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Awrr. XLIX.—The Ultra- Violet Spectrum of the Solar Prom-
inences ; by GEORGE E. HALE.*

I~ various papers published during the past year, I have
called attention to somne of the advances in our knowledge of
the Solar Prominences which might be expected to follow the
application of photographic methods to a study of their forms
and spectra. A recent number of this Journal, August, 1891,
p- 160, contains reproductions of some photographs obtained
in the course of my investigations on this subject at the
Kenwood Physical Observatory. I am indebted to Professor
Lockyer for the use of a measuring machine during a recent
visit to London, and I am now able to give my determinations
of wave-length for the new prominence lines, and some con-
clusions to be drawn from them. But perhaps it will first be
well to consider for a moment the apparatus and methods at
present employed in the work.

To the eye end of the 122 inch equatorial refractor of the
Kenwood Observatory a large solar spectroscope is rigidly
attached by three steel tubes, and as the spectroseope extends
abont five feet beyond the focus of the telescope, the declina-
tion axis is placed at the center of the combined lengths of
the two instriuments, in order to reduce the amount of counter-
balance required at the object-glass end. The.result is very
satisfactory, and there can certainly be little fear of flexure in
the combination. The whole spectroscope may be rotated by
a rack and pinion, so as to make the slit tangential or radial at
any point on the sun’s limb. The object-glasses of the col-
limator and observing telescope have 3% inches clear aperture,
and 42} inches focal length. The 4-inch Rowland grating is
rnled with 14,438 lines to the inch, and as the telescopes make
with each other a constant angle of 25° different orders of

* Read at the Cardiff Meeting of the British Association for the Advance-
ment of Science, August, 1891.
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spectra are brought into the field of view by rotating the
grating. A diagonal eye-piece at the end of the observing
telescope allows the spectrum to be observed after the photo-
graphic plate is in position.

In photographing the spectrum of a prominence the follow-
ing is the ordinary process. Let us suppose that it is desired
to use a radial slit, in the II and K region of the spectrum.
The C line in the second order is brought into the field, and
while observing this line the spectroscope is rotated until the
slit is radial at some point on the limb where a prominence is
seen. The driving-clock is then started, and the telescope
clamped, so that the sun’s image is kept as nearly as possible
stationary on the slit plate. A small strip of metal, pushed in
just behind the slit, excludes the direct solar light, except from
a small region near the limb. The whole collimator is next
moved by a screw until the slit is brought to the proper focus
of the equatorial for K, and the collimator and observing tel-
escope are set at the focus for the same line, the positions being
taken from a table of foci, determined by experiment, for the
principal lines in the spectrum. After placing the sensitive
plate in position, the grating is rotated until the K line in the
fourth order is in the middle of the field, the slit is covered, the
slide drawn, and the proper exposure given. The exposure of
course depends upon the aperture and focal length of the equa-
torial, the width of the slit, the brilliancy of the grating, the
sensitiveness of the plate, ete., but with the ordinary dry plate
of sensitometer No. 23 furnished by the Seed Company, and a
slit about 0-001 inches wide, I usnally find that an exposure of
from 20 to 30 seconds gives the best result.

For the first time without an eclipse the prominence spectrum
was thus photographed early in April of the present year.
The only bright lines then obtained were found to fall nearly
at the centers of the dark bands H and K of the solar spec-
trum, but these were remarkably strong, sceming to fully equal
Cin intensity, and were present in every prominence photo-
graphed. Work was continued on the violet and ultra-violet for
some weeks, but, with the exception of some lines which had
all the appearance of ghosts of the brilliant H and K reversals,
no new lines were discovered until June 23, when an excep-
tionally Lright prominence was found. This gave four lines
in the ultra-violet, and the least refrangible of these was found
to be double. A line slightly less refrangible than II, nearly
but not quite at the position where the first ghost would be
expected to fall, was much stronger than any of the other
ghosts, and it seemed very possible that it was an independent
lime. This prominence remained visible for several days, and
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a number of photographs of its spectrnm were made with
both radial and tangential slit.

In reducing the wave-lengths of these lines it might be con-
sidered easy to obtain values for a given line agreeing closely
in the hundredths place of tenth-meters, but two causes have
combined to lessen the accuracy of determinations. The I
and K reversals almost invariably show some indications of mo-
tion of the prominences in the line of sight, and the conse-
quent distortion renders somewhat difficult the proper setting
of the spider line of the measuring machine. Again the plate-
holder used was made for another purpose, which required
that the plane of the plate should be at right angles to the axis
of the observing telescope. ~As the object-glass of the tele-
scope is corrected for the visual region, it is evident that near
K there must be a slight change in focus from one side of the
plate to the other, and a small error is thus introduced. It will
be seen, however, that the measures are sufficiently accurate to
allow very little doubt as to the identity of most of the lines.
The fact that the solar spectrum, due to the diffnse light
of the atmosphere, is photographed simultaneously with the
prominence spectrum, is of great advantage in determining
the position of the prominence lines, though it has a corres-
ponding disadvantage in concealing very faint lines, which
would otherwise be brought out. The wave-lengths of certain
standard lines in the solar spectrum have been taken from the
list published by Professor Rowland,* and it has thus been
easy to find the wave-lengths of the prominence lines by
simple interpolation. The value of the micrometer screw has
been determined for several regions on every plate by measur-
ing the positions of properly distributed standard lines, the
number of separate settings of the spider line in each case
ranging from five to fifteen, depending upon the character of
the line measured. In the following table the first column
contains the wave-lengths of the ultra-violet prominence lines ;
the second the positions assigned by Ames to the lines in the
hydrogen stellar series; and the third, the wave-lengths of the
calcium lines at II and K, which Professor Rowland has been
kind enongh to furnish in advance of publication. I am in-
formed that they are provisional only, but may be relied on to
within 1 or 2 in the last place of decimals. In the case of
hydrogen, Ames considers that the error in any wave-length
cannot amount to more than 005 of a unit,} and my own
values for the prominence lines must possess at least an equal
degree of accuracy, thongh I am inclined to believe some of
them even more reliable. In the fourth and fifth columns I

* This Journal, p. 182, 18817. 1 Phil. Mag., July, 1890, p. 49.
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have added Cornu’s measures of the hydrogen lines,* and Dr.
Huggins’ wave-lengths of lines in the hydrogen stellar series,t
both reduced to the scale of Rowland’s map.

Prominences. Hydrogen. Calcium. Hydrogen.  First Type
Stars.
Hale. Ames. Rowland. Cornu, Huggivs.
396856 P 396861 (H) R .-
393386 R 393380 (K) [ ——-
3888.73 e - - R
3970°11(?) 3970725 - 3969°6 39696
3889°14 388915 - 38885 3888°2
383554 38356 - 3835°1 38346
3798°1 37980 ———- 37975 37956
37708 37707 - 37700 3768°1
.- 375015 R 37499 3746°1
- 3734°15 PR 37342 37306
- 37218 .- 37211 37179
- 37119 R 3711°1 37079
e R - e 36994

Let us first consider the prominence lines which lie near the
centers of the broad dark shades at H and K. In his observa-
tions of the chromosphere and prominence spectrum at Mount
Sherman, in 1872, Professor Young succeeded in seeing these
reversals in a number of cases, but the character of the bright
lines could not be made out, and it was considered probable
that the broad dark bands were included in the reversal, only
the brighter central portions, however, being strong enough to
affect the eye. We now find, on the contrary, that the sub-
stance producing the bright prominence lines may possibly be
entirely distinet from that causing the broad bands in the solar
spectrum, for though the lines certainly do lie near the centers
of the bands, they are narrow and sharp, and it is easily con-
ceivable that their position may be simply the result of chance,
though perhaps probability would point the other way. We
are hardly in a position to discuss the cause of the unique ap-
pearance of the dark I and K bands, but it may be that we
may learn something in tais connection from Dr. Huggins’ im-
portant investigations of stellar spectra. It will be remembered
by everyone that in his memoir * On the Photographic Spectra
of Stars” communicated to the Royal Society in 1880, Dr.
Iuggins arranged the stars observed in a series, in which the
Fl'incipal criterion of position was the character of the K line.

n Arcturus, for instance, this line is broader and more diffuse
than in the sun itself, while in Sirius it has narrowed down to

* Journal de Physique, 1886. 4 Phil. Trans., Part II, 1830, p. 669.
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a fine, sharp line. Other stars give intermediate breadths, and
in some instances it has entirely disappeared. In the case of
H the question is complicated by the fact that hydrogen and
caleium possess lines which form a close double at this point,
s0 it is best to consider only K. From the variations of this
line it will be seen, apart from the interesting subject of stellar
evolution so evidently suggested, that the narrow dark line at
the center is very possibly produced by the same substance
which, vibrating under different conditions, canses by its ab-
sorption the broad dark band.

As the central dark line is known with a high degree of cer-
tainty to be due to caleinm, it becomes likely that the band is
due to the same substance, and as the central dark line of H is
also a calcium line, it might perhaps be safe to attribute the H
band to the same metal, though in neither case is it well to be
too positive in the assertion, for it is somewhat peculiar that
the bands and lines appear together in the solar spectrum. If
the same substance produces both, and each requires different
conditions, possibly of temperature or pressure, for its produe-
tion, these conditions must presumably exist at different eleva-
tions above the photosphere.

The question now arises whether the bright lines in the
prominence spectrum agree in position with the dark lines at
the center of the H and K bands. Only one or two of my
prominence spectra happened to be given the proper exposure
to bring out both the bright and dark lines, but in these the
coincidence. is fairly satisfactory. I have not as yet, however,
been able to obtain the wave-lengths of the dark lines in
hundredths of a tenth-meter, but Professor Rowland’s deter-
minations of wave-lengths for the corresponding calecium lines
will answer nearly as well. These have been given in the
third column of the table of wave-lengths. It will be seen
that in. the case of I the prominence line is 0'05 tenth-meters
more refrangible, while at IX the prominence line is 0-06 tenth-
meters Jess refrangible. Professor Rowland considers his values
correct within 1 or 2 hundredths tenth-meters, while the prob-
able errors in the position of the prominence lines, deduced on
the assumption of equal weights for the wave-lengths given by
each of six plates, are 0-021 and 0:036 tenth-meters for H and
I respectively. On the whole, then, there can be little doubt
that these prominence lines are due to caleium, and are there-
fore probably true reversals of the central dark lines of the H
and I bands.

It will be of interest next to consider briefly the character of
these two prominence lines. In all cases they are quite narrow
and sharp, except when motion in the line of sight has pro-
duced broadening or distortion. In seven photographs made
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with a radial slit both lines gradunally become narrower as the
distance from the limb increases, and have a pointed appear-
ance. This might be due to an actual decrease in the width of
the lines, but, as there is usually a certain increase of intensity
toward the limb, the effect may be purely photographic. In
several plates, however, there is so little change of intensity
that the widening can hardly be due to this cause. The arrow-
head appearance so frequently seen with the C and I lines, is
often shown when the slit is radial. A rather curious appear-
ance has been found on three plates made with radial slit, and
in the two which best show the effect there is a very sudden
decrease of intensity in the upper part of the lines. Instead of
becoming narrower toward the top, the lines seem to expand
symmetrically on either side, and the edges become hazy and
indistinet. As in the case of the pointed lines, there is also an
expansion toward the limb, but here the edges are clearly
defined. The arrow-head appearance is shown in two of these
plates. With a tangential slit two plates show the lines
expanded at the ends, and in one plate they are pointed.
Though in most cases the forms of H and K are very similar,
there is a single instance where I is shown sharply double in
the fainter portions at each end of the line, and at one end the
components seem to diverge slightly. That this is not the
result of poor focusing is attested by the sharpuess of the lines
in the background of solar spectrum; at the same time the
appearance is hardly that of an ordinary reversal. One further
peculiarity will show that it is safest, for the present at least,
not to draw any conclusions from such appearances as have
been noted. In a certain position of the mirror of the ineasuring
machine the illummination was such that the edges of the radial
black lines appeared bright, while the Fraunhofer lines of the
solar spectrum weve also bright, as with ordinary illumination.
One of the negatives, in which H and K were broader and
fainter at the top, brought out the effect particularly well. The
central dark line extended two-thirds of the distance to the top
of the prominence, and in the upper part it was excessively
narrow and delicate. Lower down it gradnally widened, until
at a point very near the limb the widening became mnch more
rapid, and at the limb itself the line was necarly as wide as
when seen under ordinary conditions.

A paragraph from Dr. Schuster’s report on the results
obtained with the spectroscopic cameras at the total eclipse of
August 29, 1886, scems to refer to a somewhat similar appear-
ance. Speaking of the photographs of the coronal spectrum,
Dr. Schuster remarks :* ¢ A bright line shows black on the neg-
ative, and is bounded on both sides by an apparently lighter

* Phil. Trans., vol. clxxx, (1889), (A.), p. 328.
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background. This is a well-known contrast effect. The H
and K lines, for instance, seem to be surrounded by a lighter
band, which follows the contour not only of the lines, but also
of the wing by the side of the prominence. If, now, a IFrraun-
hofer line happens to be by the side of a bright line, the con-
trast is strengthened, and both the bright and the dark lines
appear more distinetly than they otherwise would. This is the
only simple way in which I can explain some of the appear-
ances of the photographs.” Tle first part of the quotation is
all that concerns us at present, for in the negative which I have
mentioned as showing this peculiarity particularly well, the
Fraunhofer lines are hardly visible above the limb, and none
appear within the dark bands at II and K. As Dr. Schuster
does not speak of the illumination, I assume that the appear-
ance was generally seen, and this constitutes another point of
difference. A penumbra formed by light reflected from the
back of the plate would probably extend but little higher than
the central line, but in the future plates backed with a dyed
collodion film will be employed to obviate any effects of this
kind. No entirely satisfactory explanation of the peculiar ap-
pearance of these lines has as yet suggested itself.

But on another point there is little room for doubt. The
bright H and K lines celtamly extend to a very considerable
elevation above the sun’s limb, and it is extremely probable
that caleinm is carried to the very top of the highest prom-
inences. With the improved appal'atus to be used in a contin-
uation of this research, I hope to be able to ascertain the
relative heights of various lines in the prominence spectrum.
For instance, while a photograph is being wade of H and K,
the height of C in the same prominence can be measured with
a micrometer. The comparative observations and photographs
made up to the present time suggest the belief that calecium
attains the highest elevations reached by hydrogen, and the
remarkable bnll]dncv of I and K at the eclipse of 1882 attest
the importance of caleium in the prominences. Dr. Schuster
is of the opinion that the coronal spectrum contains caleium
injected by the prominences, and this may only very gradually
descend again to the level of the photosphere.* This supposi-
tion seems a very plausible one, and it it be at the sane time
considered probable that the H and K bands and their central
lines are produced by the same substance, the possibility is
suggested that the broad dark shades may be caused by the
absorption of the cooler vapor at a considerable elevation,
while the absorption near the photosphere gives rise to the
narrow central lines, This view need not necessarily conflict

* Phil. Trans. vol. clxxx, 1889, (A.), p. 328.



466 G. E. Hale—The Ultra- Violet Spectrum

with a Delief in a shallow reversing layer, where absorption
ordinarily takes place, for the H and I bands are unique in
the solar spectrum. It rests, however, on somewhat insecure
foundations, and cannot be eredited with much weight.

On account of the dark shades at I and I it has proved
quite easy to photograph prominence forms with an open slit.
With other prominence lines the brilliancy of the background
is much increased when the slit is opened, but this is not the
case with IT and K, and it is often possible to use a slit nearly
a quarter of an inch wide. The fourth order spectrum has
been employed for this work, and the best results are obtained
with an exposure of about one second. It.is considered that
great advantage will result from a material reduction of this
exposure, as the disturbances in our atmosphere have as yet
made it impossible to secure the finest details of structure.

It is of interest to note, however, that the first photograph
ever taken of the rapid development of a prominence was
made in this way by my assistants on July 8, 1891, at 23h.
45m,, Chicago M. T. As at first observed through C, the
prominence was low, but very bright, and changing rapidly.
A great tongne moved rapidly out to an elevation of about
80,000 miles, and at this time the extension was photographed
through H and K. In fifteen minutes the prominence had
returned to its original form. A reproduction of the photo-
graph is given in the August number of this Journal, and
though much has been lost 1n the printing process, some idea
of the actual appearance of the prominence may be gained.
A new apparatus for photographing the prominences is now
being constructed as the outcome of my investigations on this
subject, and this is expected to do away with many of the
difficnlties previously encountered. It will consist of two
curved slits, moved in opposite directions across the ends of
the stationary collimator and observing telescope by means of
a peculiar form of clepsydra. The sun’s image and photo-
graphic plate will be stationary, and the apparatus is thus to
be constructed on the prineciple of the second method devised
by myself in 18389, but so altered as to avoid the defects of the
original scheme.*

Decision must be reserved for the present as to the line at
4 3970°11. The wave-length has been determined from four
plates, and its probable error is 0-030, but as the line is not far
from where a ghost of I should fall, I cannot be certain that
it belongs to the prominence spectrum. At the same time it is

* For previous papers on promiuence photography see—'Technology Quarterly,
vol. iii., No. 4, 1890 ; Astronomische Nachrichten, Nos. 3006, 3037 and 3053;
Sidereal Messenger, June, 1891; This Journal, August. 1891.
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very much brighter than any other of the seven ghosts of H
and K, and its position with respect to H is not symmetrical
with that of the first ghost on the opposite side of this line,
while in the case of K the ghosts are very regularly spaced.
My assistants report that they were able to see H very plainly
double in a brilliant metallic prominence observed July 27,
and on one or two occasions Professor Young has made out the
same thing. The agreement in wave-length with Ames’s
hydrogen line at 3970-25 is by no means satisfactory, and more
observations and measures are required before a conclusion can
be reached.

No one can doubt that the next four prominence lines are
members of the well-known hydrogen series, for their agree-
ment in wave-length with the values given by Ames is cer-
tainly very striking. Cornu’s measures show considerable
differences, as do also those of Dr. Huggins, but the small dis-
persion employed by the latter in this investigation must be
borne in mind. There can be little question that Ames’ wave-
lengths are very near the truth, for they almost exactly corre-
spond with those calculated by Balmer’s formula. The meas-
ures of the prominence lines also serve to confirm them.

The remaining prominence line at A2 3888-73 has not been
accounted for. It forms a close double with the hydrogen
line at A 8889-14, and with it attains as great elevations above
the limb as those reached by H and K. The character of the
lines, however, is quite different, for while the hydrogen line
is wider, and slightly ditfuse, the line at 1 3888-73 is very
narrow and sharp. I have seen no statement that the hydrogen
line has shown any signs of dnplicity, and, as Mrs. Huggins
has had the kindness to examine the corresponding line in
some very sharp photographs of steller spectra with the same
reslult, we have reason to consider an independent origin prob-
able.

The results so far obtained can only be regarded as prelim-
inary, for with the improvements now being carried out in the
telescope and spectroscope, and the much greater frequency
of metallic eruptions as the maximum sun-spot period 1s
approached, it is certainly to be hoped that many more lines
will be photographed. The ultra-violet spectra of sun-spots
have also been worked upon with some indications of success,
and there will evidently be no lack of opportunity in the new
and interesting fields thus opened to investigation.

London, August 13, 1891.





