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ORIGIN OF THE CORONIUM LINES 
By DR. A. HUNTER 

I T is now nearly three quarters of a century since 
the green line in the spectrum of the solar corona 

was first observed. Subsequent observations-few 
eclipse expeditions since then have neglected this 
field of study-have established that the inner 
corona emits a spectrum consisting of at least twenty
two broad bright lines superposed on a continuum. 
The brightest line is usually the green one at 5303 A., 
but considerable variations in the relative intensity 
of the lines are found from eclipse to eclipse, and 
recent coronagraph observations made without an 
eclipse confirm large day-to-day intensity variations. 
None of the lines have ever been produced in the 
laboratory, nor indeed have they ever been observed 
in any other celestial source, except for a brief 
appearance during a nova-like outburst by the 
variable star RS Ophiuchi in 1933. There has been 
no lack of suggestions regarding their origin: they 
have been attributed in turn to iron, to 'proto
fluorine', to singly- and doubly-ionized calcium, to 
argon, and to oxygen, neutral and ionized; all with 
a certain amount of supporting evidence, and the last 
three within the past fifteen years. None of these 
assignments has had general support, however, 
because none of them explains more than a small 
selection of the facts. 

Early attacks on the problem of identification 
proceeded along the only lines then possible, namely, 
by seeking wave-length coincidences with known 
spectra. Many such identifications announced in the 
days of visual observations did not survive the 
stricter tests applied when photography made fairly 
accurate wave-lengths available. By the turn of the 
century it was decided that even the closer coin
cidences were due to chance, and that the mysterious 
lines could not be attributed to any known element. 
At this stage the emitting substance was named 
'coronium', and the possibility that it was indeed a 
new chemical element was seriously discussed. After 
ali, was there not a renowned precedent for such a 
discovery in the observation of helium on the sun 
nearly thirty years before its detection on the earth ? 
With the gradual filling of the Periodic Table, how
ever, this possibility grew less and less likely. The 
discovery which was perhaps its death-blow came in 
1935 when 'nebulium', the hypothetical element 
responsible for a somewhat similar spectrum emitted 
by the gaseous nebulffi, was identified by Bowen in 
unexceptionable fashion as a mixture of ionized 
oxygen and nitrogen. After this it was accepted that 
coronium must be a familiar substance excited by 
some process which develops the coronal spectrum 
while completely suppressing the normal one. 

The most hopeful line of attack when direct com
parison with known spectra failed was to examine 
intercombinations between known term values; that 
is, to compare the observed frequencies of the coronal 
radiation with the frequency differences between 
known energy levels of likely atoms or ions. The 
transitions involved would probably be 'forbidden' 
(as in nebulium) or at any rate of low probability, 
otherwise they would have been observed in terrestrial 
sources; but this need not hamper the search, since 
the energy levels concerned may be known quite 
accurately from permitted transitions which involve 
them. The energy diagrams of many neutral atoms 
were already quite well known; well enough to 

decide forthwith that they would indicate only what 
coronium was not, not what it was. The next step 
was to extend the search to ionized atoms. In the 
past fifteen years the growth of our spectroscopic 
knowledge of these has made possible a systematic 
survey of the metastable states of ions which are 
likely to occur in the corona. The forbidden lines, 
with some of which, it was hoped, the coronal lines 
would be identified, are inward transitions from these 
metastable states, transitions which do not take place 
in normal conditions of excitation. Metastability will 
be favoured by the low pressure known to exist in 
the outer regions of the sun's atmosphere; in these 
conditions an atom, once it reaches a metastable state, 
will remain there long enough to get rid of its excess 
energy by a forbidden radiative transition rather than 
by a collision. But when some five years ago patient 
search among the forbidden lines to be expected in 
such ions as Fe II, Fe III, Ca II, Ti II, Ti III, A II 
and many others had failed to give any coincidences 
with the observed coronal lines, hope began to fade. 
It was pointed out that before the metastable ions 
could emit forbidden lines, the intense solar radiation 
permeating the corona should raise them to normal 
states, from which allowed transitions would give rise 
to the ordinary spectral lines of the elements con
cerned. That this widely accepted objection is not 
necessarily valid, however, and that the method of 
attack was probably on the right lines, will appear 
later_ 

At this stage opinion veered to the opposite extreme. 
Emphasis was placed on the great width of the 
coronal lines, which is not by any means a feature of 
the nebular lines identified with such success as for
bidden lines. Line-widths of the order of angstroms 
indicate that the excited states involved have 
unusually short lifetimes-quite the reverse of 
metastability. It was accordingly suggested that 
double-electron excitation is occurring in the atom 
or atoms concerned. In this process, an electron 
belonging to the inner core, which remains un
disturbed in the ordinary way, is removed to an 
outer orbit at the same time as an outer electron is 
excited. With different excitations of the outer 
electron the atom will be in energy states from which 
it can radiate a new series of lines quite different 
from its ordinary spectrum. In many of these states 
it possesses more than its ionization energy; its 
lifetime in such levels will be short, because spon
taneous ionization converting it to a normal ion and 
an electron with kinetic energy will in general be 
possible. The probability of this auto-ionization at 
any level will determine the width of a line originating 
in that level. 

Between 1933 and 1935 wide lines due to such 
inner-electron excitation were observed in the 
laboratory in the alkali metals, in zinc, cadmium and 
mercury, and in the rare gases. The temptation to 
draw an astrophysical parallel was strong, and in 
1934 it was predicted 1 that this type of excitation in 
helium-a likely atom, since helium and coronium 
are known to co-exist in the upper chromosphere-
will produce several diffuse lines in the visible region 
of the spectrum. Unfortunately, attempts2 to produce 
the coronal lines in helium in the laboratory under 
conditions likely to favour two-electron excitation 
have not had the success which attended, for example, 
McLennan's search for the auroral green line in 
oxygen_ The absence of ordinary helium lines from 
the coronal spectrum is also a troublesome point with 
this hypothesis. What is more disturbing, however, 
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is that the great line-breadths, which are funda
mental in the theory, may not be intrinsic at all : 
they could be due to some secondary process occurring 
after the emission of the lines. Turbulence will 
broaden the lines by the Doppler effect, for example, 
and Doppler broadening is particularly likely, for the 
equivalent widths of the lines are roughly propor
tional to their wave-lengths. It is significant here 
that velocities of 10 km./sec. in coronal arcs have 
been observed directly by Waldmeier3 with the Arosa 
coronagraph; an average turbulent velocity of this 
order would widen lines, initially quite sharp, by 
nearly the required amount. 

At the beginning of the War, then, the problem of 
the source of the coronal lines seemed little nearer 
solution than it was a decade before; and it looked 
as if this long-standing challenge to spectroscopists 
and astrophysicists would remain in abeyance until 
such problems could again be attacked. In a short 
paper' which has just reached Great Britain from 
Sweden, however, B. Ed18n proposes a solution which 
is by far the most attractive yet put forward and 
which will command widespread support. His method 
is not different in essentials from the one outlined 
above, in which the emission is attributed to forbidden 
transitions from metastable states of ionized atoms ; 
but he abandons the somewhat conservative approach 
hitherto adopted and boldly examines the metastable 
levels of atoms which have lost from nine to fifteen 
electrons. Matter in this high state of ionization can 
be produced in the laboratory by passing high-energy 
sparks between metal electrodes, the ionization stage 
being roughly controllable by varying the capacity 
and inductance of the electric circuit and the potential 
across the spark gap. High-capacity condensers 
(- 0·5fJ.F.) charged to 100,000 volts have been used 
for extreme excitation of this sort. The development 
of vacuum spectrographs using diffraction gratings at 
grazing incidence has made it possible to photograph 
the spectra of these ions, the ultimate lines of which 
lie so far in the extreme ultra-violet as to merit the 
description of soft X-rays rather than of optical 
radiation. 

Analysis of the spectra so produced has been very 
largely due to Ed18n, working in Prof. Siegbahn's 
laboratory at Uppsala, and this is by no means the 
first time that results of interest and importance to 
astronomy have followed from his work. In this 
connexion it is relevant to recall that in collaboration 
with Bowen he recently identified $ nine lines in the 
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spectrum of Nova Pictoris with forbidden transitions 
in Fe VII. He now attributes practically the whole 
of the coronal line spectrum to forbidden transitions 
in calcium (Ca XII and Ca XIII), nickel (Ni XII, 
Ni XIII, Ni XV, Ni XVI), and, especially, iron 
(Fe X, Fe XI, Fe XIII, Fe XIV). 

An observation by Grotrian6 that the wave
numbers of the coronal lines at 6374 A. and 7892 A. 
coincide with the doublet separations in the ground 
terms of Fe X and Fe XI first suggested to Edlen 
a search for analogous term separations in other ions. 
This led immediately to the discovery that two other 
strong lines coincide with the corresponding term 
separations in Ca XII and Ca XIII (see the accom
panying table, which is taken from Edlen's paper) . 
No other coincidences with known term differences 
have been found (largely, no doubt, because the 
spectra of atoms in such high stages of ionization are 
as yet very imperfectly analysed), but this early 
success in classifying four strong coronal lines can 
scarcely be due to chance. This being so, Edlen 
proceeds on the assumption that the whole coronal 
spectrum consists of forbidden lines of atoms in 
higher stages of ionization than have hitherto been 
considered. Enough is known from his own work on 
the extreme ultra-violet spectra of vacuum sparks to 
make it possible to extrapolate with reasonable 
accuracy along iso-electronic sequences, and so to 
obtain estimated term separations in ions for which 
term analyses are imperfect or even lacking altogether. 
.Judging by the intensity of Fe X and Fe XI, he argues, 
iron is apparently present in abundance; yet the 
Nova Pictoris lines of Fe VII are not present in the 
corona. The reason for their absence is suggested by 
the presence of Ca XII and Ca, XIII: evidently the 
excitation level in the corona is too high for Fe VII 
to appear. This immediately suggests a search for 
Fe XII, Fe XIII, Fe XIV, Fe XV, Fe XVI and 
Fe XVII. Examining these, he finds that the extra
polated term-differences in the first ion are not 
observable astronomically, while the last three have 
no deep metastable levels. This leaves Fe XIII and 
Fe XIV, and it is of great significance that the extra
polated ground-doublet separation in Fe XIV points 
unmistakably to the famous green line at 5303 A., 
while the next strongest lines, including the infra-red 
ones discovered by Lyot, correspond to the Fe XIII 
transitions given in the table. These identifications 
with term differences in iron atoms from which 9, 10, 
12 and 13 electrons have been removed dispose of 
more than 90 per cent of the coronal emission, when 
the line intensities are taken into accoWlt. 

On the assumption that these classifications are 
correct, we are now on firm enough groWld to extra
polate further to elements close to iron in the Periodic 
Table. Examination of the iso-electronic ions of 
nickel shows that analogues of all except one of the 
transitions already identified in iron appear among 
the observed coronal lines; and the missing nickel 
line is not in the accessible wave-length range. This 
accounts for six more lines, the intensities of which 
are roughly one-tenth that of the corresponding iron 
lines; this ratio agrees well with the usual relative 
cosmic abWldance of these elements. Thus all except 
about three per cent of the coronal line emission can 
he attributed to forbidden transitions in highly 
ionized calcium, iron and nickel. 

It is encouraging that the proposed identifications 
classify the various lines in a way which agrees well 
with Lyot's grouping of the coronal lines by their 
intensity distribution rOWld the sun. In particular, 
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the marked differences in physical behaviour pointed 
out by Waldmeier between the green line at 5303 A. 
and the red one at 6374 A. are no doubt connected 
with the very different excitation needed for the 
production of the two lines. It is important, of course, 
to examine the problem of coronal emission as a whole, 
and not to be content with a series of positive identi
fications, however satisfactory. What of other 
constituents of the sun's outer atmosphere? Atoms 
of potassium, chromium, manganese and cobalt, 
which have strong lines in the ordinary solar spectrum, 
might be expected to show some evidence of their 
existence in the corona, since observable lines are 
predicted in the spectra of their ions at the appro
priate ionization level. That they do not is attributed 
by EdIen to low abundance in the corona; and he 
makell the suggestive remark that meteoritic matter 
is rich in iron and nickel (in about the abundance 
ratio suggested by the relative strengths of their 
lines) but not in potassium, chromium, manganese 
or cobalt. All the other elements well represented 
in meteorites (oxygen, magnesium, aluminium, silicon 
and sulphur) have ions which do not give rise to strong 
lines in the observable range. 

Turning now to the physical conditions required by 
EdJ{m's proposals, the most striking fact is the 
enonnous energy required to strip the atoms of iron, 
nickel and calcium of so many electrons. In this 
connexion it is perhaps significant that Lyot, in order 
to account for the width of the coronal lines by 
pure thennal motion, found that a temperature of 
660,000° K. would be needed if the emitting particles 
were as heavy as oxygen atoms. Recalculating to 
iron atoms, 3·5 times heavier, a coronal temperature 
of 2,300,000° K. must be postulated; and at this 
temperature an atom in thennal equilibrium with its 
neighbours will have an average translational energy 
of more than 300 electron volts. What may be the 
physical meaning of a coronal 'temperature' of more 
than two million degrees is as yet unknown, but it 
may be recalled that many solar and extra-solar 
phenomena demand excitation far higher than that 
provided by total radiation of 6,000° K. quality. The 
excitation of hydrogen and especially of helium in the 
chromosphere and prominences, the production of the 
'twilight flash' 'spectrum of N a+ in the earth's upper 
atmosphere, the ionization of carbon monoxide and 
nitrogen molecules in comet tails by solar radiation, 
and the production of D-region ionization in the 
ionosphere by bright eruptions on the sun may all be 
classed as super-excitation processes indicating solar 
'temperatures' ranging from 10,000° K. to 20,000° K. 
in the ultra-violet. 

No other known phenomenon, however, requires 
such a tremendous input of energy to the atoms in 
the solar neighbourhood as EdIen's proposed mechan
ism, though of course this is not an argument against 
the validity of his theory. The objection originally 
raised to hypotheses of this type, namely, that 
metastable atomic states cannot persist long .enough 
in an intense radiation field to give rise to forbidden 
lines, cannot be urged against the new identifications, 
for the ultimate absorption lines of these highly 
ionized atoms are in the soft X-ray region, where 
presumably the sun does not emit a great deal of 
radiation. The particles will therefore be as little 
disturbed by radiation as by collision. and can emit 
lines which are nonnally forbidden. A point in 
favour of the theory is that it accounts for the 
presence in the inner corona of large numbers of free 
electrons, which will scatter sunlight and so give rise 

to the faint continuous background of the emission 
lines. 

A difficulty is encountered, however, if the doubling 
observed in 5303 A. by Waldmeier8 is really due. as 
he suggests, to self-reversal. In this process, a narrow 
absorption line is superposed on a broad emission 
line, thus producing an apparently double line. The 
phenomenon is of common occurrence in certain 
sources such as laboratory arcs and the sun itself, 
where hot emitting particles are surrounded by an 
envelope consisting of similar but cooler particles. 
But not all lines can show self-absorption, and we 
know of no physical conditions compatible with those 
likely to exist in the corona which can produce 
absorption of forbidden lines. The difficulty is not 
insuperable, however, since other causes can produce 
doubling of lines; the need now is for more observa
tions to distinguish between the various possibilities. 

Qualitative support is lent to the new theory by 
certain observations of nOVle. In these objects an 
outburst of energy is believed to be followed by the 
ejection of a shell or a series of shells of matter, the 
central star being soon surrounded by an extended 
low-pressure atmosphere which might on general 
grounds be expected to behave rather as the solar 
corona does. It is thus significant that, as mentioned 
above, forbidden lines of Fe VII have been identified 
with certainty in the spectrum of Nova Pictoris, and 
that some of the coronal lines themselves have 
appeared in Nova Ophiuchi. That the coronal 
spectrum is such a relatively inconspicuous part of 
the radiation emitted by the sun, whereas forbidden 
lines are often very prominent in nova spectra, is 
thus probably a difference of degree rather than of 
kind. We can never hope to detect the coronal 
spectra of other stars unless their envelopes become 
major structural features by some such outburst as 
this. The important point is that the coronal lines 
are produced in conditions which favour the emission 
of forbidden lines in highly ionized iron. 

The future of the theory, it may be surmised, lies 
partly in laboratory experiment and partly in astron
omical observation. While only four lines can be 
described as directly identified, the theory can scarcely 
be regarded as established, especially when it is 
remembered that there is an inevitable loss of pre
cision in working from short-wave measurements 
through frequency differences to wave-lengths in the 
visible region. However. the number of well-estab
lished term analyses of highly ionized atoms is already 
considerable, and it is unlikely that EdUm's extra
polations are too daring, though unfortunately he 
gives no estimate of his error of prediction. What is 
needed now is a thorough analysis of the ultra-violet 
spectra of Fe XIII, Fe XIV, Ni XV, and Ni XVI. 
It is most unlikely that the coronal lines can yet be 
reproduced in the laboratory, since to keep these 
stripped atoms in metastable states for times of the 
order of a second is quite beyond our present tech
nique; but a definitive energy-level analysis obtained 
from the permitted ultra-violet lines would provide 
conclusive evidence and should not prove impossible 
with present means of attack. Meanwhile. corona
graph observations such as those projected by Lyot 
and Waldmeier will give valuable auxiliary informa
tion; and a critical re-examination of past eclipse 
spectrograms, carried out in the light of their recent 
results, would probably be extremely useful. 

On the theoretical side the position is rather 
different. Here it must be admitted that the new 
suggestions are in advance of solar physics. But their 
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somewhat startling nature need oooasion no surprise: 
other suggestions along more oonservative lines have 
been so thoroughly explored that something out of the 
ordinary was to be expeoted. The immediate reaotion 
of most astronomers will no doubt be one of in
oredulity that suoh highly ionized matter as Edlen's 
proposals oall for should exist in the outer envelope 
of a relatively 0001 star like the sun. But this is not 
altogether a valid objeotion: if the lines oan be 
satisfaotorily identified, then our ideas oonoerning the 
conditions existing in the solar corona must be 
modified. Twenty years work has been done on this 
problem by physicists whose horizon has been tacitly 
limited by the astronomers' conception of coronal 
oonditions; if, where they have failed, a solution 
whioh ignores this conoeption proves otherwise aooep
table, then astronomers will weloome the opportunity 
of enlarging their ideas, and solar physics will benefit 
accordingly. 
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THE HONEYBEE 
By C. G. BUTLER 

Rothamsted Experimental Station 

FROM the beekeeper's point of view, honey pro
duotion is the main objeot of beekeeping; but 

fl'om the national point of view it is only a by-product. 
Both in peace and war, the chief contribution of bee
keeping to the national economy is the provision of 
pollinators for orops suoh as fruit, olover and mustard. 
Exoept for this faot it is doubtful whether the allooation 
of 15-20 lb. of sugar per annum to eaoh oolony oould 
be justified, even though in an average season an 
average surplus of 30-35 lb. of sugar (as 'honey
sugar') should be obtained over and above the 
20-25 lb. of honey which should be left in the hive 
in the autumn for the use of the bees during the 
non-produotive months of the year. Recent estimates 
show there to be nearly 56,000 beekeepers, owning a 
total of about 430,000 colonies of bees, in England 
and Wales alone, but the allocation of some three or 
four thousand tons of sugar to them annually is a 
small price to pay for successful fruit and seed crops. 

At a symposium on the honeybee organized by the 
Association of Applied Biologists, on December 4', 
Mr. C. G. Butler showed figures indicating that in 
such cold spring weather as that of 1941, honeybees 
were almost the only pollinating insects present in 
orchards in which comparative counts of pollinating 
insects were made, and the view was expressed that 
they were responsible for a high proportion of the 
fruit set. It was further pointed out that there is 
good evidence that in those areas where large orchards 
and acreages of seed crops are being grown there are 
often insufficient wild pollinating inseot.q present for 
full production to be obtained. Quite apart from 
this crowding effect of crops upsetting the natural 
balance between pollinators and flowers requiring 
pollination, intensive cultivation has resulted in 

destruotion of the nests and habitats of many wild 
pollinating insects. 

It is greatly to be regretted that British growers 
have not yet fully realized the value of honeybees 
as pollinators the numbers and location of which 
can readily be controlled. Many countries are much 
more advanced in this respect and recognize that the 
honeybee is almost certainly the most important 
pollinating inseot. 

The small 'back-yard' beekeepers, scattered 
throughout the length and breadth of Britain, play 
a most important part in providing the necessary 
pollinating inseots. There is no evidence, however, 
of any marked concentration of beekeeping in the 
predominantly fruit-growing areas. 

It has recently been estimated that the approximate 
cash value of the honeybee to the nation as a pol
linator of fruit crops alone is £4,000,000 per annum, 
and an average of about £1,250,000 worth of honey 
is produced annually. 

In order to make the best use of honeybees for 
the pollination both of hard and soft fruit and of 
many important seed crops, the bees must be well 
kept and healthy, and suitably managed and placed 
for the crop in question. 

A recent survey was designed to discover the 
distribution of diseases of the adult bee, particularly 
with respect to acarine disease, the oomplaint which 
was almost certainly largely responsible for the 
extermination of more than 90 per cent of all the 
colonies of honeybees in Britain about the time of 
the War of 1914-18. The results show that it is a 
fair assumption that at least one colony in every five 
in England and Wales was suffering fro;m this com
plaint last winter. Steps are now being taken to 
make beekeepers more 'disease conscious'. Since 
satisfactory treatment for acarine disease is now 
known there is no reason why this complaint should 
not be brought under control. 

The position with regard to other diseases of the 
adult bee is not nearly so serious in Great Britain, 
although such diseases are only too prevalent on the 
Continent. 

The other diseases of the honeybee which are a 
serious cause of concern at the present time are two 
diseases of the brood, European and American foul 
brood, usually known oollectively as foul brood. Of 
these the commoner is American foul brood caused 
by the bacterium, Bacillus larvce. This disease is 
both widespread and common in England and Wales. 
No oure, in the true sense of the word, is known for 
either of the kinds of foul brood, but American foul 
brood oan be eliminated from a colony by the careful 
use of methods designed to separate the bees from 
their brood and honey. Such methods, however, 
require extremely oareful applioation and, for this 
reason, as pointed out by Mr. P. S. Milne, should 
only be applied to strong colonies which are really 
worth saving, and then only under the supervision 
of experts. A great deal of valuable work in com
bating foul brood has been oarried out by Bee Disease 
Insurance, Ltd., which is operated as a 'friendly 
society', but experience has shown that there are a 
small number of cases of foul brood which, on acoount 
of apathy or selfishness on the part of the owners of 
the apiaries concerned, could not be reached by any 
voluntary organization. The Foul Brood Disease of 
Bees Order, 1942, was put into operation in March 
1942 in order to deal with those cases where a bee· 
keeper whose apiary is believed to be serving as a 
potential source of infection refuses to co-operate 


	ORIGIN OF THE CORONIUM LINES
	By DR. A. HUNTER




