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INTENSITY MEASUREMENTS IN THE
SPECTRUM OF MANGANESE*

By RaYMOND S. SEWARD
PHysicAL LABORATORY OF STANFORD UNIVERSITY

ABSTRACT

Relative intensity measurements have been made for the lines of twenty-five
multiplets of manganese, containing about one hundred and fifty lines in all. All but
three of these were of Mn I. None of the Mn II multiplets measured were found to
contain lines of abnormal intensity. On the other hand, at least eight multiplets of
Mn I contain lines which are clearly anomalous. These eight multiplets contain a large
number of the strongest lines of the spectrum. All involve terms derived from the term
a’D of Mn II and are of the inverted type with wide separations between the sub-
terms. There seems to be regularity in the departure from normal intensities which
can best be described by graphs in which the calculated intensities are plotted against
the measured intensities on double logarithmic paper. In these plots, the satellites
often assume a regular pattern above or below the main diagonal lines.

The total relative intensities of seventeen of these multiplets have also been meas-
ured. After reasonable excitation corrections have been applied, the agreement of their
intensities with the theoretical values is as close as is to be expected. The measure-
ments on the quartet triad of this group are the most reliable.

INTRODUCTION

HE elements of the iron group present complex spectra which are at pre-

sent in the process of analysis.! A number of intensity studies have been
made upon elements of this group, chiefly by Frerichs? at Bonn, by Harrison
and co-workers® at Stanford, and by Ornstein and Bouma* at Utrecht.

The element manganese stands at the center of the iron group. Its max-
imum multiplicity is eight, which is the largest attained in this group. It is
expected that departures from the Russell-Saunders or LS coupling which
predominates in elements on the left side of the periodic table will gradually
increase as the atomic number of the element in the group becomes greater,
and at the same time departures from the normal intensity formulas will in-
crease. Hesthal has found a greater fraction of anomalous lines in the mul-
tiplets of chromium (Z =24) than has Harrison in titanium (22), while the
work of Ornstein and Bouma indicates still greater departures for cobalt (27)
and nickel (28). The element manganese (Z=25) thus takes an interesting
intermediate position in this connection.

* This work was done while the author was on leave of absence from the College of Puget
Sound.

1 H. N. Russell, Astrophys. J. 66, 283-328, 347438 (1927).

2 R. Frerichs, Zeits. {. Physik 31, 305 (1925); Ann. d. Physik 81, 807 (1926).

3 G. R. Harrison, J.0.S.A. 17, 389 (1928). G. R. Harrison and H. Engwicht, J.0.S.A. 18,
287 (1929). G. R. Harrison, J.0.S.A. 19, 109 (1929). C. E. Hesthal, Ph.D. Thesis, Stanford
University Library. Paper also reported at meeting of Am. Phys. Soc. Chicago, November 29~
30, 1929, Paper No. 25. Abstract Phys. Rev. 35, 126 (1930).

4.L. S. Ornstein and T. Bouma, Phys. Rev. 36, 679-693 (1930).
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Considerable work has been done on the analysis of the spectrum of Mn I
and a less amount on that of Mn II. The analysis of Mn I given by McLen-
nan and McLay?® and unpublished data furnished by Dunham of Mt. Wilson
Observatory have been used in the present study. Material for Mn II has
been taken from recent articles by Russell® and by Duffendack and Black.?
The assignments of terms to definite electron configurations as given by
Russell® and by Hund? is used.

The aim of the present investigation has been to secure accurate intensity
determinations of as many lines of the spectrum of manganese as is practic-
able in order that the information may be available for reference in connec-
tion with atomic problems.
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Fig. 1. Energy level diagram of the spectral terms of Mn I and Mn II.

Some features of the manganese spectra are summarized in Fig. 1, which
is an energy level diagram of the spectral terms. They are classified according
to multiplicity, there being quartet, sextet, and octet terms of Mn I and
quintet and septet terms of Mn II. The separations of sub-terms are not
shown. Symbols for electron configurations where known are written in
front of the term symbols. Lines are drawn between terms to indicate mul-
tiplets. These are identified by numbers written in circles drawn on the lines,
the larger numbers being assigned to the shorter wave-lengths. Intersystem
transitions are represented by dotted lines.

~Multiplets 27, 28, and 31 constitute a quartet triad, while multiplets 32,
36, and 40 make up a sextet triad. All six multiplets are due to sp electron

5 J. C. McLennan and A. B. McLay, Trans. Roy. Soc. Canada III, 89 (1926).
¢ H. N. Russell, Astrophys. J. 66, 233-255 (1927).

7 0. S. Duffendack and J. R. Black, Phys. Rev. 34, 35-43 (1929).

8 H. N. Russell, Astrophys. J. 66, 283-328, 347-438 (1927).

% F. Hund, Linienspectren, Julius Springer, Berlin, 1927, p. 181.
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jumps and constitute two related super multiplets. Russell has shown that
similar sp jumps are responsible for important triads in other members of the
iron group.!® All of the eight terms involved in these supermultiplets are in-
verted and will be referred to as the inverted system of terms, while most of
the other terms of Mn I are normal. It is in members of this supermultiplet
that the most interesting intensity results were found in the present study.

EXPERIMENTAL PROCEDURE

The method of photographic photometry of spectral lines used in the pre-
sent study has been described thoroughly in an article by G. R. Harrison.!
The general method of procedure will not be given, but only special details
noted.

The source used was an arc whose cathode consisted of a purified carbon
rod into a cavity of which had been introduced finely pulverized manganese.
For the anode a silver rod was used, as this gave a more steady arc than a
second carbon rod, there being no serious overlapping of the silver lines with
those of manganese.

Some spectrograms on each plate were exposed with an arc run at atmos-
pheric pressure, while for others the pressure was reduced to from 10 to 20
cm of mercury. Currents of from 0.5 to 3.0 amperes were employed in order to
give variable conditions of self-reversal and excitation and to bring out the
strong and weak lines at the best intensities for measurement.

The source used for calibration in the ultraviolet was a mercury arc in
quartz operated by a 110 volt storage battery, while in the visible a gas-filled
6 volt, 20 ampere tungsten lamp with a ribbon filament was used. As a
standardizing source for much of the ultraviolet as well as all of the visible,
a “black body” electric furnace with quartz window operated at about 2400°C
was employed (see page 290 of reference 9), the intensities for various wave-
lengths being determined by Wien’s Law.

For varying the intensity during calibration, neutral wire screens were
used whose transmitting power had been previously determined by ther-
mopile readings.

The spectrographic arrangement, as in previous studies, was of a modified
Paschen type. The lens for focusing the source on the slit was a quartz fluorite
achromat of 2.5 cm aperture and a focal length remarkably constant at about
25 cm for all wave-lengths encountered. The grating was a concave reflector
of about 35 feet radius, containing about 85,000 lines, 5900 per cm, the disper-
sion in the first order being about 1.67 A. per mm. This grating is remarkably
free from ghosts, has intense first and second order spectra, and is in general
excellent for intensity work.

The plates used, except for the region A\ 5300-6000, were the Eastman 36
brand. To secure measurable spectrograms for the green and yellow regions
with the same exposure times as were used for the more actinic regions, pan-
chromatic plates sensitized with ammonia were employed. Such plates, while

10 See reference 1.
1t G, R. Harrison, J.0.S.A. 19, 267 (1929).
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comparatively sensitive, are apt to become fogged and mottled. Their con-
trast was found much greater than desired, and the measurements made by
their use are not so reliable as the others.

Self-reversal seems to have been reduced to a negligible amount in most
cases, as indicated by a 45° slope to the “self-reversal curve” for a multiplet.!?
Exceptions in which self-reversal corrections were added are noted in the dis-
cussion of results.

Six sets of plates were secured, two of which covered the entire available
spectrum (AX 2500-6000). From 12 to 18 measurable spectra were obtained on
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Fig. 2. Calculated and measured intensities for Multiplet 21 (a®D —y5P).

each plate. The results (recorded in the Table of Results) were obtained by
averaging what were considered the most reliable determinations. It was im-
possible to measure accurately the weaker lines in certain exposures and in
others the stronger lines were too black for accurate determination. But from
20 to 60 determinations were made for all but a few inaccessible lines.

REsuLTs AND DiscussioN

Intensities within multiplets. The intensities of the lines making up a given
multiplet may be determined with much greater accuracy than is possible
when lines of different multiplets are compared, because excitation conditions

12 In a self-reversal curve, the measured intensities are plotted against the calculated inten-

tensities on double logarithmic paper. For an explanation of such curves see p. 401 of the first
reference_cited in reference 3.
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are similar for the various lines, and the plate sensitivity generally does not
differ greatly for the lines being compared.

The results of the relative intensity measurements for the individual
multiplets are found in column S of the Table of Results; the corresponding
calculated intensities appear in column 4; while the results obtained by Fre-
richs for fitve multiplets which he measured appear in column 6. In all cases
the intensity is expressed in percent of the strongest line. For convenience in
testing the Sum Rule, the sums of the line intensities from a given upper
state and of those having a given lower state have also been determined.
These appear in the same column as the line intensities. Column 3 gives the
term or transition distinguishing the sum or line.
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Fig. 3. Calculated and measured intensities for Multiplet 27 (a*D —2z'F).

The measurements for the most interesting individual multiplets will
now be discussed, following the order of decreasing wave-length.

Multiplet 21 (a®D —ySP; AN 5540-5340). Besides lying in a region to which
the ordinary photographic emulsion is insensitive, this multiplet covers a wide
wave-length range in which the sensitivity of the panchromatic plate has a
number of maxima and minima. It was also necessary to use exposures which
were not favorable to complete removal of self-reversal. In obtaining the
tabular values, self-reversal corrections were applied in some cases. The re-
sults indicate that lines b and f are abnormally weak. The multiplet is of
interest in that its upper state belongs to the normal system of terms, while
its lower state belongs to the inverted system. The calculated and measured
intensities are shown graphically in Fig. 2.
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Multiplet 23 (a8S —28P; AN\ 5432-5395). The two lines in this intersystem
multiplet are fairly strong. Although there is no theoretical relation known
between the intensities of such lines, the present measurements illustrate that
the lines of largest J values are the strongest, and that the intensities follow
qualitatively rules similar to those for lines in normal multiplets.

Multiplet 25 (a*D;—3%Fy, a*Dy—28F5; N 5000) and Multiplet 45 (a5S— 2P,
A\ 3220) gave similar results.

Multiplet 27 (a*D —24F; N\ 4766-4671). A large number of very consistent
determinations were made on multiplet 27 in which self-reversal graphs
showed a uniform slope of 45°, indicating the vanishing of this effect. The
averaged values taken from the Table of Results are plotted in Fig. 3. A
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Fig. 4. Calculated and measured intensities for Multiplet 28 (a‘*D —z'D).

large number of similar graphs for the individual exposures showed an almost
identical structure. While the four brightest lines are seen to have intensities
very close to their calculated values, this is not the case for the first order
satellites, line ¢ being much too bright, line d less so, while line ¢ is too weak.
The wide divergence of lines ¢ and e which are of nearly equal calculated in-
tensity, is most striking.

Muliiplet 28 (a*D — 2D ; A\ 4502-4415). This multiplet is a second mem-
ber of the triad to which multiplet 27 belongs. It is also one of the five man-
ganese multiplets measured by Frerichs. As in the previous case, a large
number of consistent determinations was made. The plot of the calculated
and measured intensities on double logarithmic paper is shown in Fig. 4.
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Both groups of satellites show very striking departures from the normal, be-
ing too bright by varying amounts. There are eight lines of fairly nearly
equal calculated intensity in this multiplet, so that departures from the nor-
mal intensity could not very well be explained by self-reversal, even if some
were present. An excitation correction would not tend to lessen the depar-
tures of the lines, since the lines which are too bright do not have a common
upper state.

Multiplet 29 (s5P — 8D ; AN 4462-4455). This is the most satisfactory ex-
ample of a multiplet belonging to the normal system of Mn I as distinguished
from the inverted system. All the lines except ¢ and # were resolved. The
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Fig. 5. Calculated and measured intensities for Multiplet 31 (a*D —y*P).

determinations showed excellent consistency and agreement with the cal-
culated values. Frerichs obtained similar results.

Multiplet 31 (a*D—y*P; N\ 4312-4235). Multiplet 31, plotted in Fig. 5,
is the third member of the quartet triad. As in the case of multiplet 28, the
first order satellites are too bright; also lines ¢ and ¢ of nearly equal calculated
intensities differ widely in measured intensities. The two second order
satellites appear somewhat too bright and of more nearly equal intensities
than their calculated values, although these lines were too weak for best
determination. Frerichs obtained similar results in this case also.

Multiplet 32 (aSD —28D%; N\ 4084-4018). This is the first member of the
sextet triad belonging to the sp inverted supermultiplet. Fig. 6 shows some
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of the satellites too weak as compared with the main diagonal lines. This is
in contrast to the corresponding DD° quartet multiplet 28, in which the cor-
responding lines were too intense. Lines j and & were not resolved completely.
Their sum was measured, and then this value was distributed to the two lines
in a ratio equal to the apparent intensities given when they were partly re-
solved. The position of these two individual lines is not known exactly, but
their sum is not so great as the calculated value of the sum. This is another
case in which departure from calculated values could not be explained by self-
reversal, since a number of lines of nearly equal calculated intensities give
radically different measured values.
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Fig. 6. Calculated and measured intensities for Multiplet 32 (asD —3z5D9).

Multiplet 36 (a®D —25F; N\ 3844-3776). When conditions were best for
removal of self-reversal, cyanogen bands were apt to develop in the posi-
tion occupied by multiplet 36. In order to resolve two pairs of interesting
lines, it was also necessary to work in the second order. For these reasons,
exposures in which some self-reversal remained were used in calculating the
intensities, a small correction being applied to correct for the effect. The plot
of the intensities as shown in Fig. 7 would be very similar if this correction
had not been applied, except that the slope of the curve would be less. The
departures from normal intensities are in this case the clearest and most regu-
lar of any so far encountered. The first order satellites are all clearly too weak
as compared with the main diagonal lines. Since the lines are too weak, there
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is no possibility of explaining their deviations by laps with unidentified lines.
The two second order satellites f and ¢ seem to have the order of their inten-
sities inverted, though the data so far as this is concerned are not conclusive.

Multiplet 40 (a®D —x5P; AN\ 3629-3577). This multiplet completes the
sp sextet triad and is the last member of one of the supermultiplets arising
from the a°D term of Mn II. Measurements were possible in which self-
reversal was apparently completely eliminated, and a large number of deter-
minations gave nearly identical results. Of the first order satellites, line d is
much too intense, line e slightly so, and line f is apparently about normal. The
second order satellites g, &, 7 seem to be abnormally bright; these latter form
a line in Fig. 8 which has much less slope than the main diagonal line.
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Fig. 7. Calculated and measured intensities for Multiplet 36 (a%D —2°F).

Multiplet 42 (a*D —z°P; A\ 3497-3442). This was the only complex mul-
tiplet of Mn II available for measurement. All measurements gave excellent
agreement with the calculated values.

Multiplet 44 (a®D — y8 FO; AN\ 3260-3209). Because of its comparative weak-
ness, this multiplet, like its prototype number 36, was measured from ex-
posures which had some self-reversal. The plot of its intensities shown in Fig.
9 is almost a reproduction of that for number 36, except that line fis a little de-
pressed. Although the departure from normal intensities by the first order
satellites is of the same type as in number 36 the amount of this departure is
somewhat less. The second order satellites seemed to be stronger than their
calculated values.
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Fig. 8. Calculated and measured intensities for Multiplet 40 (a*D —x*P).
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Fig. 9. Calculated and measured intensities for Multiplet 44 (a®D —y*F°).
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Multiplet 46 (z8P —f3S; AN 3178-3148). Multiplet 46 gave very close
agreement with the calculated values. It is the second member of a sharp
series following a Rydberg formula, multiplet 26 being the first member.

Multiplet 47 (a®D —wtP; AN\ 3082-3044). This has the same final state as
has number 40. While the upper state has not been assigned to any electron
configuration, it has normal intensities or nearly so (Fig. 10), and does not
show anomalies analogous to those in number 40.
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Fig. 10. Calculated and measured intensities for Multiplet 47 (asD —wSP),

Multiplet 49 (8P —f8D; N\ 2940-2914). Measurements indicated the nor-
mal intensity ratio between lines b and a. Line ¢ was a little strong, probably
due to a lap.

In summarizing the line intensities within multiplets, it may be stated
that most of the anomalous lines, if not all of them, were in multiplets whose
terms, one or both, were derived from the a®D term of Mn II. The departure
from normal intensities shown in graphs of Figs. 2 to 10 are of a regular nature
in some cases at least. It is always possible to draw a straight line which
passes through or near each point representing a main diagonal spectral line.
Such lines can also be drawn through some of the satellite points, but the
latter line is usually broken in the middle. One may proceed along this broken
line in the shape of a V with the J values (subscripts) increasing or decreasing
in regular sequence. Lines L, jos, ka3, €4s, and bs; of multiplet 36 illustrate this
regularity. It seems probable that this regular departure is caused by some
perturbation factor which is usually negligible but which assumes significant
values in the present case.
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Relative intensities of the multiplets. Intensities for different multiplets,
even when related, depend greatly on excitation conditions; so that measure-
ments obtained under one set of conditions may not be compared directly
with those obtained under another set. The figures for relative line and mul-
tiplet intensities given in column 7 of the Table of Results are based mainly
on measurements made under fairly uniform conditions; namely, a current of
1.0 ampere and a pressure of 18 cm of mercury. Figures for each exposure
were worked out separately and reduced to a common standard before finding
the average figure which appears in column 7.

To obtain the intensities for infinite excitation as given in column 9, it was
necessary to find the equivalent temperature. For this purpose the theoretical
intensities of the members of the sp supermultiplet were employed.

The numbers 14, 10, 6, 15, 21, 9 are the intensities of multiplets 27, 28, 31,
32, 36, and 40 respectively as calculated by formula. The calculated intens-
ities for the lines in each multiplet were first adjusted so that their sums were
proportional to these numbers. The proper »* correction was applied for each
line, and the results placed in column 8 of the Table of Results.

If the multiplets may be brought to their calculated intensities by excita-
tion correction,the equation log,R =0.625A¢ /T must have a common temper-
ature solution. R is the factor required to bring the relative intensity of a
line, or group of lines of common upper state, to the value for infinite excita-
tion, and Ae is the difference in term values of the upper statein question and
that of a line used as a standard.

In seeking the common solution of the above equation, the following pro-
cedure may be followed. The ratio I,,/I. (measured intensity)/(calculated
intensity) for each line group of common upper state is determined. The
factor R, by which each of these I,./I. values must be multiplied to make it
equal to the value for the standard is next found. Finally the logarithms of
these R, values are plotted as ordinates and the corresponding Ao values as
abscissas. In case these points all lie on a straight line, the intensities are
normal, and the equivalent temperature may be found from the slope of this
line; i.e., T=0.625Ac/logiwR. In practice, a straight line which passes
through as many such points as possible is drawn, the equivalent temperature
and the corresponding excitation factors for different states being taken as
determined by this line, the corrected measured intensities thus coming out
greater or less than their calculated values according as their plotted points
lie below or above the line.

In the present case, the first four multiplets had intensities which approxi-
mated their theoretical values quite closely, the equivalent temperature being
between 5000 and 6000A. On the other hand, multiplets 36 and 40 had in-
tensities which were much too small. These multiplets occur at wave-lengths
about 3800A and 3600A respectively. It was thought that the apparent
anomaly might be due to small J/I standardization values resulting from the
action of scattered light. To test this point the values obtained when a filter
was used which transmitted only ultraviolet light were tried for the members
of the sextet triad, the quartet members being in a region not transmitted by
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this filter. In this case the three multiplets showed fair alignment, although
the calculated temperature tended to be a little less than in corresponding
exposures for the quartet triad.

The measured intensities corrected for infinite excitation as recorded in
column 9 of the Table of Results were obtained by first determining the re-
lative intensities of the four multiplets of longest wave-length; then the rela-
tive intensities of the three short wave multiplets were determined from two
exposures using the filter as just described. The two determinations were then
tied together by multiplet 32 common to both sets. The intensities of other
short wave multiplets in column 8 were also raised to correspond to these new
determinations, the procedure being equivalent to a new standardization.
From the preceding statements, it may be inferred that the determinations
for the long wave-lengths are most reliable, and that it will be desirable to
make further measurements in the ultraviolet in which more reliable stand-
ardizations for this region are available. This does not, however, affect the
validity of line measurements in multiplets.

No total multiplet intensities for wave-lengths less than 3400A have been
given, as intensity values for standardizing are not available at this time.

The approximate multiplet intensities as recorded in column 7 have also
been written on Fig. 1, which may be used as a convenient means of studying
the multiplet intensities as a whole. The values for the high upper states will
be increased, of course, for higher equivalent temperatures or decreased for
lower equivalent temperatures than that of the source here employed. It may
be noticed that the sextet and quartet triads furnish a large part of the total
radiation. Multiplet 41 in the octet system is very intense. Multiplet 34,
furnishing the raies ultimes, while of very respectable intensity, is neverthe-
less surpassed by some of the others in total intensity. The comparatively
small intensity of multiplet 21 as compared with that of number 40 with the
same lower state and higher upper state is of interest. It may be recalled that
number 21 has its lower state in the inverted system of terms and upper state
in the normal system. Its comparative weakness may be connected with this
fact. Multiplet 20, on the other hand, is much more intense than number 33
which has the same lower state. In this case, both the upper states, as well as
the lower state, are of the normal type.

The present work has been made possible by the use of the equipment
developed by Dr. George R. Harrison in the Stanford Spectroscopy Labora-
tory. To him and to the other workers in the same laboratory, who have
furnished invaluable help and shown a fine spirit of cooperation, the writer
wishes to acknowledge his sincere appreciation.

TABLE OF RESULTS. Summary of intensity measurements.
Explanation

Column 1—Number of multiplet; distinguishing letter for each line.

Column 2—Approximate wave-length of the line.

Column 3—The transition for the spectral line or the term common to a line sum. Landé
quantum numbers are used for the Mn I multiplets or for those of even multi-
plicity. Sommerfeld quantum numbers are used for Mn II multiplets. The
first kind of quantum number is changed into the second by the subtraction of
a half unit.
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Column 4—Calculated intensity in percent of the strongest line.
Column 5—Measured intensity in percent of the strongest line.
Column 6—Intensity in percent of the strongest line as measured by Frerichs.
Column 7—Measured intensities reduced to a common standard (equivalent temperature
about 5500 A, current 1.0 ampere, pressure 18 cm of Hg.
Column 8—Calculated intensities for six related multiplets reduced to a common standard.
Column 9—Measured intensities corrected for infinite excitation,
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1 2 3 4 S 6 7 8
No. Mul.| Wave-length Trans. Icin% Imin% | - Irin % I, St. I, » Iy
20 z 602%.8 z';ﬂ.e°§ 1(7)0.0 1(7)0.0:t 65.0
16.6 28 P0geb, 5.2 5.5+ 49.0
a 13.5 28P0368S 54.3 53.0+ 34.4
20 Total 229.5 228.5 148.4
21k 5537.7 a8D,y8 Py 17.3 20.2 5.7
4 16.8 a8D1y8P0y 25.0 25.0 7.0
J 08.9 atDyy8 Py 10.6 8.3 2.3
3 5481.4 atDsytPo, 16.8 18.3 5.1
d 70.6 atD3y8Poy 33.0 34.4 9.6
c* 57.5 atDsy8Py 4.36 — _—
¢ 20.4 atDytPoy 49.5 48.3 13.5
b 01.4 atDytPo, 27.2 24.5 6.9 -
a 5341.1 atDsysPo 100.00 100.0 28.0
atDs 100.0 100.0
asDy 75.6 72.8
atDy 54.1 57.0
asDs 35.6 33.3
ath, 17.3 20.2
y8PY 132.0 129.0+
8P, 92.0 1.0
48P0y 58.0 63.5
21 Total 283.0 283.4 79.0
23 » 5432.6 a8Sz8Ps 62.7 4.4
m 5394.7 a8Sz8P, 100.0 7.0
23 Total 162.7 11.4
24 2 5413.7 #PYedS 32.5 34.2 2.7
y 5399.5 24PYgetS 65.8 64.0 5.1
x 77.6 24P%esS 100.0 100.0 8.0
24 Total 198.3 198.2 15.8
25 ¢ 5004.9 atDsz8F% 63.0 2.3
? 4965.9 a*D bRy 100.0 3.7 ——;—g
25 Total 163.0 6.0 —
26 4823.5 28P0yesS 100.0 100.0 240.0
y 4783.4 28P%e8S 82.6 82.5 198.00
x 61.5 28P%e8S 63.2 58.3 140.00
26 Total 245.8 239.6 578.0
27 4766.4 64Dz4FO, 68.0 69.0 92.7 92.6 92.7
h 4765.9 arD ARy 44.5 42.7 57.4 60.7 57.4
g 62.4 atD 4 F% 100.0 100.0 134.2 136.3 134.2
J 61.5 4D 124 F0 27.8 27.9 37.5 38.0 37.5
e 39.1 a*DazAF 0y 11.4 9.3 12.6 15.6 12.6
d 27.5 atDsztFoy 15.3 17.3 23.2 20.8 23.2
‘I; 89; a‘BaZ‘?ﬁa l2.é 16.:75 21.34 16..;5 21.84
1. atDyz4Foy .85 g% . 1. .
a 4671.7 a‘D:Z‘F": .6 6% .81 .82 .81
a‘Dq 113. 116.9 153.6
atDy 84. 87.0 114.6
atDs 56. 52.0 76.1
atDy 27.8 27.9 38.
24]70g 100.0 100.0 134.2 136.3 134.2
24FY% 80.0 85.3 114.6 109.1 114.6
$4F0 60.3 60.6 81.4 82.3 81.4
24F0, 39.7 40.05 51.0 54.7 51.0
27 Total 280.0 286.0 381.25 382.0 381.25
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1 2 3 4 5 6 8 9
No. Mul. |Wave-length Trans. Icin % Inin % Irin % I, St I, Iy
28 s 4502.2 ‘Dzt D% 15.6 27.0 24.5 21.6 19.2 32.4
r 4498.9 atDADs 19.7 27.6 23.6 22.1 24.2 36.1
q 90.1 atDs4 DY 14.0 15.7 14.5 12.6 17.2 18.8
? 72.8 atD D)y 14.4 13.9 12.4 11.1 17.5 16.7
0 70.1 a‘DydDy 22.6 21.0 17.6 16.8 27.8 25.2
n 64.7 a*DszADs 49.5 48.0 40.5 38.4 61.0 57.6
m 53.0 atD 2Dy 14.5 17.3 15.7 13.8 17.8 20.7
! 51.6 atD Dy 100. 100.0 100. 80.0 123. 120.0
k 36.4 atDzA D" 20.8 27.2 25.4 21.8 25.6 32.6
7 14.9 atD gDy 16.9 32.4 26.6 25.9 20.8 39.8
a‘Dy 116.9 132.4 126.6 143.8
atDs 85.9 102.0 90.4 105.8
atD; 56.8 65.9 56.9 69.8
a‘Dy 28.4 29.6 26.9 34.7
24D 115.6 127.0 124.5 101.6 142.2 152.4
2D 86.1 108.0 90.7 86.4 106. 133.5
“D" 57.4 63.9 57.5 51.2 70.6 76.6
24Dy 28.9 31.1 28.1 24.9 35.3 37.4
28 Total 288.0 330.0 300.8 264.1 354.1 400.0
29 B 4462.0 28P%e8Ds 100.0 100.0 100.0 57.0
© 61.1 28P%e8D, 28.6 29.1 26.9 16.6
3 60.4 28P0e8D, 4.76 6.8+ 4.64 3.9
5 58.3 28P0s¢8D, 51.6 51.8 51.8 29.6
x 57.6 28P3¢8D 36.6 37.9 37.2 21.1
w 57.0 26P3¢8Ds 12.0 11.6 11.4 6.6
? 55.8 28P23e8D; 18.6 18.4 17.3 10.5
% 58.3 28P 28D 28.5 27.8 26.9 15.8
¢ 55.0 28P%e8D 20.1 22.7 18.9 12.9
28PY 133.4 135.9 131.5
28Py 100.2 100.4 100.4
28P; 67.22 68.9 63.1
e8Ds 100.0 100.0 100.0
e8Dy 80.2 80.9 78.7
€tDs 60.0 62.4 59.1
€8Dy 40.5 39.4 38.3
etDy 20.1 22.7 18.9
29 Total 300.8 305.2 295.0 174.0 400.0
31 g 4312.6 atD V4P 2.32 5.4% 6.7 2.5 2.44 5.2
f 4284.1 atD\Y4P, 3.94 6.9+ 7.1 3.3 4.14 6.7
€ 81.1 a*DsY4P Yy 21.4 36.4 34.6 17.2 22.5 35.4
d 65.9 atD V4P, 25.8 37.3 32.5 17.6 27.1 36.3
¢ 57.7 asD\ V4P 20.0 26.2 23.4 12.8 21.05 25.5
b 39.7 atD:Y4P), 20.6 21.0 20.8 9.8 21.7 20.4
a 35.3 a‘D V4P 100.0 100.0 100.0 47.1 105.0 97.2
a 35.1 atD:;Y4P), 62.3 52.3 52.3 24.7 54.9 51.0
atDy 100.0 100.0 100.0 105.0
atDs 73.7 88.7 87.1 77.4
atD, 48.7 63.7 60. 51.2
a‘Dy 23.9 33.1 30.5 25.2
4P 123.7 141.8 141.3 66.8 129.9 137.8
yAPY, 82.0 96.5 92.1 45.6 86.1 94.0
34P% 40.6 47.2 44.2 22.6 42.7 45.9
31 Total 246.3 285.5 277.6 139.8 258.8 277.7
32 m 4083.6 atD3z8D% 30.2 19.2 23.0 87.0 65.1 42.8
1] 82.9 a8Dz8D0y 28.5 19.0 21.7 86.0 61.0 42.3
k 79.4 atD1z8D0, 18.2 15.5 15.0 70.0 39.0 34.5
7 79.2 atDz8D0 21.6 15.0 15.0 68.0 46.1 33.4
i 70.3 a8D 12800, 5.3 4.3 4.3 19.5 11.4 9.6
k 68.0 a8D 280, .53 1.1£ .5 5.0 1.14 2.4
g 63.5 abD3z8D0; 12.3 13.1 13.5 59.4 26.4 29.2
f 58.9 a8Dyz8D0; 18.6 18.1 16.8 82.0 39.8 40.3
e 55.6 a8D 8D, 43.5 43.9 45.0 198.5 93.0 97.5
d 48.8 atDyz8D0, 29.4 25.1 29.4 113.8 63.0 55.9
c 41.4 a8D5z8D0 100.0 100.0 100.0 454.0 214.0 222.0
b 35.7 a8Dz8D0 32.0 34.3 30.9 155.0 68.4 76.1
a 18.1 asDz8D0y 22.9 24.0 23.5 109.0 49.0 53.5
a8Ds 122.9 124.0 123.5 263.0
atDy 97.1 93.2 90.9 207.5
atDs 71.9 57.4 65.9 154.5
atD, 47.6 38.2 39. 101.9
asD, 23.5 19.8 19. 50.4
23D0 121.6 115.0 115.0 522.0 260.1 255.4
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1 2 3 4 S 6 7 8 9
No. Mul. | Wave-length Trans. I:in % I,in % Irin % I St Ic » Iy o
28D0, 96.6 87.1 91.5 394.5 207.1 193.8
26D0y 72.8 66.4 66.1 300.4 155.8 147.6
2800, 48.1 41.7 44.9 188.8 103.1 92.8
28D0; 23.9 22.4 21.1 101.5 51.2 49.9
32 Total 363.0 332.6 338.5 1507.0 777.3 739.5
33 r 4061.7 28P0,f65 100.0 100.0+ 1.2
q 4059.4 28P0,f8S 75.0 74.2% .9
b4 4057.96 28P0,f65 50.0 50.6% .6
33 Total 225.0 224.8 2.7
*
34 2 4034.5 a8Sz8P%, 50.0 60.0 206.0
v 33.1 abSz5P% 75.0 87.5 309.0
x 30.8 a’Sz5P 100.0 100.0 412.0
34 Total 225. 247.5 927.0
36 n 3844.0 a8Dz8F; 8.27 10.1 55.0 33.1 41.0
" 41.1 a8Dqz8F s 21.2 24.1 131.0 85.0 98.0
! 39.8 asDz8F 14.2 10.9 59.2 57.0 44 .4
k 34.4 a8D28F), 40.2 45.2 245.0 161.0 184.0
i 33.9 a8Dyz8F "y 22.1 15.4 83.6 88.6 62.7
i 29.7 a8D28F 1.81 4. + 21.7 7.2 16.3
h 23.9 a8D 281 26.0 18.3 99.0 104.0 74.5
g 23.5 a8Dz8F% 66.0 71.1 386.0 264.0 289.0
f 16.7 a8Dsz8l), 1.97 3. £ 16.0 7.91 12.2
e 09.6 a8D28F 24.6 14.8 80.5 98.5 60.2
d 06.9 a8Ds28F % 100.0 100.0 543.0 400.0 407.0
¢ 3799.3 a8D8F s 1.36 2) 11.0 5.45 8.1
b 90.2 a8Ds28F % 16.4 6. 35.2 65.5 26.4
a 76.5 a8D 2817 .6 (1) 5.4 2.4 4.1
asDs 117.0 107.5 417.0
abDy 92.0 87.9 368.0
asDs 68.2 66.5 272.9
asD, 45.1 45.1 180.8
atD, 22.5 21.0 90.1
28F 100.0 100.0 543.0 400.0 407.0
28[% 82.4 77.6 421.2 329.5 315.4
28F0, 65.4 61.0 330.9 261.9 248.3
28F0y 48.6 44 .4 241.0 194.5 180.6
28[70y 32.4 28.5 154.6 129.6 115.9
26170y 16.0 14.9 80.9 64.2 60.7
36 Total 344.8 326.4 1770.0 1379.7 1328.0
38 3800.6 24P%etDy 100.0 100.0
3787.5 24P%etDy 53.6 40.0+
74.7 24P%etDy 23.2 15.0%+
38 Total 176.8 155.0
40 4 3629.1 a8Dsx6P 4.5 8.9 13.3 19.7 11.5 23.8
h 23.8 a®Dx8Py 11.4 15.5 23.6 34.4 29.1 41.4
g 19.4 a®D 8P, 19.2 22.3 32.8 49.5 49.0 58.5
f 10.3 abDyx8P "y 27.4 27.3 40.0 60.5 70.0 72.8
e 08.5 a®Dsx8P '3 35.3 37.0 50.3 82.0 90.3 98.8
d 07.5 a®Dsx8P 27.6 35.9 48.7 79.7 70.7 95.8
¢ 3595.1 a8D8P)y 18.4 18.5 22.5 41.0 46.6 49.4
b 86.5 8D x8P 51.1 50.4 58.4 112.0 131.0 134.5
a 77.9 atDsa8Py 100.0 100.0 100.0 222.0 256.0 267.0
atDy 100.0 100.0 100.0 256.0
asDy 78.7 86.3 107.1 201.7
a8Dsy 58.2 64.4 86.1 148.4
a8D; 38.8 42.8 63.6 99.1
a¢D, 19.2 22.3 32.8 49.0
%8P, 132.1 144.8 162.0 321.4 338.2 385.6
28P0, 97.8 102.9 132.3 228.4 250.4 274.7
48Py 65.0 68.1 95.3 151.0 165.6 181.7
40 Total 204.9 315.8 389.6 700.0 754.2 819.2

* Self-reversal not completely eliminated.



360 R. S. SEWARD
1 2 4 5 6 7 8 9
No. Mul. | Wave-length Trans. I.in 9 Inin % Irin % I, St. I, » ml
41 3570.1 2%P%e*D, © 6.5
69.8 28P%e8D 32.5
69.5 48P0e3D4 100.
48.2 23P%e3Ds 18.5
48.0 28P%e3D ¢ 43.2
47.8 28P%e8Dy 52.2
32.1 28P%e3Ds 34.8
32.0 23P%e3Ds 33.4
31.8 23P%eSD 19.0
w 28P% 139.0
] 28P% 113.0
u 28P0 86.5 430.
41 Total 338.5 1680.
42 k 3497.5 abD1z8P0y 7.8 7.7 16.2
g 96.8 asDsz8P0y 3.5 3.9 8.2
f 95.8 abD) 025P% 10.4 10.3 22.0
e 86.6 asD 125 Py 23.6 23.6 49.5
d 82.9 aSD 325 P 31.0 30.5 64.0
4 74.1 abDy8PYy 18.7 19.0 40.0
¢ 74.0 a5Dz5 Py 25.0 25.4 53.4
b 60.3 @SDzb POy 50.0 50.1 105.2
a 42.0 a5D 35 PY% 100.0 100.0 210.0
a3Dy 100.0 100.0
asDy 75.0 75.4
atD, 53.2 53.4
asDy 31.4 31.3
asDs 10.4 10.4
28P0y 128.5 129.3
28P0, 88.8 88.3
5P 52,7 53.0
42 Total 270.0 270.6 568.5
4 n 3260.2 a8DyySF0 8.3 11.8
m 58.4 asDyy8Foy 14.2 14.7
! 56.1 atDsy8F0 21.1 26.6
k 52.9 atDyy8F0y 22.0 21.0
j 51.1 asDsytF0y .18 4.5+
[ 48.5 asDyytFo 40.3 43.8
13 43.8 asDyySFo 25.8 24.1
g 40.6 asD3y8FO .2 7.
s 36.8 atD.y8Fo 66.5 61.7
e 30.7 asDysFo 24.1 22.6
d 28.1 asDsybF% 100.0 100.0
[ 26.0 a8Dy8F0, .14 3. £
b 12.9 asDsy8Fo% 16.4 11.9
a 06.9 asDyySFo, . —
asDs 117.0 112.0
asD. 90.7 87.3
asDs 66.9 74.9
atDs 43.3 52.1
aD, 22.5 26.5
YOF0y 100.0 100.0
yeF 82.9 73.6
Al 64.5 66.4
YO0y 47.0 53.7
YO0, 30.5 39.8
eIy 14.4 19.2
44 Total 339.3 352.7
45 g 3224.8 asSz4 Py 100.0
x 17.0 a5Sz8 Py 45.0
45 Total 145.0
46 m 3178.5 23PY%f35 100.0 100.0
m’ 61.1 23POf3S 82.0 82.1
4 48.2 28P%f3S 62.2 62.6
46 Total 244.2 244.7
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1 2 3 4 5 6 7 8 9
No. Mul. | Wave-length Trans. Icin% Inin % Irin % I, St. I Iy
47 w 3082.1 asDyuwt P 4.55 lapped
v 81.3 asDyws Py 11.4 13.1
% 79.6 atD1wsPdy 19.2 18.3
t 73.1 atDyws Py 27.2 25.8
s 70.3 asDsws Py 35.2 34.4
r 66.0 a8D 8Py 27.8 26.1
q 62.1 asDsuP0y 18.2 18.7
P 54.4 atD s Py 51.0 51.3
0 44.6 asDswb Py 100.0 100.0
atDs 100.0 100.0
a%D, 78.8 77.4
atDs 58.0 57.6
atD, 38.6 38.9
atD, 19.2 18.3
w8 Py 132.4 130.6
wS Py 97.6 98.8
woPy 64.6 62.8
47 Total 294.6 292.2
48 3 2949.2 abS 28 Py 100.0 100.0
¥ 39.3 abS:25P)y 73.0 72.2
z 33.1 @88 225PYy 44.0 43.0
48 Total 217.0 215.2
49 G 2940.5 23P%f3D 100.0 100(10:!—5
ap
B 25.6 23POfSD 81.3 81.3
A 14.6 23P%f3D 62.0 63.8
49 Total 243.3 245.1
52 ¢ 2801.1 a’SysP,y 50.0 *100. +
b 2798.3 a8SysPdy 75.0 90. &
a 94.8 asSysPy 100.0 80.+
52 Total 225.0
61 2605.7 'SPy 47.5 *100. +
2593.7 a’Ssz"P% 68.5 100. &
76.1 a’S3" Poy 100.0 100. &
61 Total 216.0

* Self-reversal; J /I uncertain.



