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ABSTRACT 

Equivalent widths of 82 Cr I lines, 70 Fe 1 lines, and 74 Ti I lines are measured in the spectra of four 
sunspots of average area 55 millionths of the visible hemisphere of the sun. Separate curves of growth 
for Cr I, Fe t, and Ti I are constructed. Excitation temperatures of 40300 ± 80°, 42000 ± 150°, and 
3800° ± 100° are obtained for Cr I, Fe I, and Ti I, respectively. 

I. INTRODUCTION 

Physical conditions in a stellar object are derived generally from a study of its con
tinuous spectrum and its absorption- or emission-line spectrum. Both aspects of the 
solar spectrum have been observed in considerable detail, and the observations have 
been used by many investigators for constructing a satisfactory solar model. In the case 
of sunspots, however, the observational data are mainly confined to the continuous spec
trum of sunspots, as in the works of Pettit and Nicholson (1930), Wanders (1935), 
Wormell (1936), Richardson (1933), Waldmeier (1939), and the more recent works of 
Das and Ramanathan (1953), Michard (1953), and Ramanathan (1954). But, except 
for the semiquantitative but extensive study of atomic lines in the sunspot spectrum by 
Charlotte Moore (1932) and the measurement of equivalent widths of about SO Fe I and 
Ti I lines by ten Bruggencate and von Kltiber (1939), there is a complete lack of quanti
tative observational ma terial on the Fraunhofer spectrum of sunspots. One object of the 
present study is to provide sufficiently accurate quantitative data with respect to some 
absorption lines in the spectrum of sunspots. In this paper are reported the measurements 
of equivalent widths of 82 Cr 1 lines, 70 Fe I lines, and 74 Ti I lines. 

C. Moore (1932) has estimated the intensities of 6312 atomic lines in the spot spec
trum on the Rowland scale of intensities. -By comparing the intensities of 1000 lines of 
Ca, Ti, Cr, Mn, Fe, and Ni in the spectra of the spot and the photosphere, she derived 
a value of t!,.(J = -0.19, where e = 5040jT. Further, by assuming an effective tempera
ture of 57400 for the photosphere, she derived an effective temperature of 4720° for the 
spot. But if we bear in mind that the temperatures concerned here are not effective 
temperatures but excitation temperatures and that the excitation temperature of the 
photosphere is much lower than 57400 , the value for the spot needs modification. In fact, 
ten Bruggencate and von Kltiber (1939) have obtained a much lower value of 38000 for 
the excitation temperature of sunspots from the lines of Fe I and Ti I. This point will be 
discussed in detail later in this paper. But in order to provide stronger observational 
support for this argument, in the latter part of this paper the excitation temperature for 
sunspots is redetermined by constructing separate curves of growth for the lines of Cr I, 
Fe I, and Ti I. 

II. OBSERVATIONAL MATERIAL 

a) GENERAL 

The spot spectrum plates used in this investigation are the same as those taken by 
one of the authors (Ramanathan 1954) with the plane-grating spectrograph of the Kodai
kanal Observatory, and used by him for measuring the flux ratio 1s/ I p of umbral to 
photospheric intensity throughout the visible spectral range. The optical arrangement, 
photographing technique, and method of standardizing the plates are all fully described 
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in his papers. Here only the procedure of making the mic:ophotometer ~ecords will be 
described. But the information about the observed spots IS retabulated In Table 1 for 
ready reference. 

TABLE 1 

KKL NUMBERS AND AREAS OF THE OBSERVED SUNSPOTS 

I 

! Area of Um-I Area of Spot in br. in MiI-
Spot No. 

Date. of Date of Central Millionth. of Iionths of 
Ob,;ervations Meridian Passage I Visible Hemi-

t sphere 
Visible Hemi-

I 1 

sphere 

KKL 9920 ..... .1 Dec. ]8,19,20, 1952 Dec. 18, 1952 470 85 
KKL 9922 ...... 1 Dec. 20, 22, 23, 1952 Dec. 20,1952 285 50 
KKL 9929 ...... 1 Jan. 10,11,12, 1953 Jan. 12,1953 175 29 
KKL 9930 ...... 1 Jan. 14,15,1953 Jan. 15,1953 177 40 

I 

b) MICROPHOTOMETER RECORDS 

Two plates of proper densities for each of the two larger spots (KKL 9920 and KKL 
9922) and one plate for each of two smaller ones (KKL 9929 and KKL 9930) were select
ed in every one of the five spectral regions, viz., Na D region, Mg b region, H{3 region, 
Ca g region, and Hand K region. These plates were run through the Cambridge record
ing microphotometer of this observatory. The plate to be measured was placed with the 
direction of dispersion parallel to the direction of motion of the plate. To insure exact 
parallelism, the scanning spot of light was first brought to one end of the spectrum and 
was adjusted to be on the central portion of the umbra by getting the maximum deflec
tion of the electrometer needle. The plate was then moved so that the other end of the 
spectrum was brought under the scanning spot of light. If the direction of dispersion was 
not parallel to the direction of motion, the spot of light did not fall on the center of the 
umbra, and the deflection was not maximum. In that case the plate was rotated around 
a vertkal axis by means of the screw provided for this purpose and was also moved cross
wise until the deflection was maximum. The plate was then run backward to the original 
position, and the adjustment was made again to get maximum deflection. The process 
was repeated until the spot of light remained over the umbral region of the spot spectrum 
throughout the run of the plate. If the records were now made by setting the scanning 
spot of light on the middle of the umbra to start with, only the spectrum of the umbra 
would be recorded. Each microphotometer tracing covered a range of about 14 A (1 em 
of the plate) with a magnification of 50 on the recording paper. In this way a dispersion 
of 1.435 A/mm on the plate was magnified toO.287 A/cm on the record. About 25 records 
were thus necessary to cover the complete range of 300 A on the plate. The scanning slit 
of the microphotometer had a width of 0.03 mm, while the slit of the spectrograph was 
0.04 mm wide, so that the resolving power of the spectrograph was not affected by that 
of the scanning slit of the microphotometer. The length of the scanning slit was always 
kept Jess than the diameter of the umbra of the spot under examination. Thus if the 
scanning slit is properly adjusted on the center of the umbra, only the unmixed spectrum 
of the spot umbra would be analyzed. 

For each plate four microphotometer tracings of the standardization spectrum also 
were made at equal wave-length intervals, and each record was used for about 75 A to 
convert densities into intensities. 

c) REDUCTION OF OBSERVATIONS 

Eighty-two lines of Cr 1,70 lines of Fe I, and 74 lines of Ti I, chosen according to their 
membership in multiplets and according to the availability of theoretical or experimental 
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gf-values, were identified by comparing the microphotometer records with those in the 
Utrecht Photometric Alias of the solar spectrum. In this comparison the intensities of the 
lines in photospheric and spot spectra, on the Rowland scale, as given in the Mount 'Vil
son Rct'ised RO'UJlalld Table, were used. There was not much difficulty in identification, 
though on some records a few lines could not be definitely identified because of too much 
blending with other lines or because of their faintness. These doubtful cases were ignored. 
However, in many cases the line wings had to be drawn plausibly, to reach the con
tinuum. This cannot be avoided in the case of the spot spectrum, which is extremely com
plicated, and hence not all the lines have clear-cut wings reaching the continuum. 

The density profile of every identified line was converted into an intensity profile by 
means of the standardization-curves in the usual way. The value of r, the ratio of the 
intensity at a point in the line to the intensity at the corresponding point in the con
tinuum, was determined. In most of the lines, except for a few broad ones, the con
tinuum intensity was constant in the region of the line. Equivalent width was then easily 

Assigned 
Weight 

TABLE 2 

PROBABLE ERRORS OF MEAN EQUIVALE:i:T WIDTHS 

I 
I: 

Per Cent !i 
:i: o. of Probable II Assigned 

Indh'idual, Error ' I Weight , 

No, of I 
Individual I 
Measures ' 

Per Cent 
Probable 

Error 
of Mean Measures i of Mean II I 

4-.-.-.. -. -.. -.. -.1'--{-~-111'--4-6 -II ~: :: ::::::: 1-3-a-{-~-4-1' .. ,. ~~ .... 
3.......... U 1~ Ii I II 

il 

obtained by working out the area f(l - r)d"A by the trapezoidal rule. On an average, 
four to six individual measurements were possible for every line. The average equivalent 
widths of the lines in milliangstroms are tabulated in the fourth column of Tables 3, 4a 
and 4b, and 5. These tables include, also, the estimated intensites of the lines in the spot 
spectrum in the ninth column (from the Ret'ised Rowland table) and the weight assigned 
to every line in the eighth column. rn assigning the weights, both the number of individu
al measurements and the probable error of the mean were taken into consideration. 
Table 2 gives the criteria used. 

III. SOURCES OF ERROR AND ACCURACY OF MEASUREMENTS 

The following principal sources of error should be mentioned: 
a) Scattering of photospheric light into the umbral spcctrum,-In the case of measure

ment of the continuous spectrum of the spot umbra, the amount of light scattered into 
the umbra can be estimated roughly by Wanders' (1935) method. But it is very difficult 
and uncertain to get an idea of the effect of scattering in the case of Fraunhofer lines. 
But from the small scattering corrections for the ratio of umbral to photospheric inten
sity obtained by Ramanathan (1954), we expect the error on account of scattering to be 
small. It has been completely neglected in this investigation. 

b) Stray light inside the spectrograph.-We have not used a monochromator to limit 
the spectral range admitted into the spectrograph. Instead of that, we have used colored 
filters to allow only a few hundred angstroms to enter the spectrograph. Stops at suit
able places inside the spectrograph further reduced the stray light. The plates also did 
not show any appreciable background of scattered light. A small amount of scattering 
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744 
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might, ho:vever, have been present in the spectral regions in the neighborhood of the 
Hand K hnes. The presence of small amounts of scattered light inside the spectrograph 
would not materially affect the equivalent widths. 

c) Finite resolving power of the spectrograph.-The finite resolving power would con
siderably affect the profile of the spectral line. But it would scarcely affect the equivalent 
width of the line, particularly with the high dispersion of 1.435 A/mm used here. As we 
are concerned only with the total absorption in the line, no correction is necessary on this 
account. 

d) Setting of the scanning slit.-This was done with the greatest possible care. The 
length of the slit was always kept smaller than the diameter of the umbra. But slight 
adul teration of the umbral spectrum by the spectrum of the neighboring penumbra might 
have occurred in the case of the smallest spot, viz., KKL 9929. 

To form an idea of the accuracy of the measurements, the percentage probable error 
of the mean equivalent width was determined for every line. It is given in Table 2. This 
table shows that there is considerable scatter in the individual measurements of a line. 
This is due to the non homogeneity of the spots observed, the umbral areas of which vary 
from 30 to 85 millionths of the visible solar hemisphere. Moreover, the inherent difficul
ties in observing the spot spectrum are also responsible for this discord. But as no sys
tematic variation of equivalent widths with the area of the spot \vas observed, the values 
of all the four spots were averaged. 

If we further compare the equivalent widths of 32 Fe I lines in Table 4a and 17 Ti I 
lines marked with an asterisk in Table 5 observed at Kodaikanal with those obtained by 
ten Bruggencate and von Kluber (1939), it will be evident that our values are systemati
cally lower than their values by about 30 per cent. This is perhaps to be expected, be
cause the spots observed by them were rather larger (80 millionths of the visible solar 
hemisphere) than those observed by us (average area 55 millionths of visible solar 
hemisphere). From the recent thesis by Michard (1953) it seems likely that the larger 
spots are cooler than the smaller ones; if that is so, the lines due to neutral atoms may 
be expected to be weaker in smaller spots than in the larger ones. 

IV. CONSTRUCTION OF THE CURVE OF GROWTH 

a) GENERAL 

To construct a curve of growth, we generally plot log W /).. against log 1'//A, 'where TV 
is the equivalent width, ).. the wave length, and ru the number of atoms responsible for 
producing the absorption line. By assuming thermodynamic equilibrium, we get, 

where 

k 
log 1]J}.. = log 7]0+ log gf).. - 8x.+ log k. + .:llog 7]0, 

f = Oscillator strength of the line, 

g = Statistical weight of the lower level, 

8 = 5040jT, 

x. = Excitation pot.ential of the lower level, 

1]0 = Number of atoms in the ground state, 

k = Mean absorption coefficient, 

k. = Continuous absorption coefficient for wave length ).., 

and log k/k. and Lllog 1]0 are c?rrecti?n terms. The first cor:rects for the variation of the 
continuous absorption coefficlent Wlth wave length, while the second converts the 
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values of log 7UX to a single value of BoIBI' Wrubel (1950) has given the corrections 
.(). log 710 for converting all measurements to the same value of Bol BI = i. If we assume 
a boundary temperature of 3500° for the spot, Bol Bl varies from 0.19 to 0.37 as X varies 
from 4000 to 5700 A. As the lowest value of BolBI in Wrubel's data is j, the correction 
.(). log 710 could not be determined in the present case. For a boundary temperature of 
4000°, Bol BI would vary from 0.22 to 0.42 as X varies from 4000 to 5700 A. Even then, 
the correction '()'log 170 cannot be determined for all lines. But the correction, being al
ways small, will not affect the shape of the curve of growth or the determination of 
excitation temperature. 

Ten Bruggencate (1947) had determined empirically the correction for variation of 
continuous absorption coefficient. It is now known that the negative hydrogen ion, which 
is the principal source of opacity in the photosphere, is also the principal cause of opacity 
in the spot (Michard 1953). The correction was therefore determined from the mean 
absorption coefficient computed by Chandrasekhar and Munch (1946) and the con-
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FIG. I.-Curve of growth for lines of Cr I. (J = 1.25 

tinuous absorption coefficient of the negative hydrogen ion given by Chandrasekhar 
(1946), by assuming an effective temperature of 4200° for the spot. 

In the construction of the empirical curve of growth, log 170 need not be taken into 
consideration, as it forms simply an addit!ve constant. Hence in all cases log W IA was 
plotted as ordinate against log gfX + log klk. - Ox.. as abscissa. 

b) LINES OF Cr I 

The relative gf-values for the lines of Cr I were taken from the experimental data of 
A. J. Hill and R. B. King (1951). Values of log 71/X for all lines were calculated for various 
values of 8, and those of log W f). were plotted against log 71'X in every case. A mean curve 
of growth was drawn for every value of 8. The deviation .(). from the mean curve was 
found for all points, and };.().2 was obtained by taking into account the weight assigned 
to each point. It was found to be least for 0 = 1.25 ± 0.025. This corresponds to an 
excitation temperature of 40300 ± 80°. The curve of growth for Cr lis drawn in Figure 1. 

c) LINES OF FeI 

For the lines of Fe I in Table 4b the relative gf-values are available from the data of 
R. B. King and A. S. King (1938). The excitation temperature was obtained in the case 
of these lines by the same procedure as was used for Cr I lines. 1;.().2 was found to be 
minimum for 8 = 1.17 ± 0.015, corresponding to a temperature of 43000 ± 50°. 

Experimental gf-values are not available for the Fe I lines in Table 4a. But the theo
retical intensities of these lines have been computed by ten Bruggencate and von Kluber 
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(1939). Values of log SRIA were obtained from their values of log (SRI/IJ.CJJD) by adding 
log27Tv (2RT / Jl.) = 5.884; and these values were used in place of log gfA.. The rest of the 
procedure was the same as that used above. In this case the scatter was least for e == 
1.23 ± 0.015, corresponding to an excitation temperature of 4100° ± 50°. 

In order to get a single curve of growth, we have adoptec:i a value of 1.20 ± 0.04 for 
6, i.e., a value of 42000 ± 1500 for the excitation temperature for the lines of Fe 1. Fur
ther, the two curves of growth had to be shifted with respect to each other in the direc
tion of the abscissa to make them coincide. The values of log SRJ).. had to be reduced 
-by 6.25 to bring them to the same scale as that of log gjA. The_ composite curve of 
-growth for Fe I obtained in this way is drawn in Figure 2. -

If) l:J:NES OF Ti I 

The relative &f-values for Ti I lines 'are also given by R. B. King and A. S. King (1938)., 
They were used for drawing a curve of growth for -Ti I and for getting the excitation tem-
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perature for Ti I. Following the procedure described earlier, we got 8 = 1.~25. ± 0.04, 
i.e., an excitation temperature of 3800° ± 100°. The curve of growth for T~ I IS drawn 
in Figure 3. 

V. DISCUSSION OF THE RESULTS 

In order to compare our results with those of others, we have retabul~ted them in 
Table 6. From Table 6 it will be seen that the excitation temperatures obtamed here are 
somewhat higher than those obtained by ten Bruggencate and von ~i.i.ber (1939). The 
differences are not great when the errors of measurement are consIdered. But, as ex
plained in Section III(b), this may be traced back to the smaller area of the spots ob
served in the present case. 

TABLE 6 

ExCITATION TE:MPERATURE FOR SUNSPOTS 

Metal 

Ti I. ............ . 
Fe I. ............ . 
CrI ............. . 
Ca, Ti, Cr, Mn, Fe, 

Present 
Investigation 

38000±100° 
42000±150° 
40300 ± 80· 

ten Brug· 
gencate and 
von Klnber 

3700° 
3900° 

Ni .. .................................... . 

TABLE '1 

C. Moore 

47200±200 

EXCITATION TE:MPERATURE FOR PHOTOSPHERE 

Author 

ten Bruggencate and von Kliiber (1939). 

K. O. Wright (1944) ................. . 

R. B. King and K. O. Wright (1947) .. . 
Sandage and Hill (1950) ............. . 

Michard (1953) ..................... . 

Element 

{FBI 
Til 

{ Til 
FeI 
VI 
CrI 

{
Til 
FeI 
Ti+ 

Excitation Tem· 
pera.ture for 
Photosphere 

5040° 

4550° 
4900° 
5400° 
3790° 
4900° 

4670.-5000° 
5250° 

We now return to the question of the high value obtained by Moore (1932). As men
tioned in the introduction, we should use the excitation temperature of the photosphere 
to calculate the excitation temperature of the spot and not the,effective temperature. In 
Table 7 are assembled the values of excitation temperature for the photosphere ob-
tained by various authors. ,; . , 

If we adopt the mean value 4900° for the excitation temperature of the photosphere, 
we get from Moore's value of 119 = -0.19 a value of 4130 for the excitation temperature 
of the sunspots. This is in quite good agreement with the values now obtaitted and also 
with those by ten Bruggencate and von Kliiber. 

In conclusion it is our pleasant duty to thank Dr. A. K. Das, director of this Ob
servatory, for his interest and guidance throughout the course of this investigation. We 
have also to thank Mr. P. Madhavan Mayar for preparing the diagrams for the press. 
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