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Abstract. Information concerning the coronal expansion is carried by solar wind heavy ions. Distinctly 
different energy-per-charge ion spectra are found in two classes of solar wind having the low kinetic 
temperatures necessary for E/q resolution of the ion species. Heavy ion spectra which can be resolved are 
most frequently observed in the low-speed interstream (IS) plasma found between high speed streams; the 
streams are thought to be coming from coronal holes. Although the sources of the IS plasma are uncertain, 
the heavy ion spectra found there contain identifiable peaks of O, Si, and Fe ions. Such spectra indicate 
that the IS ionization state of O is established in coronal gas at T ~ 2.1 x 1 0  6 K while that of Fe is frozen in 
farther out at -1.5 x 106 K. On occasion anomalous spectra are found outside IS flows in solar wind with 
abnormally depressed local kinetic temperatures. The anomalous spectra contain Fe16+ ions, not usually 
found in IS flows, and the derived coronal freezing in temperatures are significantly higher; for two of the 
best cases values of ~3.4 x 10  6 K were found for the O ions and ~2.9 x 10  6 K for Fe ions. The coronal 
sources of some of these ionizationally hot flows are identified as solar flares. The appearance of 
abnormally depressed kinetic temperatures in solar wind coming from flare-heated coronal gas lends 
support to earlier speculation that flares can expel plasma enclosed in magnetic bottles or bubbles. In 
transit to 1 AU the gas is sufficiently isolated from the hot corona that it cools anomalously. 

1. Introduction 

F o r  t en  years ,  ions  h e a v i e r  t h a n  t h o s e  of  h e l i u m  h a v e  b e e n  d e t e c t e d  in t h e  so la r  w i n d  

us ing  e l e c t r o s t a t i c  ana lys is  ( B a m e  et al., 1968a ,  1970 ;  C a t t a n e o  et al., 1971 ;  

G r u n w a l d t ,  1976) .  W h e n  t h e  local  ion  t h e r m a l  t e m p e r a t u r e s  a r e  low,  v a r i o u s  ions  of  

O,  Si (wi th  s o m e  a d m i x t u r e  of  S), a n d  F e  can  be  r e s o l v e d  in E / q  spec t ra .  H a v i n g  a 

c o m m o n  b u l k  s p e e d ,  t he  ion  spec ies  a p p e a r  at  u n i q u e  pos i t i ons  d e t e r m i n e d  by  ion  

mass  a n d  c h a r g e  (see e.g.  B a m e ,  1972).  W h e n  loca l  t e m p e r a t u r e s  a r e  h igh,  as in h igh  

s p e e d  s t r e a m s ,  i nd iv idua l  O and  Si ion  spec ies  a re  no t  r e s o l v e d .  W h e t h e r  t h o s e  of  F e  

can  be  r e s o l v e d  is n o t  k n o w n .  M o s t  f r e q u e n t l y ,  r e s o l v e d  s p e c t r a  a r e  f o u n d  in so la r  

w i n d  f lows b e t w e e n  h igh  s p e e d  s t r eams .  In this l ow  s p e e d  i n t e r s t r e a m  (IS) p l a s m a  the  

ion  t e m p e r a t u r e s  a re  l ow e n o u g h  (S t rong  et al., 1966;  B u r l a g a  a n d  Og i lv i e ,  1970 ;  

H u n d h a u s e n  et al., 1970)  tha t  ion  spec ies  p e a k s  can  be  iden t i f i ed .  W e  wil l  c h a r a c -  

t e r i ze  this  class of  l ow s p e e d ,  l ow  t e m p e r a t u r e ,  i n t e r s t r e a m  p l a s m a  as ' I S '  r a t h e r  t h a n  
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'quiet '  or 'normal '  because in some respects the faster solar wind found in high speed 
streams is more quiet and normal than the slower IS flows (Bame et al., 1977; 
Feldman et al., 1977). 

Because the ionization states of the plasma are established or ' frozen in' at 

relatively low levels in the corona (Hundhausen et al., 1968a, b; Bame et al., 1974), 
important  information is carried by the heavy ions concerning coronal conditions. 
Ratios of various heavy ion pairs are frozen in over  a range of solar altitudes and 
coronal temperatures.  Under  the model  conditions of Newkirk (1967), used in Bame 
e ta l .  (1974), t h e  06+/07+  ion pair ratio freezes in at T = 2 . 1  x 10 6 K near 1.5 solar 

radii, R| The Si 9+ t o  Si 7+ pair ratios are established in the range - 2 . 4  to - 2 . 8 R ~ ,  
and those of Fe 13+ to Fe 7+ in the range - 2 . 6  to --3.9RG at --1.5 x 106 K. These 

results apply only to the low tempera ture  IS solar wind whose site of origin in the 
corona is presently uncertain. No information is yet available for the high speed 
streams, thought to emanate  f rom coronal holes (Krieger et  al., 1973, 1974; Nolte et  

al., 1976; Sheeley et  al., 1976; Hundhausen,  1977). 
Heavy  ion spectra distinctly different from those found in interstream plasma are 

sometimes observed. Three types of interplanetary conditions have been dis- 

tinguished when these anomalous spectra are found. They can be categorized as (1) 
that following a f lare-produced interplanetary shock disturbance (Bame et aI., 1973, 

1978), (2) an enhanced density event not readily attributable to an interplanetary 
compression (Fenimore et  al., 1978), and (3) an enhanced He event with no obvious 
direct relationship to either (1) or (2) (Fenimore et  al., 1978). A more extensive 
discussion of the second and third classes of interplanetary flows will be presented 

separately (Fenimore, 1979). 
It is the purpose of this paper  to concentrate on the flare related events and (1) to 

present  examples of anomalous heavy ion spectra, (2) to show that some of the 

examples were obtained in flare-related post-shock flows with abnormal  tempera-  
ture depressions as described by Gosling et  al. (1973) and Montgomery et  al. (1974), 

(3) to note and quantify the differences between anomalous  and interstream spectra, 
and (4) to present  a self-consistent interpretation of the anomalous spectra showing 
that the ionization states are frozen in at substantially higher temperatures  than 

normal, presumably within flare-heated and expanding coronal gas. 

2. Instrumentation 

Hemispherical  electrostatic analyzers with special operating modes designed to 
enhance heavy ion measurements  were placed on each of the four Vela-5 and 6 
Ear th-or iented satellites launched into 20RE circular orbits in 1969 and 1970. These 
instruments have higher efficiency than is used for normal solar wind H and He ion 
measurements ,  and operate  with a multiple sweeping technique which insures that 
there are no measurement  gaps in energy or angle except for small gaps between the 
four sweep ranges used to give four sets of 20 contiguous counting samples over  an 
E / q  range of 1 to 8 kV. This range, chosen to maximize the yield of useful spectra 
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from the slow IS solar wind, is sometimes insufficient to cover the entire E/q range of 
the anomalous spectra. 

Only a limited amount of useful heavy ion data has been accumulated due to a 
number of factors. The spacecraft must be actively tracked; commonly this is one 
hour out of four. At 20RE the spacecraft are in the solar wind only - �89 time and much 
of this time the Earth-oriented spin axis direction is inappropriate. Substantial parts 
of the data have to be rejected because of contamination by upstream protons from 
the bow shock (Asbridge et aL, 1968) and because of inappropriate solar wind 
conditions. The heavy ion analyzers operate part of the time in a non-heavy-ion 
mode. Thus, even though the instruments have accumulated data over years of 
operating time, a frustratingly modest yield of useful data has been produced, 
especially for the infrequent anamolous events considered here. Further details of 
the instrumentation can be found in Bame (1972). 

3. Observations 

3.1. ANOMALOUS 'HOT" SPECTRA OF 1971, MAY 18 AND 1970, NOVEMBER 19 

The heavy ion data from the early years of operation of the Vela-5 and 6 plasma 
analyzers have been used in studies concerning the composition at 1 AU and the 
temperature and temperature gradient of those parts of the corona expanding to 
form the IS solar wind (Bame et al., 1974, 1975). Generally, when the temperature is 
low and the speed and its fluctuations are low, resolvable heavy ion spectra like the 
upper spectrum in Figure 1 are found. This measurement was made in solar wind 
with a speed of 365 km s -1, a proton density of - 6  cm -3, and a proton temperature 
of - 2 5  x 103 K. It is an observational fact that the measured ion species E/q 
positions are those expected if all species share a nearly equal bulk speed. Thus, the 
E/q scale can be converted directly to an M/q scale which here is labelled with the 
ion species positions for ease of inspection. This spectrum is typical of IS spectra 
which are characterized by a third most prominent ion peak, O 6+, marked B. The 
three peaks marked C, D, and E are predominantly Si 9+, Si 8+, and Si 7+ ions and are 
followed by Fe ion peaks ranging from Fe 13+ to Fe 7+. All peaks beyond He have 

similar narrow widths, usually close to the instrumental resolution width. At times 
when the peaks are broader but still resolved, they all appear to have about the same 
width within experimental accuracy. Thus, peak heights can be used to judge the 
relative intensities of the various species. If the He peak is narrow, a peak of 0 7+ ions 
at position A is resolved. Other examples of IS spectra can be found in Bame et al. 
(1970, 1974, 1975), Bame (1972), and Feldman et al. (1974). 

A number of anomalous spectra have been found having distinctly different 
characteristics than IS spectra. An example, measured on 1971, May 18, is shown in 
Figure 1. As will be shown, the ionization state of this example, obtained in a 
post-shock temperature-depressed solar wind flow following a solar flare, was 
formed at temperatures higher than usual, so it is labelled 'hot'. 
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Fig. 1. A heavy ion spec t rum from the inters tream low speed, low tempera ture  (IS) solar wind of 1969, 
June  23 (upper spectrum) measured  with Vela -5A between 03:26 U T  and 04:22 U T  and an anomalous  
"hot' spec t rum measured  with Vela-6B on 1971, May 18, between 02:38 U T  and 04:29 UT. In the region 
of the He and 07+ peaks of the IS spectrum, data  from 1970, September  27, have been used as an aid in 

providing better  resolution of the 07+ peak in this sample spectrum. 

Distinct differences between the hot and IS spectra are apparent. Some cases of 
intermediate spectra have also been observed (see also Fenimore, 1979). The 
normally prominent 0 6+ peak at B, is very subdued in the hot spectrum; on the other 
hand, a prominent peak occurs at D which will be shown to be principally Fe 16+ ions. 
In IS spectra the 0 7+ and 0 6+ ion peaks at A and B are of comparable intensity; in 

the hot spectrum there is no completely resolved peak at B and the peak level at A is 
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very high compared  to the level at B. In some hot spectra 0 6+ is bet ter  resolved than 

here, but the A / B  intensity ratio is still high relative to IS spectrum ratios. 

In the IS spectrum the three silicon (sulfur) lines at C, D, and E have similar 
intensities and are well defined with no discernable peaks between them; in contrast, 
the hot spectrum has more peaks in this range with highly different intensities. 
Another  distinguishing feature of the hot spectrum is the radical depression of the 

level of the Fe peaks in the range marked G in the figure. Some hot spectra do not 
exhibit as great a depression as here, but the group is generally low compared to 

levels in the C, D, E range. A G-level  depression cannot be determined for some hot 
spectra when the bulk speed is so high that the G peaks lie above 8 kV/q .  

The example in Figure 1 is one of a few in which the H and He ion peak widths and 
counting statistics permit  resolution of the solar wind 3He2+ ions (see also Bame et 
al., 1968a). Here  the 3He2+ to 4He2+ number  ratio is - 3  x 10 -4 as compared  to an 

average value of 4.3 x 10 .4 determined with the Apollo foil measurements  (Geiss et 
al., 1972). 

Several additional anomalous spectra f rom an event on 1970, November  19 are 
shown in Figure 2. The top spectrum is very similar to the hot spectrum of Figure 1, 
having a prominent  presumed Fe a6+ peak, a depressed 06+ peak, and a G range 

depression. The other two spectra show a time evolution from the earlier one. They 
have similar features but the Fe a6+ ion peaks are not as pronounced and more 06+ 

seems to be present. As was the case for the 1971, May 18 spectrum, the November  

19 spectra were also measured in a post-shock flow as discussed below. 

3 . 2 .  F L A R E  R E L A T E D  P O S T - S H O C K  F L O W  E V E N T S  O F  M A Y  1971 A N D  N O V E M B E R  

1970 

The following sequence of events, partly extracted from the N O A A  Solar-Geophys- 
ical Data reports  shows that the spectrum of 1971, May 18 was obtained in 

flare-expelled plasma driving an interplanetary shock. On May 14, starting at 
14:10 UT, a flare or series of flares variously reported as importance 1B to 3B was 

observed at 04~  and 11~ (McMath region 11312). No comparable flares were 
observed during the following two days. The flare was accompanied by an X-ray 
emission event at - 14:12 U T  and by type II and IV radio bursts, often associated with 
flare produced shock waves (see Hundhausen,  1972). Skylab results show that these 
bursts are almost invariably accompanied by mass ejections (Gosling et al., 1974). A 

small solar energetic particle event was observed with the Vela neutron monitors on 
May 14 with an onset at - 1 4 : 4 0  UT. A larger energetic particle event and a type IV 
radio burst on May 16 occurred too late to be associated with an interplanetary shock 

observed with the LASL plasma experiment  on IMP-6 at --06:30 UT on May 17. 
A highly probable association for this shock is with the - 1 4 : 3 0  U T  flare event of 
May 14, yielding a shock transit time of 64 hr. Ear thbound measurements  also 
indicated the passage of an interplanetary shock. An SC was observed at 06:29 UT 

on May 17, initiating a major  geomagnetic storm, and a Forbush decrease was 
observed. 
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Fig. 2. Hot  heavy ion spectra obtained on 1970, November  19. The  spectra are displaced from each 
other  by factors of 10. Data  points f rom spect rum to spect rum do not  necessarily line up because of 

shifts in speed. 

An interplanetary record of the event is given in Figure 3. About 10 hr after the 
shock on May 17 (74 hr from flare maximum) several major changes occurred in 
the solar wind flow. Such changes have been associated with the arrival of gas from 
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Fig. 3. History of interplanetary solar wind changes during the 1971, May sequence of events measured 
with the LASL plasma spectrometer on IMP-6. N, V, and Tp are the solar wind proton density, bulk speed, 
and temperature. :ire is the solar wind electron temperature, M is the angular momentum flux, and NJN~, 

is the number ratio of He and H ions. 

the flare region on the basis of in te rpre ta t ions  of Vela and  IMP data. A large depres-  

sion in the p ro ton  t empera tu re  T, occurred with an abrupt  onset  at - 1 7 : 0 0  UT,  

co inc ident  with a depress ion in the e lectron tempera ture ,  a densi ty  peak,  a sudden  
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increase in speed, and a marked feature in the geomagnetogram. Abnormal depres- 
sions of Tp like this to values well below those usually measured at this bulk speed 
have been observed in association with the interplanetary shocks numerous times 
with Vela plasma analyzers (Gosling et al., 1973). Following shocks by - 6 - 1 8  hr, 
they have been inferred to mark the passages of new bodies of solar plasma past the 
Earth - i.e. the piston gas or flare ejecta driving the shock. It is postulated that the 
anomalously low Tp is evidence for a magnetic bottle geometry, which isolates the 
plasma and allows it to cool more than usual in transit to 1 AU. A similar explanation 
has been offered for TE depressions which sometimes follow the passage of flare 
associated interplanetary shocks (Montgomery et al., 1974). Another  feature 
frequently associated with the arrival of flare gas is seen here: A well-defined density 
spike occurs coincident with the leading edge of the temperature depression (Bame et 
al., 1978). 

Another  important feature of the post-shock plasma flow of May 17-18 is the 
helium enhancement  with onset coincident with the leading edge of the temperature 
depression. Enhancements of N ~ / N p  to 12% or more following shocks have been 

lb 
recogmzed for a decade as marking the arrival of flare driver gas (e.g. Hirschberg et 
al., 1970, 1972). A possible explanation for the enrichment is that the flare piston gas 
originates in lower levels of the solar atmosphere than does the normal solar wind 
(Hirschberg et al., 1972) where He may be enriched. (A discussion of these 
possibilities including references to the theoretical work can be found in Hirshberg et 

al. (1972) and in Hirshberg (1973).) Interestingly, this He enhancement extends 
beyond the temperature depression, suggesting that the inferred magnetic bubble 
does not necessarily encompass all of the plasma heated and driven out by the flare. 

It should be noted that not all post-shock flows exhibit temperature depressions 
and He enhancements (e.g. Ogilvie and Burlaga, 1974). Presumably in some cases 
the shock can pass a point in space which is subsequently not engulfed by the driver 
plasma due either to the particular shock-driver-observer geometry or to deflections 
of the shock and driver gas in interplanetary space (e.g. Heinemann and Siscoe, 
1974; Hirshberg etal . ,  1974). Possibly the magnetic bottle or bubble is not created in 
some cases. 

Taking into account the May 17 observation of a shock, followed - 1 0  hr later by 
temperature depressions and a He enhancement,  there is little doubt that the plasma 
observed beyond - 1 7 : 0 0  UT was a body of plasma heated and expelled from the 
corona by a solar flare - probably the flare at -- 14:30 U T  on May 14. The Vela heavy 
ion measurement  was made during the temperature depression and coincides with a 
peak in the He abundance (see Figure 3). Firm reasons then exist for supposing that 
this sample of gas should have a hotter ionization state than usual. 

Most of the features observed in association with the May 1971 event were also 
seen in the November 1970 event. A 2B flare was observed on November 16 
accompanied by type II and IV radio bursts and by a small solar energetic particle 
event. About  59 hr after the flare an SC was observed followed by a geomagnetic 
storm and Forbush decrease. Unfortunately,  we must rely on the less extensive 
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m e a s u r e m e n t s  of  Vela ,  s h o w n  in Figure 4, for the interplanetary p lasma charac-  
teristics of  this event  s ince IMP-6  was  not  yet  in orbit.  A n  interplanetary shock  
passed the Earth at - 1 2 : 3 0  U T  on  N o v e m b e r  18. A b o u t  10 hr later there was an 
abrupt decrease  in the proton  densi ty  and what  m a y  have  been  the beginning of  a 
depress ion  of  Tp and TE. Unfortunate ly ,  data gaps m a k e  it imposs ib le  to give a 
c o m p l e t e  history of  the interplanetary p lasma changes ,  but there are e n o u g h  data to 
s h o w  that broad depress ions  of  both  Tp and TE occurred,  possibly  lasting for 24 hr or 
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longer. The heavy ion measurements shown in Figure 2 were obtained in the 
temperature depression. The He abundance, not shown here, had values fluctuating 

between 9% and 18%. 
Taking these observations into account, it seems almost certain that the heavy ion 

measurements of 1970, November  19, were made in post-shock temperature-  
depressed plasma, heated and expelled by a flare on November 16. 

3.3. O T H E R  O B S E R V A T I O N S  

In several ways the November 1970 and May 1971 events are the most complete 
examples of anomalous heavy ion spectra in association with flare events which we 
have found in the data thus far. Solar wind speed fluctuations were moderate enough 
that multiple data samples could be combined, taking into account speed changes. 
Although the measurements were made following IP shocks, the speeds were still 
low enough that the E / q  measurement range encompassed all of the significant ion 
species. Unfortunately,  due to factors discussed in the instrumentation section, only 
a very limited number of useful spectrum measurements have been obtained in the 
relatively rare post-shock flows. Additional Vela-5 and 6 examples of hot spectra 
with flare associations, measured on 1973, April 14, and 1974, September 19, have 
prominent  peaks in the presumed Fe 16+ position, but due to high solar wind speeds 
significant portions of the spectra fall above the E / q  range of measurement.  

Surveying some of the older Vela-3 events, measured with wider energy spacings 
and less efficiency than those of Vela-5 and 6, probable cases can be made that hot 

spectra were present during some post-shock flows previously studied. For example, 
spectra measured during the helium-enhanced, flare-associated, post-shock flow of 
1967, January 14, (Bame et al., 1968b) show evidence that the counts in the Fe 16+ 
position were anomalously high relative to the 06+ position, indicating a hot 
spectrum. Similar cases can be made for several events during the series of flare- 
related post-shock flows occurring in late May 1967 (Ogilvie et al., 1968; Hirshberg 
etal., 1972). On 1966, September 1, following a large flare on August 28, a spectrum 
was observed with a very high 07+/06+ number ratio and with higher counts at the 
Fe 16+ position than at the 06+ position, again indicating a hot spectrum. 

Even though the number of examples is not large we can be reasonably certain that 
hot heavy ion spectra are a frequent feature of flare-related, post-shock solar wind 
flows. However,  the detailed morphology of such events must remain uncertain at 
present due to the paucity of heavy ion measurements. It is known that great 
variations occur in the appearance of temperature depressions and He enhance- 
ments in post-shock flows (e.g. Bame et al., 1978). Of particular interest is the case of 
a T o depression following an IP shock on 1972, March 6. A. Vela heavy ion 
measurement made within the depression early on March 8 showed a spectrum with 
characteristics more like those of a normal IS spectrum than a hot one. Also, at the 
time, the He abundance was not enhanced. Thus, caution should be used in assuming 
that an unmeasured post-shock feature is present because another feature has been 
identified. Records of many more events are needed. 
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4. Analysis and Discussion 

4.1. QUANTIFICATION OF HEAVY ION SPECTRUM CHARACTERISTICS 

In order to demonstrate that normal IS spectra and hot spectra have distinctly 
different states, various ion pair intensity ratios, selected to emphasize the 
differences, have been calculated and are shown in Figure 5. The ion species which 
can occupy the specific lettered peak positions can be identified by reference to 

Figure 1. 
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Fig. 5. Vela heavy ion spectrum characteristic ratios for IS and hot spectra. Ratio values have been 
shifted slightly for ease of plotting. See Figure 1 for identifications of the letter ratios. G is the average of 

the Fe 11+, Fe t~ and Fe 9+ peak heights. 

Ratios were calculated for 30 IS spectra, including all of the examples used in 
previously reported studies. The spectra are from 19 different days spread over a 
period of years. Not all ratios can be calculated for some spectra. For example, A/B 
cannot be estimated for 11 of the spectra because the He peaks obscure the 07+ 
peaks. Ratios were also calculated for five flare-associated hot spectra including the 
four in Figures 1 and 2 and one measured on 1973, April 14. In addition, the ratios 
for two temperature-depressed hot spectra measured in May 1970 and April 1971 
for which we have not found flare associations are included. Finally, two values of 
D/(C+E) were obtained from flare-associated hot spectra measured on 1974, 
September 19. 
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It is readily seen that the IS and selected hot spectra represent distinctly different 
states of solar wind plasma. Intermediate  spectra are also found but they are more 
likely to be associated with flows other than flare-related, post-shock flows (Feni- 
more,  1979). Especially high contrast is noted for the hot spectrum of 1971, May 18, 

and the earliest spectrum of 1970, November  19 (see Figure 5). 

4.2. S Y N T H E S I Z E D  H E A V Y  I O N  S P E C T R A  

Because of the association of some of the anomalous spectra with flare-expelled 
plasma, it seems likely that their ionization states are frozen in at higher than normal 
coronal temperatures.  To test and quantify this hypothesis, we have synthesized 
heavy ion spectra over a range of temperatures  for comparison with the data. 

Ult imately it will be desirable to fit the spectra to models of the expanding gas f rom 
flares; insight could well be obtained concerning details of the expansion. However ,  
for the present,  considering the uncertainties of solar flare expansion models and the 
lack of agreement  between various ionization state calculations, we have chosen to 

compare  the experimental  spectra with spectra synthesized under the assumption of 
a common freezing in tempera ture  for all the ion species. It is important  to keep in 
mind that the various ion ratios actually freeze in over a range of temperatures.  

To generate the spectra we adopted the coronal abundances of Withbroe (1976) 
supplemented with solar wind measured abundances of Si and Fe relative to O 
(Bame et al., 1975), as shown in Table I. Density independent  ionization state 

calculations of Jordan ( 1969, 1970) were used and supplemented with those of Mewe 
(1972) where necessary, because they formed a more complete set than others 
available to us. From the abundances and the ionization states, peak intensities of the 

various ion species were calculated as functions of temperature ;  those for the more 

abundant  ions are shown in Figure 6. Then the synthesized spectra were formed for 

various freezing in temperatures  by giving all peaks the appropriate  abundances and 

ionization state amplitudes, locating them in the spectra according to their M / q  
positions under the assumption of a common bulk speed, and finally summing all the 
peaks together. The resulting spectra are presented in Figure 7. 

Letters mark  the appropriate  peaks in the 1.58 x 10  6 K spectrum for comparison 
with the IS spectrum in Figure 1. There is a remarkable  similarity between the 

TABLE I 
Relative solar wind abundance values used for synthesizing heavy ion spectra 

Element Abundance Element Abundance Element Abundance 

C 135 AI 0.7 Ti 0.4 
N 28 Si 14 Cr 0.9 
O 100 S 3.8 Mn 0.4 
Ne 9 Ar 0.4 Fe 10 
Na 7 K 0.1 Ni 0.7 
Mg 10 Ca 0.8 
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Ionization states of Jordan were used with the Table I adopted abundances. 

synthesized and observed spectra except in the area of the A and B (07+//06+) peaks. 
This exception is understandable because in an expanding, non-isothermal corona 
t h e  0 7 + / 0 6 +  ratio for IS solar wind freezes in at - 2 . 1  • 1 0  6 K on the average while 

the Fe peaks freeze in near 1.5 • 10  6 K (Bame et al., 1974). Thus, the O peaks are 
more properly compared to the 2.00 x 106 K spectrum. For the IS spectrum in Figure 
1, good fits to the data were obtained using Figures 6 and 7 with T = 2.07 x 10  6 K for 
the O peaks and with T = 1.46 x 106 K for the Fe peaks. Thus, if proper  account is 

taken of the fact that different ion pairs freeze in at different altitudes and tempera-  
tures in the corona, the synthesized spectra can be used as an aid in interpreting the 

experimental  spectra. In this regard it should be noted that the C a+ and C 5+ peaks in 
the 1.26 and 1 .58x 106K spectra have been arbitrarily reduced to give bet ter  
comparisons with IS spectra because the C state is established at even higher 
temperatures  than the O state. For T above 2 • 106 most  of the C is fully ionized and 

under the He  peak. 
Inspection of Figures 6 and 7 illuminates some of the differences between IS and 

hot spectra. As T increases, the Fe species shift into more highly ionized positions; 
Fe 16+ becomes a very prominent  peak over  a broad tempera ture  range extending 
from under 3 to above 5 x 10  6 K. Although the peak height at D contains only 
- 0 . 2 %  Fe 16+ at 1 .58x 106K, by 2 .51•  106K the peak is more than 90% F e  16+. 

Similarly, as T increases beyond 1.58 x 106 K, ions of Si, S, Mg, Ca, etc., shift into 
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Fig. 7. Heavy ion spectra synthesized using the solar wind abundances in Table 1, the Jordan density 
independent ionization states, and single freezing in temperatures for all species. Spectra are plotted on an 
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the spectra are shown displaced from each other by two decades for clarity. 

m o r e  highly  ion ized  s tages,  and  ou t  of the  C, D,  and  E posi t ions .  A t  t e m p e r a t u r e s  

a b o v e  2.5 x 106 K m a j o r  f rac t ions  of the  Si and  S ions are  Si 12§ and  S 14§ loca t ed  nea r  

the  0 7-- pos i t ion .  B e y o n d  - -1 .8  x 106K the  F e  15§ species  begins  to  be  reso lvab le ,  

accoun t ing  for  one  of the  add i t iona l  p e a k s  f o u n d  in hot  spec t ra .  

C o m p a r i s o n s  in the  r ange  2.51 to  3 . 1 6 x  106K show r e m a r k a b l e  s imilar i t ies  

b e t w e e n  m e a s u r e d  hot  spec t ra  and  syn thes ized  spec t ra .  The  e x p e r i m e n t a l  spec t ra  

s eem to have  m o r e  ions  in the  lower  ion iza t ion  s tages  of Fe ;  this  is p r o b a b l y  due  in 

par t  to  the  fact  tha t  the  ac tua l  s ta te  is f o r m e d  in an expand ing  p l a s m a  with  a 
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temperature  gradient, rather than in an isothermal plasma. Also in some cases there 

may be mixing of hotter  and cooler spectra. It seems reasonable to conclude on the 
basis of self-consistency that the hot spectra indeed contain Fe 16+ and Fe ~5+ and of 

course even higher Fe ions if the ionization temperature  is high enough. 
Ratios of the lettered position peak heights for the synthesized spectra are shown 

in Figure 8 and can be compared  with the experimental  ratios in Figure 5. Although 
too strict a comparison is probably unwarranted, inspection of the two figures along 
with Figures 1, 2, 6, and 7 further demonstrates  that the ionization states of the 
anomalous spectra are indeed formed at higher coronal temperatures.  A few specific 

details of the comparisons are worthy of mention here. 

ION SPECTRUM CHARACTERISTIC j~ RATIOI -JORDAN S~TESF 
102 1 
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Fig. 8. Letter  ratios derived from the synthesized spectra. Experimental  A/B ratio points are shown 
plotted - triangles for IS spectra and circles for hot. Where  points overlap only one is plotted, as for the 

Figure 1 and 2 'hot" examples,  marked by the symbols. 

As T increases ions of O convert to the higher +7 and +8 stages while Si ions 
convert to the +12 stage. This results in a steady increase of the A/B ratio, shown in 
Figure 8. As 0 7+ passes its peak intensity Si 12+ continues to grow, resulting in a shift 
in the A - p e a k  position toward Si 12§ at T > 3 • 10  6 K. This effect is apparent  in the 

synthesized spectra of Figure 7 and can also be noted in the hotter  experimental  

spectra of Figures 1 and 2. 
Other  features which can be used to identify hot spectra are the D/B and DIG 

ratios, for reasons understandable by inspection of the various figures. Finally, at 
higher T where Fe 16+ is prominent,  the D/(C +E) ratio provides a useful indicator 
of hot spectra for those cases when high speed causes part  of the spectrum to be lost 
above the top of the measurement  range. 

4.3. F R E E Z I N G  IN T E M P E R A T U R E S  OF T HE  I N T E R S T R E A M  S O L A R  WIND 

By comparing measured spectra with synthesized spectra, coronal freezing in 
temperatures  for various ions can be estimated. Results of such an analysis for IS 
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plasma are p re sen t ed  in Tab le  I I .  0 7 + / 0 6 +  t emp e ra tu r e s  were  d e t e r m i n e d  using the  

A / B  curve  in F igure  8, a t e chn ique  that  takes  into account  con taminan t  ions such as 

Si ~2+ in the 0 7+ peak  to first order .  T h e  Fe  ion t e m p e r a t u r e  es t imates  were  made  by 

c o m p a r i n g  the expe r imen ta l  peak  intensi t ies  with synthes ized  intensi t ies  ove r  a 

range  of species,  Fe  ~2+ to Fe  s+. Less accuracy results  if a single ion pair  is used. 

Es t ima tes  m a d e  with the ioniza t ion  states of Jo rdan  (1969, 1970), JO ,  Al l en  and 

D u p r e e  (1969), A D ,  and Jacobs  et al. (1977), J A ,  gave values  which agree  with one  

ano the r  r easonab ly  well. It is not  surpris ing that  the J A  states gave s o m e w h a t  lower  

values  because  they were  ca lcu la ted  using a p roposed  mechan i sm by which die lec-  

t ronic  r e c o m b i n a t i o n  is great ly  inhibi ted.  

TABLE II 

Freezing in temperatures for low speed, low temperature interstream solar wind heavy ion 
spectra, derived from comparisons with the synthesized spectra 

Freezing in temperature 

07+/06+ Fe12+-Fe 8+ peaks 
temperature (10 6 K) 

Date ( 10 6 K) JO AD JA 1974 

6-22-69 1.9 - - - 
6-23-69 2.1 1.46 1.48 1.35 1.47 
7-06-69 2.1 1.41 1.43 1.30 1.56 
1-11-70 2.2 - - - 
2-08-70 1.8 1.50 1.53 1.38 - 
5-27-70 2.1 1.58 1.58 1.43 1.64 
9-27-70 2.1 1.41 1.43 1.30 1.40 
9-27-70 2.0 1.32 1.36 1.23 - 
11-22-70 2.1 1.48 1.51 1.38 - 
2-21-71 - 1.41 1.43 1.30 - 
4-19-71 2.1 - - - 
9-11-71 - 1.23 1.29 1.15 1.29 
12-29-71 2.1 - - 
3-05-72 2.1 - - - 
1-08-75 1.7 . . . .  
Average 2.0 1.42 1.45 1.31 1.47 

Inc luded  in the  last co lumn of Tab le  II are Fe  t e m p e r a t u r e  values ca lcula ted  using 

an expand ing  m o d e l  of the co rona  (Bame et al., 1974). T h e  a g r e e m e n t  with o the r  

values  in the  table  is reasonably  good.  E x p a n d i n g  m o d e l  calculat ions of 0 7 + / 0 6 +  

t e m p e r a t u r e s  also agree  well  wi th  the values  given in the table.  Thus,  since there  is no 

universa l ly  accep ted  expans ion  mode l  for  f l a re -expe l led  plasma,  it seems reasonab le  

to c o m p a r e  the expe r imen t a l  hot  spect ra  with the  synthes ized  spectra  to es t imate  the 

t empera tu res .  
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4.4. FREEZING IN TEMPERATURES OF ANOMALOUS HOT SPECTRA 

The 07+/06+ temperatures for hot spectra were also obtained using the A/B curve 

of Figure 8. Results are shown in Table III. Determinations of temperatures for the 

Fe ions were not as straightforward. It was quickly evident that for the hot spectra 

estimates, using single ion pairs gave widely divergent values depending both on the 

ion pair chosen and on the ionization state used. It was necessary to make the peak 

intensity comparisons over a range of peaks - in this case the Fe 16+ to Fe 13+ peaks. 

Even so, agreement between the three estimates using the different ionization 

calculations is much worse at these higher temperatures than for IS spectra. 

TABLE III 

Freezing in temperatures for Vela hot heavy ion spectra, derived by 
comparison with synthesized spectra 

Date 07~/06+ Fe16+-Fe13* 
temperature temperature 
[10 6 K) (10 6 K) 

JO JO A D  JA 

5-18-71 3.4 3.0 3.4 2.6 
11-19-70(l) 3.4 2.8 3.2 2.4 
11-19-70(2) 2.6 2.5 2.7 2.1 
11-19-70(3) 2.8 2.5 2.7 2.1 
4-14-73 2.5 2.7 3.0 2.3 
5-18-70 3.0 2.8 3.2 2.5 
4-28-71 2.7 2.8 3.1 2.4 
Average 2.9 2.7 3.0 2.3 

To illustrate the problem of estimating the Fe temperatures, we have combined the 

four hot spectra of Figures I and 2 in pairs to give two spectra, 'Vela" and ~ 11-19-70 ' ,  

with better statistics for comparison with the JO, AD,  and JA ionization states. 

Normalizing to the Fe 16+ peak, the peak intensities of the Vela spectrum, which is a 

combination of the 5-18-71 and 11-19-70 (1) spectra, are 1.00+ 0.05, 0.35 + 0.03, 
0 .24+0.03,  0 .13+0.02,  and 0 .07+0.01 for the peaks of Fe 16+ to Fe t2+ in descend- 

ing order. For the 11-19-70 spectrum, which is a combination of the 11-19-70 (2) 

and (3) spectra, the intensities in the same order are 1.0 + 0.12, 0.8 + 0.11, 0.5 + 0.09, 

0 .4+0.08,  and 0 .2+0.05.  

Comparisons of these spectra have been made with spectra synthesized using each 
of the three available sets of ionization states. Results are shown in Figure 9, in which 
the 'Vela'  experimental spectrum is plotted three times, close to synthesized spectra 
judged to provide nearly the best possible fits. For the 11-19-70 spectrum only the 

peak intensity points are shown, plotted superimposed on three synthesized spectra 

judged to provide nearly best possible fits. For each set, a third higher temperature 
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Fig. 9. 
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synthesized spectrum is given to show how the spectral shapes evolve. Best fit 

tempera tures  are slightly different from those in the figure. For the Vela spectrum 
they are 2.9, 2.5, and 3.3 • 106 K for the JO, JA, and A D  states respectively. For the 
11-19-70  spectrum they are 2.5, 2.1, and 2.7 x 106 K. 

Inspection of Figure 9 reveals significant differences in the way the three sets of 
states compare  with the data. None of them appears to be capable of giving a really 
close fit. We judge that the JO states come closest and this is one of the reasons for 
using them to synthesize the spectra shown in Figure 7. Perhaps the most obvious 
discrepancy is with the J A  states in which Fe t6+ seems to be much too prominent .  It 

seems unlikely that a realistic expansion model of flare gas can be found in which 
integration of any of the presently available ionization equations could produce 

spectra which compare  precisely with the experimental  spectra. 

4.5. ABUNDANCES IN FLARE-EXPELLED PLASMA 

It is of interest to try to determine if there are any major  differences in the 
compositions of flare-expelled plasma and IS plasma. For normal IS solar wind E / q  
spectra it is usually possible to estimate the abundances of He,  O, Si, and Fe by taking 
into account the measured distribution of identified peaks, estimating contaminants  
using the coronal abundances,  and calculating the unresolved fractions of each 
element. Abundances  f rom 17 IS spectra determined by Bame et al. (1975) are 
summarized in Table IV and compared  with abundances from the hot spectra shown 
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TABLE IV 

Solar wind abundance ratios in flare-expelled plasma compared with average values 
for interstream plasma 

197 

Date Abundance number ratios 

He/H O/H Si/H Fe/H Fe/He 
xl0 2 x10-4  xl0-S x10-5 x10-3 

11-19-70(1) 14 10 
11-19-70(2) 9 6.2 
11-19-70(3) 12 4.3 
5-18-71 12 3.5 
Average 12 6.0 

Interstrearn 
Maximum 5.3 8.4 
Minimum 1.3 1.9 
Average 3.3 5.2 

11.3 0.8 
12.1 1.3 
7.2 0.6 
5.8 0.6 
9.1 0.8 

11.7 13.9 6.9 
2.8 1.4 0.5 
7.5 5.3 1.9 

in Figures 1 and 2. Fairly accurate estimates for He and Fe could be made because 

their peaks are very little contaminated. Less accurate values were obtained for O 

which is contaminated by a number of ion species. No values could be obtained for Si, 
of course. 

The data sample is very limited, so only tentative differences can be discerned 

between the abundances of IS and flare plasma, except for the firmly established He 

enrichment of flare gas. There may be an enrichment in Fe also, but smaller 

percentagewise than that of He. Final determinations must await more extensive 
measurements. 

5. Summary and Conclusions 

Two distinct varieties of heavy ion spectra have been found in two kinds of low 

temperature solar wind (1) the low speed, low temperature interstream (IS) solar 

wind found between high speed streams, and (2) the temperature-depressed solar 

wind of any speed. (This is not intended to exclude the possibility of other varieties, 
classes or subclasses being found.) In the IS plasma the spectra exhibit resolved ion 

species of O, Si, and Fe in ionization states from which coronal freezing in 

temperatures of formation can be estimated. Table II summarizes IS temperature 

determinations. For Fe ionization temperatures, only small differences are found 

between values calculated using the ionization equilibrium calculations of Jordan 
(1969, 1970), JO, Allen and Dupree (1969), AD,  and Jacobs et  al. (1977), JA. 

In the temperature-depressed solar wind, anomalous heavy ion spectra have been 
found containing ions which are interpreted to be Fe 16+ ions; Fe 16+ is not detected in 

the IS wind. Ions of 0 6+ are greatly depressed in number as are Fe ions in the range 
FeI1--Fe 7+. The ionization state freezing in temperatures of these 'hot '  spectra, 
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shown in Table III, are significantly higher than for the IS solar wind. Some of the hot 
spectra are found in flare-related post-shock solar wind flows. Others have been 
interpreted to result from non-flare energetic coronal events (Fenimore et al., 1978; 
Fenimore, 1979). In addition, hot spectra have been observed which suggest that the 
states were formed over a very broad range of temperatures or that states with 
different temperatures have become mixed. Agreement  between values determined 
with the three sets of ionization states is not as good in this higher temperature range 
as at lower temperatures. Each of the sets has deficiencies that may prevent precise 
fitting even in an appropriate expansion model. When more accurate calculations of 
recombination and ionization coefficients become available there could be significant 
changes in the absolute values of the derived temperatures, but not in the conclusion 
that the ionization state of flare-expelled plasma is frozen in at higher than usual 

coronal temperatures.  
Based on the flare-related hot spectra and IMP observations of a number of 

post-shock flows (Bame et al., 1978), the following phenomenological picture of flare 
heated and expelled coronal gas emerges as illustrated in Figure 10. Coronal gas is 
heated by a flare and explosively expelled, driving an interplanetary shock. Often a 
high density shell of gas is at the leading edge of the ejecta, as can be inferred for the 
May 1971 example shown in Figure 3. (High density loops driven out by flares and 
other energetic coronal events were observed with the Skylab coronagraph (Gosling 
et al., 1974). The heated plasma is enriched in helium, not uniformly, but with a 
' lumpy' distribution. Observation at 1 AU of an ionizationally hot plasma, - 1 0  hr 
after the shock passage, identifies the gas driving the shock as that ejected by the 
flare. Concurrent  observation of abnormal depressions of the proton and electron 
local temperature in a gas which originated in the corona at a higher than usual 
temperature  lends credence to the postulated (Gosling et al., 1973; Montgomery et 
al., 1974) magnetic bottle and /or  bubble geometry of flare-expelled solar wind gas. 
Plasma enclosed in an isolated bubble or in a bottle with inhibited heat conduction 
from the corona can be expected to cool anomalously as it expands and flows to 
1 AU. Some of the abnormal cooling might also result from a greater than r - 2  

divergence of the flare gas. Different levels of temperature depression are frequently 
observed in post-shock flare gas flows, suggesting that both bubbles and bottles with 
inhibited connection may exist. In the Figure 3 case, for example, after Tp has 
increased to an intermediate level from its lowest depression, high levels of N~/Np 
persist. A possible explanation of this is shown in Figure 10 by the helium enriched 
plug extending from closed field line regions into regions connecting back into the 
corona. 

With second and third generation heavy ion observations using improved instru- 
ments, spectra will be resolved in at least one additional class of solar w i n d -  the high 
speed streams thought to emanate from coronal holes. In streams, thermal tempera- 
tures are too high for individual ion species of O and Si to be E / q  resolved. It is not 
known whether those of Fe 7+ to Fe a2-- might be resolvable because the Vela E / q  
range does not cover those ions when the speed is high. Extrapolating from results 
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APOSSIBLE GEOMETRY OF FLARE EXPELLED 
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Fig. 10. A possible geometry of flare-expelled plasma driving an interplanetary shock wave. In this 
extension of the model of Hundhausen (1972), based on the present results and those of Bame et al. 
(1978), the interplanetary field lines threading the shock and compressed ambient plasma have been 
omitted for clarity; possible magnetic bubble and bottle configurations in the flare-expelled gas are shown. 

showing  the  he l ium a b u n d a n c e  to be  much  more  s tab le  in high s p e e d  s t reams  than  in 

the  i n t e r s t r eam p l a s m a  (Bame e t a l . ,  1977), it  seems  l ikely tha t  the  a b u n d a n c e s  of the  

heav ie r  ions  will be  less var iab le  in s t reams.  
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