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ON THE COMPOSITION OF THE SUN’S ATMOSPHERE1 

By HENRY NORRIS RUSSELL2 

ABSTRACT 
The energy of binding of an electron in different quantum states by neutral and 

singly ionized atoms is discussed with the aid of tables of the data at present available. 
The structure of the spectra is next considered, and tables of the ionization potentials and 
the most persistent lines are given. The presence and absence of the Unes of different 
elements in the solar spectrum are then simply explained. The excitation potential, E, 
for the strongest Unes in the observable part of the spectrum is the main factor. Almost 
all the elements for which this is small show in the sun. There are very few solar lines for 
which E exceeds 5 volts; the only strong ones are those of hydrogen. 

The abundance of the various elements in the solar atmosphere is calculated with 
the aid of the caUbration of Rowland’s scale developed last year and of Unsöld’s studies 
of certain important lines. The numbers of atoms in the more important energy states 
for each element are thus determined and found to decrease with increasing excitation, 
but a little more slowly than demanded by thermodynamic considerations. 

The level of ionization in the solar atmosphere is such that atoms of ionization poten- ^ - 
tial 8.3 volts are 30 per cent ionized. 

Tables are given of the relative abundance of fifty-six elements and six compounds. 
These show that six of the metallic elements, Na, Mg, Si, K, Ca, and Fe, contribute 95 
per cent of the whole mass. The whole number of metallic atoms above a square centi- 
meter of the surface is 8X 1c20. Eighty per cent of these are ionized. Their mean atomic 
weight is 32 and their total mass 42 mg/cm2. The well-known difference between ele- 
ments of even and odd atomic number is conspicuous—the former averaging ten times as 
abundant as the latter. The heavy metals, from Ba onward, are but little less abundant 
than those which follow Sr, and the hypothesis that the heaviest atoms sink below the 
photosphere is not confirmed. The metals from Na to Zn, inclusive, are/ar more common 
than the rest. The compounds are present in but small amounts, cyanogen being rarer 
than scandium. Most of those elements which do not appear in the solar spectrum 
should not show observable Unes unless their abundance is much greater than is at 
all probable. There is a chance of finding faint lines of some additional rare earths and 
heavy metals, and perhaps of boron and phosphorus. 

The abundance of the non-metals, and especiaUy of hydrogen, is difficult to estimate 
from the few Unes which are available. Oxygen appears to be about as abundant by 
weight as all the metals together. The abundance of hydrogen may be found with the 
aid of Menzel’s observations of the flash spectrum. It is finaUy estimated that the 
solar atmosphere contains 60 parts of hydrogen (by volume), 2 of helium, 2 of oxygen, 1 of 
metallic vapors, and 0.8 of free electrons, practicaUy all of which come from ionization 
of the metals. This great abundance of hydrogen helps to explain a number of previously 
puzzling astrophysical facts. The temperature of the reversing layer is finally estimated 
at 5600o and the pressure at its base as 0.005 atm. 

A letter from Professor Eddington suggesting that the departure from the thermo- 
dynamic equilibrium noticed by Adams and the writer is due to a deficiency of the num- 
ber of atoms in the higher excited states is quoted and discussed. 

The hope that from the familiar qualitative spectrum analysis 

of the solar atmosphere a quantitative analysis might be developed 
1 Contributions from the Mount Wilson Observatory, Carnegie Institution of Wash- 

ington, No. 383. 
2 Research Associate of the Mount Wilson Observatory, Carnegie Institution of 

Washington. 
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is of long standing. Recent developments in spectroscopy and as- 

trophysics have turned the hope into a rational anticipation. The 

most precise method of investigation—the study of the detailed 

contours of individual lines—promises the most, but it will be some 

time before it can be applied to the multitude of lines available. 

In the meantime, a survey of the problem and a discussion of the 

existing evidence regarding the relative abundance of those elements 

which show lines in the solar spectrum, and of the significance of the 

“absence” of those which do not, may be in order. 

I. THE IONIZATION POTENTIALS AND SPECTRA OF THE ELEMENTS 

The manner in which the appearance of the arc and spark lines 

of a given element in earlier and later types of the sequence of 

stellar spectra is governed by the condition of ionization and excita- 
S'' # # - *■"—* * 

f tion in the atmosphere of the stars is now familiar. The way in 

which the spectra and related properties of the atoms themselves 

vary with the atomic number is less widely known, and our discus- 

sion may well begin with a summary of the facts as at present un- 

^derstood. 

j The electrons in an atom, whether neutral or ionized, are bound 

in different states—a term now preferable to the old “orbits.” The 

more firmly bound inner electrons which form parts of the completed 

groups or “shells” are of concern in the spectroscopy of X-rays, but 

not of ordinary light. The latter deals with the outer electrons and 

with the complex set of excited states into which one or more of 

them may be raised from their normal positions. When there is but 

one outer electron, the various energy-levels, or spectroscopic terms, 

in which the atom itself can exist are intimately correlated with the 

state of this electron and are not very numerous, and the spectrum 

is then simple. When there are several outer electrons, however, a 

single configuration of electronic states may give rise (by space 

quantization) to an almost bewildering number of different spectro- 

scopic terms, and the spectra are very complicated. As the number 

of outer electrons approaches that required to form a complete 

“shell,” Pauli’s restriction principle comes into play and the spectra 

are again simpler. The brilliant and detailed success of Hund’s 

theory in predicting the characteristics of the spectrum from the 

electronic configurations is well known. 
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The transitions between spectroscopic terms, which give rise to. 

the various spectral lines, are of great variety, but the transitions 

in the electronic states within the atom which accompany them are 

much simpler and afford the clue to what would otherwise be a hope- 

less maze.1 

i. Observed energy of binding of electrons.—We may therefore 

best approach the subject by a study of the energy of binding of an 

electron, in different atoms, into the same state—that is, into the 

state characterized by the same Total and azimuthal quantum num- 

bers, and denoted, in Bohr’s notation, by the symbols i!, 2X, 3^—; 

22, 32, 42,—; 3s, 43,— ; 44,—, or more commonly at present by the 

equivalent notation is, 2s, 3s,—; 2p, 3p, 4p,—; 3d, 4d,— ; 4t,—. 

This energy of binding is given, so far as data are available,2 in 

Table I for neutral, and in Table II for singly ionized atoms. The 

first column gives the atomic number; the next, the chemical symbol. 

The remaining columns give the energy in volts required to re- 

move an electron in the given state from the atom, or liberated when 

it returns. Among the numerous energy-levels resulting from dif- 

ferent space quantizations of the same electronic configuration, that 

with the greatest energy of binding is given, regardless of the mul- 

tiplicity involved. 

The lines across each column mark the completion of the shell 

of electrons in the state in question. For heavier elements, electrons 

of this sort belong to the interior of the atom. Their energy of bind- 

ing increases rapidly but does not concern us here. 

Most of the tabular values are derived from series in the spectra 

and are fully reliable. The rest have been estimated in different 

ways. Those in parentheses and given to two decimals are extra- 

polated by series formulae and should be substantially correct. 

Those in parentheses and with one decimal are interpolated between 

the corresponding entries for neighboring elements and may be in 

error by one- or two-tenths of a volt. Those in square brackets 

have been derived from these last with the aid of known lines and 

should be equally accurate. The numerous gaps represent terms 

1 Cf., for example, “Related Lines in the Spectra of the Elements of the Iron 
Group,” Mt. Wilson Contr., No. 341; Astrophysical Journal, 66, 184, 1927. 

2 References to the spectroscopic and other data are to be found at the end of the 
paper in Table XXI and in the list following this table. 
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which have not yet been identified spectroscopically—often because 

they would give lines in the infra-red. For the elements beyond 

yttrium the data are too fragmentary to tabulate. 

The 4Í state is not included in the table because it gives few 

terms of spectroscopic importance for the elements here considered. 

It will be noticed that the rows in the table are filled out to the 

end only for the elements in which a shell of electrons is completed 

and for those immediately following. In these cases the spectra are 

relatively simple, and long series have been observed. For elements 

in which a group is about half complete (such as iron), the recogniza- 

ble electronic configurations are few, although the number of spec- 

troscopic states and of spectral lines is very great. 

Table II is arranged the same as Table I. It stops at Ge+ for 

lack of data. A number of the entries have been derived by inter- 

polation or extrapolation in different ways. Some of them may be 

in error by half a volt; that for Zi+, by 3 or 4 volts. 

The data of these tables are plotted in Figures 1 and 2, which 

illustrate many important atomic properties. The most firmly 

bound states are represented by the lowest points. The s, p, and 

d states are plotted as circles, crosses, and dots, respectively, and 

corresponding states in different atoms are connected by fines to 

guide the eye. These fines terminate abruptly at the points cor- 

responding to the filling of a complete shell of electrons in the state 

considered. For larger atomic numbers these electrons pass into 

the inner structure, and those corresponding to the next lowest fine 

on the diagram take their place as outer electrons. Thus a shell of 

six 2p electrons is filled up from B to Ne (or from C+ to Na+ among 

the ions). A shell of two 3s electrons is then filled in Na and Mg, 

followed by one of six 3p electrons {Alto A). Two 4s electrons go on 

in K and Ca, followed by ten 3d’s from Sc to Zn. In this case, the 

4s and 3d electrons are bound with about equal firmness and both 

groups are to be considered as outer electrons until the two shells 

are completely filled. Similar conditions are met from Yt to Cd 

(just beyond the limits of the diagram), where 5s and 4d electrons 

are going on, and among the rare earths (6s, 3d, and 4f). All this is, 

of course, merely a graphical representation of Bohr’s theory of 

atomic structure. 
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Among the relations which are illustrated by these figures we 

may note: 

a) The diagrams for the neutral and ionized atoms are strikingly 

similar, not only in their general outlines, but also in detail. In 

other words, the familiar ¿displacement law” applies not only to the 

multiplicities present in a spectrum, but also to the energy relations 

—the spark spectrum of any element resembling in both respects 

that of the arc spectrum of the preceding element. The further 

remarks apply therefore to both arc and spark spectra. 

b) The energy of binding, for an electron in a given state, in- 

creases with the atomic number. For the s states the increase is 

steady; for the p and d states it is interrupted by fluctuations, which 

are remarkably similar in the neutral and ionized atoms. 

c) The increase of energy is most rapid (1) when electrons of the 

type considered are being added to build up a complete shell; (2) 

when s electrons are being added. The most conspicuous fluctua- 

tions occur when a shell is half completed (half of the 6 p electrons 

in N, P, -0+, S+, and of the rod electrons in O, Mn+). j 

The explanation of these regularities by the older orbit theory 

is very pretty. For an outer excited orbit the increase in nuclear 

charge with atomic number is nearly compensated by the screening 

action of the electrons circulating in smaller orbits near the nucleus, 

and the effective attraction and energy of binding increase but slow- 

ly until electrons in orbits of the same type begin to be added, when 

the screening becomes very imperfect and the binding energy rapidly 

rises. The s orbits come nearer the nucleus than the others; hence 

they are less screened, and have greater-binding energy than p orbits 

of the same total quantum number—and these again less than d 

orbits. Moreover, they go farther from the center; hence screening 

by an s electron is less effective and the binding energies of all outer . 

orbits increase when they are being built in. Finally, the irregulari- 

ties in the p and d curves can be explained as effects of space quan- 

tization. The conspicuous breaks which occur when a shell is half 

built are interpreted as due to the change from magnetic attraction 

to repulsion, when Pauli’s restriction first compels the added elec- 

tron to have a direction of spin opposite to that of the electrons 

which are already present. 
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The wave theory, when developed to include these complicated 

cases, will doubtless give a still better, thoughdess picturesque, ac- 

count of the facts. But we must return to spectroscopic considera- 

tions. ' 

2. Characteristics of the spectra of different elements.-—It may now 

be recalled that spectral lines are emitted, or absorbed, when an 

atom changes from one energy-level to another. Since the stand- 

point of the present paper is astrophysical, we may think of lines 

primarily as arising from transitions from lower to higher energy- 

levels, with absorption of radiation. 

Whether such a transition will ordinarily occur, or is “for- 

bidden/5 depends on the nature of the electronic transition involved. 

In permissible transitions one electron must jump between an even 

state (s or d) and an odd one (p or f). Another may jump at the same 

time between two even or two odd states, but this need not concern 

us for the moment. 

Actual lines will therefore be represented in our diagrams by 

transitions between a point on a continuous line and one on a dotted 

line, while those between points on lines of the same sort are for- 

bidden. When it is further recalled that the wave number of the 

line is proportional to the energy change involved, i.e., to the verti- 

cal shift on the diagram, some of the most important properties 

of the spectra and their variation with atomic number may be 

read from the figures. The wave-length of any fine and the corre- 

sponding energy change in volts are related by the equation X = 

12,336/F. Taking sodium as an example, we see from Figure 1, 

or Table I, that an atom in the lowest energy state 3s can undergo 

transitions to 3p, 4p, 5p, etc., absorbing energy equivalent to 2.09, 

3.73, and 4.32 volts, and giving lines at XX 5900, 3310, and 2860 

which agree, within the errors imposed by neglected decimals, with 

the lines of the principal series at XX 5896, 3303, and 2853. An atom 

in the 3p state may change to 4s, 5s, absorbing 1.08, 2.00 volts (XX 

11404, 6160), or to 3d, 4d (1.51, 2.17 volts, XX 8194, 5688). Changes 

between the higher states give fines in the infra-red. 

The spectrum of sodium therefore shows strong fines in the easily 

accessible region. It is evident from inspection of Figure 1 that the 

same will be true of magnesium. For aluminium the 3s configura- 
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tion has gone inside the atom, and the principal jumps between the 

remaining states, 3p to 4s and 3d, are longer, so that the lines are in 

the violet and ultra-violet. For the following elements, from silicon 

to argon, these transitions increase in energy and the lines move 

into the far ultra-violet and the Schumann region, while the transi- 

tions next in importance, 4s to 4p, are still of small energy, and give 

lines in the infra-red, or beyond sulphur, in the deep red. Those 

from 4s to sp give accessible lines which shift from the yellow for 

silicon to the violet for argon; but these lines, as is true in general 

for the later members of series, are relatively faint. In the case of 

phosphorus, indeed, they have not yet been recognized, nor have 

the infra-red lines arising from the transition 4s —4p been observed. 

The arc spectrum of phosphorus, then, contains no known lines ex- 

cept in the ultra-violet beyond X 2500, and it is obvious why it has 

not been recognized in the sun. 

Similar conditions are encountered for all the non-metallic ele- 

ments, which, with the exception of hydrogen and helium, belong 

where an outer shell of p electrons is being built up. The transition 

from the lowest configuration, mp, to the next, (m+i)s, gives lines 

in the far ultra-violet; the next, from (m+i)s to (m+i)p, lines in 

the deep red or infra-red, and only the weak lines, (m+i)s to 

(m+2)p, are accessible. For hydrogen and helium the energy rela- 

tions are similar, except that fia is visible. 

It must further be borne in mind that even at solar temperatures 

the great majority of the atoms of any given kind, whether ionized 

or neutral, will be in the state of lowest energy. The number in 

higher states decreases rapidly as the energy of excitation increases. 

The fraction of the atoms of a non-metal which are in the excited s 

state and capable of absorbing the infra-red or visible lines, is, there- 

fore, small. This imposes an additional handicap upon the non- 

metals, and it is no wonder that they show so feebly in the sun. 

Silicon is an exception. To understand its case we must remem- 

ber that Figure 1 is a mere skeleton. Except when the formation of 

a new shell is just beginning, as in fia or Al, there are a number 

(often a great number) of additional atomic states, which correspond 

to the same electron configuration, with different space quantiza- 

tion. Such states would be represented on the figure by a swarm of 
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other points, lying above those which have been plotted by amounts 

ranging from a fraction of a volt to 2 volts or more. Those which 

belong to the same electronic configuration as the lowest state are 

metastable. In silicon there are two metastable states belonging 

to the configuration here called 3p. One of them is 0.78 volt above 

the bottom, and its combination with the 4s levels gives only wave- 

lengths shorter than X 3000. The other, which is 1.12 volts higher, 

combines with the same levels to give the lines at XX 3905 and 4102, 

which are strong in the sun. From phosphorus to argon, however, 

the corresponding fines are beyond X 3000 and inaccessible astro- 

physically. 

One non-metal, however, presents a real and glaring exception 

to the general rule. The hydrogen fines of the Balmer series, and, 

as Babcock has recently shown,1 of the Paschen series as well, are 

very strong in the sun, though the energy required to put an atom 

into condition to absorb these series is, respectively, 10.16 and 12.04 

volts—higher than for any other solar absorption fines. The obvious 

explanation—that hydrogen is far more abundant than the other 

elements—appears to be the only one. 

Among the metals of the first long period, from scandium to 

zinc, the number of these additional energy states is great. The 

metastable states are numerous, since both 4s and 3d electrons may 

take part in forming them, and there are many higher states which 

are not represented at all in Table I or Figure 1. The tabular data 

give the energy released when an electron in the various states is 

added to ionized atoms which are in the states tabulated under 4s 

in Table II and described in a more generalized notation by dn-2s. 

Addition of similar electrons to the ions in the states tabulated under 

3d (in the general notation dn_I) gives an entirely different set of 

higher energy-levels. Combinations between terms belonging to the 

two families, although usually involving a double electron jump, 

are very common, and add much to the complexity of the observed 

spectra. The tabular data, though referring to only a single family, 

give, however, a very good idea of the positions of the stronger fines. 

For each of the metastable spectroscopic terms there is a certain 

family of higher terms which arise from the addition of an electron 
1 Revision of Rowland's Preliminary Table of Solar Wave-Lengths, p. 223. 
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to the same metastable state of the ion, and have this state as their 

series limit. Combinations between terms of the same family give, 

in general, much stronger lines than those between terms of differ- 

ent families. Hence these strong lines, when arising from the same 

electronic transition, lie usually in much the same part of the spec- 

trum for all the families.1 

A glance at Figure 1 shows that among the elements considered 

the transition from 4s to 4p involves an energy change which in- 

creases slowly and rather steadily from 1.8 volts for Ca to 4.1 for 

Zn. The corresponding lines work from the red into the near ultra- 

violet as the atomic number increases. The energy of transition 

from 4p to 5s increases, though more slowly, from 2.0 to 2.4 volts, 

giving lines in the visible spectrum. The spectra of the metals of 

the “iron group” contain therefore strong lines (usually very numer- 

ous), which correspond to electron transitions from the low to the 

middle terms (4s —4p or 3d —4p). These lie mainly in the visible 

spectrum for the smaller atomic numbers, but shift into the ultra- 

violet toward the end of the group, until, in Cu and Zn, very few 

are left on the red side of X 3000. They are low-temperature lines 

in the furnace. The transitions from the middle to the higher levels, 

4p —5s or 4p —4d, give high-temperature lines in the laboratory 

which remain in the visible spectrum throughout the group. They 

overlap the low-temperature Unes widely, but, on the whole, have 

shorter wave-lengths—which explains the well-known fact that arc 

lines in the red are in general harder to produce by temperature 

excitation than those in the violet. 

The next six elements, in which 4p electrons are successively add- 

ed, are very like the 3p group. Germanium, like silicon, has a few 

low-temperature lines in the visible region; arsenic, like phosphorus, 

has none at all so far as present observations go ; and the rest could 

be detected only by faint lines demanding high excitation. The 

spark spectra behave very similarly, except that the energy steps 

are much greater and the lines much farther to the violet. The 

transitions from the low terms to middle terms belonging to the 

same family give the strongest enhanced lines, which are prominent 

1 For an example in Ti 11, see Mt. Wilson Contr., No. 344; Astrophysical Journal, 66, 
323, 1927- 
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in the arc spectrum also. These lines lie in the violet for the metals 

at the beginning of a group, Ca+ and but shift rather fast 

toward shorter wave-lengths, so that, beyond V+ and C6+, they 

pass into the closed region beyond X 3000. Weaker lines, pro- 

duced by transitions between the upper levels of the “low” group 

and the lower levels of the middle group, belonging to different 

families, are observable as far as Fe+, and a few for Co+ and iW+, 

after which they, too, are lost in atmospheric absorption. Such lines 

are usually faint in arc spectra. Transitions from the middle to the 

upper terms give lines which, in the laboratory, are practically con- 

fined to the spark. Among the metals these transitions involve 

more energy than those previously considered, and the correspond- 

ing lines are observable only at the beginning of a group (Ca+ to 

Ti+, and homologous elements). An especially interesting case is 

that of Mg+, where 3s —3p, 3p —4s, and 3p —3d give lines lying near 

together (XX 2795, 2936, 2798) and all just out of reach, so that the 

observable lines correspond to high excitations, such as 3d —4! 

(X 4481). For ite+, however, the principal pair is just accessible at 

For the non-metals, the principal enhanced lines are hopelessly 

far out, and only a few transitions between highly excited states are 

accessible. The only enhanced lines of a non-metal which have been 

observed in the sun are a few of Si+; and for these, as Figure 2 shows, 

the excitation potential is less than in almost any other case. The 

enhanced lines of the alkali metals present the same situation in its 

most extreme form. 

3. Ionization potentials.—In discussing the relative strength of 

arc and enhanced lines in any source, knowledge of the ionization 

potentials involved is essential. These are given in Tables III and 

IV. Their values, for the first thirty-nine elements, are implicitly 

contained in Tables I and II—but not quite obviously. What is re- 

quired in most cases is the energy difference between the normal 

states of the neutral atom and the ion, and complications arise in 

the iron group. Table I gives the energy difference between the 4s 

state of the ion (dn-2s) and the various states of the neutral atom, of 

which we must evidently choose the lowest, whether it be 4s (dn_2s2) 

or 3d(dn-Is). But sometimes, as Table II shows, the 3d (dn_I) state 
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of the ion is the lowest, and the values of Table I must be corrected 

accordingly. This is taken into account in Table III. For the sec- 

ond ionization potentials (Table IV) no such complication occurs. 

Both tables have been extended to include those heavier elements 

for which data are available. They are divided into two sections, cor- 

responding to the “building on” of shells of s and d, or of p electrons. 

He, Be, Mg are put on the line with Zn, Cd, Hg because their spectra 

resemble those of the latter much more closely than those of Ca, Sr, 

and Ba. The line below La marks the position of the rare earths, 

where fourteen 4f electrons are added. These elements are listed 

separately. 

The changes in ionization potential from element to element are 

immediately comprehensible by reference to Figures 1 and 2. While 

each shell of outer electrons is being completed, it increases, although 

with minor irregularities due to space quantization or to the inter- 

change of s and d configurations. It reaches a maximum when- 

ever a shell is completed. The drop after completion of an s shell 

in Be and Mg is between 1 and 2 volts; after completion of the com- 

bined s and d shells in Zn, Cd, Hg, it is 3 or 4 volts, while that follow- 

ing the completion of a p shell in the inert gases is much greater— 

8 to 16 volts. For the second ionization, these discontinuities are 

greater in absolute value, but are a smaller fraction of the potentials 

themselves. The ratio of the first and second ionization potentials 

for similar electronic structures—that is, for the neutral atom of one 

and the ion of the. next following—ranges from 2.9 to 2.5 when a 

group of electrons begins to be formed, while for atoms with com- 

pleted groups it runs from 2.4 to 2.0. For the first few elements, it 

has higher values, culminating with 4.0 for H and He+. 

The general character of the spectra of most of the heavier ele- 

ments can be deduced from Tables III and IV. For the second long 

period (Rb to Xe) the ionization potentials are nearly the same as for 

homologous elements in the first, but average a little lower. The 

same is true, in general, regarding the other energy-levels, so that 

the arc and spark spectra of these elements show high- and low- 

excitation lines in the same regions of the spectrum as for those of 

the first long period, but, on the whole, a little farther to the red. 

At the beginning of the next period, we find the lowest known 
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ionization potentials (Cs, and Ba+ for the second stage), which re- 

main lower than in other periods until the rare-earth group begins. 

In these elements the outer electrons consist of two 6s, one 5d, and 

from one to fourteen 4Í electrons, and it is reasonable to suppose 

that the ionization potential slowly rises as the 4Î group is built up. 

For the earlier members of the group, the lines of the ionized atom 

are the main features of the arc spectrum and those of the neutral 

atom are best brought out in the furnace, thus showing that the 

first ionization potentials are very low.1 The strong lines of the 

first spark spectrum shift toward the violet with increasing atomic 

numbers, which practically proves that the second ionization po- 

tential, at least, increases. For the later members of the group, 

one would expect the ionization potential to be high enough to make 

the lines of the neutral, rather than the ionized, atom conspicuous 

in the arc—but the necessary spectroscopic data are lacking. The 

number of atomic energy states should be much greater among the 

rare earths than for any other elements, and their spectra are actual- 

ly very intricate. 

Upon the completion of the shell of 4Í electrons it ceases to have 

any important effect on the properties of the elements, as is shown 

by their chemical behavior and what little is known of their spectra 

(Hf+, W). We should therefore expect a considerable fall in the 

ionization potential between the last rare earth, Lu, and Hf, and 

then a gradual rise to ^4^ and Hg. For the last-named elements 

ionization is more difficult than for the homologous elements in the 

preceding periods. Whether this is also true for Hf cannot be de- 

termined from the existing data.2 

4. Raies ultimes.—The strongest lines of any element, which are 

the last to disappear when the quantity present is diminished, 

usually arise from transitions from the lowest energy-level to middle 

levels of the same multiplicity and belonging to the same family. 

Among the various lines in a multiplet, that involving the highest 

inner quantum numbers is the most persistent; among transitions 

1 The measures of Rolla and Piccardi indicate that it reaches about 7.5 volts at 
the end of the group. 

2 A table of ionization potentials, with discussion, has been given by Rolla and 
Piccardi {Philosophical Magazine, 7, 286, 1929). 
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to terms of the same family the term of greatest azimuthal quantum 

number has the advantage; and the larger multiplicities are pre- 

ferred to the smaller.1 In a few cases, the combination of these in- 

fluences causes a line originating from a level a little above the low- 

est to be the most persistent of all. 

Lists of these lines, in the various arc spectra, are given in Table 

V. The lines marked with an asterisk have been recorded by De 

Gramont2 or Meggers and Kiess3 as raies ultimes, which actually 

persist in the manner described. Most of the rest are of too short 

wave-length to have been observed by them, but are undoubtedly 

of the same nature. Table VI gives similar data for spark spectra. 

The arrangement for the short periods differs slightly in order to 

bring spectroscopically similar terms into the same line. 

These tables confirm the conclusions which were drawn from the 

general structure of the spectra. The most persistent arc lines of 

almost all the metals lie within the region accessible in the sun, while 

those of the non-metals are without exception out of range. Con- 

ditions for detecting the spark lines astrophysically are favorable 

only for the metals in the earlier parts of the successive periods— 

for Be, Ca to V, Sr to Cb, Ba, La, and probably several of the rare 

earths, and finally for Ra. 

It may be remarked that the persistent lines and their spectro- 

scopic notation are known for a number of elements for which the 

ionization potential and energy levels have not yet been determined. 

Indeed, the values given in square brackets in Tables I-IV have all 

been determined by utilizing persistent lines (not always the ones 

given in Tables V and VI), as explained in §1. 

5. Molecular spectra.—No detailed discussion of the energy rela- 

tions for the various band spectra which have been recognized in the 

sun is attempted here. It may be said, however, that, so far as the 
t 

present evidence goes, all the bands which have been observed cor- 

respond to electronic transitions from the normal energy state of the 

molecule to higher states, and hence are comparable in nature to the 

persistent lines. Most of these bands are known to arise from mole- 
1 Laporte and Meggers, Journal of the Optical Society of America, 11, 459, 1925. 
2 Comptes rendus, 171, 1105, 1920. 
3 Journal of the Optical Society of America, 12, 417, 1926. 
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cules which are unsaturated chemically, and the others are probably 

of the same sort. For molecules which are stable enough to endure 

ordinary chemical manipulation, the normal energy state appears 

to be so far below the others that the bands absorbed by the unexcit- 

ed molecules lie in the extreme ultra-violet and are inaccessible. 

This is certainly true of the hydrogen molecules, and the pres- 

ence of lines of the “secondary” hydrogen spectrum in sun-spots1 

which has just been reported would be as striking an exception to 

the general rule as is the great strength of the Baimer lines. 

The sources from which the data regarding the spectra and ion- 

ization potentials of the elements have been taken are summarized 

in Table XXI at the end of the paper. It is hoped that the list of 

references following the table is fairly complete; but no attempt has 

been made at a general bibliography of the subject. In the cases 

marked by square brackets in the tables (and in a few others) this 

material has been further worked over by the writer. 

II. THE PRESENCE AND ABSENCE OF THE ELEMENTS 
IN THE SOLAR SPECTRUM 

6. Summary of the data.—We are now in a position to understand 

the significance of the absence of recognizable lines of many of the 

elements from the solar spectrum. The present state of knowledge 

on this subject is summarized in Table VII, which is taken from the 

Revision of Rowland's Table f with slight modifications, as explained 

below. The intensity of the strongest solar line which is believed 

to be due mainly, if not entirely, to the given elements is tabulated, 

thus indicating some idea of the prominence of the element in the 

spectrum, as well as its mere presence. The arc and spark spectra 

are tabulated separately under the headings El and El+. An inten- 

sity given in parentheses signifies that the lines of the elements ap- 

pear in spots, or in the disturbed regions near them, but not on the 

rest of the disk. A question mark shows that the identification of 

the element in the sun is uncertain. The table is arranged in fashion 
1 G. Piccardi, Nature, 122, 880, 1928. 
2 Carnegie Institution of Washington, Publication, No. 396, 1928. Table A, p. xv. 

This will hereafter be referred to as R R. Since the publication of this work evidence has 
appeared that lines of Pt are probably, and As and Ir are possibly, present in the solar 
spectrum. This will be discussed in a forthcoming contribution by Dr. St. John. 
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similar to the others, except that the rare earths are added in a 

separate column. 

The presence in the spectrum of the disk of band lines due to the 

molecules C2, CH, CN, NH, and OH, and, in addition, of BO, 

MgH, CaH, TiO, and probably H2, in the spot spectrum, should be 

mentioned for completeness and as affording the principal evidence 

for the presence oí B,C, and N in the sun. The strength of the emis- 

sion lines of He+ in the chromosphere and the presence of a faint line 

of He+ (X 4685.808) are noteworthy. 

It should further be borne in mind that some of the gaps in the 

table represent a lack of adequate data. The spectra of the recently 

discovered elements Ma and Re, and of the short-lived radioactive 

products, Po, Ac, and Pa, are still wholly or substantially unknown, 

and that of the “emanation” Rn is very incompletely observed. 

For several of the rare earths, II, Tb, Ho, Tu, and Lu, the existing 

spectroscopic data “are not adequate either to establish the proba- 

bility of their presence or to eliminate them from further considera- 

tion.”1 For these 11 elements, dashes have been inserted in the table 

to indicate the impossibility of a decision from existing data—as has 

also been done for the unknown elements of atomic numbers 85 and 

87 and for the non-existent spark spectrum of hydrogen. This leaves 

79 elements whose presence or absence in the spectrum can be dis- 

cussed on the basis of existing data. Of these, 49 appear certainly to 

be present, 9 are doubtful, and 21 absent. Eighteen of the 49 reveal 

their presence by both their arc and spark spectra, 22 by the arc 

spectrum alone, 7 by the spark alone, and 2 {B and N) primarily by 

band spectra of compounds. Four of the doubtful identifications 

have to do with arc lines ; the other 5 probably with spark lines (of 

the rare earths). 

7. Importance of excitation potential.—In discussing this material, 

we may first consider the enhanced lines. Thirteen elements (Table 

VI) have their most persistent spark lines in the region accessible 

to observation. These are Be, Ca, Sc, Ti, F, Sr, Yt, Zr, Cb, Ba, La, 

Hf, and Ra. All but the last appear in the list of elements showing 

enhanced lines in the sun. Most of the other elements which do 
1 St. John and Moore, Mt. Wilson Contr., No. 364; Astrophysical Journal, 68, ic6, 

1928. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

9A
p J

. 

COMPOSITION OF THE SUN’S ATMOSPHERE 35 
o r- 

so (CV, Mn, Fe, Co, Ni, Mo) come near the middle of the first two 

long periods. In their cases, the most persistent enhanced lines lie 

beyond X 3000, but others, arising from low energy-levels, though 

not the lowest, are accessible. The rare earths should undoubtedly 

be divided between these two groups—just how cannot be said until 

the analysis of their spectra has been begun. The statement that 

enhanced lines are found in the sun for those elements which have 

lines of low excitation potential in the accessible region has therefore 

few exceptions. On the one hand, lines of Ra, and perhaps of some 

of the rarer of the rare earths, are absent. On the other, a very few 

enhanced lines, demanding high excitation, appear for Mg and Si 

and doubtfully for AL It is obvious that considerations of abun- 

dance may explain both sets of exceptions. For the remaining ele- 

ments which fail to show enhanced lines in the sun, the excitation 

potentials for the accessible lines are high in every case for which 

they have been determined. 

The case of the arc spectra is not quite so simple. There are 

37 elements, excluding the rare earths, whose arc spectra are little 

known, for which the most persistent lines are accessible. Arc lines 

of 25 of these are present in the solar spectrum. For 3 others {Li, 

In, Kb), the most persistent lines appear in sun-spots, though not on 

the disk. Three more {Cb, Ir, TÏ) are doubtful, leaving 6 which fail 

to appear—Cs, Ba, La, Hf, Bi, and Ra. It is well known that most 

of these absences are explicable by ionization in the solar atmos- 

phere.1 

Among the elements whose most persistent lines are inaccessible, 

the majority of those which appear in the sun have accessible fines 

of low or moderate excitation potential {Be, Mg, Si, Zn, Ge, Cd, Sb, 

and the doubtful and Sn). For the non-metals, H, He, C, N, 0, 

and S, the excitation potentials are high and the fines weak, except 

for hydrogen. 

It appears, therefore, that the principal factor which is unfavor- 

able to the appearance of a spectral fine in the sun is a high excita- 

tion potential. How important it is, is shown by Table VIII, which 

includes all the Fraunhofer fines which are known to have excitation 

potentials above 5 volts. There are 47 such fines out of nearly 6000 
1 M. N. Saha, Philosophical Magazine (6), 40, 472 and 809, 1920. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

9A
p J

. 

36 HENRY NORRIS RUSSELL 
o r- 

for which the excitation potentials are known. Twenty-eight of 

them have intensity o or fainter, and only 1 exceeds intensity 2, 

except the hydrogen lines, whose altogether exceptional behavior is 

well illustrated. 

Of the elements whose persistent lines appear in the sun, only 

a few (Fe, Cu, Co, Mn, CaC) show lines of high excitation, and the 

TABLE VIII 

Solar Absorption Lines of High Excitation Potential 

e.p. 

on. 
042. 

064. 
050. 
080. 

060. 
086. 
183. 
467. 
771. 

496. 

827. 

829. 
140. 
388. 
450. 

El. 

Fe 
Fe 
Fe 
Fe 
Cu 
Cu? 
Cu? 
Si 
Mg 
Co? 
Mn 
Zn 
Zn 
S? 
S? 
Si+ 

Si+ 

Si+ 

Mg? 
Al+ ? 
C 
C 
C? 
c? 

I.A. 

8945•20 
8920.027 
9148.02 
7086.729 
4651.118 
3319.689 
4586.998 
5948.552 
7657.605 
6864.958 
7680.267 
4629.806 
6362.357 
9228.19 
9237-49 
3853-672 
3862.595 
3856.028 
3892.017 
3900.662 
4770.001 
4775.886 
9061.50 
9078.34 

Int. 

— I 
0 

— I 
— i 
— i 
~3 
— i 

6 
2 

-3 
1 

— i 
i 

— i 
0 

— i 
1 
i 

— 2 
— 2 
— 2 
— 2 
— i 
— i 

E.P. 

7-455 

7-473 
7-483 
7-591 

8.085. 

8.825, 
8.826. 
9.106. 

9-479 

10.155 

10.302 
12.035 
20.871 

El. 

c? 
c? 
Ca+? 
Ca+? 
C 
c 
Si+ 

Si+ 

Mg+ 

Mg+ 

O 
O 
0 
O 
O 
H 
H 
H 
H 
H 
N? 
H 
He 

I.A* 

9095.02 
9111 -93 
5001.479 
5021.153 
4932.020 
5039.006 
6347.104 
6371.362 
4481.142 
4481.340 
7771-954 
7774.177 
7775-394 
8446.350 
8446.728 
3970.078 
4101.750 
4340.477 
4861.344 
6562.816 
8680.403 

10049•5 
5875-62 

Int. 

1 
o 

— 2 
~3 ' 
— 2 
“3 

2N 
iN 
o 
0 
2 
2 
1 
O 

SN 
40 N 
20N 
30 
40 

— 2 
25 * 

Appears only in disturbed regions. 

latter are all faint. The reason is simple: for such lines the lower 

level involved must be more than 5 volts above the bottom, and the 

upper level, even for a line at X 8000, must be at a height of at least 

6.5 volts. Aside from the case of a few exceptional states of low 

statistical probability, this level, again, will be well below ionization. 

Hence the ionization potential must be fairly high, as it is for the 

elements whose arc lines appear. 

For spark spectra, the explanation is different. In order that 

the persistent lines may be accessible, the energy differences between 

the low and middle states (e.g., 4s, 3d, and 4p) must be rather small 
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compared with the energy of ionization. The differences between 

the levels next in series (e.g., 5s, 4d, and 5p) will then be so small that 

the corresponding lines are in the infra-red, and the only accessible 

lines of high excitation will be later members of series, which are 

inherently faint. An example is found in Ca+, where the observed 

lines correspond to the electron transition 5p —6d. 

8. Significance of the “absences ”—The excitation potentials for 

the accessible lines of those elements which have not been identified 

in the solar spectrum are given in Table IX, those for which no re- 

liable spectroscopic data exist being omitted as usual. The last 

column contains the elements whose presence is doubtful. 

TABLE IX 

Excitation Potentials for Accessible Lines of Elements Which Are Missing 
or Doubtful in the Solar Spectrum 

El. 

B. . 
F. . 
Ne. 
P. . 
Cl. 
A.. 
Se. 
Br. 

E.P. 

4.94 
12.62 
16.54 
6.90 
8.88 

11.50 
5-94 
7.81 

El. 

Kr. 
Te. 
I. . 
Xe. 
Cs. 
C54 

Ta. 
Os. 

E.P. 

9.9 
5-45 
6.73 
8.2 
o .00 

i5- 
o. ? 
0.00? 

El. 

Au 
Hg 
Bi. 
Bi+ 

Ra. 
RaH 

Th. 
U. 

E.P. 

4.60 
4-65 
o .00 

>6 
0.00 
o .00 
o. 
o. 

El. 

N. 
S.. 
As. 
Sn. 
Ir. 
Tl. 

E.P. 

10.30 
6.50 
2.30 
o. 21 
0-35 
o .00 

The values given to two decimal places are derived from known 

resonance lines and are accurate. Those given to one decimal in- 

volve estimates of the positions of levels near those given by reso- 

nance fines, but slightly lower, and should be correct to 0.1 volt. 

The remaining values require explanation. For Os, fines from the 

lowest level revealed by the present incomplete analysis are accessi- 

ble ; there may, however, be unrecognized levels which are still lower, 

but by no great amount. 

The spectra of Ta, Th, and Ü have not been analyzed, but com- 

parison with homologous elements makes it very probable that 

their persistent fines fie in the observable region. For Bi+ all that 

can be said is that the resonance fines are pretty certainly of shorter 

wave-length than for Pb+ (for which the E.P. is 6 volts). In the 

case of Cs+, which has a spectrum similar to that of Xe, the energy 
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of binding of the 5p electron—the lowest state—may be estimated from 

the run of similar ratios for other elements, as 1.8 times the value 

for Kr i, that is, about 22 volts. The next level above this involves 

a 6s electron, which has a binding energy of 7.45 volts in Ba^ and 

should have slightly less in Cs+. The difference gives the tabular 

value of i s volts. This may be wrong by a volt or two, but must be 

of the right order. For B, P, Te, Br, and /, lines of the given excita- 

tion potentials ought theoretically to exist in the infra-red, with 

fainter ones in the visible region; but none of these has yet been 

identified. 

The elements which fail to appear in the sun fall sharply into 

two groups. The first contains all those with atomic numbers 

up to 54, Xe. Here the excitation potentials are so high that there 

is no chance of the lines appearing unless the elements are abundant. 

The same is true, to a somewhat less degree, oî Au and Hg; and Cs 

may be added to the list for the reason that its first ionization poten- 

tial is so low that no neutral atoms remain, even above the spots, 

and its second is so high that the observable lines demand a pro- 

hibitive degree of excitation. The absence of lines of these elements 

from the sun is consistent with their presence in fairly considerable 

amounts in the solar atmosphere. 

The case of most of the heavier elements is quite different. For 

three of them—Os, Bi, and Ra—persistent lines lie in accessible re- 

gions and are definitely absent from the solar spectrum. Though 

Ra is probably easily ionized, the persistent lines of Ra+ are also 

absent. There seems to be no escape, therefore, from the conclusion 

that these elements are present in the sun’s atmosphere in negligible 

quantities, if at all. 

For Ta, Th, and U, the spectra are complex, with numerous lines 

of moderate intensity and few very strong ones, and have not yet 

been analyzed. A definite decision upon their presence in the sun 

demands laboratory observations with the under-water spark, or 

some similar source, which will pick out the persistent lines among 

the swarms which fill the spectrum. 

The weakness or absence of solar lines of the heavy metals is an 

old story. The present discussion indicates that this is not to be 

accounted for by the structure of their spectra (except for Au and 
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Hg) and supports the conclusion that these elements are present in 

the reversing layer in small proportions. 

III. THE ABUNDANCE OF THE ELEMENTS IN THE SUN 

9. Absolute calibration of Rowland's intensity scale.—There is rea- 

son to hope that within a few years the quantitative analysis of the 

solar atmosphere will be put on a solid basis by the accurate meas- 

urement of the contours of large numbers of lines and the interpre- 

tation of these by physical theory. An admirable beginning has 

already been made by Unsold1 and others; but a general investiga- 

tion will be a heavy piece of work observationally, and perhaps 

theoretically too, and will take a long time to finish. 

In the meantime a reconnaissance of the field may be made with 

the aid of the calibration of Rowland’s intensity scale.2 As derived 

last year, this gives only the relative numbers of atoms engaged in 

the production of different lines. More precisely, the numbers are 

those of the “fictitious oscillators,” acting independently for each 

wave-length, which would produce lines of the observed intensity. 

For each spectral region the number of such resonators required to 

produce a line of intensity o was taken as the unit, irrespective of its 

absolute value or its possible variation in different regions. 

Both these last questions may be approximately answered by 

comparison with Unsöld’s results. From the observed contours of 

a number of typical resonance lines he determines theoretically the 

number of atoms, NH, above 1 sq.cm of the sun’s surface, which are 

concerned in their production. When multiplied by a factor /, de- 

pending on quantum numbers, these give the number of “oscillators” 

for each line. The calibration of Rowland’s table gives a quantity 

A, defined by the equation 

log N=B log A , (1) 

where B and log A are taken from empirical tables, which should 

be proportional to the number of oscillators. We may therefore 

write 
log (NHf) = log No+B log A , (2) 

1 Zeitschrift für Physik, 46, 765, 1928. 
2 Russell, Adams, and Moore, Mt. Wilson Contr., No. 358; Astrophysical Journal, 

8 .1, 1928. 
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where N0 is the number of oscillators for a line of intensity o. Each 

of Unsold’s lines then gives a determination of N0. The results are 

as shown in Table X, in which R denotes Rowland’s intensity, 

“Res.” the differences of the individual determinations of N0 from 

the mean, and Rc the Rowland intensity computed from Unsöld’s 

data by working the equations backward with the mean value of 

log N0. The H and K lines are too strong to calibrate, and the values 

of Rc were derived by extrapolating the relation 

A log R = f A log H , 

which holds good from R= 15 to ^ = 40. 

TABLE X 

Absolute Calibration of Rowland’s Intensity Scale 

El. 

Na 

Al. 

Ca 
Sr. 

Ba 

Ca' 

Mean. 

5889 
5896 
3961 
3944 
4226 
4607 
4077 
4215 
4554 
4934 
3933 
3968 

30 
20 
20 
15 
20 

8 
5d? 

8 
3 and 4* 
1000 

700 

B log A log NHf 

16.24 
15-94 
16.67 
16.37 
16.83 

14- 34 
16.15 
15- 85 
15-43 
1513 
19.19 
18.89 

log Vo 

12.66 
12.59 
12.39 
12.27 
12.70 
13.80 
12.76 
13-19 
12.28 
13.01 

12.76 

Res. 

— 0.10 
— o .17 

-0-37 
-0.49 
— 0.06 

+ 1.04 
0.00 

+0.43 
—o .48 
+0.25 

25 
15 
13 
9 

18 

3 
8 
6 
6 
5 

340 
230 

* Given by Rowland as double; component intensities 3 and 4; see §10. 

The average residual for one determination of log N0 is ±0.35. 

The value previously found in another way1 for the determination 

of log N from a single line was +0.37. 

The residuals show a systematic trend such as would be pro- 

duced if the calibration of Rowland’s scale gave differences in log 

N that are too great. A plot of the data suggests a reduction of 

the calibrated values by about 25 per cent; but so large a correction 

appears to be inconsistent with the much more extensive data ob- 
1 Op. cit., p. 7. 
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tained from a study of the solar multiplets. Moreover, the residuals 

are already as small, on the average, as was to be anticipated. It may 

be that the calibration gives values too low for the numbers of atoms 

which produce the weaker lines; but the existing evidence is insuffi- 

cient to determine what correction, if any, is required. The largest 

residual, for X 4607, would be reduced to +0.50 if R were taken as 2 

instead of 1, which would be in better agreement with Rowland’s 

estimates for neighboring lines of equal strength; this would, how- 

ever, give a smaller average residual than was to be expected. Tak- 

ing the observations as they stand, we have log iVo = 12.76 ±0.10, 

so that it requires 6 X1012 “atoms” per square centimeter to produce 

a line of intensity o. The residuals show no definite evidence of a 

change of this quantity with the wave-length, although of course 

only a large change could be detected by so few observations, and 

the result may be adopted as generally applicable. 

The mass of 6X1012 atoms of atomic weight m is 1.0X10-11 m 

grams. To produce a line of intensity o requires therefore 0.1 m 

grams of matter per square kilometer of the sun’s surface, or 0.6 m 

millions of tons for the whole surface, 6X1012 km2. The amount of 

an element which must exist in the sun’s atmosphere to permit its 

spectroscopic detection is very great when measured by ordinary 

standards. For example, the platinum line at X 3064.696 {R—i) 

indicates the existence of some five hundred million tons of the metal 

in the reversing layer. This is of course very small compared with 

the whole mass of the reversing layer, which, as we shall see later, 

probably exceeds 1015 tons. 

10. Numbers of atoms effective in different energy-levels.—^Accept- 

ing, then, for the present purpose, the calibration tables determined 

last year, we proceed to determine the “effective numbers” of atoms 

of the elements in their various energy-levels. The most direct way 

to do this is to calculate N by equation (1) for every solar fine arising 

from the given level and add the results. This has two disadvan- 

tages: first, some lines are obscured in the sun by blends; second, 

on account of the approximately logarithmic character of Rowland’s 

intensity scale, accidental errors of the estimates which make R too 

great increase the sum far more than errors in the opposite direction 

diminish it. When no theoretical information is available regarding 
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the relative intensities of the lines, as is the case for lines of a singlet 

system, or for inter-system combinations, these sources of error are 

unavoidable. Fortunately they affect the final sum in opposite di- 

rections. In normal multiplets, however, both may be avoided. If 

Nf represents the sum of the number of atoms effective in producing 

the whole multiplet, and N that for a given line, one may write N. = 

N'F, where F is a factor depending only on the quantum numbers. 

The values of these factors have been determined by several inves- 

tigators.1 Each line then gives an equation of the form 

log N'=B log H-log F . (3) 

By taking the mean of the values then found for all the lines of a 

given multiplet, the systematic effect of the errors of Rowland’s 

estimates is eliminated, and the loss of some of the lines by blending 

is no longer serious. Errors may arise in multiplets when the actual 

intensities differ seriously from the theoretical. These will be serious 

only when some lines are abnormally faint. Such lines can almost 

always be recognized on the basis of laboratory intensities, and 

omitted from the mean. 

One further complication sometimes arises. A good many of the 

stronger solar lines are given by Rowland as double, though all other 

evidence indicates that they are single. To add his intensities for 

the “components” gives much too high an intensity for the line, as 

is shown by comparison with other lines in the multiplet; but the 

assumption that the actual value of N is the sum of the values com- 

puted for the components as if they were separate lines gives results 

for N' in fair accordance with the others. As an example of the 

method, the strong multiplet aT^ —a4G' of Tin (X3349, etc.) gives 

the results in Table XI. 

No theoretical formulae for the relative intensities of different * 
multiplets arising from the same lower level are yet available, ex- 

cept for a few very simple cases, and our best recourse is to add the 

individual values of Nr. Their sum, which may be called Tf, ex- 

presses the whole number of atoms effectively at work for the given 

spectroscopic term. In a few cases, where the term separations are 
1 For numerical data see Russell, Proceedings of the National Academy of Sciences, 

ii, 314, 1925. 
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very wide (as in Tl and Pb), the separate components have been 

treated independently, but this is rarely necessary. 

In practice, it is usually found that much the greater part of M 

is contributed by a few multiplets, which correspond to transitions 

within the same family of terms (I2).1 When these multiplets He 

in the observable part of the solar spectrum, the values of M derived 

from the solar lines should be nearly correct. When, however, these 

strong groups are inaccessible, M will be too small. Present knowl- 

edge of spectra is sufficient to permit the recognition of these cases, 

except for a few complex spectra, notably the rare earths. 

TABLE XI 

Inner Quantum 
Number log N -log F log V' 

5-6 
4- 5 
3“4 
2- 3 
5- 5 
4-4 
3- 3 
4- 3 
3-2 

Mean 

7+2 
8 

5 + 5 
3 

3+3 
5 
3 
2 

3-8 
3-9 
3-5 
2 .O 
2- 4 
3- 1 
2 .O 
1-3 
1-3 

0.48 
0-59 
0.72 
0.84 
i .64 
1.52 
i .64 
3.20 
3.10 

4.10 

The results deduced in this way from the Revision of Rowland's 

Table are given in Table XII. The first two columns give the element 

and the spectroscopic term. The notation 4s, 3d, etc., has the sig- 

nificance described in §1. The designations of a few configurations 

which do not fit into this simplified scheme will be understood by 

those familiar with the subject. The third column gives the ex- 

citation potentials, measured from the lowest known energy-level, 

and the fourth, the number of lines, arising from the given term, 

which have been taken into account. For Ti and Fe all the lines of 

any strength were tabulated. For most of the rest, the lines which 

would obviously make but an insignificant contribution to the final 

sum were ignored, and the numbers are much smaller. The fifth 

column contains the value of log M, obtained from Rowland’s in- 
1 Many of these are listed in “Related Lines,” Mt. Wilson Contr., No. 341; Astro- 

physical Journal, 66, 184, 1927. 
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TABLE XII 

Numbers of Effective Atoms 

El. 

H. 

Li. 

Be. 

Be 

C.. 

Na. 

Mg. 

Mg+ 

Al... 

Al+ . 

Si... 

Si+ 

s... 

K.. 

Term 

1 
2 

2S 

2S 
2p 

2S 

2p 
3s 

3s 

2P 

3s 

2p 
3s 

3s 

3s 

3P 

3s 

3P 
3P 
4S 

(3P)5 

3s 

3d 

3P 
4s 

3s 

3P 

3P 
3P 
3P 
4S 
4S 

3P 
(3P)2 

4S 

3P 
4S 

4S 

2S 
2S,P 

3P 

3P' 
3P 

4S' 
4P' 

3P 
5S 
3S 
2S 
2p 

3P 

3S 
3P' 

2S 
2D 
2P 
2S 

3P' 

3P 
rP 
2P 
2D 
2S 

3P' 
5S' 

0.00 
10.15 

0.00 

o .00 
2.72 

O .00 

0.00 
7-45 
759 

0.00 
10.30 

o .00 
9.ii 
9.48 

0.00 
2 .09 

o .00 
2.70 
433 
5 09 
7 14 

o .00 
8.83 

0.00 
3 • I3 

0 .00 
7-39 

0.00 
0.77 
1 .90 
4.91 
5.06 

o .00 
6.83 
8.09 

0.00 
6.50 

0.00 

Lines 

3 
2 

4 
IS 

i 
ii 
10 
i 
i 

2 
10 
i 

log M 

3-5: 

I .7* 

>—2.o 

I .1 

>0.9 
>>-1. 

> —0.7? 

13: 
0.0: 

4.0 
>2.7 

>>25 
4-8 

>4.0 
>>0.8 
> —0.7 

0.3 

4.6 
>>0.6 

> ~1 -3 

3-9 
>>2.2 
>>2.4 

> >0.9 
i .0 

o .0: 

2.8: 

log M Comp. 

11 -5 
3-5 

1-7 

1.8 
o. I 

0. 8 

7-4 
1. i 
0.6 

7.6 
-0.7 

9.0 
i .0 
0- 5 

4.0 
2.7 

7.0 
5-3 
3- 5 
2.9 
i .6 

7-7 
0.9 

4.6 
1- 4 

6.4 
0-3 

7.0 
6.0 
4- 4 
2.8 
2.2 

7.0 
1.4 

-0.4 

5- 7 
o .0 

2.8 

* Lines appear only in sun-spots. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

9A
p J

. 

^ COMPOSITION OF THE SUN’S ATMOSPHERE 45 

TABLE XII—Continued 

El. Term Lines log M log M Comp. 

Ca. . 

Ca+ 

5c. 

5c- 

Ti. 

Ti+ 

4S 
4P 
3d 
3d 
4P 

4s 

3d 
4P 
5P 

4s 

3d 
3d 

4S 
4s 

3d 
3d 
3d 

(4s)2 

3d 

4s 

3d 
4s 

4s 

3d 
4s 

3d 
3d 
4P 
4P 
3d 
3d 
3d 
3d 
4P 
3d 
3d 
3d 

4S 
3d 
4s 

4s 

3d 
3d 
3d 
4S 
3d 
3d 
4s 

4s 

3d 

3P 
3D 

2S 
2D 
2p 
2P 
2D 
4F' 
2F' 

3D 
rD 
3F' 
rD 
3P' 
*8 
'G 

3F' 
5F' 

3P' 
3F' 
*G 
5p' 
3G 
5G' 
sF 
3D 
3P' 
3H' 
rG 
3D' 
3P' 

IH/ 

4F' 
4F' 
2F' 
2D 
2G 
4P' 
2p' 
4P' 
2D 2H' 
2G 
2p/ 
2F' 

0.00 
1.88 
2.51 
2.70 
2.92 

0.00 
i .69 
3.12 

7.48 

0.00 
1-43 
1.85 

0 .01 
0.31 
0.61 
1-35 
1.49 
1-45 
1 .76 

0 .02 
0.82 
0.90 
1.05 
1.44 
i-50 
1- 73 
1.87 
2 .00 
2 .09 
215 
2.23 
2.24 
2.26 
2.29 
2.32 
2.50 
2- 57 

0.02 
0.13 
0. 58 
1 .08 
1. 12 
i. 16 
1 .22 
i. 23 
1.56 
1-57 
1.88 
2 .04 
2.58 

3 
35 
33 
11 

7 

2 
3 
5 
2 

IS 
12 

5 

15 
3 

ii 
3 

10 
i 
1 

37 
28 

6 
26 
17 

6 
17 
20 
15 
10 
24 

5 
10 

6 
9 
7 
2 
6 

22 
19 

6 
16 

8 
16 

8 
13 
20 

7 
9 
9 
4 

41 
>3.6 

3-4 
2- 5 

>2.8 

6.7 
>4.1: 

3- 5 
>>-0.7 

1.6 
>0.3 

> —0.7 

3-7 
3-0 

>2-5 
1-7 
1.4 

>0.5 
1.4 

3-6 
3- 0 
2 .0 

>2.0 
2.2 

>1.4 
1.9 
1.8 

>i-3 
>i-3 
>1.1 
>0.4 
>15 
>0.5 
>0.6 
>0.6 

*> —0.2 
>0.6 

4- 5 
>4-i 

4.2 
3-0 

>3-2 
3-2 
3-2 
3-3 
3-3 
3-0 
3-2 
2.4 

>1.9 

4-5 
3-6 
3- 2 
2.6 
2.2 

6.7 
6.0 
4- 5 
0.8 

1.9 
0.8 
0.2 

3-5 
2.8 
31 
1.8 
2 .0 
1-3 
1- 7 

3- 5 
2- 7 
2. i 
2- 3 
2 .0 
1.8 
i .6 
1-7 
1.8 
1-7 
i .2 
i .0 
1- 5 
0.9 
1.4 
0.9 
0.5 
0.8 

4.8 
4- 7 
4.1 
3- 5 
3-7 
3-5 
31 
3-4 
31 
3-4 
3.1 
2.4 
2- 3 
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TABLE XII—Continued 

El. Term Lines log M log M Comp. 

v+ 

Cr. 

Cr+ 

Mn. 

Mn+, 

Fe. 

Fe+ 

4s 

3d 
3d 

3d 
4s 

4s 

3d 
3d 
4s 

3d 

3d 
4s 

4s 

4S 
3d 
4P 
3d 
4P 

4S 
4s 

3d 

4S 
3d 
3d 
3d 
4s 

4P 

3d 
4P 
4P 
4P 

4S 
3d 
4S 
3d 
4$ 
4s 

(4s): 
4s 

4s 

4F' 

4D 

5D 
SF' 
3F' 
3P' 
3G 
3H' 

7S 
5S 
3D 
5G 
6S 
6D 
4D 
2D 
4D 
6S 
6D 
8p 
4D 
6p 

7S 
5S 
3D 

3D 
5F' 
3F' 
sp' 
3P' 
7D' 
3H' 
3F' 
3G 
3P' 
7F 
7P 
3P 
6D 
4F' 
4D 
4P' 
4P' 
4F' 
6S 
4G 
4D 

0.03 
0.28 
1.05 

0.00 
0.36 
1.09 
1- 43 
1 .80 
2.50 

0.00 
0.94 
0.98 
2- 53 

0.00 
1- Si 
2- 43 
2.69 
3 09 

o .00 
2.14 
2.29 
2.91 
3 06 

0.00 
1.17 
1.83 

0.07 
0.99 
1- 54 
2.19 
2.38 
2 .41 
2 .42 
2- 57 
2.71 
2.83 
2.84 
2 .98 
423 

0 .06 
0-33 
1 .04 
1 .69 
2.68 
2 .82 
2.88 
3.18 
3- 88 

46 
49 
29 

8 
i? 

7 
ii 
15 

8 
8 

Si 
46 

21 
18 
9 

7 
41 
14 
26 
14 

86 
133 
61 
86 
56 
56 
38 
36 
38 
31 
53 
27 

5 

ii 
11 
12 
18 
12 
13 

8 

>2 
2 

>1 

>3 
3 

>1 
>2 
>2 

4 
>2 
>3 

2 

>3 
>>2 
>>2 

>3 
3 
3 

>2 
2 

> >3 

>6 
5 

- 5 
4 

>3 
4 

>3 
>2 

4 
3 
4 
3 

>2 

> >4 
> >2 
>>2 
>>2 
>>2 
>>2 
>>1 

3-5 
3-0 
2.2 

4.8 
4.6 
3-8 
31 
3- 3 
2.8 

4.0 
31 
4.1 
2.7 

5-6 
5-0 
4- 0 
3-5 
3-5 

5- 1 
3-7 
3- 4 
2.8 
2.7 

5-7 
4.6 
4- 7 

6.6 
5- 7 
5-0 
4-3 
4.2 
4-5 
4-5 
4.2 
4.1 
3- 5 
4- 3 
3- 8 
2.4 

6.9 
6.7 
5- 9 
5-2 
4- 3 
4.6 
4.1 
4.4 
3-5 
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TABLE XII—Continued 

El. 

Co. 

Ni. 

Cu 

Zn 

Go. 

Ge. 

As 

Rb 

Sr. 

Sr+. 

Yt+ 

Zr.. 

Zr+ 

Term 

4S 
3d 
3d 

3d 
4s 

3d 
4s 

d10 

3d 
4s 

(4P) 
4P 
4P 

4s 

4P 
4P 

4P 

4P 
4P 
4P 

4P 
4P 
4P 

5s 

5s 

5P 

5s 

5P 

(5s): 

5s 

5s 

4d 
4d 

5s 

4d 

4s 

3d 
4s 

4s 

3d 

4F' 
4F' 
2}?' 

3D 
3F' 

*D 

2S 
2D 
2P 
4P 
4P 

3P 
T 

3P' 

4S' 
2D' 
2P 

3P 

2S 
2P 

5s 2U 
4d 4F' 

3D 

3F' 
3P' 

3F' 
SF' 

4F' 
4F' 
2D 
2F' 
2p' 

0.12 
0- 54 
0.98 

0.12 
0.14 
0.42 
i .67 
i .82 

o .00 
1- Si 
3-79 
4.82 
5-07 

0.00 
4.02 
5-77 

0.00 

0.05 
0.88 
2.02 

o .00 
1-33 
2.27 

0 .00 

0.00 
1 .80 

0.00 
2.97 

0.03 
1.36 

0.00 
o. 10 
0.40 
1.00 
1.71 

o .07 
0.66 

0.08 
0.34 
0-54 
0.75 
0-73 

Lines 

34 
38 
IS 

25 
42 
U 
14 

5 

2 
3 
7 
i 
3 

1 
7 
2 

i? 

2 

1 
4 

2 
4 

9 
4 

3 
18 
4 

11 
6 

18 
9 

19 
12 

5 
7 
4 

log M 

>3-6 
4.2 
3- 9 

Si 
>4-4 

4- 5 
2.8 
2.9 

4-5 
>>1.8 

>1.1 
> > —0.2 

> >0.0 

> >0.7 
1.9 
0.5 

> —0.1 

1.4 
O . I 

>>-2.5? 

0.1:: 

0.6 
> —0.4 

3-4 
i .2 

0.8 
0.0 

1.4 
2-5 
i .6 
1-5 
0.1: 

0-3 
0.0 

24 
>i-5 

i .1 
1.8 

>1.1 

log M Comp. 

5-0 
4- 4 
3- 7 

SI 
5- 5 
4- 3 
3- 6 
2.4 

4- 3 
4.0 
1- S 
i .0 
i .2 

4-9 
2. i 
0.2 

0.2 

2- 5 
1-5 

-o. I 

0.6 
o. I 

-1.2 

0.1 

0.6 
-0.3 

3- 3 
1-3 

0.8 
■0.2 

1 .6 
2.4 
1-7 
1.8 
0.8 

0 .8 
0- 3 

2.2 
2 .0 
1- 3 
1-3 
1 .0 
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TABLE XII—Continued 

El. Term Lines log M log M Comp. 

Cb+ 

Mo. 

Mo+ 

Rti 

Rh. 

Pd. 

Ag- 

Cd. 

In. 

Sn. 

Sb. 

Ba+ 

La 

Ce+. 

Pr+ . 

Nd+ 

Sa+ . 

Eu+ 

Gd+ . 

4d 
5s 

4d 
4d 
5s 

4d 
5s 

5s 

4d 
4d 

4d 
4d 

d10 

4d 
4d 

4d 

5s 

5P 

5P 
5P 

5P 
5P 
5P 

6s 
5d 
6p 

5d 

6s 

5d 

sD 
5Fr 

’S 
sS 
5D 

6S 
6D 
4D 

sF' 
3F' 

4F' 
2F' 

3D 
rD 

2S 

2p 

3P' 

«S' 
2D' 
2p 

2S 
2D 
2P 

3F' 

3D 

0.00 
0.40 

0 .00 
1-33 
1-35 

0.00 
1.5? 
2.4? 

0.16 
0.97 

0.27 
0.88 

0.00 
1 .00 
1-45 

0.00 

0.00 

0 .00 

0.21 
1 .06 

o .00 
1.14 
2.15 

0.00 
0.65 
2 .60 

0.12 
o .17 
0.32 
0.91 
0.92 

0.4: 

0.4: 

0.4? 

0.4? 

0.4: 

0.5: 

2? 

2 
3 
4 

12 
9 

13 
i 
i 

249 

18 

107 

67 

5 

15 

>0.3 

—0.6 
> — 1.2 

>-1.7 

>0.0 
0.0 

—0.6 
> —0.9 

0.4 
> —0.6 

0.0 

> > —0.7 

-0.4* 

— i .0? 

> — 2.0 

3-0 
>2.7 

i .2 

1-4 
0.9 
1-3 

>-0.5 
0.0 

2.1 

0.3: 

i .6 

i .1 

i .0: 

0.7: 

0.8 
0.6 

0- 3 
-0.9 
o .0 

1- 3 
0.7? 

-0.2? 

0.9 
0.0 

-0-3 
-1.1 

o. I 
0.4 

-0.4 

0 .0 

2 . I 

-O . I 

0-3 
-0.7 

0- 3 
-0-3 
-1-3 

2.9 
3-0 
1 .2 

1- 5 
0.9 
i .2 

■0.5 
0.5 

2. i 

0-3 

i .6 

i .1 

i .0 

0.7: 
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TABLE XII—Continued 

El. Term Lines log M log M Comp. 

Dy+ 

Er+. 

nr 

W.. 

Ir. . 

Pt.. 

Tl.. 

Pb 

CN. 

C2.. 

CH. 

NH 

OH. 

BO. 

6s SD 
2D 

3D. 

6p 

6p 

’Px 
2P2 

3P¿ 
3PÍ 

iD2 

0-5: 

°-5: 

0.7 

0.44 

0.18 

0.04 

0.00 
0.96 

0.00 
0.97 
i .32 
2.65 

o ? 

o ? 

o ? 

o ? 

o ? 

o ? 

12 

2 

28 

5 

I? 

3 

I? 
I? 

872 

422 

155 

157 

185 

28 

1.2: 

-0.3: 

— 0.1 

> —0.6 

-1.5? 

i .0 

—0.9: ? 
-1.5:? 

>-i-7 
-0.7 

>-i-3 

3-2 

1-3 

3-0 

2.1 

3-0 

1.45 

i .2 

-0.3 

— 0.1 

—0.6 

-0-5 

1-5 

-0.9 
-1.4 

o .0 
-0-3 
-0.4 
— 1.6 

tensities as described above, and represents the “absorbing power” 

of the term. For the H and K lines Unsöld’s measures (§ 9) are used. 

The sign > preceding an entry signifies that important multi- 

plets arising from the term are known to be out of reach in the infra- 

red or ultra-violet, and > > that such multiplets are much stronger 

than those observed. Lines which appear only in sun-spots are de- 

noted by an asterisk. A colon means, as usual, that the results are 

uncertain, and a question mark, that the attribution to the given 

element is doubtful. For C, A, 0, S, K, and Rb, most or all of the 

lines are in the deep red, beyond the limit of Rowland’s original 

work, where the scale of intensities may differ considerably from 

Rowland’s and has not been independently calibrated. These val- 

ues of log M may be too low. For hydrogen, the situation is peculiar. 
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We should expect the widths and intensities of Hß, Hy, Hd to dimin- 

ish rapidly, since the transition probabilities fall off. Unsold’s meas- 

ures,1 however, show that this is not the case, and some exceptional 

influence must be at work—perhaps the Stark effect. The Ha line 

must also be affected, though to a less degree. The tabular value is 

derived from Rowland’s intensity for this line alone, without cor- 

rection for the factor 0.64, which expresses the theoretical value for 

Ha relative to the sum of the whole Balmer series. It may neverthe- 

less be too great. Unsöld’s measures of the width of this line, treated 

similarly, give log M = 4.1. This is probably considerably too great, 

for the reasons stated. For the rare earths, whose spectra have not 

been analyzed, the sum of the values of N for all the unblended 

lines has been taken, and increased pro rata in proportion to the 

number of blended lines recorded. The values of the average excita- 

tion potential for these elements are rough estimates based on the 

data for La+ and Hf+. Many of the lines of the latter are unclassi- 

fied, and the same method has been applied to them. 

The band spectra due to compounds, which appear at the end 

of the table, have been treated in the same way. These bands are 

all absorbed by unexcited molecules, but, owing to the vibrational 

and rotational energy, the excitation potentials may be somewhat 

above the zero values entered in the table. The fifth column of the 

table contains values of log M calculated in the way described be- 

low (§13). These values have been included, for completeness, in 

a number of cases where no observations can be made. 

ii. Discussion of these data.—Much has been written on the 

theoretical distribution of the energy states of the atoms in a stellar 

atmosphere. An exact discussion would be very complicated, but, 

fortunately, there is good reason to believe that the most simple and 

obvious approximations should give results close to the truth. 

The temperature of the reversing layer doubtless increases to- 

ward its base, but it is probable that the change is relatively small. 

According to Eddington,2 it increases from 0.81 to 0.88 times the 

effective temperature Te between the outer boundary and the depth 

corresponding to the optical thickness t = o.2$. These values hold 
1 Zeitschrift für Physik, 46, 778, 1928. 
2 The Internal Constitution of the Stars, pp. 332 and 335. 
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for the integrated light. For the center of the disk the range is 

from the same lower limit to 0.91 Te. Since most of the material is 

in the deeper layers, the assumption T = 0.87 Te would appear to be 

reasonable. For the sun, 2^ = 5730° and T = 4980°. 

The pressures in the upper and lower parts of the reversing layer 

must differ very greatly. Milne1 has just shown, however, that the 

assumption of a uniform pressure gives surprisingly good results. 

Although the opacity actually increases gradually with the depth, 

the line contours should be very similar to those produced by an 

atmosphere devoid of general opacity and overlying a solid photo- 

sphere, provided that the amount of matter in this fictitious atmos- 

phere were equal to that which is actually above the optical depth 

r = 1/3. The “number of atoms above the photosphere” then takes 

on a definite meaning. He shows also that the total numbers of 

neutral and ionized atoms above any depth will be very nearly the 

same as those calculated from the elementary formula of Saha, with 

an electronic pressure one-half of the value at the given depth. The 

effects of a chromosphere supported by radiation pressure are ex- 

cluded from consideration. 

In what follows, we shall therefore consider the sun’s atmosphere 

as having a definite temperature T, and a definite electronic pressure 

P. In thermodynamic equilibrium, the number M0 of neutral atoms 

in any energy state is then given by the equation 

\ogM^\ogA0+\ogW-^^, (4) 

where ^40 is a constant depending on the abundance of the element 

considered, W is the total quantum weight of the state or the cor- 

responding spectroscopic term, and E the excitation potential in 

volts. The value of W is the product of the multiplicity of the term 

(1, 2, 3, for singlets, doublets, triplets) by 1, 3, 5, 7, for S, P, D, F 

terms. For terms arising from electron configurations involving two 

equivalent s electrons, these values should be doubled.2 Such terms 

occur in Be, Mg, Ca to Zn, Sr to Cd, and Ba to W for the terms de- 
1 Monthly Notices, R.A.S., 89, 3 and 17, 1928. 
2 W. Heisenberg, Zeitschrift für Physik, 38, 411, 1926. For the application to more 

complex spectra, the writer is indebted to a conversation with Professor Sommerfeld. 
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noted by 2S, 3s, etc., in Table XII. A few similar cases in ionized 

atoms are denoted by (4s)2 and the like. For an energy state of an 

ionized atom we have 

log M^log ^41+log TFi--0^ , (s) 

where Ax is the abundance factor for ionized atoms. This is con- 

nected with ^40 by Saha’s equation 

log^I-log4„=-^^+f log r-6.5-logP. ' (6) 

If we set 

I log r-6.5-log p=5g4°Z° ) (7) 

this means 

log -4i = log .40+^ (/„-/) . (8) 

The constant I0 is the ionization potential of an element which would 

be just half ionized under the conditions. It may be taken as de- 

fining the “level of ionization” in the star’s atmosphere. 

We have finally to take into consideration the fact that the 

atmosphere may not be in thermodynamic equilibrium. The com- 

parison of solar and stellar spectra affords evidence that this is the 

case.1 The lines arising from excited states are stronger in the cooler 

stars than the elementary theory expressed by equation (4) predicts. 

The degree of ionization appears to be unaffected. We may take 

account of this by writing 

log If=log -40+log lF-^° {E-O , (9) 

and similarly for ionized atoms. It is assumed that C is a function 

of £, which must be determined empirically. The evidence from the 

stars indicates that C is small at first, but increases rapidly when E 

exceeds 2 or 3 volts. Were it not for the limitation of the solar 

record, the determination of this correction would be simple, es- 

pecially since for the sun’s atmosphere 5040/T = 1 within the un- 
1 Adams and Russell, Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 11, 

1928. 
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certainty of estimation. Each value of log M in Table XII leads by 

(9) to one of log A—C for the same element, and a plot of these for 

elements such as Fe and Ti would give values of C up to £ = 4.5. 

But so many of the lines arising from these higher levels are in the 

infra-red that this is impracticable.1 The data are, however, suffi- 

cient to show that C is small if E is less than 2 volts, and to give 

reliable values of log A0 for the neutral atoms of many elements, 

and of log ^4x for a smaller number of ionized atoms. When we 

know A0 and ^4x for the same element, we can find I0 by (8). The 

determinations of this quantity from different elements are in good 

agreement (see below). Taking the mean, we can then find ^4x for 

any element, if we know A0 and /. 

Now there are a few solar lines of and Al+, for which 

E is between 7 and 9 volts. Having found ^4i for these elements, as 

just described, we may use these lines to obtain the values of C 

corresponding to these large values of E. The results are discordant. 

The Si+ lines XX 6347, 6371 give 0 = 2.6 for £ = 8.09; Mg+ X 4481, 

0 = 0.7, £ = 8.83; and Al+ X3900, £=—0.5, £ = 7.39. In all these 

cases the lines are the strongest which arise from atoms in the given 

state, and the correction on this account is small. 

The Al+ line is very faint and deserves half weight. We there- 

fore adopt as a mean C = + 1.2 for £ = 8.2 volts. In default of fur- 

ther information, we will assume that C = o.is£ for all values of £. 

A more satisfactory determination of the important correction 

is much to be desired; but no further solar data are available. In a 

star of earlier spectral type, such as Procyon, a larger number of 

enhanced fines would be available, and determinations of the cor- 

rection, made for dwarf stars, might perhaps be extended to apply 

to the sun. To use giant stars for this purpose would be unsafe. 

As matters stand, the determination of the solar abundance fac- 

tors A0 and ^4x is little influenced by this uncertainty for the metals, 

while the values for the non-metals, especially those of low atomic 

weight, remain considerably uncertain. 

12. Level of ionization in the sun.—There are five elements for 

which the principal fines of both the neutral and ionized atoms are 

1 This difficulty does not affect the comparison of the intensity of the same lines in 
the sun and a star, on which last year’s results were based. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

9A
p J

. 

54 HENRY NORRIS RUSSELL 
o r- 

accessible. Each of them may be used to determine the level of 

ionization I0 by the equation 

Io = I- 
5040 

(log -d.i log ¿0) (10) 

The results are shown in Table XIII. The five values agree remark- 

ably well, when we consider that they have been determined in 

some cases (Ca) from extremely strong lines, and in others (5c, Yt) 

from very weak ones. Giving double weight to the values for Ca 

and Ti, we find the mean value I0 = 8.26 + 0.08 volts. This probable 

error, which is derived from the residuals, should be taken only as an 

indication of the consistency of the determinations. The value /0 = 

8.3 volts will be adopted in the present discussion. 

TABLE XIII 

Ionization in the Sun 

log ^4o  
log ^4i  
log +—log A0 
I  
h  

Ca 

4.2 
6.4 
2.2 
6.1 
8-3 

Sc 

0.3 
2-5 
2.2 
6.6 
8.8 

Element 

Ti 

2 . I 
3-3 
i. 2 
6.8 
8.0 

Sr 

0-3 
3-0 
2.7 
5-6 
8-3 

Yt 

-0.4 
I .2 
i .6 
6.5 
8.1 

By equation (7) this corresponds to the electron pressure P = 3.i 

Xio-6 atm. = 3.1 dynes/cm2. These values of/0 and P depend on 

the assumed temperature of the solar atmosphere. If, for example, 

we had taken T = 5740°, as Milne does in his latest paper,1 we would 

have found /0 = 8.S3 volts and P = 2.5 x1o-5 atm. The computed 

pressure is much more sensitive to changes in the assumed tempera- 

ture than is the value of /0. The latter appears, therefore, to have 

considerable advantage for the specification of the state of a stellar 

atmosphere. If only the farther ultra-violet were accessible, the 

enhanced lines of the more difficultly ionizable elements could be ob- 

served, and the value of /0 found almost as a direct result of observa- 

tion, independent of any theory except that involved in the calibra- 

tion of the lines. The pressure here derived is in fair agreement with 
1 Monthly Notices, R.A.S., 89, 35, 1928. 
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the values found by the same method from the calcium lines in stars 

by Miss Payne and Mr. Hogg1 (P = 2.54x1o-6 atm. in class Go) 

and by Unsold2 from the strontium lines (3.3 X10-6). From the cal- 

cium lines Unsold finds 3.4 X10-7. The difference arises mainly from 

the fact that the other calcium lines used in the present work give 

a greater value for A0 than does X 4226. Unsold’s value, which rests 

on precise measurements, is doubtless more accurate, but the mean 

value resulting from the calibration of Rowland should clearly be 

used in the present work. 

13. Abundance of the elements in the sun's atmosphere.—With the 

constants thus determined, we may now compute the number, M, 

of atoms which are in any given energy state, neutral or ionized, by 

the equations 

log M = log ^40+log TF—0.85F (neutral atom) , 1 
log M=log Tï+log TF—0.85F (ionized atom) , l (11) 
log d.! ~~ log Ao+L—I. j 

Each observational value of log M gives one of log A0 or log A^. 

Mean values of these for each element are given in Table XIV and 

the values of log M calculated from these in Table XII, under the 

heading “Log M Comp.” In adopting these values and adjusting 

those of d0 and dx to satisfy the ionization equation, the accuracy 

of the individual values of log M has been kept in mind. Examina- 

tion of Table XII shows that, for the more abundant metals, a 

change in log d0 and log dI? by 0.1 or 0.2 at most, is all that is per- 

missible. For some elements, such as Si, the data are discordant, 

and the uncertainty greater. There are many elements, however, 

for which the determination rests only on a few faint lines, and in 

these cases the tabular values are only an indication of the order of 

magnitude of the results. Such cases are denoted in the table by a 

colon, while a question mark indicates that the origin of the lines is 

doubtful. The remaining columns of Table XIV give quantities re- 

lated to the abundance of the atoms in the solar atmosphere. So is 

the whole number of neutral atoms per unit area, derived from the 

sum of the values of M for the different energy levels, and Sz, the 

1 Harvard Circidar, No. 334, 1928. 
2 Zeitschrift für Physik, 46, 778, 1928. 
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TABLE XIV 
Abundance of Elements and Compounds in the Sun 

El. log Ao log At log So log Si log T log Q 

H. 
Li. 
Be 
C. 
N. 

0.. 
Na. 
Mg 
Al. 
Si. 

S., 
K. 
Ca. 
Sc. 
Ti. 

V.. 
Cr. 
Mn 
Fe. 
Co. 

Ni. 
Cu. 
Zn. 
Go. 
Ge. 

As. 
Rb. 
Sr. 
Yt. 
Zr. 

Cb. 
Mo 
Ru. 
Rh. 
Pd. 

ág- 
Cd. 
In. 
Sn. 
Sb. 

Ba. 
La. 
Ce. 
Pr. 
Nd. 

ii .2: 
- 1.2: 

1-5 
6.5: 
7.0? 

8.0: 
3-7 
6.7 
3-8 
6.0 

4.8: 
25: 
4.2 
0.6 
1.9 

1.8 
3-2 
4.0 
5-0 
3-4 

4.0 
4.0 
4.6 

- 0.6: 
i .6 

0.0? 
- 2.8: 

0.3 
- 0.5 
- 0.7 

- 1.8: 
- 0.5 
- 0.5 
- 15 

0.1 

- 0.3 
1.8: 

- 2.8: 
- 0.5? 
- 0.3: 

- 0.5 
- 2. : 

5-7: 
1.7: 
0.5 
3-6: 
o .8? 

2.7: 
6.9 
7-4 
6. ï 
6.2 

2.8: 
6.5: 
6.4 
2- 3 
3- 4 

3- 4 
4.8 
4- 9 
5- 5 
3- 9 

4- 7 
4.6 
3-5 
1.7: 
2 .0 

- 1-3? 
1.4: 
3-0 
1-3 
0.8 

- 0.6: 
0.5 
o. I 

- 0.9 
O . I 

0.7 
13: 

- 0.3: 
0.4? 

- 0.3 

2.6 
0-3 

ii.5: 
0.9: 
1.8 
7.4: 
7.6? 

9.0: 
4.0 
7.0 
4.6 
7.0 

5-7: 
2.8: 
4-6 
1-9 
3- 6 

1- 9 
4- 4 
5- i 
6.7 
Si 

5-7 
4-3 
4-9 
0.2: 
2- 5 

0.6? 
2.5: 
0.6 
0.8 
0.9 

0.2: 
0.5 
1 .0 
0.3 
0.6 

0.0 
2.1: 
2 .0: 
0.3? 
0.4: 

0.2 
0.7: 

5-7:: 
2 .0: 
0.8 
4.4: 
1.8? 

3-3: 
7.2 
7-7 
6.4 
7.0 

3-4: 
6.8: 
6.7 
3- 6 
5-2 

5-0 
5-7 
5-8 
71 
5-4 

5-7 
4- 9 
3-8 
2 .0: 
2.8 

0.7? 
1.7: 
3-3 
2 .6 
2.5 

i .0: 
1-4 
i .6 
0.5 
0.9 

i .0 
i .6: 
0.0: 
i .2? 
0.7: 

3-3 
1.8 
2.4 
0.6: 
2.0 

ii.5:: 
2.0: 
1.8 
7.4: 
7.6? 

9.0: 
7.2 
7-8 
6.4 
7-3 

5-7: 
6.8: 
6.7 
3- 6 
5-2 

5-0 
5-7 
5-9 
7-2 
5-6 

6.0 
5-0 
4- 9 
2 .0: 
3-0 

0.6? 
1.7: 
3-3 
2.6 
2- 5 

i .0: 
1-4 
1-7 
0.5 
i .1 

i .0 
2.2: 
0 .0: 
1 .2? 
0.8: 

3- 3 
1.8 
2.4 
0.6: 
2 .0 

ii.5:: 
2.8: 
2.8 
8.5: 
8.7? 

10.2: 
8.6 
9.2 
7.8 
8.8 

7.2: 
8.4: 
8-3 
5-3 
6.9 

6.7 
7-4 
7.6 
9.0 
7-4 

7-8 
6.8 
6.7 
3- 8: 
4- 9 

2- 5? 
3- 6: 
5- 2 
4- 5 
4- 5 

30: 
3-4 
3-7 
2- 5 
31 

3- 0 
4.2: 
2.1: 
3-3? 
2.9: 

5- 4 
3-9 
4.6 
2.8: 
4.2 
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TABLE XIV—Continued 

number of ionized atoms. In a few cases such as Ru n and Rh n, 

the calculation of Si involves assumptions regarding the nature of 

the lowest terms in spectra which have not yet been analyzed; but 

the uncertainty thus arising is much less than that of the observa- 

tional data for these elements. The next column gives log T, where 

T is the total number of atoms of the element considered in both 

stages of ionization. Doubly ionized atoms may safely be neg- 

lected. They should be relatively most numerous for Ba, for which 

log 52 = i.3, but this is only i per cent of the number of singly 

ionized atoms. For the rare earths the values of Sx have been di- 

rectly calculated by the approximate process described in §io. The 

ionization potentials are unknown, and S0 cannot be given; there is 

no doubt, however, that it is small, and that no serious error is com- 

mitted by neglecting it, as has been done here. For the band spec- 

tra, S0 gives the number of neutral molecules. Finally, Q represents 

the total mass of the atoms or molecules of the substance per unit 

area of the sun’s surface. The tabular values are obtained by mul- 

tiplying T by the atomic or molecular weight. We have already 

found that the unit of T represents 6Xio12 atoms per square centi- 

meter. That of Q corresponds, therefore, to i.oXicr11 g/cm2. 

In a number of cases special considerations have been applied 
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in deriving ^40 or ^4i from the observations. For several elements, 

many or most of the lines arising from the best observable level 

are out of reach in the ultra-violet, and the observed value of log M 

must be corrected from the probable intensity. The corrections 

which have been applied are +1.3 for As, +0.3 for Cb+, +0.7 

for Sb, +0.5 for W and Pt, and +1,0 for Ir. Though rough esti- 

mates, they probably improve the tabular values. For Cd, only a 

single inter-system combination, ^o —3Pi, is observed (X 3261). For 

this line Prokof jev1 has found that the number of effective resonators 

is 1/600 that for the resonance line IS —"T. The values of the cor- 

responding ratios for lines of Ca and Zn, derived from the solar data, 

agree with his formula as well as could be expected. The correction 

+ 2.8 for the Cd line may. therefore be adopted. For Mo+ the anal- 

ysis of the spectrum is fragmentary, and the relative energy-levels of 

the terms have been assumed to be the same as in 0+, a permissible 

assumption, as very rough values will suffice. 

Finally, there are three elements, Li, In, and Rb, whose lines 

appear only in sun-spots. To attempt to correct for the change of 

ionization theoretically would lead us too far. It may suffice to 

take the observed intensities of a number of faint lines of other 

metals of easy ionization in the same part of the spectrum and thus 

find ratios of the change in log N from the spot to the disk. Thirty- 

seven lines between X 4350 and X 4650 give a mean change of —1.9, 

which has been adopted for In X 4511; thirty between X 6100 and 

X 6600 give +2.6, which has been adopted for Li X 6708, and in 

default of other data, for Rb XX 7947, 7800. 

Table XIV contains the principal conclusions of the present 

paper. The main source of uncertainty which affects them is the 

magnitude of the correction for departure from thermodynamic 

equilibrium. For the metals, this is always small, and the tabular 

data may be accepted with confidence. For the non-metals it is 

much greater (except for Si). For C, N, 0, and S, the value of E 

averages 8.4 volts, while for H it is 10.2. The uncertainty of the 

correction C is at least 10 per cent of these values. To increase this 

correction would diminish the very large values for the abundance 

of these elements. For hydrogen the uncertainty is increased, since 
1 Ibid., 50, 708, 1928. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
2 

9A
p J

. 

COMPOSITION OF THE SUN’S ATMOSPHERE 59 
o r- 

it is unknown how much of the width of the lines, which was clearly 

the main criterion in Rowland’s estimates of intensity, arises from 

special causes. Anything short of an extreme correction for both 

these factors would still leave hydrogen the most abundant element 

by weight, and more abundant, by number of atoms, than all the 

rest together. Even with a liberal correction, oxygen and its neigh- 

bors remain among the most abundant elements by weight, and still 

more by number. 

The values of log Q are plotted in Figure 3—the more reliable 

ones by solid dots and the less trustworthy by open circles. Two 

features of the distribution are conspicuous. First is the general 

downward trend toward the right, corresponding to a diminution in 

the abundance with increasing atomic number. The fact is familiar; 

its interpretation, less certain. The faintness of the lines of the 

heavy elements in the sun is commonly attributed to the tendency of 

the heavy atom to diffuse downward, below the photosphere. If this 

were the main explanation we should expect the heavy elements 

following Ba to be considerably less abundant than those which 

succeed Sr; but the figure shows that this is not the case and sug- 

gests a relatively rapid fall for the lighter elements from H about 

as far as Zr and a very slow decrease for the heavier ones. 

Stirring of the solar atmosphere by currents and other forms of 

turbulence favors a uniform mixture. This process occurs on an 

enormous scale in sun-spots, where the material must ascend from a 

considerable depth.1 The fact that the lines of La+ and other heavy 

elements, which are completely ionized even in the spots, are not 

perceptibly strengthened in the spot spectrum indicates that the 

difference in composition is small at the depth from which the as- 

cending vortex comes. It does not appear necessary, therefore, to 

assume that downward diffusion depletes the sun’s atmosphere of 

the heavier elements, though the possibility of such an influence 

remains. 

Second, there is a conspicuous zigzag arrangement of the points, 

which represents the well-known fact that the elements of even atom- 

ic number are more abundant than those whose numbers are odd. 

The generality of this rule is well illustrated by the diagram. Every 
1 Russell, Astrophysical Journal, 54, 293, 1921. 
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element of even number except Be is more abundant than the mean 

of the adjacent elements, when both these are known, and every odd 

element less abundant, with the exception of Eu, for which the data 

are uncertain. For Tl, which also looks like an exception, they are 

still more doubtful. There is little doubt, however, that Na and K 

are real exceptions, for if Ne and A, which precede them, were any- 

thing like as abundant, we might expect them to show in the flash 

spectrum. The average difference between log Q for an even ele- 

ment and the mean for the two adjacent odd ones is +1.03 (14 

cases), while for an odd element and the adjacent even ones it is 

— 1.05 (15 cases). If the weaker determinations are excluded, these 

values become +0.86 for six even elements and —0.93 for ten odd 

ones. This indicates that the even elements are, on the average, 

about ten times as abundant as the odd. Among the rare earths and 

the heavier elements, only those with even atomic numbers have 

been conclusively identified in the sun. Certain elements stand out 

as rare in comparison with their neighbors—notably Sc, Ga, and In. 

These are well-known chemical rarities; it is surprising, however, to 

And As behaving in the same way. It may be that the estimated 

correction, which allows for the fact that all but weak lines of this 

element are inaccessible, was too small. The most striking examples 

of all are Be and Li. The latter is not ordinarily considered a rare ele- 

ment, but it is evidently present only in small proportions in the sun. 

The most abundant elements, compared with the mean of their 

neighbors, are Fe (and probably Na and K). If these individual 

differences are corrected for the general tenfold difference between 

odd and even elements, what remains is surprisingly small. Sc and 

Ga are one-twentieth and one-tenth as abundant as might be ex- 

pected on this basis, and Fe only three times more abundant. 

The abundance of an element is probably a function of yet un- 

known properties of the structure of the atomic nucleus. The re- 

sults here obtained suggest that, in general, these properties change 

slowly and rather regularly with the nuclear charge. The very low 

abundance for Li and Be suggests that nuclei containing so few 

component parts may be hard to keep together. The amounts of 

the compounds which are present in the sun’s atmosphere are sur- 

prisingly small. No one would have guessed, for example, that CN 
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was but one-fifth as abundant as Sc. A moment’s consideration, 

however, shows that molecules have a great advantage in the banded 

nature of their spectra. A single electron transition, which in an 

atom gives rise to at best but a very few multiplets, will, in a mole- 

cule, produce a whole system of bands, containing perhaps thou- 

sands of lines. The width of a fine and the amount of light which it 

cuts out of the spectrum vary approximately as the square root of 

the number of atoms which are acting. To break up one strong line 

into a hundred faint ones increases tenfold the total effect on the 

spectrum—as much as a hundred fold increase in the number of 

atoms would do, if the original lines were unaltered. 

For any atom which enters into one of these compounds, there 

are great numbers of the same kind in the free state. The values of 

log 5 for the combined atoms are, in fact, found to be 4.5 for C, 4.4 

for N, 4.2 for 0, and 3.3 for H. Those given in Table XIV for the 

free atoms exceed these by 2.9, 3.3, 4.8, and 8.2, respectively. On 

the face of the record, then, only one atom in a thousand, at most, 

enters into combination. This accords with the fact that the band 

spectra are at the point of disappearance in class Go. From the BO 

bands, which appear only in the spots, the amount of combined 

boron corresponds to log 5 = 2.4. For the free atoms it is probable 

that log 5 = 5.5 or perhaps more. This value has been plotted with a 

question mark in Figure 3. There is but one element known to 

exist in the sun for which no estimate of abundance has now been 

made—and this is He. The intensity of its lines in the chromosphere 

shows that it must be present in considerable amount, but no quan- 

titative estimate seems possible. 

The total quantity of the metallic elements (among which Si 

should be included for astrophysical purposes) in the solar atmos- 

phere can be determined with considerable confidence from the 

spectrum. That of the non-metals is much less certain. It is for- 

tunate, however, that the metals provide almost all of the ions and 

electrons. The values of Sx in Table XIV indicate that the non- 

metals provide only 1/200 of the free electrons. If the correction for 

departure from thermodynamic equilibrium should be wholly dis- 

regarded, the calculated abundance of hydrogen—already very great 

—would be increased thirty fold; but even then the non-metals 
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would provide only 13 per cent of the electrons. The table should 

therefore give a practically complete census of the charged particles 

in the atmosphere. Summing the values of we find, for the whole 

number of ions or electrons, 1.05 Xio8 of our arbitrary units, or 

actually 6.3Xio20 per square centimeter of the sun’s surface. Six 

elements, Na, Mg, Si, K, Ca, and Fe, contribute 95 per cent of these. 

Mg alone accounts for nearly half the total; Ca for 5 per cent. The 

number of neutral atoms of the metals comes out 2.6Xio7 units, 

or 1.6Xio20 atoms/cm2. Mg, Si, and Fe contribute 96 per cent of 

the total. The whole number of metallic atoms in the solar atmos- 

phere may therefore be taken as 8Xio20 per square centimeter, of 

which 20 per cent are neutral and 80 per cent ionized. 

The total mass of the metals is found to be 4.2 X109 in our units, 

or 42 mg/cm2. The mean atomic weight is 32. The six most abun- 

dant elements account for 94 per cent of the whole mass. The 

amounts of these elements in the solar atmosphere, as determined 

in the present work, are given for reference in Table XV. Those of 

the compounds are added at the bottom. This table brings out very 

clearly the extraordinary preponderance of the metals in the second 

short and the first long period. The only rare metal among these, 

Sc, is more abundant than any one of the heavier metals except Ba. 

For all these metals together the total mass is only 0.7 unit—much 

less than that of any metal in the favored region, except Sc. The 

“heavy metals,” from Ba onward, appear to be somewhat less 

abundant than those from Ge to Sb, but this difference is relatively 

small. The extreme rarity of Li and Be is conspicuous. The cor- 

rection factors for the non-metallic elements are too uncertain to 

justify their inclusion in the table. With the data as they stand, the 

number of atoms of C, N, and S together is 7.5Xio7 of our units— 

about half that for all the metals; that of oxygen is 109, and of hydro- 

gen 3Xio11. By weight the abundances are 109 for C, N, and S; 

1.6Xio10 for 0; and 3Xio11 for H. It appears to be a safe conclu- 

sion that C, N, and 5 are not more abundant, either by number or 

by weight, than the commoner metals. The conclusion from the 

“face of the returns” is that O is four times, and H eighty times, as 

abundant by weight as all the metals together. These numerical 

values should not bé stressed; but the great abundance of H can 
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hardly be doubted. It is, however, very difficult to estimate it 

from the intensity of the Balmer lines. The great width of these 

may be partly due to Stark effect caused by the fields of neighboring 

ions or electrons.1 This would make the lines stronger as well as 

wider; for the separate components into which the line is divided, if 

acting independently, would produce a greater total “absorption” 

than a single line. This should still happen even though the fields 

differ from atom to atom, so that the components are smeared into 

Li.. 
Be.. 
Na. 
Mg. 
AL. 
Si.. 
K.. 
Ca. 
Sc.. 
Ti.. 
V. . 
Or.. 
Mn 
Fe.. 
Co. 
Ni. 
Cu. 

CN 
C2.. 

TABLE XV 

Amounts of the Metals in the Solar Atmosphere, by Weight 
(Unit loo mg per Square Meter) 

0.0006 
0.0006 

400. 
1500. 

60. 
600. 
250. : 
200. 

0.2 
8. 
5- 

25- 
40. 

1000. 
25- 
60. 
6. 

0.04 
0.0005 

Zn. 
Ga. 
Ge.. 
As. 
Kb. 
Sr. 
Yt. 
Zr. 
Cb. 
Mo 
Ru. 
Rh. 
Pd. 
Ag- 
Cd. 
In. 
Sn. 

CH. 
NH. 

5- 
0.006: 

.08 

.0003? 

.004: 
•15 
•03 
•03 
.001 : 
.003 
.005 
.0003 
.0012 
.001 
.015: 
.0001: 

0.002? 

0.012 
o .002 

Sb. 
Ba. 
La. 
Ce. 
Pr. 
Nd 
Sa. 
Eu 
Gd. 
Dy 
Er. 
Hf. 
W. 
Ir. 
Pt. 
Tl. 
Pb. 

OH 
BO. 

0.001 : 
•25 
.008 
.04 
.001: 
•015 
.005 
.004: 
.002: 
.006: 
.0002 : 
.0004 
.0003 
.0001 : 
.008 
.005? 

0.003 

0.015 
o.0006 

a diffuse line.2 The tabular value, which is one-fifth of that calcu- 

lated by Unsold from the width of Ha, is already partially corrected. 

14. Comparison with the results of other investigations.—The most 

important previous determination of the abundance of the elements 

by astrophysical means is that by Miss Payne,3 who determined, by 

Milne’s method of marginal appearances, the relative abundance of 
1 Russell and Stewart, Astrophysical Journal, 59, 197, 1924; Eddington, Internal 

Constitution of the Stars, p. 354, 1926. 
2 It may be noticed, in passing, that the effect should contribute toward the 

strengthening, in sun-spots, of lines which have complicated Zeeman patterns. 
3 Stellar Atmospheres (“Harvard Observatory Monographs,” No. 1), Cambridge, 

Mass., p. 184, 1925; also Harvard Observatory Bulletin, No. 835, 1926. 
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eighteen of the most important elements. The arbitrary zero point 

to which they are referred differs from that adopted here, and com- 

parison shows that this may be allowed for by adding 1.9 to Miss 

Payne’s values of log ar and 6.3 to those of her later paper. Taking 

the mean of her values when she has determined them for two or 

more stages of ionization, except that for He+, which is uncertain, 

and comparing with log T from Table XIV, we find the results given 

in Table XVI. The value given for H in Table XIV is uncertain, 

while Miss Payne’s value for K depends on the faint lines XX 4044, 

4047, and is therefore likely to be too low. If these two are rejected, 

TABLE XVI 

Comparison with Miss Payne’s Results 

El. 

H.. 
He. 
Li. 
C.. 
0.. 
Na. 
Mg 
Al. 
Si. 
K.. 

Miss Payne 

12.9 
10.2 
1.9 
6- 4 
8.0 
71 
7- 5 
6.9 
7-5 
5-3 

Table XIV 

[il-5l 

2 .O 
7.4: 
9.0: 
7.2 
7-8 
6.4 
7-3 
6.8: 

Diff. 

(+1.4) 

— 0.1 
— i .0 
— i .0 
— 0.1 
-0-3 
+0-5 
-|-o. 2 
-1-5 

El. 

Ca.. 
Ti. . 
V. . 
Cr. . 
Mn. 
Fe. . 
Zn. 
Sr. . 
Ba. 

Miss Payne 

6.7 
6.0 
4- 9 
5- 8 
6- 5 
6.7 
6.1 
3-5 
3-0 

Table XIV Diff. 

o .0 
po .8 
—o .1 
+0.1 
+0.6 
-0.5 
+ 1.2 
+0.2 
-0-3 

the average difference, regardless of sign, for the other sixteen ele- 

ments is ±0.44. This is a very gratifying agreement, especially 

when it is considered that Miss Payne’s results were determined by 

a different theoretical method, with instruments of a quite different 

type (Harvard objective prisms), and even on different bodies—a 

long list of stars, almost all of which are giants. About the only 

common features are the observations of spectral lines and the use 

of the ionization theory. 

We may next compare the results with the abundance of the 

elements in the outer ten miles of the earth’s crust,1 including the 

ocean and atmosphere, and in stony meteorites.2 The results are 

exhibited in Table XVII. Here 8.3 has been added to the logarithm 
1 F. W. Clarke and H. S. Washington, Proceedings of the National Academy of 

Sciences, 8, 114, 1922. 
2 G. P. Merrill-, ibid., 1, 429, 1915. 
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of the percentage abundance in the earth’s crust, and 8.o to those 

for the meteorites, to reduce them approximately to the scale of 

log Q. For the more prominent metallic elements, the relative 

abundance in the sun resembles that in meteorites more closely than 

that in the earth’s outer layers. The latter show an excess of Al, Si, 

and Ti, and a deficiency of Mg, which is probably due to the preva- 

lence of granitic rocks. A deeper sample would be composed mainly 

of the heavy ferromagnesian rocks, and would show proportions 

more like those in the sun! The deficiency of the alkali metals in 

the meteorites is conspicuous,’but unexplained. 

TABLE XVII 

Abundance of Elements in Sun, Earth, and Meteorites 

Among the non-metals, the figures for N are too uncertain to 

be of value. Those for C, 0, and S indicate a considerable excess in 

the sun, or deficiency in the earth, while the difference for H is 

enormous. How much of this is real, and how much due to the 

uncertainties of the calculation, which are here greater than for any 

other element, is discussed in §i6. It is noteworthy, however, that 

a discrepancy in this sense, and perhaps a very large one, might be 

anticipated in just this case. It is probable that the earth and the 

meteorites were formed by condensation from matter ejected from 

the sun, as first suggested by Chamberlin and Moulton. The ejected 

material must have been intensely hot, and would be likely to lose 

constituents of low atomic weight, hydrogen most of all. Moulton 
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long ago suggested that the low density of the major planets might 

be explained by the hypothesis that such losses were less im- 

portant for the larger bodies. In the outer parts of the sun, on the 

other hand, there are certain diffusional and electrostatic effects 

which tend to concentrate the hydrogen at the surface. Thus, for 

divers reasons, we might expect to find hydrogen much more abun- 

dant in the sun’s atmosphere than on earth. 

Table XVIII gives a comparison of the abundance of the less 

common elements in the sun and the earth arranged in order of their 

terrestrial abundance. For those in the first column, Clarke and 

Washington1 give specific estimates of percentage. These all appear 

TABLE XVIII 

Abundance of Elements in Sun and Earth 

to be much more abundant on the earth than in the sun. It may be 

that Ba, Sr, and some of the others tend to segregate in the granitic 

surface rocks, as Ra is known to do. For the rest, the terrestrial 

data are rough estimates of the order of magnitude, which agree 

tolerably with the solar observations, except for the last few ele- 

ments. It is likely that these, especially Ga, In, and Ge, are widely 

disseminated in quantities too rrçinute to be detected by ordinary 

quantitative analysis, and the same is probably true of Sc. 

15. Limits of abundance for elements absent from the solar spec- 

trum.—We are now in a position to compute superior limits, below 

which the abundance of the elements not represented in the solar 

spectrum must lie in order to account for their absence. It appears 

from Table XII that there are very few instances in which spectral 

lines are recorded as arising from a term for which the computed 
1 Loc. cit. 
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value of log M is less, algebraically, than — i. Adopting this as 

the limit of uvisibility/5 we may find by (n) the numbers M0 

and ATi of neutral and ionized atoms in the normal state (which, 

in the cases we have here to consider, are usually far greater than 

any others). If W0 and are the weights of the normal states, we 

have, by (n), setting M= — i for the state which fails to give ob- 

servable lines: 

loglfo = log JFo-log TF+0.85E—i , 
log M1 = log M0—log Wo+log W1+I0—I. 

The limits thus calculated are given in Table XIX. The column 

headed X gives the wave-length of the line most likely to appear. 

When a question mark appears in this column, the most persistent 

lines from the level under consideration are known to be in the deep 

red or infra-red, but have either not been analyzed or not observed at 

all. In these cases, lines in the visible spectrum should also be avail- 

able, though they are often still unknown. Since these are second 

members of a series, the tabular values of log Q should be increased 

for them, probably by about 1. For 5, P, and Cs the most promising 

lines of both the neutral and ionized atoms are included. In calculat- 

ing log Q, account has been taken, when required, of the relative 

number of neutral and ionized atoms (log MI/M= —1.4 for P, — 2.2 

for P, +4.4 for Cs, and +0.5 for Bi). For Os, which has many low 

energy-levels, it has been assumed that Si+S0 is five times the value 

of M0 for the lowest level. 

The reason for the absence of most of these elements from the 

solar spectrum is now perfectly clear. The lowest abundance neces- 

sary for the appearance of even their most favorable lines is usually 

far above the values indicated by their abundance on earth, or by 

that of elements of similar atomic number in the sun. Only a few 

cases need special mention. 

Boron.—The infra-red lines 3s —3p should appear, but these are 

so far out as to be accessible only with the bolometer. The pair 3s — 

4P should be in the yellow and may perhaps be found in the sun, 

after it has been observed in the arc. 

Phosphorus.—The infra-red lines should be near X 10,000, and 

the same remark applies to them. 
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Caesium.—The tabular data refer to the sun’s disk. According 

to our reckoning, the ultimate lines should appear in the spot spec- 

trum, unless log Q<$. It may be noted, however, that the arc lines 

of Ba do not appear in the spots, although, for its normal state, 

log M = — 0.2. For Cs+, the excitation potential is so high that there 

is no possibility of its lines appearing in the sun. The lines at- 

TABLE XIX 

Limits of Abundance of Elements Not Observed in the Sun 

el log W log Wo log M log Q 

He. 
B. . 
B + 

F. . 
Ne. 

P. . 
P+ 

Cl. 
A.. 
Se. 

Br. 
Kr. 
Te. 
I. . 
Xe. 

Cs. 
Cs+ 

Os. 
Au. 
Hg. 

Bi. 
Ra 

5875 
? 

3541 
6856 
6402 

? 
5427 
8375 
8115 

? 

? 
? 
? 
? 
? 

8521 
4603 
3058 
5837 
4046 

3067 
3814 

20.8 
4- 9 
9.1 

12 .6 
16.5 

7.0 
10.7 
8.9 

il .6 
6.0 

8.0 
10.o 
5- 4 
6.7 
8-4 

0.0 
iS- 
0.0 
4.6 
4.6 

0.0 
0.0 

0-95 
0.30 
0.48 
i .08 
0-95 

i .08 
0-95 
i .08 
0-95 
0.70 

i .08 
0-95 
o. 70 
i .08 
0-95 

0.30 
0-95 

0.30 
o .00 

0.60 
0.30 

0.30 
78 
30 
78 
30 

60 
95 
78 
30 
95 

78 
30 
95 
78 
30 

30 
30 

17.i 
3- 6 
6.6 
9.4 

12.3 

4- 5 
10.0 
7.2 
9.1 
5- 8 

6- 5 
7- 8 
4- 9 
5- 4 
6.4 

< — i .0 
< ii.i 
< — i .0 
< 2.9 
< 3-2 

<- 
<- 

i .0 
i .0 

<17 
< 4 
< 6 
<10 
<13 

< 6 
< 9 
< 8 
<10 
< 7 

< 8 
< 9 
< 7 
< 7 
< 8 

< 5 
<13 
< i 
< 5 
< 5 

< i 
< i 

tributed to this element in the New Rowland must be accidental 

coincidences. For Os and Bi the limit is low, but not so much lower 

than the observed abundance of the other heavy elements as to cause 

any serious difficulty. The atomic number of Os is even, which 

makes its rarity somewhat surprising. For Ra, in fine, there is ample 

reason why the actual abundance should be far below the limit here 

computed. 

. The result of this survey is, therefore, that the absence of ele- 

ments from the solar spectrum is completely explicable, quantita- 
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tively as well as qualitatively, by the structure of their spectra. In 

a few cases it is probable that the atoms under consideration are less 

abundant than others of similar atomic weight; but in no case is a 

great discrepancy necessary to explain the facts. For only two ele- 

ments—boron and phosphorus—does there appear to be any chance 

of finding lines in the sun. In both cases, the anticipated lines must 

first be observed in the laboratory. 

There are several additional elements whose presence or absence 

in the sun cannot at present be definitely determined for lack of 

laboratory data. These are Ma, //, 77>, Ho, Tm, Yby Lu, Ta, Re, 

Th, and U. All but Yb, Th, and U have odd atomic numbers. 

Progress for Ta, Th, and U demands the identification of the per- 

sistent lines, preferably by the under-water spark; for the rare earths, 

better wave-lengths are required; while for Ma and Re material for 

spectroscopic study is not yet available. Some of these metals may 

yet be found in the sun, but their lines are likely to be very faint. 

IV. ASTROPHYSICAL CONSIDERATIONS 

16. The abundance of hydrogen and its consequences.—The results 

of the present investigations leave some puzzles to be solved. 

a) The calculated abundance of hydrogen in the sun’s atmos- 

phere is almost incredibly great. 

b) The electron pressures calculated from the degree of ioniza- 

tion and from the numbers of metallic atoms and ions are discordant. 

The former method (§11) gave a mean electron pressure P of 

3.1 dynes/cm2. Milne has shown that the pressure P at the bottom 

of the effective atmosphere should be twice this, or 6.2 dynes/cm2. 

At the end of §13 we found that the total mass of metallic elements 

above this level is 42 mg/cm2; that the mean atomic weight is 32; 

and that 80 per cent of the atoms are ionized. At the sun’s surface 

g= 2.74X104 cm/sec.2, so that the pressure due to the metallic con- 

stituents of the atmosphere is 1160 dynes/cm2. If no other constit- 

uents were present, the electron pressure should be 4/9 of this, or 

510 dynes/cm2. One of these values is eighty times the other. A 

similar discrepancy occurs between Unsöld’s value determined from 

the ionization of Ca and that calculated from his figures for its 
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abundance,1 and has also been detected in the redder stars by Miss 

Payne and Mr. Hogg.2 

The assumption of a higher temperature for the solar atmosphere 

would diminish this discordance, but by no means remove it. The 

rather extreme assumption r=574o° (the effective temperature of 

the photosphere) gives from ionization P = 5o dynes/cm2. At the 

degree of ionization in the atmosphere determined from the arc and 

spark lines it would be little affected by this change. A discordance 

by a factor of ten still remains. 

c) We may add a difficulty arising from other solar observations. 

The calculated rate of increase of density with depth in the reversing 

layer is much more rapid than that indicated by observations of the 

flash spectrum. 

It does not seem to have been noticed that the theoretical dif- 

ficulties (b) and (c) can be greatly alleviated, if not removed, by the 

assumption that the difficulty (a) does not exist—in other words, 

the solar atmosphere really does consist mainly of hydrogen. The 

solution of (c) is obvious. The depth for which the density in an 

isothermal atmosphere is doubled varies inversely as the mean molec- 

ular weight m. At the sun’s surface (with T = 5000o) it is 105/wkm. 

A small molecular weight accords much better with the eclipse ob- 

servations. Menzel, for example, has made a brief report3 on a de- 

termination of the law of decrease of density in the reversing layer 

by a study of lines in multiplets, which ought to give reliable values. 

The writer is greatly indebted to Professor Menzel for permission 

to state that his unpublished reduction of the Lick Observatory 

eclipse spectra shows that, in the lower part of the reversing layer, 

the logarithmic decrement of density, if a temperature of 5000o is 

assumed, corresponds to a mean molecular weight of about 2. 

1 Milne, Nature, 121, 1017, 1928. 
2 Harvard Circular, No. 334, 7, 1928. It may be remarked in passing that the criti- 

cism which these authors pass (p. 8) on the method of calibration used by Dr. Adams 
and the writer appears to be needlessly severe, in view of the fact that lines of different 
elements were used in the two investigations and that there is no theoretical evidence 
that the effect in question ought to be the same for atoms of different kinds, and good 
observational evidence that it is not. • 

3 Popular Astronomy, 36, 603, 1928. 
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If only hydrogen and the metals were present, this would deter- 

mine the abundance of the former. Take the number of metallic 

atoms per square centimeter as unit, and let H be the number of 

hydrogen atoms. Since the hydrogen is not appreciably ionized, 

the whole number of atoms and electrons is then ¿7+1.8, and we 

have m= (¿7+32)/(¿7+i.8), or for w= 2, H = 28.4; hydrogen would 

therefore constitute more than 96 per cent of the atmosphere by 

volume, and nearly one-half by weight. Now let 0 and He be the 

numbers of the corresponding atoms. We have then 

m= (¿¿+4¿¿£+i60+32)/(¿¿+¿¿e+0+i .8) , 

and if ra= 2, 

¿¿= 28.4+2¿¿£+i40 . 

According to Table XIV, oxygen is four times as abundant by 

weight and eight times by volume as all the metals together. Miss 

Payne (Table XVI) makes it 1.5 times as abundant by volume as all 

the metals. This determination is probably better than ours, which 

suffers from difficulties in calibration, and we will assume 0 = 2, 

whence H = 56 + 2¿¿e. The abundance of helium is very hard to esti- 

mate, even in the stars, for its lines appear to be abnormally strong 

like those of hydrogen, though to a less degree. It is probably con- 

servative to guess that it is at least as abundant as oxygen. Setting 

¿¿e = 2, we have the results shown in Table XX. Here log T and 

log Q are on the scale of Table XIV. The other non-metals, C, A, 

5, etc., would probably add but little to the total. These estimates 

are provisional and will require revision when the density gradient 

in the flash spectrum is more accurately determined, when the 

oxygen lines in the deep red are better calibrated, and when—or if— 

the correction C for departure from thermodynamic equilibrium can 

be found with less uncertainty. 

As they stand, these estimates go a long way toward resolving 

difficulty (ô). The whole pressure due to the solar atmosphere as 

here contemplated is 4.1 times that due to the metals alone, or 4800 

dynes/cm2, which is almost 1/200 of an atmosphere, or 3.6 “mm” on 

the familiar barometric scale; but the electronic pressure is only 
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0.8/65.8 of this, or 58 dynes/cm2. To obtain this value from the 

observed ionization we must assume T = 5800o, which seems im- 

probably high; but none of the factors involved is determined with 

any great accuracy, and a tolerable adjustment could be made with 

a lower assumed temperature. It appears probable, however, that 

the temperature so far assumed for the reversing layer (5040o) is 

too low and should be increased to about 5600o. This would raise 

the computed level of ionization I0 to 8.5 volts. The calculated 

ratio of the numbers of neutral and ionized atoms would be the same 

as before for / = 6.3, the average for the elements used in finding /0. 

For larger values of I {Mg, Fe, Si), the computed degree of ioniza- 

TABLE XX 

Probable Composition of the Sun’s Atmosphere 

Element By Volume By Weight logT log Q 

Hydrogen... . 
Helium  
Oxygen  
Metals  
Free electrons 

Total  

60 
2 
2 
i 
0.8 

parts 
? 

65.8 

60 
8? 

32 
32 
o 

132 

tion would be slightly increased, but as the changes would affect 

log A by 0.2 at most, there is no need to revise Table XIV. With 

the higher assumed temperature, the correction C for departure from 

thermodynamic equilibrium, determined from the enhanced lines 

as before, would be diminished from 1.2 to 0.4 when E = 8.2, that is, 

from 0.15E to 0.05E, and the computed abundances for the non- 

metals would be practically the same as before. With regard to 

the intensity of the hydrogen lines, with log T = 9.9, and T = 5600°, 

equation (4) gives, for the two-quantum state, log M=i.4, and 

theoretically for Ha, Hß, Hy, and Hd, log N=i.2, 0.5, 0.0, and 

— 0.3. The values of log N derived from Unsold’s line contours are 

4.1, 3.9, 4.0, and 4.1. To obtain these contours the theoretical num- 

ber of atoms must be increased by factors ranging from 800 for Ha 

to 25,000 îor H8. Effects peculiar to the hydrogen fines and increas- 

ing with the serial number evidently account for a great part of this 
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discrepancy, but a good deal may remain to be set to the account of 

some more general departure from thermodynamic equilibrium. 

17. Note on the departure from thermodynamic equilibrium.—Pro- 

fessor Eddington, in a letter which he has generously given permis- 

sion to quote, makes a very important suggestion regarding the 

excess of intensity of lines of high excitation potential. This phe- 

nomenon, which is especially conspicuous when the redder giant 

stars are compared with the sun, was attributed by the writer1 to a 

progressive increase in the number of excited atoms, compared with 

the number for thermodynamic equilibrium. Eddington writes: 

I am convinced that the right interpretation is exactly the opposite—that 
there are too few highly excited atoms. The argument is very simple, and the 
reason you differ is that you considered the formation of the line as a matter of 
absorption only without considering the emission. Suppose e.g. that the number 
of atoms in states 

i, 2, 3, 4 ... . 
were 1, 2, 4, 8 ... . times the proper equilibrium 
numbers. Then considering the absorption line 3~>4 you evidently have 4 times 
the equilibrium amount of absorption but 8 times the equilibrium amount of 
emission in this line. Naturally the excessive emission will tend to wash out the 
line and perhaps even make it a bright line. On the other hand if the numbers 
were 

T 2> T ï °f the equilibrium numbers there 
is an actual loss of the 4->3 radiation (absorbed and not re-emitted in the same 
wave-length). This is much more effective in producing dark lines than the 
ordinary process of turning radiation backwards, which produces the line as a 
sort of second order effect. 

Modifying the investigation in§§ 234-235 of The Internal Con- 

stitution of the Stars, he writes: 

Omitting € for simplicity, but inserting a factor 7(< 1) representing reduced 
emission due to defect of atoms in the upper of the two states, I find instead of 

(235*4) 

H' = aH 

where  k 3(¿'(i-7)+Y¿0 
a ¿'(i—y)+y¿ ^ k' 

1 Adams and Russell, Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 20, 
1928. 
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Retaining only the largest terms this gives at the boundary 

H'/H^ap (cf. [238.1]) 

2 k 

1/3 H'O'Ci—7)+7¿) 

Thus for 7 = i 

for 7 = 5 

V2 v3 

k 

Vk^+k) 
2 approximately. 

Since k':k is large (ratio of absorption coefficients inside and outside the line) 
the latter gives much deeper blackening than the former. 

I do not think you will need large deviations from the equilibrium propor- 
tions to account for your results, remembering that the introduction of differen- 
tial emission and absorption is much more potent than a mere increase of both. 

It seems much more easy to account for a defect of highly excited atoms 
than an excess—perhaps due to removal of the extreme ultra-violet radiation 
by continuous absorption which I expected would be shown in the sun’s spectral 
energy curve though apparently the later determinations do not seem to bear 
it out. Again a spectrum of the principal lines of the element is being formed in 
the ordinary way and this, of course, means there is less radiation available to 
bring the atoms to the highly excited states. (It is, however, not obvious that 
this would give a progressively decreasing number in the higher states.) How- 
ever, whether easily explicable or not, I think this is the immediate deduction 
from the results you have reached. 

The importance of distortion of the sun’s energy-curve has re- 

cently been pointed out by Gerasimovic,1 who has shown that local 

weakening of the spectrum in the near ultra-violet, leaving the 

remoter part little affected, would lead to an excess of atoms in the 

highly excited states. 

Such a distortion of the energy-curve seems improbable; but a 

progressive weakening in the remoter ultra-violet, beyond the region 

accessible to our observation, is more likely. The lines of the princi- 

pal series beyond which general absorption might be expected to 

set in are at X 2850 for K, X 2420 for Na, and X 2030 for Ca, and so 

on, and beyond these one would expect depression in the energy- 
1 Monthly Notices, R.A.S., 89, 272, 1929. 
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curve similar to that which exists beyond the Baimer limit in A 

stars. 

Another possibility deserves discussion. Compare a solar atmos- 

phere composed solely of metallic atoms (neutral and ionized) and 

electrons with another which contains the same numbers of each of 

these constituents in each unit of volume diluted with an excess of 

hydrogen. The hydrogen atoms will be practically all neutral and 

almost inert, except that collisions between them and the excited 

metallic atoms will tend to bring the latter back to states of lower 

energy. In thermodynamic equilibrium, the effect would be bal- 

anced by excitation by collisions with fast-moving hydrogen atoms. 

In the reversing layer, however, the number of excitations by photo- 

spheric radiation exceeds that in an atmosphere in thermodynamic 

equilibrium, and it would appear that the intensity of a dark spec- 

tral line should be greater when most of these additional excited 

atoms are discharged by colhsions of the second kind, than when 

they unload their energy by radiation. It is well known that the 

effective collision radii of excited atoms are large, and, if they in- 

crease, as is probable, for the more highly excited states, the differ- 

ential effect which is observed might be accounted for. 

This qualitative argument is not presented as conclusive, but in 

the hope that the problem will be attacked in detail by some com- 

petent investigator. 

. 18. A new case in Milne’s ionization equations.—Milne, in a very 

important paper,1 has proved that under very varied conditions the 

ratio of the total numbers of neutral and ionized atoms of a given 

element above any specified level in a stellar atmosphere will be 

very nearly equal to that computed from a simple Saha formula, 

on the assumption of a mean pressure one-half of that at the base- 

level. The principal simplifications are that the atmosphere is treat- 

ed as isothermal and radiation pressure is neglected. His Problem 

IV, in which the atoms considered are in presence of an excess of 

atoms of a different ionization potential, is similar to our present 

case, but in his solution, he assumes that practically all the electrons 

come from the ionization of the abundant element, which is not the 

case in a solar atmosphere rich in hydrogen. The general formulae 
1 Ibid., p. 17, 1928. 
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are simple and may be given here. If N0, are the numbers of 

neutral and singly ionized atoms of the first element per square 

centimeter above the given level, and N = iVo+A7^, x = Ar
I/N, we have 

Nx x K K 

W0~i-x P’ X P+K’ ('I3') 

where K is the ionization factor, which is given in our notation by 

iogI0Jfir=-^+f iogr-6.5, (i4) 

and is constant, since the atmosphere is isothermal. Now let A"7, 

X', K', etc., refer to the atoms of the second element and let e and 

e' = i — e be the relative numbers of atoms of the two kinds and m 

the mean atomic weight. We have, then, for the total pressure, p = 

(Nwhence 

N=— p . (15) 
mg . 

Milne has shown that 

Now 

p= i (P+K)(P+K') _ (P+K)(P+K') 
P ^ex+eV ^PieK+e'K^+KK' ^ Q(P+R) 

where 
Q=eK+e'Kf , R = KK'/Q . 

Hence 

. fP-u/rw p(p+Kf) , P(P+K') dp dP+(P+K)d q{p+K) + Q(p-\-R) dP ■ 

Introducing this into (16), we find 

P{P+K') P i rpP(K'—K—R) — KR 

Q{P+R) 'Q'QJo (P+K)(P+R) (17) 

Ke 
mg 

F(,P+K'+R) K(Q—K) / P\ _R(K'-X) 

ß(P+P) OiR-R) ' ■ KÍ Q(K-R) ë 

Nt = 
Ke 
mg 

P(2P+K'+R) e' ' 

Q(P+R) +¡ . 
log (18) 
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(P+K)(P+K') I 

Q(P+R) l ’ (19) 

the general problem is solved. 

We are concerned at present, however, with the case in which 

K' is negligibly small. Setting K' = o, we have Q = eK, R = o. Equa- 

tion (17) still holds good, but the integral takes‘a different and much 

simpler form, giving 

N1 = ±\2P-(i-e)K log(i+z 

N-- 

N0 

mg 

i \P: 
)l- 

mgK\K 

i í P2 

(20) 

If we write P/K = z, the effective electronic pressure is given by 

p = = p g2-(i-e){g-log (i+s)} 
Nj. 2Z2—(1—e)s: log (1+2) 

Whenever €=1, P/P = f. The greatest deviation from this ratio 

occurs when e = o and 2 is about 3, when P = o.535P. The approxi- 

mation P = P/2 is remarkably good under all circumstances. 

19. Applications to the stars.—The assumption of an atmosphere 

composed mainly of hydrogen serves also to resolve some difficulties 

which appeared in the study of stellar spectra made last year by 

Adams and the writer.1 The electronic pressures, computed from 

the relative strength of the arc and enhanced lines, came out about 

10 times greater in Procyon and 60 times greater in Sirius than in 

the sun, while the amounts of metallic vapor above equal areas of 

surface were 0.6 and 0.05 times as great. Allowance for double ion- 

ization in Sirius would increase the last figure, but could hardly 

double it. It was then suggested that a great abundance of hydro- 

gen in Sirius might explain these facts, but the full effect was not 

realized. At the temperature of an A star, hydrogen must be heavily 

ionized. If the hydrogen atoms are as abundant as has been sug- 
1 Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 9, 1928. 
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gested for the sun, there are dozens of them for every metallic atom, 

and, when a considerable fraction of these are ionized, the electronic 

pressure may be many times that which would arise from the ioniza- 

tion of the metallic atoms alone. At the same time, these electrons 

and the hydrogen ions contribute to the general opacity, so that the 

photosphere is raised and the total quantity of gas above it is much 

diminished, and the metallic lines are thus weakened. 

Hydrogen must be extremely abundant in the atmosphere of the 

red giants, for its lines are stronger in their spectra than in that of 

the sun. With any reasonable allowance for the effect of the lower 

temperature in diminishing the proportion of excited atoms, the 

relative abundance of hydrogen, compared with the metals, comes 

out hundreds of times greater than in the sun. If this is true, the 

outer portions of these stars must be almost pure hydrogen, with 

hardly more than a smell of metallic vapors in it. 

The theory of such an atmosphere presents an interesting prob- 

lem, for quantities which aré ordinarily neglected may have to be 

considered—for example, scattering by the unexcited neutral atoms. 

The effect of hydrogen in reducing the electronic pressure in the 

sun appears to be already near its limiting value, and it cannot be 

invoked further to account for the extraordinary discrepancy in 

these stars between the degree of ionization indicated by the en- 

hanced lines and the pressure calculated from the extent of the 

atmospheres and the surface gravity. Discussion of these matters, 

however, cannot be undertaken in the present paper. 

In conclusion, it should be emphasized that the present work, 

like that of Dr. Adams and the writer last year, is of the nature of a 

reconnaissance of new territory. It is to be hoped that the deter- 

minations made here by approximate methods will be replaced with- 

in a few years by others of much greater precision, based on ac- 

curate measures of the contours and intensities of as many lines as 

possible. An extensive held of work is open, and it is hoped that 

much more may be done at this Observatory. 

It is a pleasure to express the writer’s indebtedness for the use of 

the great mass of manuscript dealing with solar lines, multiplets, 

and the like, which has been collected by Dr. St. John and Miss 
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Moore; to Messrs. E. F. Adams and Theodore Dunham, Jr., for 

friendly aid in the tabulation of some of the material ; and especially 

to Professor Eddington for the suggestion quoted in §17, and to 

Professor D. H. Menzel for the unpublished data mentioned in §16. 

Carnegie Institution of Washington 
Mount Wilson Observatory 

February 14, 1929 

Element 

H  
He  
Li  
Be  
B  
C  
N  
0   
F  
Ne  
Na  
Mg.... 
Al  
Si  
P  
5  
Cl  
A  
K  
Ca  
Sf  
Ti  
V  
Cr  
Mn. ... 

TABLE XXI 

References for Spectroscopic Data 

i 
i 
i 
io, 68 
11,78 
31 
23,46 
I, 43 
26 
3 
i 
i 
i 
29, 33 
56 
i, 18, 42 
24 
64,77 
i 
i 
4, 70 
4, 72 
4, 57, 63 
4, 48 
4, 20 

II 

i 
80, 96 
10 
9,17 
27,32 
28,30 
73 
12 
74 
16 
i 
66, 79 
29 
13 
44 
14,67 
22, 25 
iS 
4, 76 
4, 70 
4, 71 
4, 58 
4, 47, 48 
4 

Element 

Fe. . 
Co.. 
Ni.. 
Cu. 
Zn. 
Ga.. 
Ge. . 
As.. 
Se.. 
Br.. 
Kr.. 
Rb.. 
Sr.. 
Yt. . 
Zr. . 
Cb.. 
Mo. 
Ru. 
Rh.. 
Pd.. 
Ag.. 
Cd.. 
In.. 
Sn.. 
Sb.. 
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i, 8r 
i 
i 
34 
56 
i,55 
93 
6 
i 
1 
62 
2,48 
2 
45 
88 
89 
8, 84 
i 
i 
i 
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II 

4, 69 
4, 63 
4, 50, 83 
4, 50, 82 
4, 94 
49 
51 

1 
62 
2,48 
2 
2 

86 
85 
94 
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Te... 
I.... 
Xe... 
Cs... 
Ba... 
La... 
Ce. . . 
Pr... 
Nd. . 
Sa... 
Gd... 
Tb... 
Dy. . 
Yb... 
W... 
Os... 
Ir. . . 
Pt. . . 
Au. . 
Hg.. 
TI... 
Pb... 
Bi... 
Ra... 

55 
93 
6, 41 
i 
i 
5,6o 
5 
5 
5 
5 
5 
5 
5 
5 
52,53 
59 
59 
40, 59 
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i 
35 
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i 
61 

19 
87 
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