest igators  t o  f ind 

t h i s  r e su l t  i s  undoubtedly due t o  t h e i r  u t i l i z a t i o n  of f l a r e  l i s t s  which include 

spurious reports ,  as  suggested by Teske ( 1969a) . 

be General Time-Profile Propert ies 

Solar microwave burs t s  usually f a l l  i n to  one of two categories,  normally 

called gradual r i s e  and f a l l  (GRF) and impulsive burs t s  ( ~ o v i n g t o n  and Harvey, 

1958). This c l a s s i f i c a t i on  a l so  applies t o  hard X-ray events ( ~ a n e ,  1969), but  

the s i t ua t i on  i s  not so c l ea r  f o r  X-ray burs t s  a t  longer wavelengths. Some 

authors claim tha t  such a d i s t i nc t i on  can be c l ea r ly  made f o r  so f t  X-ray events 

(Chambe and Sain, 1969), some f ind only s l i gh t  evidence f o r  it (Culhane - e t  a 1  7 

1963; Culhane and Phi l l ips ,  1969), while others f e e l  no such d i s t i nc t i on  e x i s t s  

(Drake, 1969)~ The resolut ion of t h i s  problem i s  of great  importance because 

of the  ins igh t  i t  would give i n t o  the  physical charac te r i s t i cs  of t he  so la r  X- 

r ay  emitt ing region. I n  the case of the microwave events, f o r  example, it i s  

generally agreed t ha t  t he  GRF burs ts  are thermal i n  nature, while impulsive 

burs ts  are  due t o  nonthermal processes (e.g., Takakura and Kai, 1961, 1966; 

Holt and Cline, 1968), 

Two semi-related parameters can be used t o  dis t inguish gradual events 

from impulsive ones: the  time between the  s t a r t  and maximum of a burst  A t ,  and 

the mean r a t e  of f l ux  enhancement A E / A ~ .  A t o t a l  of 128 sof t  X-ray burs t s  i n  

Catalog I1 were suf f ic ien t ly  well observed so tha.t these parameters could be 

determined f o r  them. The frequency d i s t r ibu t ions  of events with various values 

of these parameters are depicted i n  Figure 4-2, Neither d i s t r ibu t ion  shows any 





evidence for two distinct burst types, which suggests that all ~(€3~12) events 

can be considered of thermal origin. (The time-development is much too gradual 

on the average to assume that they are all nonthermal,) Yet another attempt to 

identify impulsive bursts in Catalog I1 is shown as Figure 4-3. This plot of 

the soft X-ray amplitude AE versus the rise-time ' ~ t  is essentially the same 

method originally used to distinguish the two types of microwave bursts (~oving- 

ton, 1959). Again, no clear grouping occurs for the X-ray events considered 

here. 

It must be pointed out once more that the list of X-ray bursts used in the 

present study is a very select one, consisting only of those which accompany 

well verified Ha flares, Thus, it is conceivable that the result found here 

does not apply to other soft X-ray bursts. But this does not seem to be the 

case, since it best agrees with Drake's (1969) investigation, the most exten- 

sive yet attempted, which includes over 2000 events observed during the period 

2 July 1966 to 18 September 1968. DeJager (1963b), who first suggested that 

X-ray bursts be divided into "quasi-thermal" and "nonthermal" classes, also felt 

the majority of bursts observed at wavelengths longer than 1 a should fall in 
the former category, Other theoretical investigations led to similar conclusions 

(Kawabata, 1963, 1966a; Kundu, 1964; Culhane and Phillips, 1969) 

A possible explanation for the disagreement on this point among the ob- 

servers mentioned earlier is that a relatively small, impulsive component is 

sometimes superimposed on the larger, more gradual soft X-ray burst (Donnelly, 

1969b). Examples of such composite events have been recorded by the Michigan 

experiment (~igure 4-4), but they are infrequent. If this impulsive component 
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Figure 4-3. Scatter diagram of X-ray burst amplitude ~~(8,12) versus 
rise-time for events of Catalog 11. No evidence appears for distinct 
classes of soft X-ray bursts. 
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Figure 4-4. Time-profile of t h e  s o f t  X-ray burs t  on 11 Apri l  1967. The 
Michigan de tec to r  switched i t s  operating mode from high ( f lux  scale  on 
l e f t  s ide  of ordinate  a x i s )  t o  low s e n s i t i v i t y  ( s c a l e  on r i g h t )  a t  1326 
UT. Note t h e  minor impulsive burs t  a t  about 1321 UT superimposed on t h e  
i n i t i a l  r i s i n g  phase of t h e  major event (#33 i n  Catalog 11). 



becomes s t ronger  r e l a t i v e  t o  the  gradual component a t  shor te r  wavelengths ( a s  

observed by Kane, 1969), one can account f o r  t h e  above, apparently cont radic-  

t o r y  repor ts .  I n  any case, it  i s  c l e a r  t h a t  the  s o f t  X-ray burs t s  of Catalog 

I1 a re  almost exclus ively  thermal i n  charac ter ,  

c. Mean Burst Durations 

It i s  we l l  known t h a t  t h e  t o t a l  durat ions of Ha f l a r e s  depend upon t h e i r  

importance on the  average (e.g., Waldmeier and Bachmann, 1959; H. J. Smith, 

1962). Unfortunately, Catalog I1 i s  not extensive enough t o  permit a s i m i l a r  

s tudy f o r  the  X-ray b u r s t s  associa ted  with these f l a r e s .  Of the  60 b u r s t s  i n  

the  ca ta log  which had observed beginning - and ending times, 52 accompanied i m -  

portance 1 f l a r e s .  For these ,  t h e  median b u r s t  dura t ion  i s  33 minutes, somewhat 

longer than the  median dura t ion  of 24 minutes found f o r  importance 1 Ha f l a r e s  

i n  general  (H. J. Smith, 1962). The t y p i c a l  "importance 1" X-ray b u r s t  i s  

probably of even g rea te r  extent ,  however, because the  above procedure systema- 

t i c a l l y  d iscr iminates  agains t  longer dura t ion  events.  The end-time f o r  such a 

burs t  i s  much l e s s  l i k e l y  t o  be i d e n t i f i e d  s ince  it has more chance of being 

contaminated by other  events o r  l a s t i n g  i n t o  the  unobserved period during 

s a t e l l i t e - n i g h t ,  

Therefore, it i s  sa fe  t o  say t h a t  the  s o f t  X-ray b u r s t s  have a g r e a t e r  

dura t ion  than t h e i r  o p t i c a l  counterparts  on the  average, a r e s u l t  which agrees 

with t h e  observations of o thers  (Acton e t  a l e ,  1963; Lindsay, 1964; Pao l in i  - e t  

a l . ,  1968)~  With regard t o  t h e  burs t  dura t ion  a s  a function of the  associa ted  - 

f l a r e ' s  s i ze ,  we can only s t a t e  t h a t  our subjec t ive  opinion supports Teske's 

(1969a) claim t h a t  t h e  X-rays tend t o  o u t l a s t  t h e  v i s i b l e  event f o r  a l eng th  of 



time which depends upon f l a r e  importance. As an exa.mple, t h e  ~ ( 8 ~ 1 2 )  f l u x  r e -  

mained above i t s  pre-burst  l e v e l  f o r  more than two hours a f t e r  the  reported 

end of the  g rea t  23 May 1967 f l a r e  described e a r l i e r .  This quest ion should 

be reconsidered q u a n t i t a t i v e l y  i n  t h e  f u t u r e  when more extensive da ta  a re  a v a i l -  

able ,  

d. Accuracy of Source Posi t ion  and Burst Amplitude 

Although the  Michigan experiment has no reso lu t ion  of t h e  s o l a r  disk, t h e  

loca t ion  of each X-ray burs t  i n  Catalog I1 can be assigned with confidence t o  

the pos i t ion  of i t s  associa ted  H a  f l a r e ,  This follows, f o r  example, from t h e  

exqu i s i t e  X-ray photographs of the  sun during a I n  f l a r e  ( ~ a i a n a  - e t  -* a 1  J 1968) 

which show not  only t h a t  the  X-ray and H a  f l a r i n g  regions a r e  coincident ,  b u t  

a l s o  t h a t  t h e i r  general  s t r u c t u r e s  a re  remarkably s imi lar .  There i s  some i n -  

d i r e c t  evidence t h a t  an X-ray burs t  which does not  accompany a f l a r e  can occur 

i n  a region devoid of any type of s o l a r  a c t i v i t y  (Zh i tn ik  e t  a l . ,  1966), but  no 

examples e x i s t ,  t o  t h e  author ' s  knowledge, of a f la re-associa ted  X-ray b u r s t  

which was not located a t  the  pos i t ion  of the  o p t i c a l  event. 

It i s  a l s o  necessary t o  defend the  r e l i a b i l i t y  of t h e  burs t  amplitude 

values l i s t e d  i n  Catalog 11. These values were derived on t h e  assumption t h a t  

the  X-ray spectrum mimics t h a t  of a 2 x lo6 K gray body and remains constant  

a t  a l l  times. I n  r e a l i t y ,  t h e  X-ray spectrum during a b u r s t  bears  l i t t l e  r e -  

semblance t o  t h a t  of a gray body (e .g , ,  Neupert -- e t  a l . ,  1969: shown i n  t h i s  

paper a s  Figure 2-4) and the  s p e c t r a l  d i s t r i b u t i o n  va r i e s  r ap id ly  a s  t h e  burs t  

develops ( ~ h u b b  s,, 1960; Pounds and Willmore, 1963; Friedman, 1964; Lind- 

say, 1964; Takao, 1967). 



The analys is  of t h i s  problem discussed i n  Chapter I1 implies t h a t  the  

Michigan r e s u l t s  a re  only s l i g h t l y  af fec ted  by the  poor choice of assumed spec- 

trum, I n  the  worst case, the  r e l a t i v e  e r r o r  of ~ ( 8 ~ 1 2 )  appears t o  be about 

30%. One of t h e  s t ronges t  arguments f o r  t h i s  po in t  of view i s  the exce l l en t  

r e l a t i o n  between the  peak f luxes  of X-ray b u r s t s  a s  measured by the  Michigan 

and Iowa experiments, two de tec to r s  with q u i t e  d i f f e r e n t  s p e c t r a l  responses 

( ~ i g u r e  2-9). Therefore, the  b u r s t  amplitudes of Catalog I1 can be considered 

a s  reasonably v a l i d  a s  f a r  a s  r e l a t i v e  e r r o r  i s  concerned. However, bear  i n  

mind t h a t  the  absolute values of ~ ( 8 , 1 2 )  may be too  l a rge ,  perhaps by a s  much 

a s  a  f a c t o r  of 2  o r  3. But t h i s  w i l l  not v i t i a t e  t h e  q u a l i t a t i v e  aspects  of the  

s tud ies  which follow. 

5 .  TIME-RELATIONS BETWEEN H a  FLARES AND SOFT X-RAY BURSTS 

The timing of X-ray b u r s t s  r e l a t i v e  t o  o ther  s o l a r  events i s  n a t u r a l l y  of 

i n t e r e s t  f o r  the  information it would o f f e r  about the  mechanisms giv ing r i s e  

t o  those events.  But such a  s tudy gains add i t iona l  s igni f icance  because of the  

p o s s i b i l i t y  t h a t  a  s o f t  X-ray enhancement i s  the  very f i r s t  manifestat ion of a  

s o l a r  f l a r e  (Donnelly, 1968b), This p o s s i b i l i t y  i s  of obvious importance t o  a  

f l a r e  early-warning system, f o r  example, i n  f u t u r e  manned space appl ica t ions .  

The t ime-re la t ions  between H a  f l a r e s  and X-ray b u r s t s  have already been examined 

i n  some d e t a i l  i n  Paper I ( ~ e s k e  and Thomas, 1969) using our f i r s t  f l a r e  ca ta-  

log ,  But, because of i t s  importance, t h i s  inves t iga t ion  has been redone here 

with the more extensive l i s t  of events i n  Ca.talog 11. 



a ,  S t a r t i n g  Times 

As i n  the  study f o r  Paper I, the s t a r t i n g  time used f o r  the  H a  event i s  

the  e a r l i e s t  f l a r e  s t a r t - t ime  reported by a cinematographic s t a t i o n ,  i f  one was 

observing, or  the  e a r l i e s t  reported by a photographic s t a t i o n  otherwise. ( 1 n  

general,  t h i s  w i l l  - not be the  time l i s t e d  i n  ~ a b l ' e  4.1.) This procedure i s  

followed s ince  some H a  brightening must have appeared on t h e  f i l m  a t  t h a t  time 

even though it may have been so sub t l e  t h a t  o ther  observers overlooked it, Un- 

for tunate ly ,  poss ib le  clock e r r o r s  a t  the  various f  l a r e - p a t r o l  s t a t i o n s  cannot 

be taken i n t o  account. However, i f  such e r r o r s  e x i s t  i n  s i g n i f i c a n t  degree, 

they would b i a s  the  r e s u l t s  of the  present  s tudy toward e a r l i e r  r e l a t i v e  s t a r t -  

ing  times f o r  t h e  H a  f l a r e s .  

The s t a r t - t ime  of the  X-ray burs t  i s  defined as  t h a t  time when the  E(8,12) 

curve f i r s t  begins t o  r i s e ,  even though the  increase  may not  necessa.rily be 

monotonic a f t e r  t h a t  point .  Since the  f l a r e s  i n  Catalog I1 were c a r e f u l l y  

screened t o  include only i s o l a t e d  events,  any i n i t i a l  f l u c t u a t i o n s  which may 

occur i n  the  X-ray b u r s t  a re  considered t o  be a p a r t  of a  s ing le  comprehensive 

event a s  long as  the  f l u x  always remains above the  pre-burst  l e v e l ,  (This  

po in t  w i l l  be reconsidered l a t e r .  ) 

The b u r s t s  were divided i n t o  groups depending upon whether they s t a r t e d  

when our de tec to r  was i n  i t s  operat ion mode of high or  low s e n s i t i v i t y .  Also, 

b u r s t s  associated with f l a r e s  occurring wi th in  60" he l iocen t r i c  of the  s o l a r  

d i sk  center  were considered separa te ly  from those  associa ted  with f l a r e s  nearer  

the  limb. The l a t t e r  groups w i l l  be r e fe r red  t o  a s  "center" and "limb" events ,  

respect ive ly .  Table 4.5 shows the  r e s u l t s  of t h i s  study, which included a t o t a l  



of 173 events*  The average d i f f e r e n c e s  between s ta , r t - t imes  a r e  given i n  minutes, 

and negat ive va lues  mean t h a t  t h e  s o f t  X-ray b u r s t  s t a r t s  f i r s t ,  The numbers 

i n  parentheses  i n d i c a t e  how many events  were considered i n  each average,  Also 

l i s t e d  i s  a  "confidence" parameter P ( c a l c u l a t e d  by s t u d e n t ' s  t - t e s t ) ,  which 

shows t h e  s ign i f i cance  of t he  observed d i f f e rence  between two sample means, 

More p rec i se ly ,  1 .0  minus P g ives  t h e  p r o b a b i l i t y  t h a t  a  d i f f e r e n c e  between two 

averages a s  l a r g e  o r  l a r g e r  than  t h e  one observed could have r e s u l t e d  by  t h e  

random s e l e c t i o n  of va lues  from two i d e n t i c a l  sample populat ions.  

TABLE 4.5 

MEAN DIFFERENCES BETWEEN H a  AND SOFT X-RAY 
STARTING TIMES 

( ~ l l  time d i f f e r e n c e s  a r e  i n  minutes) 

Center Limb P 

Low s e n s i t i v i t y  + 0 . 2 ( 8 8 )  + 0 , 1 ( 3 9 )  8% 
H i ~ h  s e n s i t i v i t y  -3.4 (33) -4.8 (13 )  57$ 

One can see  t h a t  t h e r e  i s  probably no center- to- l imb e f f e c t ,  a t  l e a s t  no t  

i n  t h e  way these  d a t a  have been d iv ided ,  On t h e  o the r  hand, t h e  r e s u l t s  do 

show a  marked dependence on t h e  s e n s i t i v i t y  of t he  d e t e c t o r .  With t h e  i n s t r u -  

ment i n  i t s  low s e n s i t i v i t y  mode, no advance warning whatsoever of t h e  Ha f l a r e  

i s  gained from t h e  s o f t  X-ray observat ions.  Only t h e  high s e n s i t i v i t y  r e s u l t s  

show t h a t  t he  X-ray b u r s t  does indeed begin on t h e  average s i g n i f i c a n t l y  before  

t h e  repor ted  s t a r t  of t h e  f l a r e .  This f i n d i n g  sugges ts  t h a t  t h e  i n j t i a l  r i s e  

of t h e  "average" s o f t  X-ray b u r s t  i s  very  gradual  and of small  amplitude f o r  



t he  f i r s t  few minutes. (This  prel iminary phase i s  ca l l ed  the  X-ray burs t  pre- 

cursor and w i l l  be discussed i n  more d e t a i l  below.) Then the  coincidence of 

s t a r t - t imes  when the  low s e n s i t i v i t y  X-ray d a t a  a r e  used implies t h a t  t h e r e  i s  

a  s tronger r i s e  i n  f l u x  a t  the  i n s t a n t  the  H a  f l a r e  begins. Both of these  

f e a t u r e s  a r e  often c l e a r l y  seen i n  t h e  t ime-prof i les  of individual  events .  As 

an example, the  b u r s t  on 17 Ju i~e  1967 which accompanied a  I n  f l a r e  (#76) i s  

shown i n  Figure 4-5. 

Although the  s o f t  X-ray b u r s t  seems t o  begin e a r l y  on the  average r e l a t i v e  

t o  the  Ha f l a r e ,  t h e r e  i s  a wide v a r i a t i o n  i n  t h e  individual  values. The range 

found i n  t h i s  study extends from X-rays s t a r t i n g  e a r l y  by 28 minutes t o  X-rays 

s t a r t i n g  l a t e  by 1 2  minutes; and even when the  de tec to r  i s  i n  i t s  high sens i -  

t i v i t y  mode of operat ion,  about 30$ of the  X-ray b u r s t s  begin a f t e r  t h e  reported 

s t a r t - t i m e  of t h e i r  associated f l a r e s .  This g r e a t  d ispers ion  of values i s  un- 

doubtedly responsib le  f o r  the  c o n f l i c t i n g  r e s u l t s  of timing s tud ies  which a r e  

based on only a  few individual  cases ( c f .  Landini e t  a l . ,  1965; Fa lc ian i  - e t  -a a 1  7 

1968). 

b. The X-Ray Precursor 

Counterparts t o  the  precursor component described above have a l s o  been 

reported f o r  1-1.5 1 ( ~ u d s o n  e t  a l e ,  1969a) and 3-4 1 b u r s t s  ( ~ u l h a n e  and 

P h i l l i p s ,  1969). The poss ib le  existence of such a  "pre-burst" phase i s  of 

i n t e r e s t  not only f o r  the  flare-warning system mentioned e a r l i e r ,  but a l s o  f o r  

the  information it would give concerning the  physical  mechanism which i n i t i a t e s  

the  e n t i r e  f l a r e  phenomenon. Unfortunately, the  ana lys i s  leading t o  i t s  "dis- 



Figure 4-5. Time-profile of the  s o f t  X-ray burs t  on 17 June 1967 
(Catalog #76). Note scale  change a t  2125 UT. The i n i t i a l ,  very 
gradual r i s e  i n  f lux begins a t  2106. A sharp increase i n  the  r a t e  
of r i s e  occurs a t  2120, exactly coincident with t he  reported s t a r t  
of the  H a  f l a r e .  A schematic representation of the  f l a r e ' s  i n t ens i t y  
development i s  a l so  shown. 



covery" contains two known sources of systematic e r r o r ,  a t  l e a s t  i n  the case 

of 8-12 1 r ad ia t ion .  

The f i r s t  involves t h e  i d e n t i f i c a t i o n  of the  H a  f l a r e ' s  s t a r t ,  which was 

taken t o  be t h e  e a r l i e s t  time reported by a cinematographic or  photographic 

s t a t i o n  i n  the  present  study. Cinematography o f f e r s  the  b e t t e r  t ime-resolut ion,  

but  even so, f i l t rohel iograms a r e  normally made only once each 30 seconds. 

Furthermore, the  observed f l a r e  s t a r t  i s  given a s  the  time of the  f i r s t  frame 

on which a v i s u a l l y  de tec table  brightening appears, This combination of prac- 

t i c e s  r e s u l t s  i n  reported s t a r t - t imes  which a r e  cons i s t en t ly  l a t e r  than the  

"true" beginning of the  event. I n  f a c t ,  photographic photometry ind ica tes  t h a t  

the  r ap id - r i se  phase of an H a  f l a r e  may begin up t o  1 t o  1-112 minutes on the  

average before it i s  defined from a v i s u a l  inspect ion  of t h e  f i l m  (Angle, 1968). 

The second source of systematic e r r o r  i s  the  existence of ~ ( 8 , 1 2 )  enhance- 

ments which a r e  not  r e l a t e d  t o  any reported o p t i c a l  events (Teske, 1967). 

These f l u c t u a t i o n s  may be due t o  subf la res  which a r e  usual ly  not reported by 

European observatories  a s  a  matter  of course ( ~ e s k e ,  1969a); t o  f l a r e s  which 

occur j u s t  beyond the  limb ( ~ e s k e ,  1969b); or  t o  s t i l l  o the r  sources. But 

whatever the  cause of these  f l u x  va r i a t ions ,  t h e  Michigan d e t e c t o r ' s  l ack  of 

s p a t i a l  r e so lu t ion  makes i t  impossible t o  d i s t ingu i sh  them from physical ly-  

connected components of f l a r e  associated b u r s t s  i f  t he  two should occur .simul- 

taneously. Although g rea t  care  was taken t o  assure t h a t  the  f l a r e s  of Catalog 

I1 did  not occur c lose  i n  time t o  any other reported event,  t h e i r  X-ray b u r s t s  

may s t i l l  be contaminated by these  background f l u c t u a t i o n s ,  Thus, i f  a  burs t  

begins while such a f l u x  enhancement i s  i n  progress, the  s t a r t  of the  burs t  w i l l  

be assigned mistakenly t o  the  e a r l i e r  s t a r t  of the  background f luc tua t ion ,  



In  order t o  est imate the  influence of t h i s  systematic e r r o r  on the  mean 

s t a r t - t ime  r e l a t i o n  found i n  the  previous sec t ion ,  the  frequency and dura t ions  

of such background f luc tua t ions  were inves t iga ted  f o r  the  period of 1 0  March 

1967 t o  18 Apri l  1967. Since the  ~ ( 8 , 1 2 )  burs t  precursor normally appears jus t  

i n  da ta  obtained by t h e  d e t e c t o r ' s  high sens i t iv i ' t y  mode of operat ion ( s e c t i o n  

IV-5a), only these  da ta  were examined i n  d e t a i l ,  so t h a t  the  t o t q l  measured 

time came t o  7371 minutes ( c a l l e d  C h e r e a f t e r ) ,  By determining the  f r a c t i o n  

of t h e  t e s t  i n t e r v a l  C affected by background f luc tua t ions ,  one can c a l c u l a t e  

the  amount of the  average ea r ly  r i s e  given i n  Table 4.5 which i s  due t o  t h i s  

e f f e c t .  

I f  ~ ( d )  i s  defined a s  the  number of such f luc tua t ions  with dura t ion  d  oc- 

cu r r ing  i n  t h e  t e s t  i n t e r v a l ,  the  f r a c t i o n  of t h i s  i n t e r v a l  i n  which b u r s t  

s t a r t i n g  times would be mis ident i f ied  by t o r  more minutes i s  given by: 

03 

~ ( t )  = C ( d  - t ) . ~ ( d ) / c  ( 4 J )  
d = t  

( o n l y  i n t e g r a l  values of d and t a r e  considered f o r  t h i s  s tudy.)  The f r a c t i o n  

of the  i n t e r v a l  i n  which s t a r t i n g  times would be assigned too  e a r l y  by exac t ly  

t minutes i s  then: 

Final ly ,  the  e f f e c t  of background f l u c t u a t i o n s  accounts f o r  y  minutes i n  the  

average e a r l y  r i se- t ime of burs t s  occurring a t  random during the  t e s t  i n t e r v a l ,  

where y i s  given by: 



The frequency d i s t r i b u t i o n  of ~ ( d )  f o r  the  time i n t e r v a l  s tudied here i s  

shown i n  Figure 4-6, and r e s u l t s  i n  a value of y = 1.2  minutes, Since the  in -  

t e r v a l  1 0  March 1967 t o  18 Apri l  1967 does not appear a typ ica l ,  i t  seems rea-  

sonable t o  assume t h a t  t h i s  value can be applied t o  the  r e l a t i v e  s t a r t - t ime  re-  

la . t ions found f o r  a l l  Catalog I1 events.  Thus, &king 1 .2  minutes f o r  the  e r r o r  

caused by s o f t  X-ray f l u c t u a t i o n s  and 1,5 minutes f o r  the  e r r o r  due t o  the  

method of def in ing H a  f l a r e  s t a r t - t imes ,  we f i n d  t h a t  an ~ ( 8 , 1 2 )  b u r s t  begins 

j u s t  1.1 minutes before i t s  associated f l a r e ,  on t h e  average, i f  cen te r  and 

limb events  a r e  considered together .  

The above ana lys i s  of the  background f l u c t u a t i o n s '  e f f e c t  assumes t h a t  

they a r e  not  physica l ly  r e l a t e d  t o  t h e  f l a r e  event i t s e l f .  Culhane (personal  

communication) po in t s  out  another p o s s i b i l i t y :  namely, t h a t  they a r e  mani- 

f e s t a t i o n s  of a f l a r e  t r i g g e r i n g  mechanism which i s  not  always successful .  By 

t h i s  i n t e r p r e t a t i o n ,  a l l  observed precursors a r e  v a l i d  components of the  t o t a l  

bur s t ,  and the  average e a r l y  r i s e  of ~ ( 8 , 1 2 )  r e l a t i v e  t o  t h e  Ha f l a r e  thus be- 

comes 2.3 minutes. The hypothesis a l s o  implies t h a t  two presumably independent 

condit ions must obta in  simultaneously i n  order f o r  the  t o t a l  f l a r e  phenomenon 

t o  be i n i t i a t e d ;  f i r s t ,  t he  existence of the  t r i g g e r i n g  agent (which always 

gives r i s e  t o  a s o f t  X-ray enhancement), and secondly, perhaps some metastable, 

high energy configurat ion of the  p o t e n t i a l  f l a r e  source. Thus, i f  t h i s  sugges- 

t i o n  i s  co r rec t ,  a c a r e f u l  examination of plage regions during f lare-producing 

and nonflare-producing precursors might i n d i c a t e  the  a.ctive cen te r  configurat ion 

necessary f o r  a f l a r e  event t o  occur. Such a study obviously mer i t s  f u t u r e  

considerat ion.  



NUMBER OF FLUCTUATIONS 

2 0  30 
DURATION (Minutes) 

Figure 4-6. Frequency d i s t r ibu t ion  of ~(8~12) background f luctuat ions  a s  a  function of duration. Such 
f luctuat ions  a re  so f t  X-ray enhancements which do not accompany any reported op t ica l  a c t i v i t y  on t he  sun. 
This dis t r ibu t ion  r e f e r s  t o  the  7371 minutes of h igh-sensi t iv i ty  data recorded by t he  Michigan detector 
between 1 0  March 1967 and 18 April  1967. 



In  any case, the  present  study shows t h a t  the  p re - f l a re  warning provided 

by 8-12 1 X-rays i s  much shor te r  than previously bel ieved,  and t h a t  it e x i s t s  

only i n  a s t a t i s t i c a l  sense even i f  high s e n s i t i v i t y  da ta  a re  used. Further-  

more, the  r e l a t i v e l y  frequent  background f luc tua t ions  c lose ly  mimic the  i n i t i a l  

"ear ly- r i se"  phase of f l a re -assoc ia ted  burs ts .  s o f t  X-ray monitor the re fo re  

appears somewhat l e s s  a t t r a c t i v e  a s  a f la re-a larm device than f i r s t  ind ica t ions  

implied. But it i s  probably s t i l l  the  bes t  technique ava i l ab le  f o r  a t  l e a s t  

th ree  reasons ( ~ r i e d m a n ,  1964; Pounds, 1965a; Donnelly, 1968b) : 

( a )  the  s o f t  X-ray enhancement i s  indeed one of the  f i r s t  known manifes- 

t a t i o n s  of the  f l a r e  phenomenon on the average, 

( b )  s o f t  X-ray b u r s t s  exh ib i t  l a rge  percentage increases  over the  base- 

l e v e l  f l u x  of t h e  t o t a l  s o l a r  disk,  thus  permi t t ing  a simple p a t r o l  

of the  e n t i r e  v i s i b l e  hemisphere, and 

( c )  a s o l a r  X-ray monitor i s  capable of very h ight ime reso lu t ion .  

An add i t iona l  advantage i s  the  f a c t  t h a t  such r e l a t i v e l y  inexpensive X-ray 

monitors can be ca r r i ed  aboard po la r -o rb i t ing  s a t e l l i t e s ,  which would then allow 

completely continuous, "all-weather" coverage of s o l a r  a c t i v i t y  by a s i n g l e  

instrument, a t r u l y  noteworthy goal ,  

c.  Maximum and Ending Times 

The t ime-re la t ions  f o r  the  maximum and ending phases of the  events  i n  

Catalog I1 have a l s o  been determined i n  a manner s imi la r  t o  t h a t  described i n  

Section IV-?a9 The r e s u l t s  a re  shown i n  Table 4.6, where the  terms "center" 

and "limb" and the  confidence parameter P a re  defined as before,  Here, t h e  

p o s i t i v e  values mean t h a t  the re levant  X-ray burs t  times a l l  occurred a f t e r  



t h e i r  counterparts  i n  the  average Ha f l a r e ' s  i n t e n s i t y  p r o f i l e .  N o  separa t ion  

i n t o  s e n s i t i v i t y  ranges was considered f o r  the  timings a t  maximum s ince  these  

b u r s t s  almost inva r i ab ly  caused the  detec tor  t o  switch i n t o  i t s  low s e n s i t i v i t y  

mode a t  t h e i r  peak. Some events  remained a t  t h e i r  peak f l u x  f o r  seve ra l  minutes, 

and i n  these  cases the  time of maximum used was dne minute a f t e r  t h e  f l u x  f i r s t  

reached t h i s  value,  Thus, t h e  d i f ference  of about 3 minutes between the  times 

of H a  and X-ray maximum might a c t u a l l y  be a  s l i g h t  underestimate of t h e  t r u e  

delay. It appears t o  be q u i t e  r a r e  f o r  the  X-ray b u r s t  maximum t o  precede t h e  

peak i n t e n s i t y  of the  H a  f l a r e ;  t h i s  occurred i n  only 5% of t h e  events  s tudied 

here. 

TABLE 4.6 

MEAN DIFFERENCES BETWEEN Ha AND SOFT X-RAY 
MAXIMUM AND ENDING TIMES 

( ~ l l  time d i f fe rences  a re  i n  minutes) 

Center Limb P 

Times of Maximum + 3.6 ( 160) +2.3 (71) 96% 
Times of End +13.9 ( 7 5 )  + 9 . 6 ( 3 1 )  80% 

The f a c t  t h a t  the  X-ray b u r s t  c l e a r l y  reaches i t s  maximum wel l  a f t e r  the  

Ha i n t e n s i t y  peak may necess i t a t e  t h e  reevaluat ion  of some ionospheric parameters 

derived from SID s tudies .  Mitra (1965) po in t s  out  t h a t  such s tud ies  normally 

assume t h a t  the  ion iz ing  r a d i a t i o n  ( p r i n c i p a l l y  X-rays below 20 1) follows the  

same time curve as  the  Ha f l a r e ' s  i n t e n s i t y ,  and i n  p a r t i c u l a r  t h a t  t h e i r  times 

of maximum are  i d e n t i c a l .  The present  r e s u l t s  show t h a t  t h i s  assumption i s  i n -  

co r rec t .  



The ending time f o r  an X-ray b u r s t  i s  o f t en  d i f f i c u l t  t o  i d e n t i f y  c o r r e c t l y ,  

and the  d i f f i c u l t y  may be even g rea te r  i n  the  case of the  H a  f l a r e  ( ~ o d s o n  and 

Hedeman, 1964) , Thus, the  t ime-re la t ion  given i n  Table 4.6 f o r  the  event ' s 

end must be t r e a t e d  as  j u s t  an approximation. Even so, the  r e s u l t  found here,  

t h a t  the  X-ray burs t  o u t l a s t s  the  f l a r e  by roughiy 10 minutes on the  average, 

agrees n ice ly  with the  event dura t ion  study of the  previous sec t ion  where a 

d i f f e r e n t  s e t  of events was used f o r  the  inves t iga t ion .  The s c a t t e r  among t h e  

individual  values i s  very large ,  however, ranging from t h e  X-rays ending e a r l y  

by 38 minutes t o  the  X-rays ending l a t e  by 58 minutes, 

Because of the  uncer t a in t i e s  j u s t  described, the  center-to-limb di f ference  

f o r  the  r e l a t i v e  ending times i n  Table 4.6 cannot be considered a s  d e f i n i t e l y  

es tabl i shed,  On the  o ther  hand, the  d i f ference  between r e l a t i v e  times of maxi- 

mum f o r  f l a r e s  a t  the  cen te r  and near  the  limb, although small, does appear t o  

be s i g n i f i c a n t .  I f  t h i s  e f f e c t  i s  r e a l ,  it may imply a v a r i a t i o n  of the  o p t i c a l  

f l a r e ' s  c h a r a c t e r i s t i c s  with height,  s ince  only the  higher l e v e l s  of the f l a r e  

a re  v i s i b l e  when it i s  near  the  limb. No center-to-limb change i s  expected f o r  

the  s o f t  X-ray b u r s t  i t s e l f  because the  s o l a r  atmosphere i s  o p t i c a l l y  t h i n  t o  

X-radiation ( ~ l l e n ,  1969). Of course, the  l a t t e r  argument assumes t h a t  t h e  

X-ray emit t ing  region r a d i a t e s  i s o t r o p i c a l l y ,  but  t h i s  i s  c e r t a i n l y  a reasonable 

assumption f o r  a  thermal source ( s e e  Section IV-4b). 

A word of caution must be given: the  s igni f icance  of the  center- to-l imb 

e f f e c t  f o r  maximum times and f o r  s t a r t i n g  times found i n  the  present  study a r e  

exact ly  opposite t o  the  conclusions drawn i n  Paper I, although da ta  from t h e  

same experiment were used f o r  both, Since t h e  events considered here a re  some- 



what l e s s  b iased  ( s e e  Sec t ion  IV-1) and a r e  about t h ree  t imes a s  numerous a s  

t hose  i n  t h e  previous study, t h e  p re sen t  r e s u l t s  a r e  probably more r e l i a b l e ,  

But t h i s  discrepancy does serve  t o  p o i n t  out  t h a t  t h e  s ign i f i cance  of cen te r -  

to- l imb v a r i a t i o n s  i n  t h e s e  r e l a t i v e  t imings cannot be determined conc lus ive ly  

I 

u n t i l  more ex tens ive  da t a  a r e  ava i l ab l e .  

6. COMPARISON OF SOFT X-RAY BURST AMPLITUDES WITH OTHER PHENOMENA 

The X-ray b u r s t s  l i s t e d  i n  Cata log  I1 d i s p l a y  a wide range of ~ ( 8 , 1 2 )  

amplitudes,  spanning more than  t h r e e  orders  of magnitude from t h e  s m a l l e s t  

measured, 0.0005 erg/cm2 sec  (#29), t o  t h e  l a r g e s t  i n f e r r e d ,  0.806 erg/cm2 s e e  

( 5 ) .  (See Sec t ion  IV-2 f o r  t h e  method used t o  e s t ima te  t h e  ampli tudes of 

b u r s t s  which s a t u r a t e d  t h e  Michigan de t ec to r . )  The i n v e s t i g a t i o n s  d iscussed  i n  

t h i s  s e c t i o n  were c a r r i e d  out i n  o rde r  t o  f i nd  some parameters  a c c e s s i b l e  t o  

ground-based observers  which c o r r e l a t e  w i th  t h e  amplitude of s o f t  X-ray b u r s t s .  

Such a s tudy could be used t o  h e l p  i d e n t i f y  those  phys i ca l  cond i t i ons  which a r e  

important i n  i n f luenc ing  t h e  product ion of s o f t  X-radia t ion  during a s o l a r  

f l a r e .  A l t e rna t ive ly ,  it might form t h e  b a s i s  f o r  a pu re ly  empi r i ca l  p r e d i c t i o n  

of a s o f t  X-ray b u r s t ' s  amplitude from ground-based observa t ions  ( i n  a d d i t i o n  

t o  SID measurements, of cou r se ) ,  

a ,  H a  F l a r e  Importance 

One obvious parameter t o  cons ider  i n  t h i s  connection i s  t h e  importance of 

t h e  a s soc i a t ed  Ha f l a r e .  The r e s u l t s  of previous s t u d i e s  regard ing  t h i s  p o i n t  

a r e  q u i t e  con t r ad ic to ry ,  Some i n v e s t i g a t o r s  r e p o r t  t h a t  t h e r e  i s  a d e f i n i t e  

r e l a t i o n s h i p  between X-ray b u r s t  amplitude and Ha f l a r e  importance (Dodson e t  a l . ,  



1956; Warwick and Wood, 1959 ( b o t h  by means of SIB data)  ; Paoldni e t  a l e ,  

1968; Teske, 1969a), some bel ieve  t h a t  the  r e l a t i o n ,  i f  any, i s  e i t h e r  weak or  

va r i ab le  (Culhane e t  a l . ,  1968; Culhane and P h i l l i p s ,  1969; Hudson - e t  a1  7 

1969a), while o thers  claim t h a t  no such r e l a t i o n s h i p  e x i s t s  (Conner e t  a l . ,  

1964; Friedman, 1964; Kreplin and Gregory, 1 9 6 5 ) ~ '  

The present  study implies t h a t  s o f t  X-ray burs t  amplitudes a r e  indeed r e -  

l a t e d  t o  the  importance of t h e  associa ted  f l a r e ,  but  only i n  a s t a t i s t i c a l  

- 
manner. This was found by c a l c u l a t i n g  the  mean amplitude AE f o r  a l l  ~ ( 8 , 1 2 )  

b u r s t s  i n  Catalog I1 which occurred during f l a r e s  of a given importance. Table 

4.7 g ives  the  r e s u l t s  f o r  a l l  importance c l a s s e s  i n  t h e  ca ta log ,  along wi th  t h e  

probable e r r o r  ( p e e . )  of each mean, the  number of events ( N )  used t o  f i n d  t h e  

mean, and the  minimum and maximum b u r s t  amplitudes i n  t h e  ca ta log  f o r  each f l a r e  

importance. 

TABLE 4.7 

MEAN E( 8,12) AMPLITUDES FOR FLARE-ASSOCIATED BURSTS 

( ~ l l  f l u x  values a re  i n  erg/cm2sec) 

Flare  - Minimum Maximum 
AE p. e.  N 

Importance AE A E 



The t a b l e  c l e a r l y  shows t h a t  the  average amplitude i s  d i r e c t l y  r e l a t e d  not 

only t o  the  f l a r e ' s  area. but  a l s o  t o  i t s  br ightness .  The mean b u r s t  amplitude 

becomes l a r g e r  with an increase i n  e i t h e r  of these f ac to r s .  One rea'son t h a t  some 

of the  e a r l i e r  inves t iga to r s  d id  not a r r i v e  a t  a s imi la r  conclusion i s  undoubtedly 

due t o  t h e i r  use of unverif ied f l a r e  l i s t s ,  But Table 4.7 suggests  an even more 

important source of confusion: the  very l a rge  range of individual  va lues  within 

a given f l a r e  c l a s s .  For example, observed amplitudes vary by more than two 

orders of magnitude i n  the  case of b u r s t s  associa ted  with In f l a r e s .  Thus, the  

r e l a t i o n s h i p  which does e x i s t  can be revealed only by a s t a t i s t i c a l  ana lys i s  

of a l a r g e  number of events,  a s  i n  the  present  study. 

I n  order t o  present  the  r e l a t i o n s h i p  i n  a q u a n t i t a t i v e  form, a crude e s t i -  

mate of the  peak enhancement i n  the  H a  emission-rate was obtained by means of 

the  average f l a r e  area  and maximum H a  i n t e n s i t y  appropriate f o r  each f l a r e  

importance. ~ecau ' se  of d i f f i c u l t i e s  caused by the  wel l  known limb-darkening 

e f f e c t ,  only H a  values f o r  the  cen te r  of the  s o l a r  d isk  were considered. These 

were taken from the  photometric s tudy of s o l a r  f l a r e s  made by Dodson -- e t  a l ,  

(1956), and converted i n t o  f l u x  u n i t s  by the  procedure derived i n  t h e  Appendix 

of t h e  present  paper, The mean f l u x  amplitudes f o r  both the  H a  and s o f t  X-ray 

events were then used t o  f ind  the  emission-rate enhancements a t  the  sun, 

- 
AS(HCX) and S( 8,12), which a re  l i s t e d  i n  Table 4.8. These e n t r i e s  a r e  tabula ted  

- 
i n  order  of increas ing A S ( H ~ )  and include values f o r  subf lares  which were measured 

during the  cons t ruct ion  of an e a r l i e r  catalog.  The l a t t e r  n a t u r a l l y  should not 

be given as  much weight as  those derived from Catalog I1 f l a r e s ,  bu t  a r e  included 

t o  point  out t h a t  the  r e l a t i o n  found here may a l s o  extend t o  sma,ller events .  



TABLE 4.8 

MEAN EMISSION-RATE ENHANCEMENTS FOR H a  AND SOFT X-RAY EVENTS 

( Emission-rates  i n  e r g l s e c )  

- F l a r e  
AS(HU) AS( 8,l.Z) Importance 

The va lues  derived i n  t h i s  s tudy agree  f a i r l y  w e l l  w i t h  r e s u l t s  found by  

o ther  i n v e s t i g a t o r s .  Vaiana and Zehnpfennig (1969) es t imate  t h a t  t h e  peak 

- 3.5 - 1 4  f l u x  during a I n  f l a r e  was about 5 x erg /sec ,  b u t  t h e y  no te  

t h a t  t h i s  was r e a l l y  a  r a t h e r  small  event .  For t h e  o p t i c a l  f l a r e ,  s e v e r a l  ob- 

s e r v e r s  r e p o r t  a  peak H a  emission r a t e  about erg/sec bo th  wi th  events  of 

-t + 
importance 2  ( ~ e v e r n ~ ,  1952; B i l l i n g s  and Roberts,  1953) and importance 3 

( Teske, 1962; E l l i son ,  1963a). 

The r e l a t i o n  between r a t e s  of s o f t  X-ray and H a  emission i s  even more 

c l e a r l y  seen i n  Figure 4-7 which shows a  graph of t he  Table 4.8 va lues ,  w i t h  a 

s t r a i g h t  l i n e  i n d i c a t i n g  t h e  b e s t  l i n e a r  f i t  t o  t h e  p l o t t e d  po in t s ,  Obviously, 

t h e r e  i s  an e x c e l l e n t  s t a t i s t i c a l  r e l a t i o n s h i p  between H a  and s o f t  X-ray en- 

hancements which i s  w e l l  represented  by a d i r e c t  p ropor t iona l i t y .  Thus, t h e  

p re sen t  s tudy  impl ies  t h a t  t he  fo l lowing  express ion  holds on t h e  average: 



=(8,12) erg /sec 
I 

1 02= 

to2= 
28 

~ I H D  I erg/sec 
- - 

Figure 4-7. Relation between AS (8,12) and estimated AS ( ~ a )  f o r  various f l a r e  importance c lasses .  Points  
a r e  p lo t t ed  fo r  f a i n t  ( o ) ,  normal (e ) ,  and br igh t  (x )  f l a r e s .  The e r ro r  bars  f o r  the  mean X-ray values 
r e f e r  t o  the  probable e r ro r s  derived from Table 4.7. Those f o r  the  estimated H a  values r e s u l t  from an 
assumed uncer ta inty  of k0.1 i n  the  f l a r e ' s  i n t ens i t y  r e l a t i v e  t o  the  center of the  undisturbed so l a r  d isk  
(see the ~ppend ix ) .  No e r ro r  can be assigned t o  %(8,12) associated with 2f,  Jn, or 3b f l a r e s  since the re  
i s  only one example of each type of these  burs t s .  The s t r a i g h t  l i n e  ind ica tes  t he  bes t  f i t  by a l i nea r  
re la t ionsh ip  (i. e . , uni ty  slope) . 



I t  should be noted, however, t h a t  the  r e l a t i o n s h i p  found here app l i e s  t o  emission 

r a t e s  a t  the  maximum of the  Ha f l a r e  and X-ray burs t .  As shown i n  Sect ion  IV-Sc, 

these maxima occur a t  d i f f e r e n t  times i n  general ,  

To ob ta in  the  r e l a t i o n  given i n  ( 4 . 4 ) )  the  s o f t  X-radiat ion was assumed t o  

be i s o t r o p i c  i n t o  471 s t e rad ians  because of the  thermal nature of 8-12 1 emission 

( s e e  Section IV-4b). Since the  s o l a r  atmosphere i s  o p t i c a l l y  t h i n  a t  such wave- 

lengths ( ~ l l e n ,  1969)) any poss ib le  e f f e c t s  of X-ray photon s c a t t e r i n g  were ne- 

glected.  On t h e  other  hand, semi-isotropic r a d i a t i o n  i n t o  271 s t e rad ians  was 

assumed f o r  t h e  Ha emission, following Pot tasch ' s  (1965) b e l i e f  t h a t  a l l  

resonance-line photons crea ted  by c o l l i s i o n a l  exc i t a t ions  u l t imate ly  escape from 

the s o l a r  surface.  ( s e e ,  however, the  d iscuss ion by Athay, 1966.) Uncer ta in t ies  

caused by these  assumptions a l s o  apply t o  the  constant  of p ropor t iona l i ty  i n  

expression (4.4),  of course, but  the  value of t h i s  constant  i s  unre l i ab le  f o r  

an even more fundamental reason. Namely, the  Ha f l u x  i s  s t rong ly  overestimated ' 

by using the  maximum i n t e n s i t y  of the  f l a r e ' s  b r i g h t e s t  point ,  a s  i n  the  above 

method, r a t h e r  than some mean i n t e n s i t y  averaged over the  e n t i r e  f l a r i n g  region,  

Isophotometry of th ree  f l a r e s  ( t o  be described i n  Chapter V)  indrfcates t h a t  the 

co r rec t  method leads  t o  Ha f l u x  values which a re  lower by a  f a c t o r  of 5 ,  

However, t h i s  d i f f i c u l t y  i s  not c r i t i c a l  f o r  the  present  study s ince  t h e  

important r e s u l t  here i s  the  existence of a  p ropor t iona l i ty  between mean s o f t  

X-ray and Ha enhanced emissions, r a t h e r  than the  exact  value of the  propor- 

t i o n a l i t y  constant  involved. Because the  f l a r e  importance does have such a  ma- 

jor s t a t i s t i c a l  influence on the  amplitude of the  associated X-ray burs t ,  t h e  

remainder of t h i s  chapter  (un less  otherwise noted) w i l l  only consider b u r s t s  



which accompany I n  f l a r e s ,  the  most numerous importance c l a s s  i n  Catalog 11, 

The amplitudes of these b u r s t s  w i l l  be r e fe r red  t o  by the  symbol AE (8,12) I n  

and the burs t s  themselves w i l l  be c a l l e d  "ln" X-ray burs t s .  

b e  Time of Occurrence I 

As mentioned i n  Section IV-3 ,  t he re  i s  some evidence t h a t  European obser- 

va to r i e s  a s  a whole tend t o  rank f l a r e s  on a s l i g h t l y  higher importance s c a l e  

than do observatories  i n  o ther  p a r t s  of the  world (Dodson and Hedeman, 1960; 

C .  S. Warwick, 1965). To inves t iga te  t h i s  quest ion using the  X-ray da ta  of 

Catalog 11, the  mean ~ ( 8 , 1 2 )  amplitudes were determined f o r  a l l  "ln" b u r s t s  

whose maxima occurred during "~uropean , "  "American," and "Asian" observing hours: 

defined here a s  0600-1359, 1400-2259, and 2300-0559 UT, respect ive ly .  Table 

4.9 shows t h a t  "ln" b u r s t s  do have lower average amplitudes when associa ted  with 

reported f l a r e s  t h a t  can be a t t r i b u t e d  roughly t o  European observers. This i s  

exact ly  the  r e s u l t  expected i f  these observers did indeed r a t e  f l a r e s  a s  impor- 

tance I n  which would have been assigned somewhat lower rankings elsewhere. This 

i s  not meant t o  imply i n  any way, of course, t h a t  t h e  r e p o r t s  from some f l a r e -  

p a t r o l  s t a t i o n s  a r e  c o r r e c t  while o thers  a r e  not ,  Rather, it merely i n d i c a t e s  

t h a t  world-wide r a t i n g s  of s o l a r  f l a r e  importances a re  not made on a uniform 

b a s i s  a t  the  present  time, This f a c t  undoubtedly accounts f o r  a p a r t  of t h e  

burs t  amplitude v a r i a t i o n s  described e a r l i e r ,  and po in t s  out  again the  advantage 

of studying f l a r e  c h a r a c t e r i s t i c s  by means of s t a t i s t i c a l  inves t iga t ions  of a 

l a r g e  number of events,  which tend t o  average out such e f f e c t s ,  



TABLE 4,9 

MEAN E (8,12) AMPLITUDE VERSUS UNIVERSAL TIME 
I n  

- 
Time of 

Observers 
A E ~ , (  8,12) 

Maximum (UT) erg/cm2sec 

2300 - 0559 " ~ s i a n "  .0238 I+ .0034 p.e. 
0600 - 1359 "~uropean" .0147 .0008 
1400 - 2259 "American" .0211 5 - .0040 

c ,  Location on the Disk 

The average amplitude of "ln" X-ray burs t s  was a l s o  considered as a  func- 

t i o n  of the  posi t ion of the  burs t  on the  so la r  disk, This was done i n  two ways: 

( a )  by dividing the  sun i n t o  i t s  various hemispheres and quadrants, and ( b )  by 

comparing limb burs t s  with those t ha t  occurred nearer the center of the disk. 

As i n  the re la t ive- t iming investigations described i n  Section IV-?a, events tha.t 

occurred within 60" hel iocentr ic  of the so la r  disk center are  cal led "center" 

burs ts  while those beyond 60" are  "limb" bursts .  Table 4,10 gives the r e s u l t s  

of these s tudies  and shows t h a t  there are  no strong s t a t i s t i c a l  differences 

among the categories tes ted.  The same r e s u l t  has been reported f o r  s imilar  

s tudies  using data from the  e f f ec t s  of Sudden Ionospheric Disturbances (Gio- 

vane l l i ,  1938; C .  S. Warwick, 1963; Reid, 1969) 



TABLE 4.10 

MAN E (8 ,12)  AMPLITUDE VERSUS LOCATION ON THE DISK 
I n  

Eln( 
Location 

erg/cm2sec 

Northern hemisphere ,0191 - + .10015 p.e. 
Southernhemisphere ,0150 .0015 

Eas te rn  hemisphere ,0174 2 ,0016 p.e. 
Western hemisphere .0182 .0015 

N-E quadrant  .o186 2 .0022 p.e. 
N-W quadrant .ox97 .0019 
S-E quadrant .0143 .0013 
S-W quadrant .0156 .0026 

Center 
Limb 

However, t h e r e  i s  some suggest ion of a moderate center- to- l imb e f f e c t  

s i n c e  t h e  most s i g n i f i c a n t  d i f f e r e n c e  i n  Table 4.10 i s  between t h e  c e n t e r  and 

limb bu r s t s .  S t u d e n t ' s  t - t e s t  impl ies  t h a t  t h i s  d i f f e r ence  has  only a 1376 

p r o b a b i l i t y  of being due pu re ly  t o  chance. The v a r i a t i o n  i s  such t h a t  s o f t  

X-ray b u r s t s  a s soc i a t ed  wi th  I n  f l a r e s  near  d i s k  c e n t e r  have a s l i g h t l y  lower 

mean amplitude than  those  near  t h e  limb. This e f f e c t  i s  shown even more c l e a r l y  

i n  Table 4.11, where t h e  d a t a  a r e  subdivided i n t o  smal le r  i n t e r v a l s  of R, t h e  

d i s t a n c e  of t h e  f l a r e  from t h e  c e n t e r  of t h e  d i s k  i n  u n i t s  of s o l a r  r a d i i .  The 

i n t e r v a l s  of R used here were chosen t o  inc lude  roughly equal  numbers of events ,  

The t r e n d  of t h e  mean b u r s t  amplitudes i s  obvious, wi th  t h e  t a b u l a t e d  va lues  

i n c r e a s i n g  monotonica~lly a s  t he  l imb i s  approa,ched, This r e s u l t  i s  c o n s i s t e n t  

wi th  t h e  s tudy by Dodson e t  a l .  (19561, which showed t h a t  SID's were Larger on -- 



the  average f o r  limb f l a r e s  of a given importance, Such an e f f e c t  i s  most 

l i k e l y  due t o  the reduced v i s i b i l i t y  of H a  f l a r e s  near  the  limb (Dodson and 

Hedeman, 1964) which l eads  t o  the  general  tendency f o r  t h e i r  importance t o  be 

underestimated ( Sawyer, 1967). 

TABLE 4.11 

MEAN El,( 8,12) AMPLITUDE VERSUS DISK-CENTER DISTANCE 

- 
R bEln( 8,12) 

s o l a r  r a d i i  erg/cm%ec 

.OOO - .400 .0139 - + ,0027 p.e. 

.401 - .600 .0146 .0014 

.601 - .800 .0173 .0024 

.801 - .960 .0213 ,0026 

.961 - 1. 000 .0249 -0061 

As an aside,  it i s  i n t e r e s t i n g  t o  note t h a t  both i n  Tables 4.10 and 4.11, 

the  mean amplitudes f o r  b u r s t s  nea res t  the  limb have t h e  l a r g e s t  probable 

e r r o r s ,  which i s  due t o  t h e  f a c t  t h a t  they contain the  widest range i n  indi -  

v idual  values. This r e s u l t  a l s o  appears i n  t h e  SID study by Dodson -- e t  a l .  (1956), 

and again i s  probably caused by the  H a  v i s i b i l i t y  d i f f i c u l t i e s  a t  the  limb. 

Another way t o  i n v e s t i g a t e  the  poss ib le  center-to-limb e f f e c t  i s  t o  examine 

the  frequency of X-ray b u r s t  occurrence as  a funct ion  of d isk-center  d is tance .  

I f  t h e r e  i s  a v a r i a t i o n  i n  the  mean b u r s t  amplitude wi th  p o s i t i o n  on the  disk,  

t h i s  v a r i a t i o n  w i l l  be r e f l e c t e d  i n  the  frequency d i s t r i b u t i o n  of the  observed 

burs t s .  Unfortunately, the  method has been improperly applied so  of ten  by 

o thers  a s  t o  requi re  some spec ia l  comment, 



Many inves t iga to r s ,  including Culhane and P h i l l i p s  (1969)~ Drake ( 1969), 

Ohki ( 1969), and P in te r  ( 1969a), have reported very strong center- to-l imb d i f  - 

ferences i n  the  frequencies of X-ray b u r s t s ,  I n  each case, these  v a r i a t i o n s  

have been a t t r i b u t e d  t o  some i n t r i n s i c  proper ty  of t h e  X-ray burs t  i t s e l f ;  f o r  

8 

example, a "beamed" rad ia t ion  f i e l d  due t o  nonthermal emission processes,  Only 

Drake has suggested t h a t  the  e f f e c t  might be influenced by t h e  we l l  known center-  

to-limb v a r i a t i o n  i n  the  frequency of reported H a  f l a r e s  ( s e e  f o r  example 

DeFeiter, 1966). Yet the  v a r i a t i o n  i n  t h e  v i s i b i l i t y  of Ha f l a r e s  i s  of para- 

mount importance t o  these  s tud ies .  Since they a l l  u t i l i z e d  da ta  from experi-  

ments with no s p a t i a l  resolu t ion ,  the  assignment of an X-ray b u r s t ' s  p o s i t i o n  

required a  simultaneous, reported H a  f l a r e .  For example, an X-ray b u r s t  which 

occurred a t  the  limb could not be i d e n t i f i e d  as  such i f  the  H a  event associa ted  

with it was not seen. Thus, the  co r rec t  quest ion t o  ask here i s :  given an Ha --- 
f l a r e  a t  a  p a r t i c u l a r  disk-center  d is tance ,  what i s  the  p r o b a b i l i t y  of occur- 

rence of a  de tec tab le  X-ray burs t?  The present  study ind ica tes  t h a t  the  proba- 

b i l i t y  i s  very near ly  unity,  so t h a t  no " d i r e c t i v i t y  e f f e c t "  e x i s t s  f o r  the  

r ad ia t ion  f i e l d  of s o f t  X-ray burs t s ,  This r e s u l t  i s  therefore  cons i s t en t  with 

the  f ind ing  t h a t  s o f t  X-radiation i s  thermal i n  charac ter  even during b u r s t  

condit ions ( s e c t i o n  1v-4b) and the  assumption t h a t  the  burs t  emission i s  i so -  

t r o p i c  i n t o  4~ s teradians  (Sect ion  IV-6b), Obviously, conclusions drawn from 

s tud ies  which did not take t h e  v i s i b i l i t y  funct ion  of H a  f l a r e s  proper ly  i n t o  

account should be t r e a t e d  wi th  caut ion ,  



d, General Solar -Act iv i ty  Level 

Table 4.12 gives the  mean amplitudes of "ln" b u r s t s  a s  a  func t ion  of 

whether they began while the  Michigan de tec to r  was i n  i t s  high o r  low s e n s i t i v i t y  

mode of operation. The t a b l e  shows t h a t  "low s e n s i t i v i t y "  X-ray b u r s t s  have a 

s i g n i f i c a n t l y  higher amplitude on t h e  average, s ince  Student ' s  t - t e s t  implies 

t h a t  the  observed d i f ference  between these  two ca tegor ies  has l e s s  than 1% proba- 

b i l i t y  of being due t o  chance, The nonburst s o f t  X-ray f l u x  i s  a  v a l i d  index of 

t h e  general  s o l a r - a c t i v i t y  l e v e l  (chapter  111) and, whenever t h i s  f l u x  exceeds 

0.0044 erg/cm2sec, the  Michigan experiment automatical ly switches i n t o  i t s  low 

s e n s i t i v i t y  mode (Chapter 11). Thus, t h e  above r e s u l t  i n d i c a t e s  t h a t  X-ray 

b u r s t s  accompanying I n  f l a r e s  tend t o  have g rea te r  amplitudes on those days when 

the  general  l e v e l  of s o l a r  a c t i v i t y  i s  high. This agrees with t h e  s imi la r  e f -  

f e c t  reported by Teske (1969,) f o r  t h e  amplitudes of E(8,12) b u r s t s  associa ted  

with subf lares .  

TABLE 4 12 

MEAN Eln( 8,12) AMPLITUDE VERSUS INITIAL DETECTOR MODE 

- 
I n i t i a l  Operating BEln( 8912) 

Mode of Detector  erg/cm2 sec 

High s e n s i t i v i t y  .0094 + . O O O ~  pee .  
Low s e n s i t i v i t y  .0212 - .OOl? 

The same r e s u l t  i s  derived from Table 4.13, which g ives  t h e  c o r r e l a t i o n  

c o e f f i c i e n t s  f o r  AE (8 ,12)  versus the  base flux E (8,12) and the  Zurich Sun- 
I n  B 

spot number R Spec i f i ca l ly ,  the  l a t t e r  coe f f i c i en t  i s  f o r  the  monthly mean z' 



of t h e  f i n a l  Zurich Sunspot numbers ( t a k e n  from t h e  SGDB) versus t h e  mean 

AE ( 8,12) f o r  a l l  events  i n  Catalog I1 which occurred dur ing  t h e  month i n  ques- 
I n  

t i o n .  I n  add i t i on ,  t h e  t a b l e  i n d i c a t e s  t he  probable s ign i f i cance  P f o r  each of 

t h e s e  two c o e f f i c i e n t s .  

TABLE 4.13 

CORRELATION OF AE ( 8,12) WITH SOLAR-ACTIVITY INDICES 
I n  

Index of General Cor re l a t ion  
So la r -Ac t iv i ty  Level Coe f f i c i en t  P 

EB( 8 ~ 1 2  ) + 0.41 > 99$ 

The f i r s t  c o r r e l a t i o n  shown i n  Table 4.13 merely i n d i c a t e s  t h a t  t h e  r e l a -  

t i o n  found by c rude ly  d iv id ing  t h e  d a t a  i n t o  "high" and "low" l e v e l s  of s o l a r  

a c t i v i t y  a l s o  holds  when t h e  s o l a r - a c t i v i t y  l e v e l  i s  more p r e c i s e l y  def ined  by 

E ~ (  8'12). The r e l a t i o n s h i p s  based on s e n s i t i v i t y  l e v e l s  and on E ( 8,12) i n -  
B 

volve parameters which can be measured only b y  d e t e c t o r s  above t h e  e a r t h ' s  

atmosphere, bu t  t h e  expressed purpose of t h i s  chap te r  was t o  i n v e s t i g a t e  param- 

e t e r s  acces s ib l e  t o  ground-based observers ,  This  i s  not  a problem, however, 

s ince  t h e  nonburst s o f t  X-ray l e v e l  used above i s  known t o  be c l o s e l y  a s soc i a t ed  

wi th  the  c l a s s i c a l  i n d i c e s  of s o l a r  a c t i v i t y  ( e , g , ,  Teske, 1969a, 1969b).  Thus, 

any of t hese  i n d i c e s  should a l s o  c o r r e l a t e  w e l l  w i th  t h e  " ln" X-ray b u r s t  ampli- 

tude. Table 4.13 shows t h a t  t h i s  i s  indeed t h e  case ,  a t  l e a s t  when t h e  index 

R i s  considered.  z 
The r e l a t i o n s h i p  ind ica t ed  by t h i s  s tudy i s  probably a  r e s u l t  of t h e  gene ra l  



densi ty  increase  i n  the  corona which accorfipanies a r i s e  i n  the  l e v e l  of s o l a r  

a c t i v i t y  ( see, f o r  example, Elwert, 1963; De Jager, ~ 9 6 4 ) ~  This p o s s i b i l i t y  

w i l l  be considered again i n  the  next sub-section. 

e. Charac te r i s t i c s  of the  Associated Plage 

I f  the  general  l e v e l  of s o l a r  a c t i v i t y  over t h e  e n t i r e  d isk  i s  r e l a t e d  t o  

the  amplitude of "ln" s o f t  X-ray burs t s ,  a s  shown above, then i t  seems reason- 

able t o  expect t h a t  a s imi la r  r e l a t i o n s h i p  might a l s o  e x i s t  with the  s p e c i f i c  

a c t i v i t y  l e v e l  of t h e  burs t -associa ted  plage i t s e l f .  I n  order  t o  t e s t  t h i s  

p o s s i b i l i t y ,  t h r e e  ind ices  of plage a c t i v i t y  were considered: the  f l a re - r i chness  

of the  plage, i t s  age, and t h e  area  of i t s  major spot  group, 

The frequency d i s t r i b u t i o n  of the  ac t ive  regions a s  a funct ion  of t h e i r  

f l a re - r i chness  i s  shown i n  Figure 4-8, which ind ica tes  how many plages were 

responsible f o r  a given number of events  i n  Catalog 11. The plages were then 

divided i n t o  those which produced more than 1 0  cataloged events  and those which 

produced 5 or  l e s s ,  c a l l e d  " p r o l i f i c "  and "nonprolif i c "  regions,  respect ive ly .  

The group of p r o l i f i c  f lare-producing regions consisted of McMath #8740, 8818, 

8905, 8942, and 9184. Plage regions McMath #8791, 8907, 9047, 9115, 9146, and 

9204 were not  included i n  e i t h e r  category, being considered a s  moderately f l a r e -  

r i ch .  ( ~ o t e  t h a t  t h i s  d iv i s ion  i s  not  exact ly  the  same a s  the  one made i n  

Paper I because of the  d i f f e r e n t  f l a r e  ca ta logs  used.) The f i r s t  two e n t r i e s  

of Table 4.14 show t h a t  the  mean amplitude of "ln" b u r s t s  i s  s i g n i f i c a n t l y  

higher f o r  those which a r e  associated with p r o l i f f c  plage regions; the re  i s  only 

a 2% p r o b a b i l i t y  t h a t  t h i s  r e s u l t  could be due t o  chance, Such a. r e s u l t  had 





already been suggested i n  Paper I by an inves t igat ion of median burs t  ampli- 

tudes, although the  d iv i s ion  of plages i n t o  p r o l i f i c  and nonprol i f ic  ca tegor ies  

was somewhat d i f f e r e n t  i n  t h a t  study, Using t h e  plage d iv i s ion  given i n  Paper 

I, Culhane and P h i l l i p s  (1969) have a l s o  found the  same e f f e c t  f o r  3-4 1 s o f t  

X-ray burs ts .  

TABLE 4.14 

MEAN E ( 8,12) AMPLITUDE VERSUS PLAGE CHARACTERISTICS 
I n  

- 
Plage nEln( 8912) 

Charac te r i s t i c  
erg/cm2sec 

Flare-r ichness:  p r o l i f i c  ,0244 - + .0025 p.e. 
nonprolif ic  .0155 .0014 

Age ( r o t a t i o n s ) :  1 .0190 - + .0023 pee .  
2 ,0181 .0013 
3 .ox69 . o o a  
4 .0165 .005o 
5 $0125 ,0031 

The second parameter considered was the  age of the  plage a s  measured by the 

number of so la r  r o t a t i o n s  it had been v i s i b l e  s ince  i t s  formation. A l l  ca ta-  

loged burs t s  were used which occurred i n  plages with a s ingle  age given by 

the  SGDB, (Two plages may merge together forming a s ing le  ac t ive  region; i f  

the ages of the  parent regions were d i f fe ren t ,  the  SGDB l i s t s  both f o r  the  re-  

s u l t i n g  plage.) The bottom port ion of Table 4-14 shows t h a t  there  i s  a  s teady 

decline i n  the  mean "ln" burs t  amplitude a s  the  associated plage region becomes 

older,  Unfortunately, there  were too few qua l i f i ed  events i n  these averages 

( e s p e c i a l l y  f o r  plage ages of 4 and 5 ro ta t ions )  t o  make the  r e s u l t  s t a t i s -  



t i c a l l y  conclusive, and a much more extensive s e t  of X-ray burs t  observations 

w i l l  be necessary t o  confirm t h i s  f inding.  But the  monotonic decrease i n  the  

mean amplitude values derived here i s  c e r t a i n l y  very suggestive t h a t  a r e g i o n ' s  

age i s  somehow r e l a t e d  t o  i t s  X-ray producing c a p a b i l i t y  during a f l a r e .  

A p laus ib le ,  physical  b a s i s  f o r  such a r e l a t i o n s h i p  has been reported by 

Neupert (1967, 1968), who claims t h a t  the temperature and dens i ty  of t h e  

condensation overlying a plage both decl ine  a s  the  region ages. ( ~ l s o  see 

Chapter I11 of the  present  paper.) A l l  r e a l i s t i c  thermal mechanisms f o r  the  

production of s o f t  X-radiat ion p r e d i c t  t h a t  the  only physica l  condi t ions  d i -  

r e c t l y  r e l a t e d  t o  t h e  X-ray emission r a t e  a r e  the  temperature and dens i ty  ( a s  

we l l  a s  volume) of the  r a d i a t i n g  source. Thus Neupert ' s  f ind ing  i s  completely 

cons i s t en t  with the  r e s u l t  of the  above study i f  these  physica l  condit ions 

normally undergo the  same percentage change i n  t h e  X-ray source during an H a  

f l a r e  of a given importance.  h his requirement a l s o  seems necessary t o  expla in  

t h e  r e l a t i o n s h i p s  described i n  the  previous sect ion.)  Fur ther  support f o r  t h i s  

hypothesis i s  given by Svestka (1963), who f i n d s  t h a t  anomalously high X-ray 

enhancements accompanied importance 1 f l a r e s  which occurred i n  a region with an 

abnormally high dens i ty  according t o  one in terpre ta . t ion  of i t s  o p t i c a l  spectrum, 

It should be noted, however, t h a t  t h e  two e f f e c t s  indica ted  i n  Table 4.14 

a r e  not  completely independent because f l a r e - r i c h  plages a r e  usua l ly  a l s o  young. 

Typical ly the  f l a r i n g  frequency wi th in  a region diminishes a s  the  plage grows 

older  ( e  .g,,  Giovanell i ,  1939; Witte,  1951). 

Another semi-independent index of a r eg ion ' s  a c t i v i t y  l e v e l  i s  the  area. of 

i t s  sunspots,  Since a plage may sometimes contain two ( o r  more) sunspot groups, 



we used here the  t o t a l  a rea  of t h e  group neares t  the  f l a r e  i t s e l f ,  a s  tabulated 

i n  the  Rome Solar  Phenomena Bul l e t in  ( ~ i m i n o ,  1967)~  Whenever the  i d e n t i t y  of 

the  proper spot group could not be es tabl i shed unambiguously, the  event was 

eliminated from f u r t h e r  cons idera t ion ,  Furthermore, t h i s  s tudy examines only 

those b u r s t s  which accompanied I n  or  l b  f l a r e s  i n  McMath plage regions #8740, 

8818, 8905, o r  8942, and occurred wi th in  72' he l iocen t r i c  of t h e  s o l a r  d i sk  

cen te r  ( R  - < 0.95). 

Figure 4-9 shows t h e  r e s u l t i n g  d i s t r i b u t i o n  of X-ray b u r s t  amplitude as  a  

funct ion  of t h e  r e l a t ed  sunspot area. Clearly, no d i r e c t  r e l a t i o n s h i p  e x i s t s  

between individual  values.  But the  absence of po in t s  i n  the  lower-r ight  por t ion  

of the  f i g u r e  might be in te rp re ted  a s  implying t h a t  t h e  region associated with 

a  given s i z e  sunspot can give r i s e  t o  an X-ray burs t  of any amplitude up t o  a  

c e r t a i n  l i m i t i n g  value, and t h a t  the  amplitude l i m i t  i nc reases  with the  s i z e  

of t h e  spot group. This f ind ing  i s  consis tent  with the  r e s u l t s  of the  Dodson 

and Hedeman (1970) examination of major f l a r e s  (importance 2 o r  l a r g e r )  which 

occur i n  plages with ve ry  small o r  no sunspots. They repor t  t h a t  these  f l a r e s  

were associated with a  lower than normal percentage of both g r e a t  SWF's and 

l a r g e  amplitude 2-12 1 X-ray b u r s t s ,  They f u r t h e r  note t h a t :  " ~ h e s e  f l a r e s  

usual ly  occurred during the  l a t e ,  f la re-poor  phase of a  cen te r  of a c t i v i t y , "  a  

statement which agrees p r e c i s e l y  wi th  aspects  of the  present  s tudy described 

previously.  

A r e l a t ionsh ip  such as  t h e  one found above could be explained i f  the  X-ray 

emission r a t e  were governed by the  temperature and dens i ty  of the  source region 

( a s  implied by the  f i r s t  two s tud ies  i n  t h i s  sec t ion) ,  but confined t o  a  range 
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( Millionths of Hem~sphere) 

Figure 4-9. Sca t t e r  diagram of m(8,12) versus t o t a l  area  of the  re -  
l a ted  sunspot group. X-ray burs t s  associated with I n  f l a r e s  a r e  shown 
a s  e; those with l b  f l a r e s  a s  x. Note the  r e l a t i ve  absence of points  
t o  t he  r i gh t  of t he  l i n e  a r b i t r a r i l y  drawn i n  t h e  f igure .  
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given by t h e  r eg ion ' s  magnetic energy dens i ty  (which i s  crudely ind ica ted  by t h e  

a r e a  of t h e  associa ted  sunspot group). To t e s t  t h i s  suggestion properly,  one 

should a l s o  consider  $he c l a s s i f i c a t i o n  of t h e  sunspot group 's  complexity and 

measured magnetic f i e l d  s t rength ,  i n  add i t ion  t o  i t s  t o t a l  a rea ,  but  t h i s  w i l l  

be l e f t  f o r  f u t u r e  inves t iga t ion .  

f.  C h a r a c t e r i s t i c s  of t h e  Associated Radio Eurs ts  

Teske (1969a) has a l r eady  repor ted  t h a t  t h e r e  i s  a good c o r r e l a t i o n  between 

t h e  amplitude of s o f t  X-ray b u r s t s  observed by t h e  Michigan d e t e c t o r  and t h e  

amplitude of corresponding 2800 MHz burs t s ,  Furthermore, Paper I showed t h a t  

2800 MHz b u r s t s  accompanying f l a r e s  i n  " p r o l i f i c "  regions tend t o  have l a r g e r  

amplitudes t h a n  those  a s soc ia t ed  wi th  f l a r e s  i n  "nonprol if ic"  regions,  a n  e f f e c t  

i d e n t i c a l  t o  t h a t  f o r  X-ray b u r s t s  ( s e e  t h e  d i scuss ion  i n  t h e  preceeding sec t ion ) .  

Two a d d i t i o n a l  s tud ies  r e l a t i n g  t h e  amplitude of ~ ( 8 , 1 2 )  b u r s t s  t o  some p r o p e r t i e s  

of t h e i r  r a d i o  counterpar ts  w i l l  be described here. 

Tandberg-Hanssen (1967) has noted t h a t  t h e  most "act ive" f l a r e s  so f a r  a s  

X-ray production i s  concerned a r e  a l s o  those  t h a t  produce s t rong Type I V  r a d i o  

burs ts .  The present  s tudy i n d i c a t e s  t h a t  a t  l e a s t  some X-ray enhancements do not 

fol low t h i s  genera l  r e l a t i o n ,  Table 4.15 l i s t s  t h e  n ine  events  i n  Catalog I1 

which were associa ted  wi th  a  Type I V  r a d i o  b u r s t  repor ted  i n  t h e  SGDB and which 

had s o f t  X-ray coverage at t h e  time of maximum. Type I V  b u r s t s  a r e  q u i t e  r a r e ;  

t hey  occur wi th  only about 5% of t h e  we l l  v e r i f i e d  f l a r e s  i n  Catalog I1 (15 cases  

out of 283, s i x  of which had no amplitude d a t a  ava i l ab le ) ,  They a l s o  occur p r e f -  

e r ' en t i a l ly  wi th  very l a r g e  f l a r e s ;  only four of these  15 cases  accompanied f l a r e s  



TABLE 4.15 

SOFT X-RAY EVENTS ASSOCIATED WITH TYPE I V  RADIO BURSTS 

Catalog I1 H a  F l a r e  Type I V  Burst A E ( ~ ,  12)  
Numb e r Importance Importance erg/cm2 sec 

AE/Z 

of importance I n  or l e s s ,  although t h e  l a t t e r  account f o r  nea r ly  of a l l  

f l a r e s  i n  t h e  ca ta log  ( s e e  Sect ion IV-3). I n l  addi t ion ,  Boischot and Denisse 

(1957) have shown t h a t  type I V  emission i s  most l i k e l y  due t o  t h e  synchrotron 

r a d i a t i o n  of e l e c t r o n s  acce le ra t ed  t o  r e l a t i v i s t i c  energies,  aga in  i n d i c a t i n g  

t h e  ext raordinary  magnitude of t h e  phys ica l  process  g iv ing  r i s e  t o  t h i s  phenom- 

enon. 

However, f l a r e s  having Type I V  b u r s t s  a r e  not  inva r i ab ly  a s soc ia t ed  wi th  

g r e a t  X-ray bur s t s ,  as can be seen i n  Table 4.15, Except f o r  events  #53 and 

55,  t h e  ~ ( 8 ~ 1 2 )  amplitudes do not appear t o  be except ional ly  large.  This i s  

seen even more c l e a r l y  by noting t h e  r a t i o  of t h e  observed bur s t  amplitudes t o  

t h e  mean amplitudes f o r  t h e  appropr ia te  f l a r e  importances which were determined 

i n  Sect ion  IV-6a. (The r a t i o  was not  ca l cu la t ed  f o r  event ##55, t h e  g r e a t  23 

May 1967 f l a r e ,  because t h i s  was t h e  only example of i t s  importance c l a s s  i n  

Catalog 11. Therefore, t h e  23 May event w i l l  not  be considered i n  t h e  follow- 

i ng  d iscuss ion . )  O f  t h e  8 remaining bur s t s ,  only 4 had amplitudes l a r g e r  than  



t h e  mean value f o r  t h e i r  associa ted  f l a r e  importance. Moreover, of t h e  remain- 

i n g  5 events  t h a t  accompanied "grea t"  Type I V  b u r s t s  ( r a t e d  i n t e n s i t y  3 i n  t h e  

SGDB), more than  ha l f  had amplitudes below t h e  mean, While t h i s  sample i s  ob- 

.viously t o o  s m a l l  t o  draw any d e f i n i t e  conclusions about average behavior,  it 

does seem c l e a r  t h a t  Type I V  a s soc ia t ion  i s  not r e s t r i c t e d  s o l e l y  t o  events  w i t h  

except ional  s o f t  X-ray enhancements, 

The o ther  i n v e s t i g a t i o n  t o  be described here  concerns t h e  mean ~ ( 8 , 1 2 )  am- 

p l i t u d e  f o r  b u r s t s  accompanying r a d i o  events  wi th  two types of spectra .  Actu- 

a l l y ,  t h e  r a d i o  b u r s t  spectrum used f o r  a given event i s  "synthet ic"  i n  t h e  

sense t h a t  t h e  f l u x  values a t  var ious  f requencies  were not necessa r i ly  measured 

simultaneously, but  r a t h e r  r e f e r  t o  t h e  maximum f l u x  a t t a i n e d  at each frequency 

during t h e  burs t ,  This procedure was followed i n  order  t o  u t i l i z e  t h e  standard- 

i zed  r e p o r t s  of r a d i o  events  i n  t h e  SGDB, With t h e  s p e c t r a l  d i s t r i b u t i o n s  de- 

r i v e d  i n  t h i s  manner, t h e  r a d i o  b u r s t s  were divided i n t o  two morphological groups: 

Class  A, cha rac te r i zed  by spec t ra  having t h e  g r e a t e s t  repor ted  f l u x  a t  t h e  high- 

e s t  frequency l i s t e d  (normally about 10,000 MKz); and Class B, wi th  s p e c t r a  hav- 

i n g  t h e  g r e a t e s t  repor ted  f l u x  a t  some smaller  frequency. Thus, Class  A b u r s t s  

have s t ronger  cm-wavelength r a d i a t i o n  r e l a t i v e  t o  those  of Class  B. Since a 

p a r t i c u l a r l y  complete s e t  of r a d i o  observat ions i s  necessary t o  ca tegor i ze  these  

b u r s t s  proper ly ,  only 54 events  were found wi th  c l e a r l y  defined s p e c t r a l  type  

and f o r  which an X-ray b u r s t  amplitude was l i s t e d  i n  Catalog 11. 

The f i r s t  l i n e  of Table 4.16 shows t h a t  t h e  mean ~ ( 8 , 1 2 )  amplitude f o r  all 

X-ray b u r s t s  accompanying Class A r a d i o  everits i s  higher than  t h a t  f o r  Class B, 

w i th  a 96% p r o b a b i l i t y  ( a s  given by Student 's  t - t e s t )  t h a t  t h i s  e f f e c t  i s  r e a l .  



TABLE 4-16 

MEAN E(8,12) AMPLITUDE VERSUS SPECTRAL CLASS OF RADIO BURST 

Spec t ra l  Class  A Spec t ra l  Class  B 
P 

A l l  events  . 0983 rt ,0293 p. e, .O308 rt 0049 p. e. 96% 
" ln"  events  .0526 2 . 0 l 9 l  .0199 rt .0018 9 4% 

But t h e r e  i s  a tendency f o r  t h e  Class A b u r s t s  t o  be associa ted  w i t h  t h e  very 

l a r g e s t  H a  f l a r e s ;  61% of t h e s e  b u r s t s  occurred during f l a r e s  of importance l b  

or  g r e a t e r ,  compared t o  only 44% of t h e  Class B bu r s t s -  Thus it i s  conceivable 

t h a t  t h e  higher mean amplitude of X-ray b u r s t s  accompanying Class A r a d i o  events  

i s  accounted f o r  by t h e  r e l a t i o n  found i n  Sect ion IV-6a between 5 ( 8 , 1 2 )  and H a  

f l a r e  importance. The second l i n e  of Table 4.16 shows t h a t  t h i s  i s  not  t h e  case, 

however. Here only events  which occurred during I n  f l a r e s  were considered, thus  

e l iminat ing  t h e  inf luence  of t h e  f l a r e  importance e f f e c t .  Yet t h e  mean X-ray am- 

p l i t u d e  s t i l l  i s  higher f o r  b u r s t s  accompanied by Class A r a d i o  events,  wi th  j u s t  

a 6% p r o b a b i l i t y  t h a t  t h i s  observed d i f f e rence  i s  due t o  chance. A s imi la r  r e -  

s u l t  f o r  hard X-ray b u r s t s  can be i n f e r r e d  from t h e  r e p o r t  by Arnoldy -- e t  a l .  

(196%)) t h a t  t h e  p r o b a b i l i t y  of de tec t ing  a 0.2-1.2 1 X-ray event i s  neg l ig ib le  

u n l e s s  t h e  spectrum of t h e  associa ted  r a d i o  b u r s t  inc ludes  cm-wavelength enhance- 

ment s. 

Unfortunately, t h e  i n t e r p r e t a t i o n  of a "synthet ic1 '  spectrum, a s  obtained 

from t h e  peak f luxes  of a r a d i o  b u r s t  a t  var ious  frequencies, i s  by no means 

s t ra ight forward  ( c f .  Kundu, 1962), so t h a t  t h e  phys ica l  meaning of t h e  r e l a t i o n -  

sh ip  found above i s  not c l ea r .  Furthermore, t h e r e  i s  a p o s s i b i l i t y  t h a t  t h e  sam-  

p l e  of events  s tudied  here  was somehow biased, Kundu (1965) f i n d s  t h a t  t h e  peak 



f l u x  of a cm-wavelength r a d i o  b u r s t  u sua l ly  inc reases  wi th  increas ing  frequency, 

while  only 33% of t h e  events  i n  t h e  present  i n v e s t i g a t i o n  showed t h a t  property. 

I n  any case,  t h e  r e l a t i o n  ind ica ted  here between t h e  X-ray bur s t  amplitude and 

t h e  s p e c t r a l  tyye  of t h e  a s soc ia t ed  cm-wavelength event needs t o  be confirmed 

by a more r e f i n e d  analys is ,  Although such a r e f ined  ana lys i s  would r e q u i r e  a 

g r e a t  d e a l  of e f f o r t ,  a c a r e f u l  com;?arison of t h e  simultaneous X-ray, v i s i b l e ,  

and r a d i o  a spec t s  of t h e  t o t a l  f l a r e  phenomenon should lead  t o  new i n s i g h t s  con- 

cerning t h e  phys ica l  processes  involved, 

7, TOTAL X-RAY BURST ENERGIES 

It would be of considerable i n t e r e s t  t o  know t h e  t o t a l  energy emit ted i n  

t h e  X-ray band during f l a r e s  of var ious  importance, Both a s  absolute amounts 

and a s  amounts r e l a t i v e  t o  t h e  t o t a l  emission a t  o ther  wavelengths, such values 

would serve a s  he lp fu l  guides f o r  t h e  cons t ruc t ion  of new f l a r e  models and a s  

s t r i n g e n t  t e s t s  f o r  models a l ready proposed. 

There a r e  two ways t o  determine t h e  mean X-ray b u r s t  energy a s  a func t ion  

of  f l a r e  importance us ing  d a t a  from t h e  Michigan experiment. The f i r s t  and more 

accura te  method i s  t o  planimeter  t h e  t ime-prof i le  curve f o r  each bur s t  a s soc ia t ed  

wi th  a given c l a s s  f l a r e ,  and then  average t h e  ind iv idua l  energy values so  de- 

r ived.  Unfortunately, t h e  records  f o r  most of t h e  X-ray b u r s t s  i n  Catalog I1 

were in t e r rup ted  a t  l e a s t  once during t h e  even t ' s  t ime development by one or  

more of t h e  sources of da ta - loss  ( s a t e l l i t e  night ,  t ape  recorder  playback, and 

trapped p a r t i c l e  in t e r fe rence )  described i n  Chapter 11, The s t a t i s t i c a l  uncer- 

t a i n t i e s  i n  t h e  ca lcu la t ed  means would be q u i t e  l a r g e  if j u s t  t h e  events  wi th  

complete f l u x  curves were used. Furthermore, t h e  r e s u l t s  would be biased s ince  



t h i s  method sys temat ica l ly  d iscr iminates  aga ins t  longer dura t ion  events.  Thus, 

it i s  not poss ib le  t o  t ake  f u l l  advantage of t h e  p o t e n t i a l l y  higher accuracy 

afforded by t h e  above procedure. 

Therefore, t h e  second method was used which g ives  a rougher es t imate  of t h e  

t o t a l  X-ray energy but by a much e a s i e r  procedure. Here t h e  b u r s t ' s  t ime-prof i le  

i s  approximated by a simple t r i a n g l e ,  so t h a t  t h e  t ime- in tegra ted  E(8,12) f l u x  

i s  given by one-half t h e  b u r s t ' s  amplitude t imes  i t s  durat ion.  Average values 

f o r  t h e  amplitude and dura t ion  of b u r s t s  associa ted  with f l a r e s  of var ious  i m -  

portance were used t o  s impl i fy  t h e  procedure fu r the r .  Mean ~ ( 8 , 1 2 )  amplitudes 

were taken d i r e c t l y  from Table 4.7, and converted i n t o  t h e  corresponding enhance- 

ment values of t h e  s o l a r  X-ray emission r a t e  by assuming i s o t r o p i c  r a d i a t i o n  i n t o  

4n s t e rad ians  w i t h  no photon s c a t t e r i n g  ( s e e  Sect ion  IV-6a). The va lues  2000, 

4000, and 8000 seconds were used f o r  t h e  mean dura t ions  of b u r s t s  a s soc ia t ed  wi th  

f l a r e s  of a r e a l  importance 1, 2, and 3, respect ive ly .  The mean dura t ion  f o r  " i m -  

por tance  1" ~ ( 8 , 1 2 )  b u r s t s  was taken from t h e  r e s u l t s  of t h e  s tudy described i n  

Sect ion  IV-kc; t h e  other  values were est imated from the  au thor ' s  sub jec t ive  i m -  

p re s s ion  of t h e  longevi ty  of t h e s e  g r e a t  burs ts .  I n  a l l  cases,  t h e  dura t ions  

were d e l i b e r a t e l y  chosen t o  be underestimates i n  order  t o  compensate f o r  t h e  

f a c t  t h a t  approximating t h e  b u r s t ' s  t ime-p ro f i l e  by a t r i a n g u l a r  a r e a  w i l l  tend 

t o  overest imate t h e  even t ' s  t o t a l  emission. This occurs because t h e  r i s e  and 

decay of s o f t  X-ray enhancements a r e  more near ly  exponential  than  l i n e a r  changes, 

Table 4.17 shows t h e  r e s u l t s  found by t h e  above procedure. The absolu te  

values given a r e  probably accura te  t o  wi th in  a f a c t o r  of 4; they a r e  most l i k e l y  

c o r r e c t  wi th in  a f a c t o r  of 2 r e l a t i v e  t o  one another,  Comparable es t imates  of 



TABLE 4-17 

TOTAL 8-12 1 EMISSION DURING Ha FLARES 

Ha Flare  Mean Total 8-12 a 
Importanc e Emission ( e rg )  

1 f 2 x 
In  5 x loz8 
~b 1 lo2' 
2 f 1 lo2' 
2n 2 lo2' 
2b 5 lo2' 
3n 1 1030 
3b 1 

t h e  t o t a l  f l a r e  emission a t  other wavelengths have been reported by many in- 

ves t igators  and a r e  summarized i n  Table 4-18. Values l i s t e d  as  "Visual" r e f e r  

TABLE 4.18 

REPORTED VALUES OF TOTAL FLARE EMISSION 

Wavelength Flare Total Energy 
Reference 

In te rva l  Importance Emission (e rg)  

0-1.2 ji 
3.5-12 
3.5-12 a 
8-12 
0-14 a 
3.5-14 
10-1030 A 
H a  
H a  
H a  
H a  
H a  
Visual 
Visual  
Visual 
Visual 
Visual 
Microwave 

l b  
"typical" 
"great" 

1 
2b 
I n  
l b  
l b  
2 
2+ 
2+ 

3+ 
2 

3+ 
3+ 
3+ 
3+ 
l b  

1.4 lo2' 
few 

Kane ( 1969) 
Krieger and Vaiana (1969) 
Krieger and Vaiana (1969) 
Teske ( 1969a) 
Van Allen (1967b) 
Vaiana and Giacconi (1968) 
This paper, Chapter V 
This paper, Chapter V 
J. W. Warwick (1962) 
Bil l ings and Roberts (1953) 
Van Griethuysen and Houtgast (1939) 
Bruzek ( 1967) 
Kiepenheuer ( 1964) 
Kiepenheuer ( 1964) 
Parker ( 1957) 
Ell ison (1963b) 
Bruzek ( 1967) 
This paper, Chapter V 



t o  r a d i a t i o n  i n  a l l  emission l i n e s  and t h e  continuum a t  o p t i c a l  wavelengths; 

t h e  "Microwave" value includes emission between 2,000 and 15,000 MHz. Clearly,  

t h e  amount of energy emit ted a s  X-radiation accounts fo r  a s i g n i f i c a n t  po r t ion  

of t h e  t o t a l  electromagnetic energy l o s t  during a f l a r e  event, This p o i n t  w i l l  

be considered again  i n  t h e  next chapter ,  which descr ibes  t h e  i n d i v i d u a l  charac ter -  

i s t i c s  of t h r e e  se l ec ted  f l a r e s .  

To summarize t h e  r e s u l t s  of t h e  p resen t  chapter ,  we have shown t h a t  a11 283 

of t h e  w e l l  confirmed H a f l a r e s  observed by t h e  Michigan experiment were accom- 

panied by a de tec tab le  enhancement i n  s o f t  X-radiation, wi th  one p o s s i b l e  ex- 

ception. P roper t i e s  of t h e  genera l  t ime-prof i les  f o r  such enhancements imply 

t h a t  8-12 A X-radiation i s  thermal i n  na ture  even during f l a re -as soc ia t ed  burs ts .  

I n  addi t ion ,  t h e  t imes of s t a r t ,  maximum, and end f o r  X-ray b u r s t s  a r e  s imi la r  

t o  those  of t h e  H a  f l a r e ,  although t h e  X-ray enhancement tends t o  start f i r s t  

by a few minutes on t h e  average. 

We have a l s o  shown t h a t  t h e r e  i s  a d e f i n i t e  c o r r e l a t i o n  between t h e  peak 

amplitude of t h e  X-ray bur s t  and t h e  associa ted  f l a r e ' s  a rea  and i n t e n s i t y .  For 

a f l a r e  of a given importance, t h e  peak amplitude of t h e  X-ray bur s t  i s  a func- 

t i o n  of i t s  d i s t ance  from t h e  s o l a r  limb, an e f f e c t  which i s  most l i k e l y  due t o  

t h e  H a  observations. The peak amplitude a l s o  depends on t h e  genera l  l e v e l  of 

s o l a r  a c t i v i t y  a t  t h e  time of t h e  b u r s t  and on t h e  age and "f la re- r ichness"  of 

t h e  associa.ted plage,  The l a t t e r  e f f e c t s  a r e  probably due t o  dens i ty  v a r i a t i o n s  

i n  t h e  X-ray emi t t ing  region i t s e l f .  Furthermore, it appears t h a t  t h e  amount of 



energy emit ted a s  8-12 X-radiation accounts f o r  a s i g n i f i c a n t  po r t ion  of t h e  

t o t a l  electromagnetic energy l o s t  during a f l a r e  event, 

Some of t h e  s t a t i s t i c a l  r e l a t i o n s h i p s  found above w i l l  be re-examined i n  

t h e  next chapter  i n  order  t o  determine t h e  degree t o  which they  can be consid- 

e red  v a l i d  during ind iv idua l  events.  For t h a t  purpose, t h r e e  e s p e c i a l l y  w e l l  

observed f l a r e s  w i l l  be inves t iga ted  i n  some d e t a i l .  



CHAPTER V 

THE X-RAY BURST COMPONENT: STUDIES OF INDIVIDUAL EVENTS 

Numerous s t u d i e s  have examined the  r e l a t i o n  between t h e  s o f t  X-ray f l u x  

and H a  i n t e n s i t y  during s o l a r  f l a r e s  ( ~ a n d i n i  -- e t  a l . ,  1965; Culhane and P h i l l i p s ,  

1969; Teske, 1969a). Others have compared the  X-ray f l u x  with t h e  a r e a  of t h e  

associa ted  Ha event ( ~ a l n i c e k ,  1967; Hudson -- e t  a l . ,  1969b). However, t h e  r e l a t i o n  

of an area  o r  i n t e n s i t y  t o  a f l u x  i s  d i f f i c u l t  t o  i n t e r p r e t .  A much more meaning- 

f u l  comparison would be between t h e  X-ray f l u x  and t h e  corresponding H a  f l u x  of 

the  f l a r e .  The previous chapter described a crude approximation t o  such a r e -  

l a t i o n s h i p  f o r  t h e  time of f l a r e  maximum, bu t  t h i s  gives no information about 

the  time development of the  r e l a t i o n  during an event.  Using a method s imi la r  

t o  t h a t  of Chapter I V  ( i , e . ,  tak ing the  t o t a l  f l a r e  a rea  times t h e  i n t e n s i t y  

of i t s  b r i g h t e s t  p o i n t ) ,  Coutrez -- e t  a l .  (1963)) have compared rough Ha f l u x  

values during a f l a r e  with t h e  e f f e c t s  of  s o l a r  X-radiation a s  observed by 

SEA monitors. Even t h i s  i s  not  completely s a t i s f a c t o r y ,  a s  t h e  r e s u l t s  a r e  

s t i l l  j u s t  es t imates  based on i n d i r e c t  measurements. 

To overcome such object ions,  the  t ime-prof i les  of the  enhanced H a  f l u x  

f o r  t h r e e  f l a r e s  were determined and d i r e c t l y  compared t o  t h e i r  associa ted  

~ ( 8 ~ 1 2 )  b u r s t s  a s  observed by t h e  Michigan X-ray experiment. For each f l a r e ,  

about twenty frames of the  McMath-Hulbert Observatory's H a  p a t r o l  f i lms were 

analyzed by isophotometry with up t o  seven i so-dens i ty  contours a t  t h e  times 

of maximum i n t e n s i t y .  (The f l a r e  p a t r o l  photographs were made with a 0.5 1 

i n t e r fe rence  f i l t e r  of  t h e  Lyot type. ) 



These measurements were then reduced t o  values of the  s o l a r  H a  emission r a t e s  

by t h e  procedure derived i n  t h e  Appendix. Using the  r e s u l t a n t  Ha emission curves 

f o r  these  events, t h e  s t a t i s t i c a l  r e la t ionsh ips  found i n  Chapter I V  were then 

re-examinedto see how c lose ly  they apply t o  individual  f l a r e s .  

1. SELECTION OF EVENTS 

A f l a r e  had t o  s a t i s f y  t h e  following c r i t e r i a  i n  order t o  qua l i fy  f o r  t h i s  

study: 

(1) f i l t rohel iograms of the  f l a r e  were obtained by McMath-Hulbert 

Observatory's H a  f l a r e  p a t r o l  program, 

(2 )  t h e  f i l t rohel iograms were of high qua l i ty ,  

( 3 )  they were continuous ( a t  l e a s t  one each t h i r t y  seconds) from 

t h e  f l a r e ' s  s t a r t  t o  t e n  minutes a f t e r  i t s  maximum i n t e n s i t y ,  

(4) the  Michigan experiment's record of ~ ( 8 ~ 1 2 )  covered t h e  above 

i n t e r v a l  with no in te r rup t ions ,  

( 5 )  t h e  f l a r e  was included i n  Catalog I1 (see  Chapter I11 for  a  

descr ip t ion of  t h i s  ca ta log) ,  and 

(6) t h e  f l a r e  occurred wi th in  45" he l iocen t r i c  of t h e  center  of the  

s o l a r  d i sk  ( R  < 0.7).  

These c r i t e r i a  insure  t h a t  t h e  event was wel l  observed and not s t rongly  a f -  

fec ted  by the  v a r i o u s  d i f f i c u l t i e s  associated with limb f l a r e s  ( c f .  ~ p p e n d i x ) .  

Of the  283 f l a r e s  i n  Catalog 11, only th ree  s a t i s f i e d  t h e  above require-  

ments. Each of these f l a r e s  was ra ted  importance l b  and occurred within a  

region undergoing i t s  t h i r d  ro ta t ion .  Other data  a r e  given i n  Tables 5 . 1  



and 5.2,  which, with two exceptions, are  taken d i r ec t l y  from Catalog 11. The 

exceptions are t ha t  ( a )  the  H a  s t a r t i ng  time i s  the  e a r l i e s t  s t a r t  reported by 

a cinematographic s t a t i on ;  and (b )  the  disk-center distance R ( i n  un i t s  of so la r  

r a d i i )  i s  from the  SGDB. Figures 5-1, 5-2, and 5-3 show the  McMath-Hulbert f l a r e  

p a t r o l  filtroheliogramnearthetimeof maximum in t ens i t y  fo r  each f l a r e .  ( ~ o t e  

the  image of t h e  clock impressed on these photographs. This clock was cal ibra ted 

with WWV time s ignals  th ree  times a day t o  insure t h a t  each exposure could be 

iden t i f i ed  t o  within a few- seconds.) 

TABLE 5 . 1  

H a  DATA FOR THE ANALYZED FLARES 

Date S t a r t  Max. End Imp. Lo cat  ion R No. 

26 March 1967 1603 1605 1619 l b  ~ 2 4 ~ 0 8  8740 .51 13 

24 March 1968 1632 1645 1735 l b  S12W02 9273 .09 280 

25 March 1968 1442 1449 1600 l b  ~ 1 2 ~ 1 4  9273 .25 281 

15 07 

TABLE 5.2 

~ ( 8 , 1 2 )  DATA FOR THE ANALYZED FLARES 

Date S t a r t  Max. End Base Amp1 . No , 

26 March 1967 1604. 0 1608. 0 1630 .0084 .0236 13 

24 March 1968 1633 5 1647.0 1833 -005 3 .0412 280 

25 March 1968 1444.0 1452.0 - .0040 0435 281 

1.507 0 5 



Figure 5-1. Ha filtroheliogram of lb flare on 26 March 1967. The ex- 
posure was taken at 1608 UT, two minutes after the flare's maximum in- 
tensity. This photograph is from the McKath-Hulbert Observatory's 
flare-patrol records, as are the next two figures. Note the clock 
image and calibration spots impressed on each exposure, 



Figure 5-2?, ,yo: 

t e n s i t y - .  



Figure 5-3- Ha filtroheliogrzm of Ib flare on 25 March 1968. ?The ex- 
posure was taken at 1506 U T J  near  the time of the Clalae's rnaxi~num in- 
tensityy, 



Q u i t e  by chance, two of t h e  events  s e l e c t e d  by t h e  above procedure a r e  

c l o s e l y  r e l a t e d  t o  one another .  F l a r e  #281 occurred j u s t  22 hours a f t e r  f l a r e  

$280 and i n  t h e  same plage.  A s  can be seen by comparing Figures  5-2 and 5-3, 

t h e  f l a r i n g  r eg ions  were almost i d e n t i c a l  i n  appearance f o r  t h e s e  two events .  

The ex i s t ence  o f  a c l a s s  of  success ive  f l a r e s  which t ake  p lace  i n  t h e  same r eg ion  

and show a common p a t t e r n  of  s t r u c t u r e  was f i r s t  repor ted  by Waldmeier (1938) 

and confirmed by  Dodson and Hedeman (1949).  E l l i s o n  e t  a l .  (1960), suggested -- 

t h e  term "homologousl' be used t o  desc r ibe  t h i s  c l a s s  of  f l a r e s .  The term can 

a l s o  apply  t o  success ive  r a d i o  b u r s t s  which have similar c h a r a c t e r i s t i c s  ( ~ o k k e r ,  

1968))  a s  w e l l  a s  t o  similar X-ray b u r s t s  ( ~ o r t i n i ,  1963).  I n  f a c t  P i n t e r  

(1969b) no te s  t h a t  t h e  very  events  i n v e s t i g a t e d  i n  t h e  p re sen t  s tudy  a r e  

e x c e l l e n t  examples of such homologous X-ray b u r s t s .  Thus, t h e  f a c t  t h a t  t h e  

events  of  24 and 25 March 1968 belong t o  t h i s  s p e c i a l  c l a s s  should be  kept  i n  

mind when cons ider ing  t h e  r e s u l t s  descr ibed  below. 

2. Ha ISOPHOTOMETRY 

Selec ted  frames of  t h e  f i l m  record f o r  t h e  t h r e e  f l a r e s  j u s t  d i scussed  

were analyzed by  t h e  McMath-Hulbert Observatory isophotometer., An e a r l y  ve r s ion  

of  t h e  instrument  used i n  t h e  p re sen t  s tudy  has been descr ibed by Mohler and 

P ie rce  (1957).  Bas i ca l ly ,  t h e  isophotometer has  an analyzing l i g h t  beam which 

i s  focused on a smal l  po r t ion  of the  f i l m  being measured. The l i g h t  t r ansmi t t ed  

by t h a t  po in t  on t h e  f i l m  i s  sensed by a p h o t o e l e c t r i c  c e l l  which c o n t r o l s  t h e  

r o t a t i o n  o f  a  mechanical cam. A t  c e r t a i n  p o s i t i o n s  of t h e  cam, it t r i p s  a  micro- 

switch which causes a  pen t o  mark a  p r e c i s e  p o s i t i o n  on a  shee t  of paper ,  Thus, 



a mark i s  made whenever t h e  ana lyz ing  l i g h t  beam encounters  one of s eve ra l ,  

d i s c r e t e  va lues  of  photographic d e n s i t y  on t h e  f i lm .  

The f i l m  i t s e l f  i s  mounted on a c a r r i a g e  which moves it p a s t  t h e  analyz-  

i n g  beam according t o  a p re se l ec t ed  r o u t i n e .  I n  o rde r  t o  photometer t h e  en- 

t i r e  a r e a  o f  i n t e r e s t  on t h e  f i lm,  t h i s  r o u t i n e  proceeds a s  fo l lows:  f i r s t  

t h e  a r e a  i s  scanned over i t s  f u l l  width;  t hen  t h e  f i lm c a r r i a g e  i s  r e tu rned  by 

t h e  i d e n t i c a l  pa th  t o  t h e  s i d e  on which it began; next  it i s  d i sp l aced  a smal l  

amount i n  t h e  perpendicular  d i r e c t i o n  and t h e  above s t e p s  a r e  repea ted .  This 

cont inues u n t i l  t h e  whole a r e a  has been covered. 

A mechanical coupl ing causes a shee t  of  paper t o  be moved benea th  t h e  

marking pen i n  exac t  synchronism wi th  t h e  motion of t h e  f i l m  c a r r i a g e .  Thus, 

while  t h e  analyzing l i g h t  beam i s  scanning t h e  f i l m ,  t h e  pen "scans" t h e  shee t  

of  paper marking those  p o i n t s  which correspond t o  p o s i t i o n s  on t h e  f i l m  having 

c e r t a i n  photographic d e n s i t i e s .  The microswitch which a c t i v a t e s  t h e  pen ope ra t e s  

on ly  when t h e  f i l m  c a r r i a g e  i s  t r a v e l l i n g  i n  a given d i r e c t i o n ,  e l imina t ing  t h e  

e f f e c t s  of  backlash  i n  t h e  a s s o c i a t e d  gear  t r a i n s .  The above procedure s lowly 

b u i l d s  a s e t  o f  contours ,  c a l l e d  i sophotes ,  which r ep re sen t  l i n e s  o f  equal  den- 

s i t y  on t h e  f i l m  being photometered. Figure 5-4 shows some examples of  t h e  i s o -  

photes  der ived  f r o m t h e  25 March 1968 f l a r e .  Also shown i s  t h e  r e l a t i v e  s i z e  

o f  t h e  ana lyz ing  l i g h t  beam, which was se l ec t ed  t o  match t h e  r e s o l u t i o n  of t h e  

f l a r e  image on t h e  p a t r o l  f i lm.  This  r e s o l u t i o n  i s  about 5 a rc-sec ,  which i s  

3 equiva len t  t o  4 x 1 0  km a t  t h e  c e n t e r  o f  t h e  s o l a r  d i sk .  

I n  a d d i t i o n  t o  c o n t r o l l i n g  t h e  r o t a t i o n  of the mechanical cam, t h e  i s o -  

photometer 's  p h o t o e l e c t r i c  c e l l  a l s o  d r ives  t he  pen of a char t - recorder .  Thus, 



Ha ISOPHOTES OF Ib  FLARE 
25 MARCH 1968 

1 4 ~  43m 36S U.T. I sh 03~04'  U.T. 

1 5h 0 7 ~  36' U.T. 1 5 ~  1 4 ~  36' UX 

Figure 5-4. Representative H a  isophotes of the  l b  f l a r e  on 25 March 
1968. Each contour represents  a l i n e  of constant photographic dens i ty  
on the  f i l t rohel iogram and thus  constant i n t e n s i t y  within the  f l a r i n g  
region. The f i l l e d  c i r c l e s  a r e  t h e  contours of t h e  main sunspot i n  
the  plage. The small rectangle indicates  t h e  s ize  of t h e  isophotometer 's 
analyzing l i g h t  beam. 



a  given d e n s i t y  on t h e  f i l m  g ives  r i s e  t o  a  corresponding d e f l e c t i o n  D on t h e  

cha r t - r eco rde r .  It w i l l  be i m p l i c i t l y  understood i n  the  fol lowing t h a t  any 

r e fe rence  t o  t h e  photographic d e n s i t y  of  some f e a t u r e  a c t u a l l y  r e f e r s  t o  i t s  

measured char t - recorder  d e f l e c t i o n .  

I n  t h e  Appendix of t h i s  paper,  it i s  shown t h a t  t h e  enhancement of  Ha 

emission dur ing  a f l a r e  can be  r e l a t e d  t o  t h e  parameter R '  which i s  de f ined  a s :  
C 

where : 

A i s  t h e  a r e a  ( a c t u a l l y  t h e  corresponding so l id-angle  i n  s t e r a d i a n s )  
C 

w i t h i n  contour c ,  

c(max) i s  t h e  innermost contour,  

P and P a r e  t h e  measured, undisturbed Ha i n t e n s i t i e s  a t  t h e  
P 0 

h e l i o c e n t r i c  d i s t a n c e  of  t h e  f l a r e  and t h e  c e n t e r  of  t h e  s o l a r  

d i s k  r e spec t ive ly ,  and 

- 
P '  i s  a f l a r e  i n t e n s i t y  which f a l l s  between contours  c  and c + l  

c  

a s  def ined  i n  t h e  Appendix. 

To f i n d  t h e  app ropr i a t e  i n t e n s i t y  va lues  f o r  t h i s  expression,  t h e  c h a r a c t e r i s t i c  

curve P = f ( ~ )  must be determined f o r  t h e  f i lm .  This was done by measuring t h e  

photographic d e n s i t i e s  f o r  t h e  s e t  of c a l i b r a t i o n  s p o t s  which a r e  impressed on 

each f i l t r o h e l i o g r a m  ( see  Figure 5-1, 5-2, or  5-3) and using Teske ' s  measure- 

ments of t h e  r e l a t i v e  i n t e n s i t i e s  of t h e s e  s p o t s  (pe r sona l  communication). As 

mentioned i n  t he  Appendix, we have found t h a t  t h e  derived val-ue of  R '  i s  ve ry  
c  

s e n s i t i v e  t o  s l i g h t  changes i n  t h e  c h a r a c t e r i s t i c  curve used. Therefore,  we 



have determined it individually for each exposure analyzed in the present study. 

Once the characteristic curve is known and the photographic densities of' the 

various contours D and undisturbed disk center D are measured, the intensity 
C 0 

- 
ratios P'/P necessary for equation (5.1) can be found by means of the relations 

C 0 

given in the Appendix. 

The area values A were measured by planimetering the appropriate contours 
C 

in each isophote. To improve the accuracy of these measurements and eliminate 

one source of systematic error, each area was planimetered four times in one 

direction and an equal number in the other direction. The mean of these eight 

values was then taken to be the area within the contour in question. 

The intensity ratio P /P which appears in equation (5.1) is the same for 
P 0 

all filtroheliograms of a given flare. The ratios used for the three flares 

investigated here were taken from the limb-darkening study by 0. R. White (1962) 

and are listed in Table 5.3. 

TABLE 5.3 

DATA FOR THE Rl3DUCTION OF THE ANALYZED FLARES 

Date P W (H~)/w (Ha) 9 z 
0 

26 March 1967 .858 0.88 0.96 1.24 1.36 3.3 

24 March 1968 .995 1.00 1.00 1.25 1 -  3.3 

25 March 1968 ,967 0.97 0.99 1.24 1.12 3.3 

Also listed are the appropriate values of the following parameters: 

, the flare's heliocentric distance (cos 6) ; 



W (H~)/w (w) ,  the ratio of the undisturbed Ha equivalent width at p 
IJ- 0 

to that at the center of the solar disk (derived from David, 1961) ; 

P*/P~, the relative intensity to which all measurements of a given flare 

were standardized; 

cp, the conversion factor between the total relative flux and the relative 

flux standardized to P,/P ; 
I-1 

z, the figure of merit for the filtroheliograph (kindly supplied by Dr. 

Dodson-Prince, personal communication). 

(A more comprehensive definition of these parameters can be found in the 

Appendix.) 

The above values are needed in order to convert the relative flux values 

R', given by (5.1), into the total enhancement of Ha emission during the flare 
C 

AS(HCY,~). This is done in two steps. First the standardized relative flux 

Ri is derived from values of R' for a given isophote by one of the relations 
C 

(A. 27 or A. 29) given in the Appendix. Then AS (~a,t) can be found from R$ by 

the following express ion : 

which is derived from equation (A.~o) of the Appendix. 

It is difficult to know the relative error in AS(IIa,t) resulting from the 

above reduction procedure. However, we have investigated the internal consis- 

tency of the isophote planimetry and the effects of reasonable ina.ccuracies in 

the determination of photographic densities and the films' characteristic curves 

for measurements made in the present study, From this analysis, we have estimated 



t h e  r e l a t i v e  e r r o r  f o r  t h e  March 1968 f l a r e s  t o  be about 6%. Because the  

f i l m  record f o r  t h e  March 1967 f l a r e  was somewha* lower i n  q u a l i t y ,  we have 

assigned a 10% u n c e r t a i n t y  t o  i t s  va lues ,  

The enhanced H a  emission curves f o r  t hese  t h r e e  f l a r e s  a r e  presented  i n  

t h e  next  secti.on. 

3. GENERAL COMPARISON OF THE SOFT X-RAY AND H a  EVENTS 

For t h e  24 March 1968 f l a r e ,  Figure 5-5 shows t h e  time development of t h e  

8-12 emission r a t e  ~ ~ ( 8 , 1 2 ; t )  observed by t h e  Michigan s o f t  X-ray d e t e c t o r ,  

t h e  H a  emission r a t e  A S ( H ~ , ~ )  der ived i n  t h e  previous  sec t ion ,  and t h e  i n -  

t e n s i t y  of t h e  f l a r e ' s  b? ightes t  po in t  I /I a s  found by t h e  method descr ibed 
max o 

'& 

i n  t h e  Appendix. To t h e  author  ' s knowledge, t h i s  i s  t h e  f i r s t  d i r e c t  comparison 

of t h e  abso lu t e  r a t e s  o f  X-ray and H a  emission dur ing  a f l a r e ,  The X-ray emis- 

s ion  remained enhanced u n t i l  about 1834 UT, so  measurements made a t  1738 and 

1834 UT a r e  a l s o  ind ica t ed  on t h e  f i g u r e .  

Although it may not  be obvious by casua l  inspec t ion ,  t h e  X-ray emission 

curve fo l lows  more c l o s e l y  t h e  t o t a l  I-la emission curve than it does t h e  H a  i n -  

t e n s i t y  curve. For example, the  emission curves peak simultaneously, while  t h e  

i n t e n s i t y  reaches i t s  maximum about t h r e e  minutes e a r l i e r .  I n  add i t i on ,  t h e  

i n t e n s i t y  f a l l s  t o  i t s  p r e - f l a r e  l e v e l  be fo re  1738 UT, while t h e  t o t a l  H a  

emission remains enhanced a f t e r  t h a t  t ime, a s  does t h e  X-ray emission. How- 

ever ,  i t  should be noted t h a t  by 1834 UT t h e  X-ray b u r s t  has ended, y e t  t h e  

H a  emission s t i l l  remains high due t o  a g r e a t  p o s t - f l a r e  i nc rease  i n  t he  s i z e  

of t h e  a s soc i a t ed  p lage ,  Another s i m i l a r i t y  i n  t h e  two emission r a t e  curves i s  



Figure 5-5. Comparison of t h e  8-12 a emission ra te  ( top ) ,  H a  emission 
r a t e  (middle),  and H a  i n t e n s i t y  (bottom) during t h e  l b  f l a r e  on 24 
March 1968. Addit ional  values a t  1738 UT and 1834 UT a r e  indica ted  by 
x. The r e l a t i v e  e r r o r  f o r  measurements of  the  t o t a l  H a  emission r a t e  
i s  6%, while t h a t  f o r  t h e  i n t e n s i t y  i s  4%. 



t h e  "bump1' a t  about 1638 UT. But t h e  ex is tence  of t h i s  f e a t u r e  i s  somewhat 

doubt fu l  i n  Ha s ince  it i s  def ined by only one measured p o i n t ,  

Figure 5-6 shows t h e  corresponding curves f o r  t h e  25 March 1968 f l a r e ,  

Here each of t h e  t h r e e  f e a t u r e s  i n  t h e  Ha emission curve i s  d e f i n i t e l y  e s t ab -  

l i s h e d  and each has a  c l e a r  counterpar t  i n  t h e  a s soc i a t ed  X-ray b u r s t .  This 

e x c e l l e n t  correspondence imp l i e s  a very  c lose  r e l a t i o n  indeed between t h e  

e n e r g e t i c s  o f  t h e  H a  and s o f t  X-ray events .  

The Michigan d e t e c t o r  was i n  i t s  opera t ing  mode o f  high s e n s i t i v i t y  f o r  

t h e  f i r s t  few minutes o f  t h i s  b u r s t  ( i n d i c a t e d  by t h e  s h o r t ,  e l eva t ed  segment 

i n  t h e  ~ ~ ( 8 , 1 2 ; t )  f i g u r e ) .  When t h i s  p o r t i o n  of t h e  event  i s  p l o t t e d  on t h e  

same v e r t i c a l  s c a l e  a s  t h e  r e s t  of t h e  b u r s t  (shown i n  t h e  main curve of  t h e  

f i g u r e ) ,  it becomes apparent  what a  s u b t l e  enhancement t h i s  i n i t i a l  r i s e  r ep re -  

s en t s .  It i s  ev ident  t h a t  t h i s  i n i t i a l ,  very  g radua l  r i s e  would not  have been 

de t ec t ed  i f  t h e  Michigan instrument  had been i n  i t s  low s e n s i t i v i t y  mode, which 

agrees  wi th  t h e  s t a t i s t i c a l  r e s u l t s  discussed i n  Chapter I V .  But even con- 

s i d e r i n g  t h e  h igh  s e n s i t i v i t y  da t a ,  t h e  Ha enhancement s t a r t s  be fo re  t h e  X-ray 

enhancement i n  t h e  p re sen t  case ;  indeed, t h i s  i s  t r u e  f o r  a l l  t h r e e  o f  t h e  

f e a t u r e s  i n  t h e  emission curves f o r  t h e  25 March 1968 f l a r e .  I n  f a c t ,  f o r  a l l  

t h r e e  of  t h e  f l a r e s  i n v e s t i g a t e d  here,  t h e  H a  event  s t a r t s  before  i t s  a s soc i a t ed  

s o f t  X-ray b u r s t .  This  i s  a t y p i c a l ,  bu t  by no means r a r e ,  f o r  s o f t  X-ray 

b u r s t s  which accompany H a  f l a r e s  i n  genera l ,  a s  demonstrated i n  Chapter I V .  

Figure 5-6 shows t h a t  t h e  25 March 1968 f l a r e  cons is ted  of two main phases,  

one at rough t ly  1450 UT and another a t  1505 UT. The r a t i o  of t h e  amplitudes of 

t h e s e  two peaks i s  l e s s  t h a n  2 : l  f o r  t h e  H a  i n t e n s i t i e s ,  nea r ly  3 : l  f o r  t h e  H a  
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Figure 5-6. Comparison of t h e  8-12 1 emission r a t e  ( t o p ) ,  Ha emission 
r a t e  (middle) ,  and H a  i n t e n s i t y  (bottom) dur ing  t h e  l b  f l a r e  on 25 
March 1968. The sho r t ,  r a i s e d  segment i n  t h e  graph a t  t o p  shows X-ray 
d a t a  obtained by t h e  Michigan d e t e c t o r  while  i n  i t s  h igh  s e n s i t i v i t y  
mode of opera t ion .  This  segment i s  p l o t t e d  on a magnified o rd ina t e  
s c a l e .  The r e l a t i v e  e r r o r  f o r  measurements of  t h e  t o t a l  Ha emission 
r a t e  i s  6$, while  t h a t  f o r  t h e  i n t e n s i t y  i s  4%. 



emission r a t e s ,  bu t  almost 1 0 : l  f o r  t h e  emission r a t e s  of t he  8-12 a r a d i a t i o n .  

This impl ies  t h a t  during t h e  f l a r e  ( a )  t h e  X-ray producing mechanism i s  much 

more s e n s i t i v e  than  t h e  Ha mechanism t o  changes i n  t h e  phys i ca l  cond i t i ons  of 

t h e  emi t t i ng  region,  ( b )  t h e  p h y s i c a l  c h a r a c t e r i s t i c s  of t h e  X-ray emi t t i ng  

reg ion  undergo much s t ronger  v a r i a t i o n s  than  those  of t h e  r eg ion  emi t t i ng  Ha 

r a d i a t i o n ,  o r  ( c )  some combination of  t h e  above. It i s  a l s o  i n t e r e s t i n g  t o  

no te  t h a t  t h e  Ha emission r a t e  peaks be fo re  t h e  i n t e n s i t y  curve dur ing  t h e  

f i r s t  phase of t h i s  f l a r e  bu t  a f t e r  it during t h e  second phase, Both Ha curves 

peak w e l l  be fo re  t h e  f i r s t  X-ray maximum, while  t h e  I-la and X-ray emission r a t e s  

peak s imultaneously a t  t h e  second maximum. 

Although t h e r e  a r e  many minor d i f f e r ences ,  t h e  main impression g iven  by 

t h e  comparisons j u s t  descr ibed i s  the  notable  s i m i l a r i t y  i n  t h e  t ime p r o f i l e s  

of t h e  s o f t  X-ray and Ha emission r a t e s .  This i s  a l l  t h e  more remarkable 

cons ider ing  t h e  g r e a t  d i f f e r e n c e s  t h a t  must e x i s t  i n  t h e  phys i ca l  condi t ions  

of t h e  two emi t t i ng  reg ions .  For example, a  t y p i c a l  temperature der ived  from 

6 
o b s e r ~ a t ~ i o n s  of s o f t  X-ray b u r s t s  i s  on t h e  order  of  a  few 1 0  K ( s e e  Table 2.2 

of  Chapter II), Hydrogen would be v i r t u a l l y  1 0 q o  ionized  a t  such a temperature 

and t h u s  any Ha emission would be completely n e g l i g i b l e ,  Actual ly,  t h e  temper- 

4 
a t u r e  app ropr i a t e  f o r  t h e  Ha e m i t t i n g  reg ion  dur ing  a f l a r e  i s  roughly LO K 

( e a g e ,  DeJager, 1959; DeFei ter ,  1966).  I n  add i t i on ,  t he  d e n s i t i e s  of t h e  two 

r eg ions  a r e  f a r  d i f f e r e n t .  For t h e  Ha f l a r e ,  d e n s i t i e s  of  a  few 10'' a r e  

normally found (DeJager, 1959; Fritzova-Svestkova and Svestka,  1967) while  t h e  

Li -.3 source of  t h e  X-ray b u r s t  seems t o  have a  dens i ty  no g r e a t e r  than  1 0  em 

( ~ a i a n a  and Giacconi, 1968; Culhane and P h i l l i p s ,  1969; Friedman and Hamberger, 



1969; Hudson -- e t  a l , ,  1969a) .  It i s  a  c l e a r  chal lenge f o r  t h e o r e t i c i a n s  t o  ac-  

count f o r  t h e  f a c t  t h a t  two emissions a r i s i n g  from such d i s t i n c t  sources can 

show t h e  remarkable degree of  time c o r r e l a t i o n  which i s  observed i n  the f l a r e s  

j u s t  discussed.  

However, t h e  26 March 1967 f l a r e  shows t h a t  t h e  r e l a t i o n  between t h e  H a  

and s o f t  X-ray emission r a t e s  i s  not  always a  simple one. This f l a r e  took p l ace  

i n  a  r e l a t i v e l y  smal l  po r t ion  of  a  very  l a r g e ,  fragmented reg ion .  In  t h a t  r e -  

spec t ,  it i s  d i f f e r e n t  from t h e  two f l a r e s  prev ious ly  descr ibed ,  which i n -  

volved n e a r l y  a l l  o f  the  smal le r ,  more compact reg ion  i n  which they  occurred. 

The t ime development of  t h e  X-ray emission r a t e ,  t o t a l  H a  emission r a t e ,  and 

H a  i n t e n s i t y  displayed i n  Figure 5-7 a r e  not  a t  a l l  s i m i l a r  t o  one another .  

(TO check t h e  r e l i a b i l i t y  o f  t h e  H a  measurements, e i g h t  of t h e  n ine teen  ex- 

posures  analyzed f o r  t h i s  f l a r e  were completely isophotometered a  second t ime.  

Very good agreement r e s u l t e d  f o r  each p a i r  of va lues  t hus  ob ta ined . )  The 

d i s p a r i t i e s  among t h e s e  curves inc lude  t h e  d i f f e r i n g  times of  start and maxi- 

mum a s  w e l l  a s  t h e  f a c t  t h a t  t h e  X-ray b u r s t  i s  a  simple one while  t h e  H a  event  

shows two d e f i n i t e  components. 

These p e c u l i a r i t i e s  a l s o  appear i n  Figure 5-8, which p l o t s  t h e  t o t a l  H a  

and s o f t  X-ray emission r a t e s  a t  one-minute i n t e r v a l s  during t h e  time develop- 

ment of t h e  t h r e e  analyzed f l a r e s .  Times of  maximum H a  i n t e n s i t y  a r e  i n -  

d i ca t ed  by c i r c l e s  i n  t h e  f i g u r e .  Although t h e  26 March 1967 event  has  such an  

i r r e g u l a r  t r a c e ,  a t  l e a s t  t h e  genera l  s lopes  of t h e  r i s i n g  po r t ions  f o r  a l l  

t h r e e  f l a r e s  a r e  n e a r l y  t h e  same, In  add i t i on ,  the  r e l a t i o n  between t h e  H a  

and X-ray emission r a t e s  on t h e  r i s i n g  segment of t h e  curve i s  almost i d e n t i c a l  



Figure 5-7. Comparison of t h e  8-12 a emission r a t e  ( t o p ) ,  H a  emission 
r a t e  (middle), and H a  i n t e n s i t y  (bottom) during t h e  l b  f l a r e  on 26 
March 1967. The r e l a t i v e  e r r o r  f o r  measurements of t h e  t o t a l  H a  
emission r a t e  i s  lo%, while t h a t  f o r  t h e  i n t e n s i t y  is  4%. 



25 MARCH 1968 

Figure 5-8, Comparison of the Ha and 8-12 a emission rates for the lb 
flares on 26 March 1967 (top), 24 March 1968 (middle), and 25 March 
1968 (bottom). Values are plotted at one-minute intervals. Circled 
points refer to times of maximum Ha intensity. 



t o  t h a t  on i t s  f a l l i n g  po r t ion  f o r  both 1968 events .  The s l o p e  t h a t  b e s t  f i t s  

t he  l i n e a r  p a r t  of t h e s e  curves shows t h a t  near  maximum t h e  8-12 a emission 

r a t e  v a r i e s  roughly 3 t imes a s  r a p i d l y  a s  t h e  f l a r e ' s  H a  emission r a t e .  Thus 

s o f t  X-radiat ion i s  a  much more s e n s i t i v e  i n d i c a t o r  of  changes i n  t h e  f l a r i n g  

region,  a s  had a l s o  been implied by t h e  comparison o f  t h e  two phases of t h e  25 

March 1968 event  descr ibed  e a r l i e r .  

4. COMPAP,ISOTJ WITH THE RESULTS OF CHAPTER I V  

In  t h e  previous chapter ,  s e v e r a l  s t a t i s t i c a l  r e l a t i o n s h i p s  were found be- 

tween va r ious  a s p e c t s  o f  an H a  f l a r e  and i t s  a s soc i a t ed  X-ray b u r s t .  It would 

be o f  i n t e r e s t  t o  i n v e s t i g a t e  t h e  degree t o  which t h e s e  r e l a t i o n s h i p s  hold 

during i n d i v i d u a l  events ,  and t h i s  has been done f o r  t h e  t h r e e  f l a r e s  j u s t  

discussed,  

Unfortunately,  t h e  p r e - f l a r e  l e v e l s  of  t h e  H a  emission r a t e s  f o r  t h e s e  

even t s  were no t  determined we l l  enough t o  a s s i g n  a  d e f i n i t e  photometric s t a r t -  

i ng  time t o  t h e  f l a r e s ,  However, we have a l r e a d y  noted t h a t  i n  each case t h e  

enhancement i n  t h e  Ha emission r a t e  was c l e a r l y  e s t a b l i s h e d  at t h e  time of trhe 

f i r s t  i nc rease  i n  X-radiat ion,  which i s  an  a t y p i c a l  (bu t  by no means r a r e )  

occurrence f o r  f l a r e s  i n  genera l .  

The photometric t imes  of  t h e  p r i n c i p a l  maxima f o r  t h e  t h r e e  f l a r e s  a r e  

l i s t e d  i n  Table 5.4. 



TABLE 5 4 

PHOTOMETRIC TIMES OF MAXIMUM 
( A l l  t imes a r e  i n  UT) 

Date 
Ha H a  8-12 1 

I n t e n s i t y  Emission Rate Emission Rate 

26 March 1967 1606 1614 

24 March 1968 1644 1647 

25 March 1968 1449 1447 
15 06 15 07 

The t imes of maximum H a  i n t e n s i t y  found here a l l  agree n i c e l y  (p lus  or minus one 

minute) wi th  the  f l a r e  maximum times f o r  these  events  l i s t e d  i n  t h e  Quar t e r ly  

Bul le t in ,  and shown i n  Table 5 . 1  of t h i s  paper.  Thus, f o r  f l a r e s  with we l l  

defined maxima, v i s u a l  inspect ion  of  p a t r o l  f i l t rohe l iog rams  seems t o  be a 

reasonably accura te  method f o r  determining t h e  time of a f l a r e ' s  peak i n -  

t e n s i t y ;  and so s t u d i e s  u t i l i z i n g  these  repor ted  maximum t imes can be r e -  

garded wi th  some confidence. 

I n  each of t h e  four  cases considered here,  t h e  X-ray emission r a t e  peaks 

a f t e r  t h e  i n t e n s i t y  maximum of t h e  Ha f l a r e ,  t y p i c a l l y  by a few minutes. This 

i s  p r e c i s e l y  t h e  r e s u l t  found by t h e  s t a t i s t i c a l  ana lys i s  i n  Chapter I V .  How- 

ever ,  ( i f  t h e  average of j u s t  four  cases i s  meaningful) t h e  t o t a l  X-ray and Ha 

emission r a t e s  both reach maximum simultaneously, This i s  y e t  another  in -  

d i ca t ion  of t h e  very c lose  c o r r e l a t i o n  shown by these  two components of t h e  

f l a r e  phenomenon. 

A l l  t h ree  f l a r e s  inves t iga ted  i n  t h i s  chapter a r e  r a t e d  Zb, and the 

photometric a n a l y s i s  described above shows t h a t  they have a m a s  and peak 



intensities which are typical for that importance. Thus, we cannot consider 

here the relation between the peak enhancements in soft X-ray and Ha emission 

rates, AS(8,l2) and AS(Ha), as a function of flare importance. But we can see 

how closely the peak emission rates for these individual flares match the rates 

found for lb flares in general. Table 5.5 lists the values resulting from this 

study along with the emission rates appropriate for lb flares as derived from 

the statistical study in Chapter IV. 

TABLE 5.5 

PEAK ENHANCEMENTS IN EMISSION RATES 
( ~ l l  emission rates are in 1025 erg/sec) 

Date AS (Ha) ~s(8,12) 

26 March 1967 10 

24 March 1968 8 

25 March 1968 12 

"Average" lb 5 3 

Note that the rough approximation method of Chapter IV does indeed result 

in an overestimate of As(K~), as had been suggested in that chapter. Apparently, 

the method predicts values which are about a factor of 5 too high. On the 

other hand, the individual values of ns(8,12) are exactly in line with the 

"average" amplitude of bursts associated with lb flares. 

The most important result given by this comparison is that, at least for 

these three flares, the peak enhancement in 8-12 a radiation is virtually iden- 
tical to that in Ha, The absolute value of each measurement may be in error by 



a s  much a s  a f a c t o r  of 2  ( s ee  Chapter 11), bu t  even i n  t h e  worst case,  the  peak 

Ha and s o f t  X-ray emission r a t e s  would be  equal  w i th in  an order  of magnitude. 

F ina l ly ,  we have i n v e s t i g a t e d  t h e  t ime- in tegra ted  Ha and s o f t  X-ray ene rg i e s  

which were emi t ted  dur ing  t h e s e  f l a r e s .  Since none o f  t h e  events  was t r aced  

cont inuously t o  i t s  conclusion,  t h e  Ka and X-ray curves f o r  each event  were ex- 

t r a p o l a t e d  down t o  t h e i r  p r e - f l a r e  l e v e l s .  These ex t r apo la t ions  were made wi th  

ca re  bu t ,  of course,  a r e  l i t t l e  more than  wel l - in ten t ioned  guesses .  However, 

i n  each case  t h e  ma jo r i t y  of  t h e  emission occurred during pe r iods  which were 

covered by observa t ions ,  so t h a t  t h e s e  ex t r apo la t ions  should no t  g ive  r i s e  t o  

s i g n i f i c a n t  e r r o r s .  

The r e s u l t s  of  t h i s  s tudy a r e  shown i n  Table 5.6, along wi th  t h e  appro- 

p r i a t e  X-ray value found by the s t a t i s t i c a l  s tudy  i n  Chapter I V .  The t o t a l  

amounts of 8-12 energy emit ted during t h e  t h r e e  f l a r e s  seem t o  be q u i t e  t y p i c a l  

f o r  b u r s t s  accompanying l b  f l a r e s .  But t h e  most important r e s u l t  here  i s  once 

aga in  t h e  s t r i k i n g  s i m i l a r i t y  i n  the values of t h e  t o t a l  energy emit ted a s  Ha 

r a d i a t i o n  and as 8-12 4 X-radia,tion by t h e s e  f l a r e s .  Even cons ider ing  t h e  

p o s s i b l i t y  of e r r o r s  i n  t h e  absolute  c a l i b r a t i o n s  o f  t h e  above measurements, 

one must conclude t h a t  emission i n  HQ and i n  s o f t  X-radia t ion  both con t r ibu te  

very  nea r ly  i d e n t i c a l  amounts t o  the  energy l o s s e s  o f  t h e s e  f l a r e s .  



TABLE 5.6 

TOTAL FLARE EMISSION IN Ha AND 8-12 
(All emission values are in 1028 erg) 

Total Ha 
Date 

Total 8-12 a 
Emission Emission 

26 March 1967 9 

24 March 1968 10 

25 March 1968 11 

"Average " lb - 

5. OBSERVATIONS AT OTI-IER WAVELENGTHS 

Observations of the hard X-ray, E W  (~xtreme ultraviolet), and microwave 

bursts which accompanied the 24 March 1968 flare were also compared to the Ha 

and soft X-ray events. The data for the hard X-ray burst were supplied by 

So R. Kane (personal communication) and refer to the total emission between 

0-1.2 a. The E W  data were derived from SFZ) observations by R. F. Donnelly 

(personal communication) using an ionospheric electron-loss rate of T = 20 

seconds. These latter data refer to the emission at 10-1030 a and should be 
correct to within a factor of 4. In each case, the measurements were in the 

form of a time-profile for the burst. These profiles were then planimetered 

to obtain the time-integrated energies within the appropriate wavelength in- 

tervals. For the microwave burst, the peak emission rates and durations at 

individual frequencies were taken from the reports listed in the SGDB. The 

emission values which resulted were then integrated between 2000 and 15000 MHz 

to find the total energy emitted in the microwave burst, 



Table 5.7 summarizes the values of t h e  energy involved i n  each wavelength 

i n t e r v a l  considered f o r  t h e  24 March event.  Hard X-ray emission and microwave 

r a d i a t i o n ,  a t  opposi te  ends of t h e  spectrum, account f o r  t h e  smal les t  amounts 

of energy. I n  addi t ion ,  these  l a t t e r  s p e c t r a l  i n t e r v a l s  show a very high cor-  

r e l a t i o n  i n  t h e i r  time va r i a t ions ,  even with regard t o  t h e  de ta i l ed  f i n e  

s t r u c t u r e  of the  b u r s t s  (e .g . ,  Arnoldy -- e t  a l . ,  1967, 1968b; Parks and Winckler, 

1969). A much l a r g e r  amount of energy i s  re leased  i n  t h e  form of 8-12 a X- 

r a d i a t i o n  and H a  emission, which l ikewise d i sp lay  notable  s i m i l a r i t i e s  i n  

t h e i r  time v a r i a t i o n s  a s  shown by t h e  present  s tudy,  Of t h e  wavelength i n -  

t e r v a l s  considered here,  t h e  major source of energy l o s s  i n  t h i s  f l a r e  seems 

t o  be EW rad ia t ion .  The time p r o f i l e  of t h i s  emission i s  o f t en  c l o s e l y  r e -  

l a t e d  t o  those of hard X-ray and microwave b u r s t s  (Neupert, 1964; Donnelly, 

1969") but  a l s o  shows c h a r a c t e r i s t i c s  which a r e  comparable t o  those  of s o f t  

X-ray and Ha events  (Donnelly, personal  communication), 

TABLE 5.7 

TOTAL ENERGY EMISSION DURING TKF, 24 MARCH 1968 FLARE 

Wavelength To ta l  Energy 
I n t e r v a l  Emission ( e r g )  

Hard X-ray 0 - l e 2  A 3 x 10  
26 

s o f t  X-ray 8-12 A 

EW 10-1030 A 

H a  6563 a 
22 

Microwave 2-15 cm 8 x 10 



The explana t ion  of t h e s e  r e l a t i o n s h i p s  among such d ive r se  r a d i a t i o n s  

o f f e r s  a cha l lenging  problem indeed f o r  any p o t e n t i a l  model of t h e  t o t a l  f l a r e  

phenomenon. 



CHAPTER VI 

SUMMARY 

All known mechanisms that may be important for the production of soft 

solar X-radiation imply that the X-ray emission rate depends mainly upon three 

characteristics of the emitting region, namely its temperature T, density N, 

and volume V (Acton, 1964), The relevant temperature and density are normally 

the electron temperature T and the electron density N although this is not 
e e' 

always the case (e.g,, Boldt and Serlemitsos, 1969) Other parameters, such as 

the magnetic field strength, may also affect the emission rate, but only by 

their influence on the region's temperature, density, and volume, 

Unfortunately, it is not possible to derive, unambiguously, values for all 

three of these characteristics from the observations made by the Michigan X-ray 

experiment because it has no spatial or spectral resolution, Thus, a rigorous 

model of the X-ray emitting source cannot be constructed by means of the Michi- 

gan data alone, but these data can be used to place general constraints on some 

aspects of such a model. We will discuss here very briefly several of these 

general considerations based on the results of studies described in previous 

chapters. 

1, THE SLOWLY VARYING COMPONENT 

The investigations discussed in Chapter 111 of this paper point out the 

close relation between calcium plages and the source of the slowly varying com- 

ponent of solar soft X-radiation, Even without spatf a.1 resolution, the data 



indicate that the X-ray emitting regions are physically connected with these 

plages. Their areas, if not identical, are at least closely associated, as 

shown by the correlation of E (8,12) and CA. The fact that E (8,12) forms an 
b b 

even better correlation with C A x I implies that the variations in the tempera- 
\ 

ture and density enhancements which determine the plage's intensity also relate 

to the X-ray emitting region, The major part of the soft X-radiation apparently 

originates from a source whose thickness does not depend strongly on its area, 

since the correlation of E (8,12) with C x I is no better than that with 
b 

C A x I. A study of individual values within the latter relation gives some 

evidence that the temperature and/or density of the X-ray emitting region de- 

clines as it ages and that emission of soft X-radiation can occur at significant 

heights above the chromosphere. 

The existence of X-radiation from such elevated sources requires localized 

regions of enhanced temperatures and/or densities within the cooler ambient 

corona. Comparisons of X-ray observations at several wavelength intervals show 

that these condensations cannot be isothermal, but apparently consist of a small 

core at a very high temperature surrounded by more extensive regions of material 

which becomes cooler with distance from the core, Furthermore, these comparisons 

indicate that at least some of the condensations which exist during periods 

when the general level of solar activity is high must be substantially hotter 

than those observed when the activity-level is low, Perhaps the same basic 

mechanism which is responsible for increased levels of solar activity also gives 

rise to further enhancements in the temperatures of the X-ray sources overlying 

chromospheric plages, 



2, THE BURST COMPONENT 

The present investigation considered only those X-ray bursts which accom- 

panied well verified Hu flares of importance 1 or greater, In addition, all 

bursts associated with "sympathetic" flares were eliminated, Thus, the results 

described here may not apply to all X-ray bursts 'in general, 

The total flare phenomenon almost invariably includes a significant en- 

hancement in soft X-radiation, Some cases of a relatively weak, impulsive 

component in 8-12 1 bursts have been observed which might be due to nonthermal 

processes. However, the properties of the general time-profiles for flare- 

associated enhancements, as well as their frequency of occurrence from center 

to limb, imply that they are predominantly thermal in nature. 

There are three possible mechanisms for this radiation, viz, thermal 

bremsstrahlumg ( f ree-f ree), recombination ( f ree-bound), and line emission ( bound- 

bound). 

The standard expression for thermal bremsstrahlung indicates that the flux 

between 8-12 1 from this mechanism is given by: 

~(8,12) = 5 x T;/~( e 
- X ~ / T ~  - e -l8lT6) EM erg/cm2 sec 

where T6 is the temperature in millions of degrees Kelvin and EM is the radiat- 

ing region's emission measure in units of as defined by: 

To obtain ( 6,1), a Gaunt factor of unity was assumed and the emitting plasma 

was taken to be pure hydrogen, As found in Chapter IV, the average peak en- 



2 hancement in the 8-12 1 radiation accompanying a In flare is 0.0183 erg/cm sec, 

which represents only a moderate-sized burst, Table 6,1 gives the emission 

measure which would be necessary at various temperatures to account for this 

peak X-ray enhancement if it were due solely to thermal bremsstrahlung emission, 

TABLE 6.1 

"ln" X-RAY EMISSION MEASURES DUE TO THERMAL BREMSSTRAHLUNG 

Temperature Emission 
(lo6 K) Measure ( emm3) 

1 6,0 x 
2 1,l 

5 2,6 x 1050 
10 8,5 x lo4' 
20 5.8 x lo4' 
50 5,8 x lo4' 
100 7.1 x lo4' 

The smallest value listed is still more than two orders of magnitude 

greater than most emission measures reported for any burst observed with de- 

tectors having either spatial or spectral resolution, (VaianaandGiacconi, 1968; 

Beigman - et - 0 7  a1 1969; Culhane and Phillips, 1969; Hudson et ale, 196981, Fur- 

thermore, of the experiments just cited, the two which most closely match the 

Michigan detector's response gave rise to determinations of emission measures 

which were much less than those found at shorter wavelengths, In addition, the 

smallest value given in Table 6.1 exceeds the emission measure for the entire 

quiet corona (~andel'shtam, 1965a)d Therefore, it seems clear that thermal 

bremsstrahlung radiation is completely negligible at 8-12 1 during flare asso- 

ciated bursts, The dominant mechanisms at these times are therefore recombina- 

tion and line emission, 



The a,bove result is supported by several theoretical calculations of the 

soft X-ray spectrum, We have already indicated that temperatures in excess of 

10 x lo6 K have not been observed for X-ray bursts near 10 1 (see Chapter 11). 

Culhane (1969) finds that at temperatures less than that value, free-bound ra- 

diation dominates all other sources of continuoui emission. ( ~ e  does not ex- 

plicitly treat line emission. ) In addition, Kawabata ( 1960) reports that for 

2-8 1 radiation, free-bound and/or line emission is greater than thermal brems- 

strahlung up to temperatures of 30 x lo6 K. Similar results are also found by 

Cox and Tucker (1969) 

The amplitude of the soft X-ray burst depends in a statistical sense on 

the area of the Ha flare which it accompanies. Thus, the sizes of these emit- 

ting volumes are presumably somehow related, In addition, larger X-ray bursts 

are associated with flares of a given sjze which are exceptionally bright, 

Using measurements of the halfwidth of high Balmer lines during flares, Svestka 

and Fritzova-Svestkova (1967) have found that such intensity variations in the 

case of Ha radiation are due to changes in the density of the flaring region, 

Therefore, these same density variations quite likely also extend into the re- 

gion of the X-ray burst's emission, 

Soft X-ray bursts tend to have larger amplitudes when the general Level of 

solar activity is high, or when the burst accompanies a flare which occurs in 

a young, flare-rich plage, This fact can again be explained by the effect of 

additional density enhancements in the X-ray emitting source under these condi- 

tions, Furthermore, there is some evidence that a region associated with a 

sunspot group of a given area can give rise to X-ray bursts no greater than a 



certain limiting value in amplitude, and that this a.mplitu.de limit increases 

with the size of the spot group. Thus, it is possible that the X-ray emission 

rate is governed by the temperature and density of the source region, but con- 

fined to a range given by the region's magnetic energy density, 

Bursts of soft X-radiation also tend to have larger amplitudes when ac- 

companied by radio bursts which have strong cm-wavelength enhancements. Un- 

fortunately, the physical interpretation of this observation is not at all 

clear from the Michigan experiment, 

The time-profile of the soft X-ray burst is quite similar to that of its 

associated Ha flare, This is true when the Ha intensity of the flare is con- 

sidered; but the time-correlation is even more striking when the X-ray and Ha 

flux curves are compared, It is not obvious how to account for such a close 

correlation between these two emissions since they originate from regions hav- 

ing completely different physical characteristics, 

One possibility is that the time variation of each emission process is 

governed by the energy source term rather than the decay term as is normally 

assumed (cf, Acton, 1964; Hudson - et - 0 9  a1 1969a; Takakura, 1969) Thus the 

temperature and/or density enhancements whfch give rise to the Ha and X-ray 

events must be cont-inuously maintained by the flare's source of energy (com- 

monly believed to be the reconnection of magnetic field lines), By this hypothe- 

sis, the decay time-scale of the temperature-density enhancement in the absence 

of such a supporting mechanism would be small compared to the time scale of the 

flare itself, Furthermore, the mechanism which causes this temperature-density 

enhancement would have to affect both the Ha and X-ray emitting sources at the 



same time and by proport ionate amounts, Such a hypothesis i s  not t o t a l l y  new 

since many workers have found it necessary t o  suggest t h a t  a continuous supply 

of energy must be involved even during the  f l a r e ' s  decl ine  ( ~ a w a b a t a ,  1966b; 

Oster and Sabatino, 1966; Holt and Ramaty, 1969; Z i r i n  - e t  -09 a 1  1969). 

X-ray observations a r e  important t o  our knowledge of the  f l a r e  phenomenon 

because they r e f e r  t o  the  h o t t e s t  por t ions  of the  event ,  But they a r e  of even 

g r e a t e r  i n t e r e s t  s ince an enhancement i n  the s o f t  X-ray emission appears t o  be 

the  very f i r s t  manifestat ion of a s o l a r  f l a r e ,  a t  l e a s t  on the  average, Thus, 

such observations give information about the  e a r l i e s t  phases of t h e  event and 

may eventual ly  l ead  t o  an understanding of the  condit ions which cause a f l a r e  

t o  occur. This would be a s t rong s t e p  toward the  very des i rable  a b i l i t y  t o  

p r e d i c t  accura te ly  the  onset of a s o l a r  f l a r e  we l l  i n  advance, 

Yet the re  i s  another, more fundamental, reason f o r  the  importance of s o f t  

X-ray observations,  Emission i n  the  form of s o f t  X-radiat ion accounts f o r  a 

s i g n i f i c a n t  por t ion  of the  t o t a l  electromagnetic energy re leased by a s o l a r  

f l a r e ,  The amount i s  nea r ly  i d e n t i c a l  t o  t h a t  emitted as  H a  radia t ion ,  which 

has h i s t o r i c a l l y  been considered as  "the" f l a r e  phenomenon, Indeed the  energy 

re leased i n  j u s t  the  four-angstrom i n t e r v a l  between 8-12 2 may a c t u a l l y  com- 

p r i s e  about one-tenth of the  f l a r e ' s  t o t a l  emission over the  e n t i r e  e l ec t ro -  

magnetic spectrumI 



Obviously, t h e  p re sen t  s tud ie s ,  descr ibed  a t  such g r e a t  l e n g t h  above, have 

by no means answered a l l  of t h e  ques t ions  t h a t  can be posed concerning f l a r e -  

a s soc i a t ed  s o f t  X-radia t ion ,  I n  f a c t ,  t hey  undoubtedly have r a i s e d  more ques- 

t i o n s  than  t h e y  have answered, But i f  t h e  problem of s o l a r  f l a r e s  has not  y e t  

been solved, it has no t  been through l a c k  of e f f o r t .  Indeed, t h e s e  phenomena 

have been t h e  ob jec t  of coun t l e s s  obse rva t iona l  and t h e o r e t i c a l  i n v e s t i g a t i o n s  

s i n c e  1859, when t h e  f i r s t  recorded observa t ions  of a  s o l a r  f l a r e  were repor ted  

independent ly by  Carr ington (1859) and Hodgson (1859)0  I n  s p i t e  of t h i s  

enormous amount of work, many a spec t s  of t h e  f l a r e ' s  mechanism(s) remain ob- 

scure ,  

Perhaps t h e  problem i s  t o o  d i f f i c u l t ,  As Parker  (1964) has caut ioned:  

"we should be aware t h a t  we a r e  observing an extremely complex 
phenomenon, There i s  always t h e  chance-which we don ' t  want t o  
t h i n k  about ye t - tha t  we w i l l  not  succeed i n  unravel ing t h e  b a s i c  
na ture  of t h e  f l a r e  process .  " 

However, t h e  p re sen t  au thor  i s  more op t imi s t i c .  With t h e  advent of observa t ions  

made from space vehic les ,  measurements of t h e  f l a r e ' s  emission throughout t h e  

e n t i r e  e lectromagnetfc  spectrum a r e  now becoming a v a i l a b l e  f o r  t h e  f i r s t  t ime, 

Such measurements w i l l  provide a  v a s t  amount of new information t o  a i d  i n  t h e  

explana t ion  of t h e  f l a r e  phenomenon and i t s  cause, We be l i eve  t h a t  much of 

t h i s  information w i l l  come from observa t ions  of t h e  s u n ' s  s o f t  X-radiat ion.  

Future  i n v e s t i g a t i o n s  of t h i s  s p e c t r a l  r e g i o n  w i l l  undoubtedly g r e a t l y  enhance 

our  knowledge of t h e  ene rge t i c  processes  a s soc i a t ed  wi th  s o l a r  f l a r e s  and, i n  

turn ,  w i l l  l e ad  t o  a  b e t t e r  understanding of t h e  sun i t s e l f .  
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APPENDIX 

TWO JYETHODS FOR THE DETERMINATION OF FLARF: EMISSION I N  H a  

It i s  by no means a  simple t a s k  t o  i n t e r p r e t  f l a r e  f i l t r o h e l i o g r a m s  i n  

terms of t h e  q u a n t i t a t i v e  enhancement of t h e  f l a r i n g  r e g i o n ' s  Haemiss ion  r a t e .  

To t h e  a u t h o r ' s  knowledge, a complete, d e t a i l e d  d e s c r i p t i o n  o f  t h e  necessary  

r educ t ion  procedures  does not  seem t o  e x i s t  i n  t h e  s tandard  l i t e r a t u r e .  There- 

fo re ,  t h e  two methods used i n  t h e  p r e s e n t  paper w i l l  be  der ived  here. 

1. GEWRCIL FORMULATION 

The exact  shape of t h e  H a l i n e ' s  p r o f i l e  depends upon h e l i o c e n t r i c  pos i -  

t i o n  ( p )  f o r  undis turbed  a r e a s  of  t h e  s o l a r  d i sk ,  and a l s o  upon t ime ( t )  f o r  

reg ions  which a r e  f l a r i n g .  Thus t h e  fol lowing s e t  of conventions has been 

adopted f o r  t h e  p r e s e n t  d e r i v a t i o n  : 

Ib (C) :  Continuum i n t e n s i t y  (nea r  H a  ) a t  h e l i o c e n t r i c  d i s t a n c e  M ;  

1 p ( h ) :  I n t e n s i t y  w i t h i n  undisturbed H a p r o f i l e  a t  y; 

~ b ( h , t ) :  I n t e n s i t y  w i t h i n  t h e  f l a r e ' s  Ha p r o f i l e  a t  t ime t and p o s i t i o n  p. 

I n  add i t i on ,  t h e  fol lowing r e l a t i o n s  have been def ined:  

Other conventions used a r e :  

( a )  any va lue  measured a t  t h e  c e n t e r  of  t h e  s o l a r  d i s k  i s  des igna ted  by 

subsc r ip t  o, e. g. I 0 ( c ) ;  



( b )  any symbol p e r t a i n i n g  t o  t h e  H a  f l a r e  i s  i nd ica t ed  by s u p e r s c r i p t  ', 

e. g. r t ( h , t ) .  

The enhancement i n  H a  f l u x  observed a t  t h e  e a r t h  dur ing  a  f l a r e  i s  t hen  

given by : 

where A i s  t h e  f l a r e ' s  a r e a  i n  s t e r a d i a n s  a s  seen from t h e  ear th .  Note t h a t ,  

i n  genera l ,  t h e  H a l i n e  p r o f i l e  a l s o  v a r i e s  a s  a  func t ion  of p o s i t i o n  w i t h i n  

t h e  f l a r i n g  region.  Assuming t h a t  t h e  p r o f i l e  i s  f i l l e d  uniformly dur ing  t h e  

f l a r e ' s  development, we can w r i t e :  

 h he v a l i d i t y  of t h i s  assumption w i l l  be  d iscussed  l a t e r .  ) Thus (A. 3) becomes: 

By d e f i n i t i o n ,  t h e  equiva len t  width of H a  i s :  

W d H a )  = $Ha[l-r(A)ldX 

S u b s t i t u t i n g  (A. 6 )  i n t o  (A. 5 ) ,  we have: 

Then, w i th  t h e  assumption t h a t  t h e  f l a r e ' s  Ha r a d i a t i o n  i s  semi- i so t ropic  i n t o  

2n s t e r a d i a n s  ( s e e  t h e  d i scuss ion  i n  Sec t ion  IV-6a), t h e  enhanced H a  emission 

a t  t h e  sun can  be w r i t t e n  a s :  



where d = 1 - 7 0  x 1013 cm i s  t h e  d i s t a n c e  between t h e  sun and t h e  ea r th .  The 

va lue  of t h e  equiva len t  width f o r  H Q a t  t h e  c e n t e r  of t h e  d i s k  i s  W ( ~ a )  = 
0 

4.02 ( ~ o o r e  - e t  -a a1 3 1966). The d i sk -cen te r  continuum i n t e n s i t y  a t  6563 

i s  taken  t o  be I ( c )  = 2.93 x lo6 erg/(cm2sec 1 sterad) ,  (This  i s  t h e  i n t e n s i t y  
0 

of a b l ack  body w i t h  a b r igh tnes s  temperature of 6200 K, ) Expression (A. 8) thus  

becomes : 

34  !!&@@ LdQ- j p ( t ) d ~  erg/sec a s ( m , t )  = 1.66 x 10 
W ( ~ a )  I ( C )  A (A* 9) 

0 0 

if 1 ~ ( t ) d A  i s  determined i n  u n i t s  of s t e r ad ians .  
A 

We now cons ider  how t h i s  equat ion can be pu t  i n t o  a form which con ta ins  

only measurable parameters.  Observing techniques  normally used do n o t  d i r e c t l y  

measure t h e  i n t e n s i t y  of t h e  H a  l i n e  center .  Ins tead ,  t hey  record  t h e  l i n e ' s  

i n t e n s i t y  a s  fo lded  i n t o  t h e  d e t e c t o r ' s  i n s t rumen ta l  t ransmiss ion  p r o f i l e  ~ ( h ) ,  

which may a l s o  inc lude  t h e  e f f e c t s  of s c a t t e r e d  l i g h t .  Such i n t e n s i t y  measure- 

ments w i l l  be i n d i c a t e d  here  by t h e  symbol P, w i th  some of t h e  same a u x i l l i a r y  

no ta t ions  a s  g iven  f o r  t h e  "pure" i n t e n s i t i e s  I. For example, an  in s t rumen ta l  

measurement of t h e  H a  i n t e n s i t y  f o r  a f l a r e  occurr ing  at h e l i o c e n t r i c  d i s t a n c e  

p i s :  

& ( H a ,  t )  = 1; ~ ( h ) ~ L ( h , t ) a  (A. 10)  

Thus, t h e  measurement of a f l a r e ' s  i n t e n s i t y  r e l a t i v e  t o  t h e  nearby undis -  



tu rbed  H a  background would be  equiva len t  t o :  

(A. 11) 

S u b s t i t u t i n g  t h e  express ion  f o r  r 1  ( A ,  t )  given by (A. 4) i n t o  (A. 11), one can 

show: 

Now we d e f i n e  a  parameter z : 

This may be considered a s  a  " f i g u r e  of mer i t "  f o r  t h e  monochrometer because it 

measures how much c o n t r a s t  t h e  instrument  can provide between observa t ions  made 

a t  t h e  c e n t e r  of t h e  abso rp t ion  l i n e  and those  made i n  t h e  continuum. The high- 

e s t  value of z p o s s i b l e  i s  l / r ( c e n t e r ) ,  which f o r  H a  i s  6.3 ( ~ o ~ r e s t o ,  pe r sona l  

communication). Note t h a t  it i s  not at a l l  necessary  ( a s  Van Griethuysen and 

Houtgast (1959) had mistakenly assumed) t o  know t h e  ins t rumenta l  t ransmiss ion  

~ ( h )  i n  d e t a i l  t o  f i n d  t h e  app ropr i a t e  f i g u r e  of mer i t  f o r  a  given monochrometer. 

One need only measure t h e  r a t i o  of t h e  continuum i n t e n s i t y  t o  t h e  H a  i n t e n s i t y  

a,t some 1, s i n c e :  



Furthermore, t h e  measurement can be made a t  any h e l i o c e n t r i c  d is tance ,  because 

t h i s  r a t i o  remains constant  over t h e  e n t i r e  s o l a r  d i s k  ( ~ e ~ a g e r ,  1952; Dodson 

e t  a l .  , 1956). -- 

Expressions (A. 12)  and (A. 13) can be combined t o  g ive :  

Note t h a t  it i s  j u s t  t h i s  quant i ty ,  i n t eg ra ted  over t h e  s o l i d  angle of t h e  

f l a r e '  s area,  which g ives  t h e  enhanced H a  f l u x  by means of (A. 9). Now, i f  we 

de f ine  ~ ' ( t )  a s :  

P ; ( H ~ ,  t )  -pP(Ha) 

p 0 ( W  
dA s t e rad ians  

and t a k e  advantage of t h e  f a c t  t h a t :  

equat ion (A. 9)  becomes : 

The next two sec t ions  w i l l  descr ibe  t h e  s p e c i f i c  methods which were used 



t o  i n t e g r a t e  ~ ( t )  over t h e  a r e a  of t h e  f l a r e .  But f i r s t  some comment should be 

made concerning t h e  v a l i d i t y  of t h e  formulat ion t o  t h i s  po in t .  I n  p a r t i c u l a r ,  

we w i l l  d i s cuss  t h e  e f f e c t s  of two p o t e n t i a l  sources of e r r o r ;  ( a )  misadjustment 

of t h e  monochrometer, and ( b )  d e v i a t i o n s  from e v e n - f i l l i n g  of t h e  f l a r e  H a p r o -  

f i l e .  

Most f l a r e - p a t r o l  s t a t i o n s  now observe wi th  some type  of commercial " f i l t e r -  

op t i c s "  monochrometer, such a s  t h e  Lyot f i l t e r .  (This  i nc ludes  t h e  McMath-Hul- 

b e r t  Observatory, a t  which t h e  f i l m  examined i n  t h e  p r e s e n t  s tudy was secured. ) 

Ramsay -- e t  a l ,  (1968), c l a im  t h a t  most Lyot f i l t e r s  may be i n  poor adjustment when 

de l ive red  from t h e  manufacturer,  perhaps even wi th  a t r ansmis s ion -p ro f i l e  minimum 

near H a  center !  But t h e  above a n a l y s i s  shows t h a t  no sys temat ic  e r r o r  w i l l  r e -  

s u l t  from such a misadjustment a s  long a s  t h e  measured r a t i o  of corrtinuum t o  H a  

i n t e n s i t y  z i s  g r e a t e r  t h a n  un i ty .  This i s  t r u e  whether t h e  manufacturer i s  at 

f a u l t  o r  t h e  observer merely s e t s  t h e  f i l t e r 1  s l i n e - s h i f t e r  improperly. The 

ornly e f f e c t  of  some misadjustment w i l l  be  t o  make t h e  measurements l e s s  s e n s i t i v e  

t o  s u b t l e  changes i n  t h e  Ha emission, and thus  lower t h e  p r e c i s i o n  which can  be  

a t t a ined .  

We must a l s o  examine t h e  assumption t h a t  t h e  H a l i n e  f i l l s  uniformly dur ing  

a f l a r e  (equat ion  (A. 4) ). Dodson and Hedeman ( 1 9 6 9 ~ )  have found t h a t  s p e c t r a  of 

f l a r e s  near t h e  c e n t r a l  p a r t  of t h e  s o l a r  d i s k  c o n s i s t e n t l y  have exh ib i t ed  l i t t l e  

or  no evidence f o r  major Doppler s h i f t s .  This e l imina tes  one p o s s i b l e  cause of 

an emiss ion- l ine  asymmetry, a t  l e a s t  f o r  events  f a r  from t h e  limb. Van Griethuy- 

sen  and Houtgast (1959) s t a t e  t h a t  t h e  even f i l l i n g  of t h e  Ha l i n e  i s  a good ap- 

proximation f o r  f a i n t  and medium f l a r e s ;  bu t  E l l i s o n  (1952, 1957) and Teske (1962) 



have observed H a  emission p r o f i l e s  w i th  s t rong  c e n t r a l  r e v e r s a l s  f o r  very  l a rge ,  

b r i g h t  f l a r e s .  However, such r e v e r s a l s  may be r e l a t i v e l y  r a r e ,  s i n c e  many i n -  

v e s t i g a t o r s  ( e .  g. , El l i son ,  1949, 1963a; Comper, 1959; De Jager, 1959) have pub- 

+ 
l i s h e d  s p e c t r a  t aken  during t h e  time-development of 3 and 3 f l a r e s  which show 

Haemiss ion  p r o f i l e s  t h a t  q u i t e  c l o s e l y  approximate t h e  shape p r e d i c t e d  by equa- 

t i o n  (A. 4).  Svestka -- e t  a l .  ( 1961), p re sen t  some evidence t h a t  t h e  number of 

f l a r e s  w i t h  s t r o n g  s e l f - r e v e r s a l  i nc reases  toward t h e  limb, which a g a i n  suggests  

t h a t  t h e  formula t ion  der ived  above may be more appropr i a t e  f o r  events  near t h e  

c e n t e r  of t h e  d i sk ,  Therefore,  it i s  d i f f i c u l t  t o  e s t ima te  t h e  e r r o r  introduced 

by l i n e - p r o f i l e  i r r e g u l a r i t i e s  i n  general ,  I r o n i c a l l y ,  an  instrument  w i th  a 

narrower band-pass, and thus  a higher  p o t e n t i a l  p rec i s ion ,  i s  a f f e c t e d  even more 

s t rong ly  by t h i s  t ype  of e r ro r .  

Smith and Smith (1963) have noted y e t  another  p o s s i b l e  source of  u n c e r t a i n t y  

which cannot be taken  q u a n t i t a t i v e l y  i n t o  account. They p o i n t  ou t  t h a t  f l a r e s ,  

p a r t i c u l a r l y  l a r g e  ones, may change t h e  phys i ca l  condi t ions  of  t h e  chromosphere's 

deeper  l a y e r s ,  Moreover, a l though f l a r e s  appear t o  be t h i n ,  su r f ace  phenomena, 

it i s  not  known a t  what depths t hey  o r ig ina t e .  Therefore,  it may be r a t h e r  naive 

t o  assume simply t h a t  t h e  l i n e  p r o f i l e  of t h e  r eg ion  below t h e  f l a r e  i s  i d e n t i c a l  

t o  t h a t  of t h e  undis turbed  d i sk ,  However, it does not  seem advantageous t o  a l t e r  

t h e  p r e s e n t  formulat ion f o r  t h a t  reason  a lone  without  any p o s i t i v e  evidence t o  

suggest  a more accu ra t e  assumption. Thus we w i l l  hold t o  t h e  "naive" viewpoint 

u n t i l  such evidence i s  ava i l ab l e .  

The "un i fo rm- f i l l i ng"  hypothesis  of equat ion (A.  4) p r e d i c t s  t h a t  t h e  f l a r e  s 

pure emission p r o f i l e  ( t o t a l  i n t e n s i t y  minus p r e - f l a r e  i n t e n s i t y )  i s  j u s t  a 



sca l ed  vers ion  of  t h e  normal H a  p r o f i l e ,  and t h u s  has a  cons tan t  half-width. 

Therefore,  t aken  a t  f a c e  value, t h e  w e l l  known t ime-va r i a t i on  of t h e  f l a r e ' s  

H a  emission l ine-width  ( f i r s t  r epo r t ed  by Giovanel l i  (1940) and Waldmeier (1940) ) 

would seem t o  i n d i c a t e  t h a t  t h e  l i n e  p r o f i l e  i s  not f i l l e d  uniformly dur ing  t h e  

f l a r e .  But t h e s e  l i n e  width measurements a c t u a l l y  r e f e r  t o  a n  " e f f e c t i v e  h a l f -  

width" ( a l s o  c a l l e d  t h e  v i s i b i l i t y  range)  which i s  def ined  a s  t h a t  d i s t a n c e  from 

t h e  H a  l i n e - c e n t e r  where t h e  f l a r e  i s  j u s t  v i s i b l e  by c o n t r a s t  wi th  i t s  surround- 

i ngs  ( ~ l l i s o n ,  1943). E l l i s o n  (1949) has found t h a t  t h e  ~ a l ' e f f e c t i v e  h a l f -  

width" i s  roughly p ropor t iona l  t o  t h e  f l a r e '  s  c e n t r a l  i n t e n s i t y  up t o  a c e r t a i n  

value, and then  inc reases  more r ap id ly .  One can e a s i l y  show t h a t  t h i s  i s  ex- 

a c t l y  t h e  e f f e c t  p red ic t ed  by t h e  "uni form-f i l l ing"  hypothesis  ( equa t ion  (A. 4 ) )  

i f  t h e  eye can only  d i sc r imina te  i n t e n s i t y  d i f f e r ences  of some l i m i t i n g  va lue  

( or  percentage) ,  

_ -- There fo re , i t  appears  t h a t  equat ion  ( A ~ & )  i s  indeed a c l o s e  approximation 

t o  t h e  f l a r e ' s  emission p r o f i l e ,  except  perhaps f o r  limb f l a r e s  o r  f o r  some 

(hope fu l ly  r a r e )  ca ses  of very l a r g e  and b r i g h t  d i s k  events.  

2 METHOD A: "TYPICAL" TOTAL AREA AND PEAK INTET\SXIE 

A crude e s t ima te  of  t h e  Ha emission can be made by means of ' k y p i c a l "  

values f o r  t h e  t o t a l  a r e a  A and measured peak i n t e n s i t y  it' ( ~ a )  appropr i a t e  f o r  

each f l a r e  c l a s s ,  Because of d i f f i c u l t i e s  caused by t h e  w e l l  known limb-darken- 

i n g  e f f e c t ,  on ly  values f o r  t h e  c e n t e r  of t h e  s o l a r  d i s k  a r e  considered here.  

Thus, (A. 18) beccmes: 



 h he t ime-var iab le  has been e l imina ted  s i n c e  a l l  values i n  t h i s  s e c t i o n  w i l l  

r e f e r  t o  t h e  t ime of f l a r e  maximum.) Now, R' can  be roughly approximated a s :  

(A. 20) 

where i s  i n  u n i t s  of s t e r ad ians .  The f l a r e  a r e a  used was t h e  middle va lue  of 

t h e  range def ined  by t h e  I . A , U .  f o r  each importance c l a s s  ( s e e  Table 4.2 i n  

Chapter IV). This  may be s l i g h t l y  higher  t han  t h e  a c t u a l  a r e a  f o r  a t y p i c a l  

f l a r e  of t h a t  c l a s s ,  s i n c e  f l a r e  frequency decreases  r a p i d l y  w i t h  inc reas ing  

peak area.  But a c o r r e c t i o n  f o r  such a n  e f f e c t  would be unnecessa r i l y  p r e c i s e  

f o r  t h e  r a t h e r  crude l e v e l  of accuracy a t t a i n a b l e  by t h e  p re sen t  o v e r a l l  method. 

Measurements of t h e  f l a r e ' s  peak i n t e n s i t y  were taken  from t h e  Dodson, 

Hedeman, and McMath (1956) paper "Photometry of Solar  F lares .  I' S p e c i f i c a l l y ,  

t h i s  paper  l i s t s  measurements of t h e  peak H a  i n t e n s i t y  r e l a t i v e  t o  t h e  continuum 

a t  t h e  c e n t e r  of t h e  d i sk ,  i. e. P ' ( H ~ ) / P ~ ( c ) .  I n  order  t o  convert  t h e s e  i n t o  
0 

t h e  proper  form f o r  equat ion  (A. 20), t hey  must be mul t ip l i ed  by P ( c ) /P  ( ~ a )  
0 0 

(which express ion  ( A . 1 4 )  shows i s  nothing more than  t h e  value z ) .  The i n s t r u -  

ment used by Dodson -- e t  a l . ,  was cha rac t e r i zed  by z = 3.1, s o  t h a t  equat ion  (A. 19) 

can be w r i t t e n  a s :  



The values of a r e a  and measured i n t e n s i t y  which were used i n  t h e  p r e s e n t  

s tudy a r e  g iven  i n  Table A. 1, The enhanced H a  emission r a t e s  which then  r e s u l t  

by means of equat ion  (A. 21) a r e  l i s t e d  i n  Table 4.8 of Chapter I V .  They a r e  

a l s o  p l o t t e d  i n  F igure  4-7 r e l a t i v e  t o  t h e  enhanced emission r a t e s  of t h e  a s -  

soc i a t ed  s o f t  X-radiation. 

TABLE A. 1 

"TYPICAL" AREAS AND PEAK INTENSITIES FOR H a  FLAmS 

- 
F l a r e  A P' o (Ea) /pO(C)  

Importance ( s t e r a d i a n s )  
(Dodson e t  a i . ,  1956) 

3. METHOD B: ISOPHOTOMETRY 

I n  order  t o  accommodate f u r t h e r  n o t a t i o n  complexi t ies ,  some s i m p l i f i c a t i o n  

of t h e  p rev ious ly  used conventions w i l l  be made here :  

(1) t h e  h e l i o c e n t r i c  d i s t a n c e  p w i l l  not  be e x p l i c i t l y  noted f o r  va lues  t h a t  

r e f e r  t o  t h e  f l a r e  i t s e l f  (va lues  marked by supe r sc r ip t  ' ), 

(2) t h e  t ime dependency of a l l  values w i l l  be  i m p l i c i t l y  understood, 

( 3 )  u n l e s s  otherwise ind ica t ed ,  a l l  measurements w i l l  b e  made a t  t h e  cen te r  

of t h e  H a  l i n e .  



Basica l ly ,  t h e  technique of isophotometry involves t h e  cons t ruc t ion  of con- 

s t a n t - i n t e n s i t y  contours  w i t h i n  t h e  o u t l i n e  of  a  f l a r i n g  r eg ion  Prom f i l m  records  

of t h e  f l a r e .  This  can be done e i t h e r  by pu re ly  photographic methods ( ~ a l c i a n i  

e t  a l . ,  1968) o r  by means of a photometr ic  isophotometer (S tock  and Williams, -- 

1962). I f  t h e  f i l m  has been proper ly  c a l i b r a t e d ,  t h e  i n t e n s i t y  of each contour  

r e l a t i v e  t o  t h e  c e n t e r  of t h e  s o l a r  d i s k  can be determined. Then, knowing t h e  

a r e a  enclosed by each curve, one can c a l c u l a t e  t h e  enhanced emission being r a -  

d i a t e d  between t h e s e  contours  and thus ,  by summing over t h e  e n t i r e  s e t ,  f i n d  t h e  

whole f l a r e ' s  Ha emission. Measurements of many f i l t r o h e l i o g r a m  frames made 

du r ing  t h e  development of t h e  f l a r e  t h e n  g ive  t h e  t ime-h i s to ry  of t h e  even t ' s  

enhanced Ha emission, 

However, t h e  q u a n t i t y  a c t u a l l y  measured a t  a  g iven  p o i n t  on t h e  f i l m  i s  

not t h e  r e l a t i v e  i n t e n s i t y  PIP (where P i s  some a r b i t r a r y  va lue) ,  bu t  r a t h e r  
S S 

t h e  photographic d e n s i t y  D. These q u a n t i t i e s  a r e  r e l a t e d  by a logar i thmic  ex- 

p re s s ion ,  normally c a l l e d  t h e  c h a r a c t e r i s t i c  curve, which can be  w r i t t e n  a s :  

P 
l o g  - = f ( ~ )  

P 
S 

(A. 22) 

For any q u a n t i t a t i v e  study, t h i s  r e l a t i o n  must be known f o r  t h e  f i l m  be ing  pho- 

tometered. I n  f a c t ,  we have found t h a t  t h e  procedure descr ibed  he re  i s  very 

s e n s i t i v e  t o  s l i g h t  changes i n  t h e  c h a r a c t e r i s t i c  curve. Therefore it i s  nec- 

e s s a r y  t o  e x e r c i s e  g r e a t  c a r e  i n  measuring t h i s  r e l a t i o n  and adv i sab le  t o  de- 

termine it i n d i v i d u a l l y  f o r  each frame considered, 

To f i n d  some f e a t u r e ' s  i n t e n s i t y  r e l a t i v e  t o  t h e  undis turbed  H a i n t e n s i t y  



at t h e  d i s k ' s  c e n t e r  PIP t h e  fol lowing express ion  i s  used:  
0 

where D i s  t h e  photographic d e n s i t y  of t h e  undis turbed  region.  Now, i f  D i s  
0 C 

t h e  d e n s i t y  a t  contour c ,  we can d e f i n e  a mean r e l a t i v e  i n t e n s i t y  F'/P f o r  t h e  
C 0 

f l a r e  emission between con tou r s  c and c + 1 as: 

Then, fo l lowing  equat ion (A. 16), t h e  r e l a t i v e  f l u x  R' emi t ted  wi th in  contour c 
C 

i s  approximately: 

c (max) / F ' - P ~  ii 
C 

R' = 1 ( A ~ - A (  ' 
C C 

where c(max) i s  t h e  innermost contour measured, and A i s  t h e  a r e a  ( i n  s t e r a d i a n s )  
C 

w i t h i n  contour  c. 

One s l i g h t  modi f ica t ion  of t h e  above procedure i s  des i r ab l e .  It has been 

found t h a t  t h e  r e l a t i v e  f l u x  between t h e  outermost two contours ,  1 and 2, i s  b e t -  

t e r  r ep re sen ted  by a mean i n t e n s i t y  def ined  as: 

/ '> 
F; 

l o g  - - / 2D1+D2 ; 
Po - f\, 3 

, - f ( D O )  (A. 26) 

Therefore,  t h e  mean i n t e n s i t y  g iven  by  express ion  (A.24) i s  used on ly  f o r  c > 1. 



Isophotometry a l s o  al lows an accu ra t e  measurement of t h e  f l a r e ' s  peak i n -  

t e n s i t y  P' 
max/'o' 

i n  a d d i t i o n  t o  t h e  r e l a t i v e  f l u x  emi t ted  wi th in  each contour c. 

( ~ o t e  t h a t  P' i s  no t  n e c e s s a r i l y  the i n t e n s i t y  of t h e  innermost contour  P 
max c (max) . > 

This can be done most p r e c i s e l y  by p l o t t i n g  R' a s  a func t ion  of t h e  i n t e n s i t y  of 
C 

contour  c ,  and e x t r a p o l a t i n g  t h e  curve t o  t h e  p o i n t  where t h e  va lue  of t h e  r e l a -  

t i v e  f l u x  vanishes.  The i n t e n s i t y  value at t h a t  p o i n t  i s  t hen  P' max/Po. However, 

t h i s  procedure i s  u s e f u l  only when enough contours  a r e  measured t o  make t h e  above 

e x t r a p o l a t i o n  r e l i a b l e .  I n  o the r  cases ,  a  s u b j e c t i v e  e s t ima te  based on t h e  a r e a  

w i t h i n  t h e  innermost contour i s  reasonably accura te .  Of course,  t h e  higher  t h e  

f i g u r e  of  mer i t  z f o r  t h e  monochrometer used t o  make t h e s e  measurements, t h e  

c l o s e r  t h e y  w i l l  be  t o  t h e  " t rue"  peak i n t e n s i t y  values.  

Unfortunately,  t h e  method descr ibed  above f o r  t h e  de te rmina t ion  of r e l a t i v e  

f l u x e s  must be r e f i n e d  fu r the r .  This  i s  necessary s ince  t h e  outermost contour 

does not i n  gene ra l  f a l l  a t  t h e  same i n t e n s i t y  l e v e l  from one exposure t o  another.  

Thus, i n  order  t o  cornpare f l uxes  measured f o r  a  s e r i e s  of f i l t r o g r a m s  (such  a s  

f o r  a s tudy of t h e  f l a r e ' s  t ime development), a l l  values must be s tandard ized  

r e l a t i v e  t o  some uniform l e v e l  P*/P,. F lux  values converted t o  such a s tandard 

1 

i n t e n s i t y  l e v e l  w i l l  be r e f e r r e d  t o  a s  R*. The p r e s e n t  study u t i l i z e d  one of 

t h e  fo l lowing  t h r e e  i n t e r p o l a t i o n  methods f o r  t h i s  s t anda rd iza t ion ,  depending 

on t h e  circumstances involved:  

(1) i f  only two va lues  of R: were known ( inc lud ing  t h e  value zero a t  

P' /P ), a l i n e a r  i n t e r p o l a t i o n  i n  l og  (PIP ) w a s  used, i. e. : 
max o o 



where Y* = l o g  (P*/P,) and Y = l og  (Pcj/P0); 
j 

( 2 )  i f  only t h r e e  values of  R1 were known & 
C 

(A. 28) 

a  l i n e a r  i n t e r p o l a t i o n  was aga in  used; 

( 3 )  otherwise,  a parabola  was f i t t e d  through t h e  t h r e e  values of  R' near -  
C 

e s t  t o  P*/pO by t h e  fo l lowing  r e l a t i o n :  

A t  t h i s  p o i n t  i n  t h e  a n a l y s i s ,  we can  determine t h e  r e l a t i v e  enhanced f l u x  

of t h e  p l a g e  p l u s  f l a r e  H a  r a d i a t i o n  which i s  emi t ted  a t  i n t e n s i t y  l e v e l s  above 

P*/P~.  But t h e r e  i s  no way t o  measure d i r e c t l y  t h e  f l u x  emi t ted  a t  i n t e n s i t i e s  

P / P ~  between u n i t y  ( t h e  ad jacent  undisturbed i n t e n s i t y )  and t h e  i n t e n s i t y  of  t he  

outermost isophote-contour.  ( A  contour  a t  P  /PM = l i s  not poss ib le .  ) One 
C 

method of e s t ima t ing  t h e  t o t a l  f l u x  R' i s  t o  p l o t  t h e  measured va lues  of R' a s  a 
C 

f unc t ion  of P  /PI and e x t r a p o l a t e  t h i s  curve t o  a  r e l a t i v e  i n t e n s i t y  of un i ty .  
C 



But t h i s  i s  p r a c t i c a b l e  only i f  t h r e e  o r  more contours have been measured. 

Therefore, i n  t h e  p resen t  study, we ha,ve made such an ex t rapo la t ion  only f o r  

times near f l a r e  maximum (when up t o  sever? contours  were recorded). Then t h e  

mean r a t i o  f o r  t h e s e  t imes R~/R: was applied t o  a l l  t h e  measured frames of t h e  

f l a r e  i n  question. F ina l ly ,  i f  t h i s  r a t i o  i s  c a l l e d  rp, equation (A. 18) can be 

w r i t t e n :  

(A. 30) 




