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Ca I LINES IN AUTO-IONIZATION IN THE SOLAR SPECTRUM 
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ABSTRACT 

It is proposed that (1) the three broad, weak depressions at XX 6362, 6344, and 6319 in the solar 
spectrum correspond to the transitions in a multiplet of the Ca I atom and (2) their diffuse character re
suIts from the fact that the atom is subject to auto-ionization when it is in the upper state of the transi
tion. 

In the Utrecht Atlas of the solar spectrum (Minnaert, Mulders, and Houtgast 1940) 
there may be seen two broad, weak depressions of 3-6 per cent of the continuum near 
XX 6362 and 6344. Though very diffuse these features are readily noticed; they are ap
parently symmetrical and exhibit no marked center-limb behavior in photoelectric 
records made some time aga by one of the authors (W. E. M., Jr.), but they appear not 
to have been identified with any atomic or molecular species (St. John, Moore, Ware, 
Adams, and Babcock 1938; Sitterly 1964). 

In a number of rather compressed but high-resolution spectrum tracings made with 
the McMath-Hulbert spectrometer at the Snow telescope on August 13, 1963, a third 
diffuse feature was noted near X 6318. It was also noted that the character of the depres
sion, although obscured by a strong Fe line and ten other atmospheric and unidentified 
features of different strengths (St. John et al. 1928), bears a striking resemblance to the 
two depressions at longer wavelengths which are so easily seen in the Utrecht Atlas. 

An examination of the multiplet tables (Moore 1945) showed that the wavelengths of 
the Ca I transition 3d4p3F -3d4d3G were elose to the measured positions of the three 
diffuse features. Table 1 gives the da ta measured from the tracing shown in Figure 1 
together with the wavelengths from the multiplet tables. The strengths given in the last 
column are the products of the measured half-widths and depths. 

The record in Figure 1 was made in the fourth order of grating 91B with the McMath
Hulbert spectrometer employed in the single-pass (Mitchell and Mohler 1964). Inte
grated sunlight was fed to the spectrometer during the observations. 

The somewhat discordant wavelengths of Table 1 may result from the lack of good 
laboratory observations (Sitterly 1964). The purpose of this note is to propose, neverthe
less, that the three weak depressions, which are shown in Figure 1 and described in Table 
1 arise from the Ca I transition 3d4p3F-3d4d3G (multiplet No. 53) and that their shallow
ness and breadth in all probability result from the fact that they are produced in auto
ionization. 

It was noted that the calcium identification has also been suggested at the wave
lengths 5735.7, 5746.8, and 5761.9 A (St. John et al. 1928). These are wavelengths in the 
Ca I transition 3d4p3Fc 3d4d3F (multiplet No. 54), a transition also subject to auto
ionization. The region containing these lines was examined in our own tracings and in 
the Utrecht Atlas. Of the seven members of the multiplet the regions of four (XX 5761.9, 
5757.7,5746.8, and 5735.7) contain a number of unblended features which are depres
sions from 0.8 per cent up to 5 per cent of the continuum but whose half-widths are less 
than 0.15 A. The remaining three regions (XX 5531.7, 5518.0, and 5507.0) have a number 
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AUTO-IONIZATION 1127 

of blended lines, also of small half-widths. These half-widths are alliess than one tenth 
those of Table 1. Highly compressed tracings of the region of this multiplet have not yet 
been recorded and examined, however, so that the decision as to the presence or absence 
of the diffuse type features of Figure 1 in the case of the transition 3d4p3F-3d4d3F 
should be deferred. 

The property of auto-ionization, known as the Auger effect in X-ray spectra and 
resembling predissociation in molecular spectra, is one in which not only the ordinary 
valence electron but also a second electron is excited. The occupation of discrete levels 
by two excited electrons gives rise to energy levels which lie above the ionization energy 
of the atom (Bohr and Wentzel1923; White 1934; Herzberg 1937; Condon and Shortley 
1957; Kuhn 1962). In jumping upward to a discrete level of negative energy, Le., to a 
levellying in the ordinary first ionization continuum, an electron may acquire a proba-

TABLE 1 

LINES OF THE CA I TRANSITION 3d4p3po-3d4d3G 

WAVELENGTH (Ä) 

,; HALF-WIDTH DEPTH STRENG'fH 

MuItipIet Snow 
(SNow-RMT) (A.) (PER CENT) (mA.) 

TabIes TeIescope 
------ ---------------------

6361 79 6361 94 +0 15 2 7 2 4 65 
6343 29 6343 71 + 42 2 6 3 0 78 
6318 11 6318 61 +050 2 4 3 3 79 

~ 
Fe 1 635870 Fel 6344 16 

~ 
Fe! 631804 

FIG. 1-Lines of the Ca I transition 3d4p3PL 3d4d3G in the solar spectrum. Its upper levels are 
subject to auto-ionization. 
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bility of beeoming a free eleetron by means of a radiationless quantum jump. The effee
tively shortened half-life of the eleetron in the upper level evidenees itself in the produe
tion of a broadened absorption line as in the ease under discussion. Conversely, in the 
downward transition an effectively shortened half-life of the electron in the upper level 
evidences itself in the production of a broadened emission line. 

Laboratory studies, particularly those by Allen (1932a, b) of the Cu I spectrum, have 
dealt with the proeess of auto-ionization in the emission spectrum, the explanation being 
due to Shenstone (comment following Allen's papers). White (1934, p. 396) illustrates 
the phenomenon for the case of a one-electron jump in the are spectrum of eopper and, 
in addition, describes (pp. 397,398) the effect in transitions involving two-electron jumps 
in the arc spectra of calcium, strontium, and barium. For Ca I in particular studies of 
(1) the absorption continuum from 2028 to 1950 A have been reported by Jutsum (1954), 
(2) the two series of auto-ionization lines between 1950 and 1600 A by Kaiser (1960), and 
(3) both the auto-ionization lines and the absorption continua from 2100 to 1080 A by 
Ditchburn and Hudson (1960). 

On the other hand, theoretical probabilities of auto-ionization have been calculated, 
for the case of He I, by Bransden and Dalgarno (1953). In the astrophysical literature, 
however, transitions with this property and their appearance in absorption spectra seem 
to have merited scant practical attention (Mitchell1958, pp. 133 ff.), probably because of 
the weak and diffuse character of the lines and the difficulty of identification. 

Condon and Shortley (1957, p. 370) point out that the speetroscopic effects on lines 
whose initial levels are subject to the phenomenon are (1) a broadening, and (2) an 
intensity varying with electron pressure. Now in the case of type-G and later stars the 
electron pressure plays an important role in the continuous opacity of the stellar atmos
phere owing to the influence of the negative hydrogen ion. In these atmospheres the 
dependenee on the eleetron pressure of lines not formed in auto-ionization may be 
summed up as follows: for a fractional change, Ll, in the electron pressure, the corre
sponding fractional change in the ratio of line to continuous absorption is approxima tely: 

Neutral Ion 
Lines Lines 

--·-----·---------1----------
Element predominately neutral 
Element predominately ionized 
Element 50 per cent ionized 

-ß 
o 
o 

-2ß 
-ß 
-2ß 

For lines produeed in auto-ionization, however, the fractional change should be ap
proximately zero no matter what the extent of ionization of the atom. 

Dieleetronic recombination is said to occur when an electron descends from a level 
subject to auto-ionization to a level not subject to auto-ionization (Bates and Dalgarno 
1962). Its astrophysical importance has recently been pointed out by (1) Burgess (1964) 
in reconciling coronal temperatures obtained from ionization balance calculations and 
from observed Doppler line-broadening, and (2) Goldberg (1964a) in proposing an expla
nation for the emission reversals in the Fraunhofer H- and K-lines. Additional interesting 
astrophysieal roles for both phenomena-clieleetronie recombination and auto-ioniza
tion-are also eonsidered by Goldberg (1964b). 

The natural breadths of lines whose upper levels are subject to auto-ionization would 
in general appear to dwarf sources of broadening such as magnetic splitting and Doppler 
broadening associated with large-scale motions. The dominance of the natural line 
broadening has the interesting consequence that these lines ought to exhibit more of a 
weak-line character and freedom from curve-of-growth effects than any other lines in 
the spectrum-even than those of much smaller equivalent width. 
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In Atomic Energy Levels (Moore 1949, 1952, 1958) 38 different atoms through actinium 
exhibit negative energy levels in a total of 52 stages of ionization. These are listed in 
Table 2. The energy levels in these species which are to some extent subject to auto
ionization (and hence capable of giving rise to diffuse lines) are not in general identified 
as such. In order to determine whether a spectrum feature is likely to be broadened by 
this phenomenon, one must (1) consult the references to the spectrum analyses found in 
Atomic Energy Levels or (2) examine the term scheme containing the levels in the 
transition in question. Negative terms cannot go over by radiationless transitions into 
the continuum above any arbitrary term sequence; consequently, the selection rules for 
radiationless transitions must be applied (Herzberg 1937, p. 173). 

In conclusion, the re cord of Figure 1 illustrates the usefulness of spectra which com
bine the highest possible resolving power with low dispersion recording. Shenstone 
(1940) ascribes the once long-standing difficulty in the analysis of the arc spectrum of 
silver to the fact that "instruments of too great dispersion were used for the detection 
of very diffuse lines." The need for coupling the highest possible resolving power with 
low dispersion in the case of the absorption spectra of the Sun and stars is, of course, to 
delineate as clearly as possible the slowly varying background from all overlying features. 

TABLE 2 

ELEMENTS WITH KNOWN NEGATIVE ENERGY LEVELS 

Hel OII,III, Mg I, V Kr Cu I Rb I In I Re I 
Be I IV, V Al I Ca I Zn I Sr I Sn I, II Au I 
BI F II, IV, Si II VI Ga I Mo I Sb I Tl I 
C I, II, IU V, VI PII,III CrI Ge II Ag I XeI Pbv 
N IU, IV Na IV, VI Ar I MnI KrI Cd I CsI Bi I, VI 

We are indebted to G. Münch for the reminder that auto-ionization may produce 
diffuse spectral features and to L. Goldberg for a stimulating discussion on the identifica
tions proposed here. We are also grateful to Dr. Ira S. Bowen, who has generously placed 
at our disposal the Snow telescope and given much helpful advice, to Dr. Horace W. 
Babcock for the loan of an excellent grating, and to members of the Observatory staff 
for their considerable help. F. Breimyer assembled the mosaic of mirrors with which 
integrated sunlight was obtained and assisted in other ways in the observing. The obser
vations have been made possible by support from the National Science Foundation and 
the Office of Naval Research. 

Allen, C W. 1932a, Phys. Rev , 39, 42. 
--. 1932b, il;id., 55. 

REFERENCES 

Bates, D. R, and Dalgarno, A. 1962, in Atomic and M olecUlar Processes, ed. D. R. Bates (New York: 
Academic Press), chap. vii. 

Bohr, N, and Wentzel, G. 1923, Phys. Zeits., 24, 106. 
Bransden, B. H., and Dalgarno, A. 1953, Proc. Phys. Soc., AM, 904. 
Burgess, A. 1964, Ap. J, 139, 776. 
Condon, E. V., and Shortley, G. H. 1957, The Theory of Atomic Spectra (Cambridge: Cambridge Vniver-

sity Press). 
Ditchburn, R. W., and Hudson, R. D. 1960, Proc. R. Soc , A256, 53. 
Goldberg, L. 1964a, Ap. J., 140,384. 
-- 1964b, Invited Discourse B, I.A.V. XIIth General Assembly, Hamburg, "Some Aspects of Space 

Astronomy. " 
Herzberg, G. 1937, Atomic Spectra and Atomic Strttctttre (New York: Prentice-Hall). 
Jutsum, P. J. 1954, ProG. Phys. Soc., A67, 190. 
Kaiser, T R. 1960, ProG. Phys. SOG., 75, 152 
Kuhn, H. G. 1962, Atomic Spectra (New York: Academic Press). 

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

http://adsabs.harvard.edu/abs/1965ApJ...141.1126M


1
9
6
5
A
p
J
.
.
.
1
4
1
.
1
1
2
6
M

1130 WALTER E. MITCHELL, JR., AND ORREN C. MOHLER 

Minnaert, M., Mulders, G. F. W., and Houtgast, J. 1940, Photometrie Atlas ofthe Solar Speetrum (Amster-
dam: Schnabel, Kampert, & Helm). 

MitchelI, W. E., Jr., 1958, thesis, University of Michigan. 
MitchelI, W. E., Jr., and Mohler, O. C. 1964, Appl. Opt., 3, 467. 
Moore, C. E. 1945, A Multiplet TaUe of Astrophysieal Interest, rev. ed. Part l (Contr. Princeton Univ. 

No. 20). 
--. 1949, Atomie Energy Levels, Vol. 1 (H-V), N.B.S. Circ. No. 467. 
--. 1952, ibid., Vol. 2 (Cr-Nb), N.B.S. Circ. No. 467. 
--. 1958, ibid., Vol. 3 (Mo-Ac), N.B.S. Circ. No. 467. 
St. John, C. E., Moore, C. E., Ware, L. M., Adams, E. F., and Babcock, H. D. 1928, Revision of Rowland's 

Preliminary Table of Solar Speetrum Wavelengths with an Extension to the Present Limit of the Infrared 
(Carnegie lnst. of Washington Publ. No. 396). 

Shenstone, A. G. 1940, Phys. Rev., 57, 894. 
Sitterly, C. M. 1964, private communication. 
White, H. E. 1934, Introduction to Atomie Speetra (1st ed.; New York: McGrawcHill Book Co). 

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

http://adsabs.harvard.edu/abs/1965ApJ...141.1126M

