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Abstract

Absolute transition probabilities have been measured for 81
lines from 14 upper levels of Mn I. Upper limits of transition
probabilities for another 14 lines from 7 of these levels have also
been measured. The method used was the measurement of relative
transition probabilities (branching ratios) of lines from each upper
level and the normalization of these relative probabilities to a
scale set by the measured lifetime of the upper level. The life-
times were measured by the technique of beam-foil spectroscopy.
The transition probabilities of four lines were used with equivalent
widths measured from the Preliminary Edition of the Kitt Peak
Solar Atlas (Brault and Testermann 1972) and the model atmos-
phere of Goldberg et al. (1960) to calculate a value for the solar

abundance of manganese of A, = 5.44 * .10. The ratios of abun-

M
dances of manganese, iron and nickel, values for the latter two
elements taken from the table of Ross and Aller (1976), were com-
pared with corresponding ratios predicted by four models of
nucleosynthesis. The closest agreement with the observations was
obtained from models using combinations of explosive oxygen

burning, explosive silicon burning and the e process with a-rich

freeze-out.
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1. Introduction

1.1 The Definition of Solar Abundance

The abundance of an element in the solar photosphere is
determined by an examination of the absorption lines this element
produces in the solar spectrum. Spectra of the sun record the
strength of absorption lines with respect to the continuum level of
radiation. From wavelengths of about 4000 A to 16000 A this con-
tinuum level is determined by the formation and dissociation of H,
which depends on the density of H in the photosphere. Hence the
intensity relative to the continuum is a measure of the number
density of atoms and ions of an element compared to that of
hydrogen atoms and ions. So the number to which we refer as

the solar abundance of element X is

Ay = 1og10(NX/NH) + 12.00 , (1-1)

where N is the number density of each element. The addition of 12
is a convention introduced by Claas (1951) to avoid negative num-

bers as abundances.

1.2 The Motivation for this Project

One of the chief motivations for determining abundances in
general is the need to test theories of stellar nucleosynthesis.
Since the classic paper by Burbidge et al. (1957) many workers
have presented calculations of how different elements have been
produced. (See Trimble 1975 for a review of models of nucleo-

synthesis.) The only way to test those theories and to determine
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the physical conditions at the time of element formation is to
examine the chemical composition of the present universe. As
Woosley (1976) notes, '"The experimentally determined abundance
pattern of the chexﬁical elements has always constituted the primary
input and chief constraint upon theories of elemental nucleosyn-
thesis.'" Among the objects which are examined are meteorites,

the sun and other stars.

The sun is an interesting object of study because it is
believed that the composition of the solar photosphere, except for
the elements Li, Be and B, is the same as that of the original
nebula which condensed to form the solar system (Cameron 1973).
This nebula was the product of nuclear burning processes in stars
and subsequent ejection of matter from stars into the interstellar
medium. So the composition of the solar photosphere gives us
information about nuclear processes and physical conditions in the
.stars which ejected the material.

Meteorites are believed to be composed of the nonvolatile
elements of the original solar nebula (Cameron 1973). It is
interesting to compare abundances of elements in the sun and in
meteorites not only to test the consistency of the results but also
to check the chemical fractionation which has occurred in the for-
mation of meteorites. Urey (1967) discusses the questions which
arise if solar and meteoritic abundances disagree.

Manganese is an interesting element to study because it is a
member of the iron group of elements (roughly vanadium through

nickel) and shares some characteristics with the rest of the
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group which make the abundance determination important. The
nucleosynthesis processes which produce iron group elements are
hydrostatic C, O and Si burning, C detonation in degenerate cores,
explosive O and Si burning and the e-process (Trimble 1975), so
the comparisons of calculated and measured relative abundances
test theories for these processes.

The iron group elements are relatively abundant in the sun
and in most stars. (See, for example, the solar abundance table
of Ross and Aller 1976.) This abundance combined with other
properties of the atoms can have significant effects in stars.
Because of the abundance and atomic numbers of iron group
elements (roughly 23-28), these elements affect the opacity in many
types of stars. In the outer layers of many stars the continuum
opacity is determined by the dissociation and recombination of the
H™ ion, and the continuum opacity depends on the electron pres-
sure. So, although the continuum absorption by metal atoms and
ions themselves is slight, their abundances affect the opacity through
their contribution to the electron pressure (Ross and Aller 1976).
Watson (1969) has demonstrated that the abundance of iron affects
the opacity near the core of the sun through the bound-free tran-
sitions of highly charged iron ions. He reported that an increase
in Ngpg by a factor of 10 would double the calculated neutrino flux
from the sun. Other iron group elements would have a similar
influence on the opacity in proportion to their abundances.

Because of the abundances and the rich spectra due to the

several equivalent 3d electrons of iron group elements, lines from
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atoms and ions of these elements dominate the spectra of many
stars. For example, over half of the lines identified in the solar
spectrum (Moore et al. 1966) of solar origin are from iron group
elements. These lines must be taken into account for accurate
model atmospheres analysis (Mihalas 1970), and, therefore, the
abundances of the elements producing the lines must be known.

Determinations of the manganese solar abundance have been
made by other workers with varying results (see Table 1), but
another determination was judged to be worthwhile for at least
two reasons. One of these reasons is the uncertainty regarding
oscillator strengths of Mn I lines. The abundance in the photo-
sphere is determined by measuring the amount of radiation absorbed
in spectral lines and by calculating the number density of atoms or
ions which would absorb the observed amount of radiation. The
strength of an absorption line is a function of NLgLfLu’ where N{,
is the number density of manganese atoms or ions in the lower
level, gy is the sta'tistical weight of the lower level and f{,u is the
oscillator strength of the {-u transition. (See the Atomic Physics
section for the definition of oscillator strength.)

The abundances of iron group elements have been very uncer-
tain because of different oscillator strengths used. (See Table 1
for the sources of oscillator strengths used in earlier determina-
tions of Apfn-) Concerning abundance determinations, Pagel (1973)

wrote, '""The skeleton in the cupboard, so far as photospheric abun-

dances are concerned, is undoubtedly the oscillator strengths,
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especially for elements in the iron group for which no decent
theory is available..."

One of the reasons for the uncertainty in transition probabil-
ities of iron group elements is the difficulty of producing a known
concentration of a given energy level. Conventional methods of
measuring absolute oscillator strengths have depended on the
measurement of vapor pressure, the weighing of an atomic beam,
or the determination of the temperature of a flame, all difficult
measurements. The production of a vapor of known concentration
is especially difficult, and gaseous compounds of iron group ele-
ments are difficult to produce, dangerous to use and unstable, so
that their use in spectroscopy has been limited.

The relatively new method of measuring oscillator strength
proposed by Kay (1963) and Bashkin (1964) by measuring the mean
radiative lifetime of excited states is free of the difficulties of the
other methods; there is no determination of the temperature of a
flame or the density of atoms in a given energy level. The life-
time of an upper level provides an absolute scale to which to
adjust relative oscillator strengths of emission lines from the
upper level.

All measurements of oscillator strengths used in abundance
determinations have involved the measurement of relative oscillator
strengths and the normalization of these relative strengths to an
absolute scale. In the work of others the measurement of relative
oscillator strengths has depended on the measurement of the tem-

perature of an arc or furnace and the assumption of local
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thermodynamic equilibrium, and the whole series of relative values
have been normalized using the absolute oscillator strengths of
from one to three lines. Our method of measuring relative oscil-
lator strengths involves no determination of temperature, since the
relative strengths are measured only for lines from the same
.upper level and are normalized using the lifetime of that upper
level. Therefore, we avoid the errors that may occur in relative
oscillator strengths due to errors in temperature determination or
deviations from local thermodynamic equilibrium in an arc.

In response to the need for additional independent determina-~
tions of f-values and solar abundances, Caltech has carried out a
program of measurement of absolute f-values of lines of iron group
elements in the solar spectrum. This program has included Fe
(Whaling et al. 1969, Smith 1972), Ni (Lennard 1974), Cr (Cocke
et al. 1973) and Ti (Whaling et al. 1977), and a study of Co is
under way. The investigation of Mn was a logical step in this
program because, as Woosley (1976) observes, it is the pattern of
abundances rather than any single abundance which is critical to
the evaluation of nucleosynthesis theories. We consider our Mn
abundance in relation to the abundances of other iron group
elements.

Therefore, the objective of this project was to select lines
well-suited for the determination of Ay, and to make a com-
pletely independent determination of their absolute oscillator
strengths. This objective has been achieved, and these oscillator

strengths have been used to determine Ay ..
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Another reason that this determination of the Mn abundance
was needed concerns the choice of lines in the solar spectrum
from which abundances have been calculated. Other investigations
have used, for the most part, lines on the saturation or damping
parts of the curve of growth. (See Chapter 4 regarding the curve
of growth, and see the equivalent widths in Table 1.) For these
lines the abundance depends on the value of the microturbulence
velocity used; the abundances are thus dependent on the model
atmosphere. The use of such lines is especially hazardous with
manganese because the hyperfine structure can affect the abundance
calculated from such lines (Heide 1968). In this investigation only
lines on the linear portion of the curve of growth are used for
abundance determination. These lines give results which are very
little affected by the model used or by hyperfine structure. We
have further restricted our selection to A > 4000 A’ a region of
the solar spectrum where the continuum is well defined and where

equivalent widths can be measured accurately.

1.3 Atomic Physics
The quantity which we set out to determine for many lines in

the manganese spectrum is the absolute transition probability Au&'

This is the probability per unit time for a spontaneous decay from

level u to level 4, where Eu’ the energy of level u, is greater than

E_ . If there are N, atoms in level u at a certain time the number

L

of transitions per second to 4 is NuAuL' As shown in Sobel'man

(1972),
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A, = @ Dllu] (1-2)
ul 23, + 1 3hc3
B, = E&
where By B sm—p— c is the speed of light, # is Planck's con-

stant divided by 2m, J, is the angular momentum of level u, and
(,{’,”D” u) is the reduced matrix element of the dipole moment
operator.

The quantity often used in abundance determinations is the

Ladenburg oscillator strength f This is easily calculated using

Lu’
the transition probability
f ——mcj— A = 1.499 x 1070324 A (1-3
8hta = T2 2 Bgfur T b ut8uur -3)
e wu&

where g, the statistical weight of level u, is 2J,+ lb, m and e are
the electron mass and charge, respectively, and Au«t’, is the wave-
length of the transition in A. Hereafter the product g{,fLu will be
referred to as gf.

To find the transition probabilities we had to measure the

mean lives of several upper levels. The mean life of a level u

is

-1
T, T <Z A%) : (1-4)

L

If one starts at t=0 with Nu(O) atoms in level u and if there is no

replenishment of level u then the number of atoms in u at time t is
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N (O)e-t/Tu. The number of photons per second of wavelength Au
u
-t/Ty

L
emitted at t is Nu(O)Au&e
Later in this thesis we make use of the fact that when LS
coupling is a good approximation T, is the same for every level of
a term 2S+1L, where L represents the total orbital angular momen-
tum of the electrons, and S is the total spin angular momentum

quantum number of the electrons. The demonstration of this
equality of lifetimes is presented in Appendix A.
The other quantity which was measured was the branching

ratio, BR for-. each transition of interest. This is defined as

ul’

A
BR = %

u
...~ (1-5)
ul
2 Auk
k

So the branching ratio is the fraction of transitions from level u

that go to level 1.

1.4 Summary of the Method

The first step of this project was to measure the lifetimes of
the upper levels of interest by the technique of beam-foil spectro-
scopy as described in Chapter 2. Next, the branching ratios were
measured using a hollow-cathode light source and the 5-meter
Paschen-Runge spectrometer in Bridge Laboratory. From the

lifetimes and branching ratios the Au 's and gf's were calculated:

£

A | =BR ,/T . The branching ratio measurements and gf results
ul ut’ u

are presented in Chapter 3. Then, using the preliminary solar

atlas from the Kitt Peak National Observatory, the model
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atmosphere of Aller and Pierce (1952) and our measured gf's, we
calculated A,. = as described in Chapter 4.

The basic outline of this project is similar to that of previous
Caltech work on other elements. However, the approach taken was
a bit different, and manganese presented some difficulties not
encountered with other elements. Our Mn study differed from
earlier Caltech studies of iron group elements in the following ways:

(1) The selection of levels for lifetime measurements. The
Galtech study of other elements commenced with a survey spectro-
gram of the beam-foil spectrum, and lifetime measurements were
carried out for the strong well-separated lines. In this work we
limited our search to upper levels of lines useful for solar abun-
dance determination by first examining the solar spectrum (Moore,
1966) for useful lines, then finding the upper levels of these lines
and finally finding strong lines from these upper levels which were
suitable for lifetime measurement.

(2) One of the difficulties encountered with manganese was
the blending of lines in the same multiplet. Due to the close
spacing of levels in the terms which were studied (= 235 cm‘1
between adjacent levels) many lines in the beam-foil spectrum
were blended with lines of the same multiplet, and lifetime mea-
surements had to be made using lines from different upper levels
of the same term. The effect of using such blends had to be

determined to give meaning to the results of the lifetime measure-

ments. (See Chapter 2.)
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(3) Manganese has a large nuclear magnetic moment (3.47
nuclear magnetons), and, therefore, some lines of the spectrum
show large hyperfine structure. Such structure is important for
some lines in the determination of solar abundances (Heide, 1968)
and had to be considered. (See section 3B of Chapter 4.)

(4) Spectroscopically pure manganese, unlike Fe and Ni, is
not available in solid form suitable for constructing a hollow
cathode. It is available as a fine powder. A method was devised
to make a suitable cathode for the hollow cathode lamp from this
powder,

Some instrumentation was changed for this project. The
monochromator used in the lifetime measurements was a Jarrell-
Ash model 82-210, a .25 M Ebert monochromator, rather than the
McPherson 218 monochromator used in the Fe and Ni work., The
Jarrell-Ash instrument was faster (f/3.5) than the McPherson
(f/5.3), which is important for beam-foil work because of the
weakness of the light source. Also, in measuring the upper limits
of branching ratios of lines near 2200 A with the Paschen-Runge
spectrometer a D, discharge lamp was used to calibrate the sys-
tem in the ultraviolet since the tungsten-filament standard lamp is
too weak at that wavelength. This was our first use of the D2

discharge lamp as a calibration standard.
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2. Lifetime Measurements

2_1 The Selection of Lines for Study

Since the goal of this experiment was to determine the solar
abundance of manganese, the lifetime measurements were limited to
upper levels of Mn I lines in the solar spectrum. A search was
made in The Solar Spectrum (Moore et al. 1966) for unblended Mn I
lines with wavelengths between 4000 A and 8770 A. This search
yielded 77 lines.

From the lists of solar lines the best upper levels for study
were chosen. These were levels with at least two usable branches
or one very clean (approximately .17 A or more from neighboring
lines) unblended usable solar line per level. This narrowed the
investigation to eight upper levels producing thirteen useful solar

lines. These lines and their upper levels were:

o

upper level )‘Moore (A)
6_.0
2"F3 5004. 894
z4F3/2 5255, 325
‘ 5260. 778
4_0
2"Fy /5 4671. 687
4_o
z F3/2 4739.113
4761.528
z4D§/2 5348.070
6440. 934
e4S3/2 5377. 614
15399.479
4
e"Ps /) 4825. 604

4854.616
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o

(A)

upper level AMoore

6
1.

The Revised Multiplet Table (Moore 1945) was used to find

the branches from these upper levels. Then the strongest branches
of each upper level of interest were found from Corliss and Bozman
(1962). Although the absolute transition probabilities of Coi‘liss and
Bozman are known to be in error, these tables provide a rough
guide to the relative strengths of lines from the same upper level.
Since the beam-foil light source is very weak, only the strongest
branches of an upper level can be used for the lifetime measure-
ments.

Then a search was made of our beam-foil spectrum for strong
lines from the chosen upper levels. The lines from two of the
upper levels of interest (e6D9/2, e4S3/2) were not seen, and those
from the e4P3/2 level were very weak. So our efforts were limited
at first to finding the lifetimes of the remaining five levels
(zéF(,;/2 5 z4F3/2, 5/2,3/2" z4D(5)/2). The measurements were
extended to lines from the other levels of the zéFo, z4FO and z4D0
terms either because they were blended with the lines of interest or
because the line from the level of interest was too weak for life-

time measurements or in order to check on the equality of lifetimes

of levels within a term.
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2.2 Method and Equipment

Since 1964 (Bashkin) the beam-foil method has been used to
measure the lifetimes of excited levels of many elements. In this
'method ions are accelerated (by a Van de Graaff generator in our
experiment), passed through a thin foil, usually carbon, and come
out of the foil in many states of excitation and ionization. As the
excited ions travel downstream from the foil they undergo radiative
de-excitation. The intensity of light from a particular transition is
measured at different distances past the foil, and the distance scale
is converted to a time scale by means of the velocity of the beam
downstream from the foil. ZFigure 1 is a schematic of the beam
path, the spectrometer and the electronics used. This method has
been used at Caltech by Whaling et al. (1969) for Fe I, Smith (1972)
for Fe II and Lennard (1974) for Ni I. The method has been
reviewed by Bashkin (1974). |

The ion source is similar to the one described by Magnuson
et al. (1965). Figure 2 is a drawing of the furnace. Current was
passed through a 25 mil tungsten wire, heating both the furnace and
the wire until the wire emitted electrons. Spectroscopically pure
manganese powder placed in depressions drilled in the bottom of
the furnace was heated to raise its vapor pressure to a few milli-
forr. Atoms of manganese in the vapor were ionized by electrons
from the filament which were accelerated by a voltage difference
between the wall of the furnace and the filament. A magnetic field
was applied to lengthen the path traveled by the electrons through

the manganese vapor. Another tungsten coil was used to provide
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more heat when needed. The tantalum heat shields around the
furnace, which had been used by Smith and Lennard, were removed
to lower the furnace temperature. The lower temperature was
necessary because otherwise a charge of manganese in the source
was quickly exhausted in initially large (5-6 pamps) but quickly
diminishing beams.

The ion source was in the terminal of the 2ZMV Van de Graaff
generator in Kellogg Laboratory. Two beam energies were used in
these measurements: approximately 300 keV and 500 keV. For
both energies sixteen of the thirty-four resistors in the column
were shorted out with a shorting strap to improve the electrostatic
focus of the ion beam at the low terminal voltage. On the 300 keV
runs an extension was added to the voltage regulating probe to
increase the regulator current and improve the voltage stability.

The ions were extracted through a hole in the bottom of the
furnace and accelerated down the column of the Van de Graaff,
Mn' ions were separated from contaminants in the beam
(primarily C and H) by a magnetic field. The resolution of the
mass analyzer was better than 5%. Then the ions were separated
by energy by an electrostatic analyzer calibrated by Lennard to
* .5% in energy using the 340.46 keV resonance of 1H(]'C)F, aY)léo.
Therefore, the ion velocity was known to * .25%. The beam was
collimated by micrometer-adjusted slits in front of the target
chamber.

The target chamber contained carbon foils of thickness 5 or

10 Mg/cm2 (+40%). These were mounted on tungsten mesh as
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described by Smith (1972). The frames holding the foils were held
by a rod which could be rotated, raised or lowered to place new
sections of foil in the beam path. The 10 p,g/cm2 foils lasted about
5 minutes under bombardment by a 1-3 pamp manganese beam. The
préssure within the target chamber was kept at approximately 10.'6
torr, which gives a mean free path on the order of 100 meters for
collisions of beam atoms with residual gas atoms. The beam was
observed no more than 11 cm from the foil, so the pr‘obability of
de-excitation by collisions with residual gas atoms was negligible.
On one side of the target chamber was a window of GE 151 quartz
through which the spectrometer viewed the beam.

The spectrometer was a Jarrell-Ash .25 meter Ebert mono-
chromator mounted on a lathe bed to enable it to travel parallel
to the beam. The monochromator had two gratings, one ruled with
1180 grooves/mm and blazed at 5000 ;X, the other ruled with 2360
grooves/mm and blazed at 3000 ;Ax The speed of the monochroma-
tor was f/3.5. Figure 3 shows the monochromator optical system.
Appendix 2 describes the alignment of the optical axis of the mono-
chromator perpendicular to and at the same level as the beam.

An EMI 6256S phototube was placed at the exit slit of the
monochromator. The photomultiplier was wired for pulse-counting,
with the cathode at ground potential. The PMT was refrigerated
with solid COZ' A light pipe made from a 3 cm length of pyrex
tube (1 cm I.D.) sealed at each end with quartz windows and filled
with dry argon was used to conduct light through the wall of the

refrigerator. The inner wall of the pyrex tube was lined with
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aluminum foil to provide internal reflection in the light pipe. The
anode of the photomultiplier tube was connected to the high-voltage
power supply and to a preamplifier which led to the amplifier and
scaler. (See Figure 1l.)

Another photomultiplier tube, an RCA 8575, was used to
monitor the amount of beam which passed through the foil. In this
way the same amount of beam was used for each intensity reading
in a given lifetime measurement. A light pipe was positioned out
of the beam path downstream of the foil. This pipe conducted light
éf many wavelengths given off by the beam to the photocathode of
the monitor photomultiplier. The signal current went to an Elcor
A308C current integrator. A pulse from the integrator moved the
beam stop into the beam when a preset amount of charge from the
photomultiplier had been collected. This pulse also stopped the
counting scaler and a timing scaler which was receiving pulses

from a clock pulse generator in order to time each reading.

2.3 Procedure

For each line selected for measurement a scan was made of
the beam foil spectrum in the vicinity of the line. The mono-
chromator pass band (slit widths) and the Doppler width (acceptance
angle) were set as large as possible without introducing interference
from neighboring lines. Then the current integrator was set to
give 2000-3000 counts at a distance .05-.10 inch from the foil.
The photon counts for this integrated beam current were measured

at different distances past the foil, usually in intervals of .20 inch.
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Then the monochromator was moved back near the foil and

readings were made between the first readings, so there were data
for every .10 inch past the foil. The readings were stopped when a
distance was reached for which the signal was approximately .05X
the original signal, indicating that the beam had been observed for
at least 3 mean lives of the state of interest.

Two kinds of background had to be subtracted from the raw
data. Every 5-10 readings the dark counts from the pulse-counting
photomultiplier were measured with the beam stopped. After the
intensity readings were finished the spectrometer passband was set
at a wavelength in a flat region of the spectrum near the line, and
intensity readings were taken of this beam-dependent background at
several distances past the foil. The dark background was measured
for these readings, also. Figure 4 shows the spectrum near the
line at 3806.715 A from the zéF(l)l/2 upper level. The raw counts
minus dark background are plotted on the semilog scale versus
distance from the foil. The lower curve shows the variation of

counts at 3795 A minus dark counts with distance.

2.4 Corrections to the Data

There were several corrections which had to be made to the
data before they could be used to find the lifetimes. The dark
background had to be subtracted from the raw data. If the dark

background reading took time Tp to record N counts and a time

T
TS was used for a given signal intensity measurement, then T_SND
D

Counts were subtracted from the signal as dark background. Dark
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pbackground also had to be subtracted from the beam-dependent
packground counts in the same way before the latter could be sub-
tracted from the signal. So if NS is the signal at the line peak for
a certain position of the spectrometer and if Ng, Ty, Npg and
Tpp 2Fe quantities for the beam-dependent background measurements
analogous to NS’ TS, ND and TD, respectively, then the first cor-

rection to the data involved the calculation of

Is n L) - I
Ng - 75 Np- (N5~ 755 NpB -

The energy of the beam before it hit the foil was determined
by the electrostatic analyzer, but the energy loss of the beam in the
foil was nonnegligible. This energy loss had to be calculated so
that the velocity of the beam past the foil could be used to convert
the distance scale to a time scale. The two types of interactions
which need to be considered are the slowing down of the ion by its
interaction with the electrons of the target material and the scat-
tering of the ion by nuclei of the target. Hvelplund and Fastrup
(1968) measured the energy loss for Mn ions through carbon foils
and subtracted the nuclear scattering part of that energy loss using
the theory of Lindhard et al. (1963) to find (%)e, the electronic
stopping cross section. They found that (S‘X—E>e = kE'SS,, where k is
1.09 X 108 eV/(gm/cmZ). We have used this electronic stopping
cross section with the theoretical nuclear stopping cross section of
Lindhard et 'a_l. to calculate the energy lost by Mn ions in passage

through the carbon foils. At 300 keV the total energy loss was

approximately 6 keV/(u gm/cmz).
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The calculations were checked by a direct measurement of
the beam velocity using a Doppler shift measurement. Since the
Doppler shift of a photon of wavelength A emitted at an angle 9
with respect to the direction of motion of an atom moving at
velocity v is AX = A % cos B, where ¢ is the speed of light, one
can measure the Doppler shift by viewing the beam head-on (8 = 0)
and from the side (8 = 900). The 6 = 0 measurement was made by
placing a mirror in the beam path at 45° to the beam axis. A
scan was made of the Doppler-shifted line, and then the mono-
chromator was moved forward to measure the line at 8 = 90°. The
results of the measurements are listed in Table 2 with the Doppler
shifts calculated from the energy loss analysis given above.

The foil not only reduces the beam energy but also scatters
some ions out of the viewing area of the monochromator. As the
downstream distance increases the monochromator will see a
smaller and smaller fraction of the beam because the scattered
ions will be at greater distances from the axis of the beam. The
fraction of the beam seen by the spectrometer had to be computed
for each distance past the foil, and the data with background sub-
tracted were multiplied by the inverse of that fraction. The fraction
was computed using the method described by Lennard (1974). The
Blaugrund (1966) approximation for (GXZ), the mean square scat-
tering angle in any given plane through the beam axis, was used
with the Hvelplund and Fastrup (1968) and Lindhard et al. (1963)

energy loss calculations to find the desired correction factor. The
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largest correction factor used in any lifetime measurement was
1.23 for a distance 4.07 inches past the foil.

To make sure that no error was introduced by this procedure
the lifetime of the ZZLDE),/2 level was measured using the 4451.575 A
line and three different arrangements of the lens system to produce
demagnifications of the image of the beam on the entrance slit
ranging from 1/2 to 2/7. The lifetime measurements were also
made at energies of approximately 300 and 500 keV and foil thick-
nesses of 5 and 10 p.g/cm2 to vary the calculated correction factor
for a given distance past the foil. No systematic difference in
lifetime with lens arrangement, foil thickness or energy was

observed.

2.5 Analysis of the Data

The raw data read into the data analysis program were the
readings of the monochromator position in inches, numbers of
counts for a given integrated beam current, dark background for
each reading, beam-dependent background, wavelength of the line
used, magnification of the lens system, foil thickness and the
energy of the beam read from the electrostatic analyzer setting.
The program subtracted the background from the raw data, cal-
culated the correction for scattering at each reading position,
calculated the true beam energy based on the electrostatic analyzer
calibration and subtracted the energy loss caused by passage through
the foils. The corrected data were then fit to a single exponential

or to a sum of exponentials,
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py a computer code which went through a series of iterations to

minimize 5
[T () ~I {(=)]
2 c'i m i
ko= Z Ic(xi)

3

where the sum is over the readings taken, X, is the distance past
the first reading, IC is the number of counts calculated, and Irn is
the measured number of counts corrected for background and
scattering of the beam.

The data were fit to a sum of exponentials because the equa-

tion governing the population of a given upper level u is

dN
u

—3r = "Ng® Y Ay + Y NjmAy, (2-1)
i ]

where i denotes levels lower in energy than u and j denotes levels
higher than u. If the excitation occurs in a time interval very
small compared with the lifetimes of the excited states then it can
be said that the excitation populates a given level with N(0) atoms
at time t = 0. If the second sum on the right side of (2-1) is

negligible compared with the first, then

B = N (0)e

"where
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w = Z Ayi
i

If only one level j of lifetime TJ. contributes significantly to the

second sum then

-1:/'r A. N.(O)'ru Tj -t/'rj A.uNj(O)Tu'rj

- J
Ny(t) = Ny (0)e 14 N (0)(Tu-'l‘j) 'rj-"ru

The most general solution to (2-1) is a sum of exponentials with
the number of terms in the sum depending on the number of non-
zero N..

J

The quantity observed is the intensity of light of wavelength
A . emitted in the u-i transition. This intensity is I .(t) = N (t)A .,

ui ui u ui

'so the observed intensity should be one or a sum of exponentials.
Since x = vt, where v is the velocity of the beam, each fitting

parameter M :V-Tl , where Tk is the mean life associated with the

appropriate decay.k
2.6 Possible Sources of Error

The beam-foil source produces atoms and ions in many states
of ionization and excitation. Therefore, the beam-foil spectrum
includes lines from several ionization states, and one must check
to make sure that these lines do not affect the measured lifetime.
We checked Inglesias and Velasco's (1964) list of Mn II lines to

determine whether our lines of interest were blended with known

Mn II lines. The lifetime measurements were also made at two



=Pia

energies. Since the fraction of Mn I atoms in the beam decreases
rapidly as the energy increases, measuremenfs at different energies
should reveal the presence of unknown lines (from Mn II or multiply
charged ions) at the same wavelength as the line of interest. No
systematic change in lifetimes was observed as the beam energy
was changed. Also, the scans of the spectra at and around lines

of interest gave no indication that lines from other charge states
were contributing to the beam-dependent background.

Another possibility which must be considered is the replenish-
ment of the upper level of interest by transitions from still higher
levels. This is called cascading, and it has been responsible for
many erroneous lifetime measurements by beam-foil spectroscopy.
If there is no cascading, the data can be fit well to a single-
exponential curve. The use of two or more exponentials to fit the
data implies that cascading is present.

Curtis et al. (1970) have defined the replenishment. ratio, R(t),
which is the ratio of the rate of replenishment at time t of an
upper level by cascades into it to the depopulation of thlat level by
decays from it. For data fitted to av multi-exponential decay curve
in which the first exponential contains the lifetime of the level of

interest,
n
It = . Pke't/Tk ,
k=1

the replenishment ratio
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n - n
R(t) = | D <1 . T—l>pke‘t/Tk /Z pke't/Tk
k
k=2

I T

R(t) is zero for a single exponential decay.
A convenient measure of the importance of cascading is R(0),
the replenishment ratio at t =0. For a sum of two exponentials

-N{ (0)

T

T1 Fa
this is R(0) = <1 - . The slope of the decay curve

_ . dN(b) ~
att-O ls—at— tzo-—

[1-R(0)]. If R(0O) << 1 the level is
essentially unreplenished. If R(0)~ 1 cascading is large and a
multiexponential fit is required. If R(0) > 1 the decay curve will
rise initially and cascading will dominate the observed intensity.

The measurements of lifetimes were actually started 2-4
nanoseconds from the foil, so the '""R(0)'' listed in Table 3 are
actually R(2-4ns). It is seen that these '""R(0)'" are always much
less than 1, with many of the decays being well fit with single
exponentials. If the cascade lifetime is longer than the lifetime of
interest, R(0) should be the minimum replenishment ratio, so
R(2-4ns) is as good an indicator of cascade repopulation as R(0)
would be since R(Z2-4ns) is at least as large as R(0). If the decay
curve initially rose and reached its peak sooner than 4 ns from
the foil the initial rise would be missed, but the observed lifetime
would not be affected.

Another way of testing for cascading is to measure the life-

time using different beam energies, producing, one would expect,

different distributions of atoms among the upper levels. This was
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done, and, within the precision of the beam-foil method, no sys-
tematic differences in the measured lifetimes were observed. We

conclude that cascading has not affected our lifetime measurements.

2.7 The Equality of Lifetimes of Levels within a Term
One of the problems encountered with manganese arose from
the very close spacing of levels within the same term. There are

energy differences of < 240 crn-1 (~.03 eV) between adjacent levels

in each of the z6Fo, z4Fo and z4DO terms. Therefore, lines in

the same multiplet are often less than 1 A apart and are blended
in beam-foil spectroscopy. (See Figure 4.) The lines we have
used in the lifetime measurements are blends of two or more lines
from different upper levels of the same term. The significance of
a lifetime measurement using such a blended line must be deter-
mined.

There are different possible interpretations of the light decay
curve of a blended line when the curve is fit to a sum of exponen-
tials. If the curve is well-fit by a single exponential, I(x) = PeMX,
it is apparent that there are no significant cascades and that either
the upper levels of both lines have approximately the same 71 or
one component of the blend is much weaker than the other and
Contributes insigificantly to the intensity.

If the intensity decay curve is fit by a sum of two exponen-

) Mlx MZX - .
tials, I(x) = Pie P Pze , there are three possible interpre-

tations, Either (1) there is a cascade or (2) the lifetimes of the

upper levels of lines in the blend are different and the second
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expoﬁential represents the decay of one component of the blend.
The third possibility is that both a cascade and the second com-
ponent of the blend produce the second exponential.

If LS coupling is a good approximation in Mn for the relevant
upper and lower levels the lifetimes of all levels of a term will be
approximately equal, and that lifetime can be determined by using
a blend of two lines from the same upper term. Some experimen-
tal evidence that LS coupling holds or that the lifetimes of the levels
are the same within a term has been obtained.

One of the clearest pieces of evidence for the wvalidity of LS
coupling is the absence of intersystem (AS # 0) transitions. For the
levels from the terms of interest none of the branching ratios of
intersystem transitions is > 2%. Garstang (1977) has advised us
that a lack of strong intersystem transitions is a very good sign
that LS coupling holds and that the level lifetimes should be equal
for levels within the same term.

The results for the blend of lines 3823.508 (Ju = 9/2) and
3823.891 (J, = 5/2) provide a good example of the evidence for the
equality of level lifetimes from beam-foil measurements. These
lines are only 0.4 A apart, while the full width at half maximum
for a line is 2.2 A when the 100 p slits and low blaze grating are
used in the Jarrell-Ash monochromator. This is the instrumental
linewidth and does not include the Doppler width of the line.
Therefore, both lines should contribute significantly to the intensity
observed. For none of these measurements is PZ > .03 Pl’ while

from relative intensity measurements of the lines one would expect
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1(3823.891) = .26 1(3823.508). From the R(0)'s listed in Table 3 it
is seen that the intensity curves are essentially single exponentials
[R(0) < .003]. The absence of a second exponential when one would

a4

be expected if 79/2 and TS/Z were different indicates that 79/2

The reasoning is similar for the other blends. The replenish-

ment ratios are always < .07. Where the lines are closely blended
P, is always much smaller than would be expected if the weaker
component of the blend were causing the second exponential. In the
3806.715-3809.593 blend and that of the lines 3839.779, 3841.074
and 3843.988, one component is far enough from the other(s) that it
could be argued that the component does not contribute significantly
to the intensity measurement and may still decay at a rate different
from that of the other components of the blend. However, in both
cases measurements using other lines from the upper level of the
weaker component of the blend indicate that the upper level lifetime
is, within the experimental uncertainties, equal to the lifetime of
the upper level of the stronger component.

For the z4FO term the strong lines from different levels were
so closely spaced that there was no opportunity to measure different
blends as was the case with the zéFo term. However, from Table
3 it is seen that all but one of the measurements of the 4761-

4766 2‘; blend are nicely fitted with l-exponential curves. For the
one two-exponential fit P, = .02 P; and , M, | < .25 lMl | . The

lifetime measured on the short-A side of the peak (17.80 ns) is
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about 14% * 8% greater than that measured on the long-A side of
the peak (15.33 ns). The conclusion is that the lifetimes of the
Z4FO levels differ by less than 22%.

Because of the weakness in the beam-foil spectrum of lines
from the z4D0 term other than the 4451.575-4453.013 ZA. blend,
‘only this blend is used in 1if_etime measurements for this term.
Many of the fits used two exponentials, but R(0) is always less
than .05, and P, < .06 P,. The M,'s vary widely and have little
effect on Ml' From this it is seen that either 4453.013 A contri-

butes insignificantly to the intensity of the blend or 77/2w ’Tl/z.

Measurements of Total Intensities

It was also possible to use the hollow-cathode lamp and the
Paschen-Runge spectrometer described in Chapter 3 to test the
equality of level lifetimes within a term, even though such mea-
surements cannot reveal the values of the lifetimes. This test was
motivated by the following considerations. The intensity in photons

s : ; 'Eu/kT

per second in the line at )‘ul, is Iu{, = NuAuL = CguAu{,e 5

where C is proportional to a partition function. In Chapter 1 it

was mentioned that

SO

Then
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or

1 [c
o 5 > Le] = @n<7—> - E /KT . (2-2)
3

u

Therefore, if we measure a quantity Qu proportional to
1
g 22 Tt
4

for each u of an upper term while keeping T constant, /n Qu plotted

vs Eu should be a straight line if all T, @re equal. If Ta # L

one would not expect all of the points to fall on the same straight
line.

In the experimental work with the Paschen-Runge spectrometer
two detecting channels were used simultaneously. The stepping
channel was used to scan different lines while the monitor channel
was set at the peak of one strong line from the given upper term.

ok is the signal from the stepping channel at the peak of the line

for the u-4 transition. Mu'{,' is the signal of the monitor channel

at the peak of the u'-%' line. BR , = Au/(,/ EAu where the sum
k

ud
is over all lower levels.
To measure the total intensity of lines from the levels of a
term, Suf/Mu'&‘ was measured for one line from each level of the

Upper term, with all measured lines in the same wavelength
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region (within 40 A of each other) and with all measurements for

that term using the same monitor line A and the monitor sig-

ul{/! 4
nal was kept approximately (within *4%) constant. The branching

ratios BRuzf, were measured for all lines from all levels of the

term.
The data were St ? Mu'&' , and the BR's. To convert them
into the Q, previously mentioned involved the following. s, = KIU./(, "

where K is a constant. For lines in the same wavelength region
no correction need be made for filter transmission or spectrometer

response, so K is the same for all measured lines from the same

term. Mu'&':K‘Iu'L" Then
e DI
guBRuJL Mu‘&' K'N A a'' 8y %
Sut

If the monitor signal is constant N is constant, so
g u' guBRU.L Mul{jl

is the quantity Q, desired. Plots were made for each term of

1 Sut ) 1 ( K >
on = ol ~— I | (UE—_—
<guBRu{, Mu‘{,‘ gy Xk: s L Nu'Au'L'

Eu Tu K
“xr - "M\T)t "M\xN A
u'"u't

[from (2-2)]

]

This was plotted against E,~Eyp . I T is a constant and 7, is the
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same for each upper level of the term one expects this plot to be
a straight line with slope -1/kT,

Figure 5 shows the results. The plot for the zéFo term is
a straight line with a slope indicating a temperature of 1424 %
128°K. The z4Fo term's plot is a straight line with a slope which
would be produced by a temperature of 5308 + 1146°K. The slope
of the plot for the 2*D° term gives a temperature of 5156 + 1146°K.

It is not clear why the slope of the zéFo plot is different
from slopes for the z4Do and z4F0 plots. Little is known about
the details of excitation processes in the hollow-cathode lamp, so
we have assumed only that the relative populations of levels within

gu -Y(Eu- Eul) ) o
a term go as — e , where Y is a constant characteristic

ul
of the term. It would be a remarkable coincidence if this were not

true and the lifetimes of levels within the terms varied in such a
way as to give the straight lines shown.

These results indicate that either Tu is proportional to eBEu,
which would also give straight line plots, or T is approximately
constant for all u in a given term. The beam-foil results for the

6_0 BEu
z ¥ term show that if Tog 2 & , then

o (Ty1/2/75/2)
Ey 175 oz

4

8| = 2.53 X 107% cm = 2.04 eV~

No evidence has been found that the lifetimes of the upper
levels vary within a term by more than 22% for the three terms

of interest to this investigation. It is consistent with all of the
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evidence to assign the same lifetime to all levels of a term and to

designate the uncertainty in that lifetime value as 15%.

2.8 The Results of Other Lifetime Measurements

Table 3 shows the results of Martinson et al. (1973) and
Pinnington and Lutz (1974) along with the CIT results. The above
authors are beam-foil spectroscopists who have also investigated
Mn I. Their values and ours are in good agreement (within 15%)

4}F‘o terms. There is an approximately 20%

for the 26F0 and z
disagreement between their work and this work for the z4Do life-
time. The cause of this disagreement has not been determined,
but we have noticed that our result agrees with theirs if we do
not subtract the beam-dependent background in analyzing the data.
It is worthwhile to note that the solar abundances calculated from
the z4D0 lines agree very well with those calculated from the

z4]:"o and z6FO lines. (See Table 6.)
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3. Branching Ratios, Transition Probabilities
and Oscillator Strengths

3.1 Summary of the Method

The purpose of this stage of the experiment was to measure
the branching ratios for all transitions from the upper levels of
interest. Since the branching ratio BRu& of a transition from
upper level u to lower level £ is BRuL = Aul,/ ?I AuL' , where the
sum is over all lower levels, the absolute transition probability

A, = BRu&/'ru. The method of measuring the branching ratios was

ud,

to measure the emission line intensity I , = KN A  , where K is a
ul uul

constant and Nu is the number density of atoms in level u. This

was done for every detectable line from each upper level of

interest, and the branching ratios were found by summing inten-

sities of lines from the same upper level and dividing the intensity

of each line by the sum.

Two sources of information were of use in listing the

branches, since it was found that the Revised Multiplet Table

(Moore 1945) was not complete. A computer program written by
Lennard used the energy levels given in Moore (1971) and the
selection rules |AL| = 1, |AJ|<1 and J =0 # J =0 to compute
wavelengths of possible transitions and to group the branches by
upper level. Another run of the program gave branches for which
IALI = 2. Using these lists of branches, we searched the spectrum
in Catalan et al. (1964) to find those branches which were actually

seen in the arc spectrum of manganese. This collection of
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branches seen by Catalan was given the highest priority in our

measurements.

3.2 Apparatus

The light source providing the manganese spectrum was a
hollow cathode discharge (Figure 6). The operation of such a
source has been described by Tolansky (1947) and more recently
by Falk and Lucht (1976). The anode is a éylindrical shell coaxial
with the cathode. The cathode is made of the material to be
studied, unless the carrier gas is to be studied, in which case the
cathode is made of a material which does not sputter easily and
which has few lines in its spectrum. Carrier gas flows into the
source and is pumped out by a mechanical roughing pump. The
gas is ionized, and the ionized gas is accelerated towards the
‘cathode. When a carrier gas ion hits the cathode it sputters atoms
from the cathode. These sputtered atoms are then excited by
collisions with electrons which are accelerated by the field at the
cathode. When the mean free path of the electrons is less than
or approximately equal to the diameter of the hole in the cathode,
the sputtering and excitation processes take place almost entirely
within this hole, producing a small, bright spot of light (Sawyer
1963).

Since spectroscopically pure Mn is not sold in solid bars or
rods but as a powder, a new method had to be found by which to
make an Mn cathode. The most effective method involved the use

of the bell jar in Kellogg Laboratory. Pure (.9994) manganese
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powder was pressed inside a ceramic tube of inside diameter
approximately . 20", The ceramic tube was placed inside a spiral
of tungsten wire. The wire was placed across the electrodes of
the bell jar, and the bell jar was evacuated. Then current was
passed through the wire, heating up the tube. The most effective
sequence used was 62 amps at 10 volts, with 1 minute to go from
0 to 62 amps, 5 minutes at that current and the current promptly
turned to 0 amps after that. The slug was then allowed to cool in
the vacuum. When the tube was removed from the bell jar the slug
of Mn was pushed out of the ceramic tube with a brass rod. The
slug was then machined with great care, since it tended to come
apart in the lathe.

After most of the work with the hollow cathode source had
been completed, a more easily constructed Mn source was tested
and found to be suitable for some measurements. The cathode was
made by our machining an aluminum cathode and placing Mn powder
in the hole. After 1-2 hours of operation the lamp emitted a spec-
trum which consisted principally of manganese lines. Although
aluminum is hard to sputter and has few lines, a comparison of
this spectrum with that emitted by the pure Mn cathode revealed
some lines which could only have come from aluminum.

Two carrier gases were used. Helium was best for most
measurements, since there are fewer lines in its spectrum than in
the spectra of most gases, so there is less chance of blending of
a helium line with a manganese line. Also, helium produced a

useful intensity of signal from the source, greater than 100 na (for
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the stepping channel, see below) for the strongest branch from
each upper level. However, for some measurements of very weak
lines argon was used to produce a more intense signal due to its
petter sputtering of the manganese.

The source was operated using carrier gas pressures of 1.8-
3.3 torr for He and 0.8-2.0 torr for Ar. The voltage from the
power supply was 300-370 v.d.c., and the discharge currents were
in the range 50-110 ma. Since the ballast resistor in series with
the source was 1100 ©Q, the voltage across the source was about
250-300 v.d.c.

The spectrometer used for the branching ratio measurements
was the Paschen-Runge spectrometer in Bridge Laboratory. For
measurements at wavelengths less than 8460 ;X the north entrance
slit was used. (See Figure 7.) Table 4 gives the specifications
for the mirror, slits, grating, Rowland circle, detectors, filters
and electronics. The concave mirror focuses light from the hollow
cathode onto the entrance slit. The entrance slit used most often
was the 50 p slit, which gives a line width of .146 A FWHM. The
concave grating diffracts the light and focuses it along the Rowland
circle. The wavelength corresponding to a given detector position
can be read from a steel tape stretched along the circular track
which supports the detector.

In the branching ratio measurements two photomultiplier tubes
Were used simultaneously as detectors, with their signals going to
independent current amplifiers connected to the inputs of a two

channel strip chart recorder. One of these photomultipliers was
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the scanning channel, which was used to scan the line being mea-
sured. For wavelengths of less than 6600 A the photomultiplier
was an EMI 9783B (Cs-Sb photocathode) refrigerated with dry ice.
it was mounted on a platform driven at scanning rates of .1, 1.0
or 10 }o\./minute by a stepping motor. For wavelengths greater than
6600 A the detector was a dry-ice-refrigerai:ed RCA 4832 photo-
multiplier tube (Ga-As photocathode) driven by a multi-speed motor.
The speed frequently used for slow scans was .35 A/minute.

The other detector was positioned at the peak of a strong line
from the upper level of interest. Its purpose was to monitor the
population of the upper level by providing a signal proportional to
that population. This detector was an unrefrigerated EMI 9783B, -
and it. was placed on the portion of the Rowland circle which
received light from the -1 order from the grating. In this position
the monitor channel does not interfere with the positioning of the
scanning channel. The carriage holding the phototube had an
adjustable exit slit which was set at 200 y to provide a large
enough signal and a flat peak to the line so the monitor detector
could be set reproducibly on the line peak.

The calibration of the detection efficiency of the spectrometer
is described in Appendix 3.

For wavelengths greater than 8460 z.it'was necessary for us
to use the south entrance slit. (See Figure 8.)_’This entrance slit
was adjusted to a 300 p width. The scanning detector was a
refrigerated Hamamatsu R406 photomultiplier (S-1 photocathode

response) mounted on a carriage similar to that for the monitor
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detector mentioned above. The exit slit width was adjusted to
400 p. The refrigerated EMI 9783B on the stepping channel
carriage was used as a monitor since it was desired to keep the
dark current in the monitor channel as low as possible. A low
dark current in the monitor channel was desired because it was
not known what intensities. the monitor lines would have in third
order.

The calibration of the spectrometer in the south-entrance-slit
configuration is also described in Appendix 3, and the electronics

for the spectrometer system are listed in Table 4.

3.3 Procedure

First, the lists were made of branches from each level as
mentioned in section 1. Then scans were made of the relevant
wavelength regions to locate and identify the lines. Figure 9 is
such a scan.

The first step in the actual branching ratio measurement was
the setting of the monitor detector on a strong line from the
relevant upper level. For wavelengths of less than 8460 ;X the
uncooled EMI 9783B mentioned above was used to scan the wave-
length region of interest in the -1 order. When the correct line
had been located, the monitor was set at its peak. In the mea-
surements of upper limits on the intensities of lines at wavelengths
greater than 8460 A the stepping-motor channel was set at the

third order 4451.575 A Z4D?{/Z line so that the monitor channel
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carriage would not interfere with the scanning of the 9050-9250 Zx
region by the R406.

Once the monitor channel was in position and the scanning
channel carriage had been moved by hand to the appropriate A
region, the scanning channel was moved (scanning at a rate of
10 A/minute or 7.40 z&/minute for the EMI 9783B or RCA 4832
photomultipliers, respectively) to the line of interest. Then the
scanning speed was set at 1 zok/minute (EMI PMT) or .35 ;X/minute
(RCA PMT), and the time constant for the current amplifier was
set to be much less than the time required for the photomultiplier
to scan the line. Figure 10 shows such a scan. All lines in the
wavelength region from a given upper level were scanned. Then
the monitor detector was shifted to a line from another level of
the term, and all of the lines in the wavelength region from this
upper level were measured. This process was repeated until all
of the lines in that wavelength region from the upper term had
been measured. For the Z6FO term only one monitor line was
used in all measurements of branches from that term because of

the closeness of the spacing (Ej- E =< 115 cm_l) of levels in

J41
the term. The ratio of the scanning channel signal to the monitor
channel signal was usually reproducible to better than 5% when a
line was measured before and after the monitor detector was shifted
off of the peak of the monitor line and then brought back to the

peak. This is about the same as the reproducibility of measure-

Mments of the same line with the monitor detector stationary.
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3.4 Analysis of the Data

The data were the filter transmissions t(1), spectrometer
response € (1), monitor signal levels and scanning channel signal
levels. The filter transmissions were measured by recording the
attentuation in signal from the standard lamp as the filter was
placed in front of the entrance slit. The spectrometer response
was measured as described in Appendix 3. The relevant monitor
signals were those at the peak of the monitor line and at a flat
region of the spectrum near the monitor line. The signal from the
flat part of the spectrum was due to the monitor dark current and
any continuum emitted by the lamp. The scanning channel signals
used were also the signals at the peak of the line and at a flat
place in the spectrum near the line.

The first step in the analysis of these data was the subtraction
of the background from the monitor and scanning signals at the

peaks of the lines. The resulting monitor signal M = K‘NuAu

ut' L’
where K' is a constant, N, is the population of the upper level and
Auzf,' is the spontaneous transition probability of the u-4' transition.

The resulting scanning channel signal is Sapt = 1:(5\)8(?\)KNuAL1

1! L’
where K is another constant. Actually, as Smith (1972) notes, the
intensity in a given line is proportional to the area under the line,
but since in our scans of lines the full width at half-maximum is
very nearly equal to %%AL’ where _(cil_/t’;,\- is the reciprocal dispersion
along the Rowland circle and A{ is the width of the image of the

widest slit (entrance or exit) on the circle, we are justified in

using the peak heights rather than areas. Note that the width of
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the line in Figure 10 is .144 £ .006 A in agreement with the value

expected for the 50 p slit width.

The next step in calculating the branching ratio was to divide
S A

s
L — ud K ud,
by M _,,, t(A) and E(\). - = e e e ey
St Y Su&' R Mo TRERN) ~ M, K" A_,,
Sut U8 . ul
1 — = —— was calculated, where the subscript us
W/Mu,&r ut A p

denotes the strongest transition from u. This was done so that it
was not necessary to measure all of the lines from a given upper
level in one day; it was sufficient to normalize the results of the

S
measured at the beginning and end of

day to the average of APy
the day's run and calculate the R for the lines measured that day.
These R's could then be compared with those of lines measured on

other days. If Sus/M varied by more than 10% during the day,

ul!
that day's measurements were thrown out.
The branching ratio BRu& = RuL/ i Ruk’ where the sum is

over all branches from u. The transition probability is simply

A% = BRuL/Tu.

3.5 The Assignment of Uncertainties

Several factors contributed to the uncertainties in the transi-
tion probabilities. The analysis of uncertainties in the lifetime
measurements has been given above. The uncertainties in the
branching ratios arise from uncertainties in signals (scanning and

monitor channels), filter transmissions and spectrometer responses.



-43-

2 2 2 2
ABRLLY 3" BR a8 ¢ Br2 AR K
BR, - uk Rt uk \ R,
kAL k£L
2 2
AR AR
_ 2 ul Z uk
= (1-BR)( ¢ - ) BR O | -
u k/é& u
Since
R SuL / us _ SuL / Sus
ad Mu&' Mu&' Mu&‘tau&)e(}\u&) M L‘t(}\us)go‘us)
2 2 2 2
AR, ] As . X AM ., X Al )/t ,)]
Ru& Su/(’, Mu&' 1:(}‘us)/t()\lﬂl/)
2 2 ' 2
X A[&()\us)/fi(}\uL)J . As X AM 4
B(Aus)/a(}‘u&) sus Mu{,'

In this equation As and AM .. are the uncertainties in line peak

£

height and monitor signal level, respectively, for a given measure-
ment. If there were several measurements of the same transition

the mean of Su!;/M and a A large enough to include the day's

ul'

measurements were used. For lines within the same wavelength

° Ehe)
region as the strongest branch (within =100 A), A[—éﬁ)—] = 0.
u

t o
A[t&us)] =0 for lines within £100 A of the strongest branch which
ud

were measured with the 10% neutral density filter, since the

strongest lines required the use of the 10% filter.

- tlh, )
P ¥ 95 - 49 for lines measured without the 10% filter.
thyy) )

This was determined by measuring the transmission of the 10%
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filter several times during the series of BR measurements.
t(A . s .
A[_(_E_S—) is negligibly small (1-2%) for filters other than neutral

t0ut) en.)] ety
. . us us’/ _
density filters. A[e(}‘ué)jl / E0hyy) =7% for ,}‘u&

is due to the uncertainty in the calibration of the standard lamp.

-A__|>100 A. This
us

Note that for the levels of interest the branches were either within
100 :&- of the strongest branch or more than 400 jl. from the stron-
gest branch.

Once the uncertainties in the branching ratios were found, the
calculation of uncertainties for the transition probabilities and

. h b . _
oscillator strengths was straightforward Au{’, BRu&/Tu’ so

AA <ABR >2 (m >2
ud _ uf + u
Au& BRu)Z, Tu
AA AA
log {1l + Bh Y . log{l - ut
= 1 A L
A log gf = - =
2

3.6 Tests for Possible Errors in Method
A. The use of a monitor line from an upper level different
from that of the line measured
In the measurements of BR's for lines from the zéFO term

only one monitor line was used. In measurements for lines of the

4_o 4_0 . .
z'F
7/2 and z FS/Z upper levels the monitor lines were not fully

resolved from each other by the spectrometer. In each of these

~-(E -~ Eg0)/kT

Cases Su{,/M depends on e , assuming a Maxwell-

u\&l

Boltzmann distribution of levels within a term, and therefore
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Su/f,/Mu'%' varies with temperature, while for u = u' there is no

temperature dependence in suL/M It must be determined

u't' s

whether Su{,/Mu'&' varies enough with temperature to introduce
significant error into the results for the range of temperatures
used. ''Significant" means greater than the uncertainties already
associated with the s/M measurement.

Since the variation in temperature cannot be measured direct-

ly, it is more useful to calculate the relative change in suL/Mu'L'

with respect to the relative change in monitor signal, AM /M

ul&l ulLl’

which one can measure directly. For the details of these calcula-
tions, see Appendix 4. The results are, for u' different from u in

the z6F0 term with 3834.368 (Ju: 7/2) as the monitor line, that
A(SU.L/MLI'L') AMuxLl
St/ Mg Mg
s/M is not significant for the range of monitor signals used.

IS . 005 , demonstrating that the change in

With the 26F0 term the 3834.368 ;\ line was blended with
3833.865 from the Ju= 3/2 level. In the zL]‘FO term the line at
4766. 426 ;X (Jy = 7/2) was not fully resolved by the monitor from
the J, =5/2 line at 4765.856 :& For a blended monitor line

M RN P AT A “Eor /KT
a'd! = Uo gu, a't! agu// u”L//e

where o is a constant which describes how well the lines are

resolved by the monitor system. « is 0 for no blending. Mu'{,'

is measured at the peak of the u'f' line. By calculations similar
A(SuL/Mu'L‘)
suﬂﬁ/Mu‘L'

to those in Appendix 4 it is found that
AMuv,f/l l
Mu'&'

. 0085
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The data are consistent with the calculations. For the 26F0

term su./f'/Mu'&' was measured with the lines at 3839.779 A (Jy =

1/2), 3834.368 A (J, = 7/2) and 3806.715 A (J, = 11/2) as the ul

lines and 3834.368 as the monitor line. The relevant ratio is
Su&(}\) Suts 1(3834.368)
FQ) = / = since for this ratio any fluctuations
M 1pt M 101
u't u't
in s/M not caused by changes in the lamp will cancel out. F(})

was measured for monitor currents from 13 na to 160 na. A sys-
tematic decrease in F(3806.715) of 13% was observed over this
range, and F(3839.779) decreased systematically by 7% over the
same range. However, for the range of monitor currents used in
the branching ratio measurements (34-96 na) the variation in each

F was 3-4%. The uncertainty in each F was 2-4%.

5(4701.150) , 5(4761.527)
M M

once with 4762.376 as the monitor line and then with 4761.527 as

For the z4FO term was measured,

the monitor line. Both 4701.150 and 4761.527 are from the J =
3/2 level, while 4762.376 is from the J = 9/2 level. Thus, AE was
the greatest possible for this term, 526 cm-l, greater than it was

during any of the BR measurements for which blended lines were

; s(4701.150)
used. Also, the temperature was higher for the M (4762.376)

s(4761.527)
M(4762.376)

1.70 M for the latter. The two measurements of

s(4701.150) / s(4761.527)
M M

the range of variation of s/M measured using a monitor line from

measurement than for the since for the former M =

agreed to better than 4%, which is within

the same upper level as the line measured.
From the above we conclude that neither the use of a monitor

line from a different upper level in the same term as the upper
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level of interest nor the use of blended monitor lines introduced

significant error into the measurements.

B. Self-absorption

The hollow cathode discharge is a light source of finite
depth, so there is a chance that before a photon from the u-4
transition can escape the source it will be absorbed by an atom
in level 4. If the fraction of radiation absorbed, dlu{,/luf,’ is
different for different lines the observed relative intensities of
those lines will not be the true relative intensities, and the
branching ratios computed from the observations will be incorrect.
=aol ,N,B, , where B

2 ut” L7 4u
is the Einstein absorption coefficient (gu)\i{,/gisnh)AuL and ¢ is a

The decrease in intensity IU.L is dlu -

constant. So

gt
B u uld
Tap = @l Ny g,8mh )
Let
3
Kk _ gu)\u{,
ul g{ISTTh
. P _ _ )
The observed intensity is I g = Iul; dIu{, IuL(l aku{,N&AuL)'
. - g
For akuLNJLAu& < 1 changes in th will not change I uL/IuJ(,
- . . ' = . ~ .1
significantly, and I uL/Iu{, 1. But if ek ,N A o , for
4 !
example, doubling N, changes I u{,/lul, from .9 to .8. Therefore,
if Iluf, is compared with I‘uk for a transition u-~k with little self-

absorption, the ratio of observed intensities Ilu&/lluk should change

as N& changes.
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In planning an experimental test for self-absorption one needs
to assess the effect it should have if it is present. Among the
lines measured Au/(, varied by a factor of approximately 103 for
lines from the same upper level, while Au& varied by a factor of
approximately 2. Therefore, Q/NLAU.LkuL should be much less for
weak lines even though these lines are usually at longer wave-
lengths than the strong lines. The ratio of the observed intensities

of a strong line }\u and a weak line Aok from the same upper

£
I I (l-ak ,N A )
level is I,u& = Iu»f, s ku&NLAU-&) . If this ratio is observed under
uk uk ok K Tuk

different lamp operating conditions yielding different N, and if

£

there is appreciable self-absorption, the ratio should decrease
systematically with increasing N&. For negligible self-absorption
the ratio should remain the same.

Such a series of measurements was made for strong transi-

6

tions to the a "D and a4D terms. The a6D term is the lower term

for strong lines from the zéFo term, and the a4D term is the

4

lower term for strong lines from the Z4Fo and z D° terms. The

test for self-absorption by a6D levels involved the lines 3841.074

o
5

BR(3799. 256) = .0236. Su&/MuL‘ was measured for both of these

and 3799.256 from the z6F /2 level, with BR(3841.074) = .577 while
lines using 3841.074 as the monitor line and using a range of
monitor currents from approximately 80 na to 5 na. The ratio
ﬁ(3841.074)/ﬁ(3799.256) remained the same, within experimental
uncertainties (about 6%) for all of the measurements. No

systematic change in this ratio is observed.
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For lines to the a4D term a similar test was made using

the lines 4762.376 and 5255.330 from the z‘/'LFg/2 level. 4762.376
has a.4D7/2 as its lower level and has a branching ratio of .924,

while 5255.330 has a4c;11/2 as its lower level and has a BR of
.049. 4762.376 was used as the monitor line. No systematic
variation of ﬁ(5255'330)/§f(4762'376) over the range of monitor
currents from 300 na to 15 na was observed. The spread in
%()\uk)/l\—i—(ku&) was about 5%. Therefore, no self-absorption was
detected in strong lines to the a6D and a4D terms.

None of the lines of interest go to the ground level except
for the 2 UV lines 2184.912 and 2176.014 which are transitions
with AS =1, AL = -2 and are so weak that we could establish only
an upper limit on their intensities. Therefore, self-abéorption by
the ground level was not investigated.

If self-absorption did affect the BR measurements the cal-

culated Au for weak lines should be too large, and the solar abun-

£

dance of manganese calculated using those lines should be too small.
Comparison of our abundance results with those of others recently

published suggests that the All are not too large and therefore

£

that self-absorption has not been a problem.

C. Linearity of the scan/monitor ratio

The assumption in calculating branching ratios has been that

uk/ uL:K'%u&Auk’ where % is independent of S and M. If %

is dependent on S or M, then the ratio of the transition probabilities

S S .
for two lines will not be b /—EL because the E' will not cancel
My, " M, K

L

S M
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out. Therefore some check was needed to make sure that % did
not vary with S or M.

The test, performed by W. Whaling, made use of the tungsten
filament standard lamp. The monitor and scanning channels were
set at 3834 A, and the tungsten filament lamp was adjusted to give
the desired monitor signal. A neutral density filter was placed in
fronf of the stepping channel to reduce the signal below 100 na.

For a given lamp current S/M was measured with no filter in

front of the entrance slit and with the 10% neutral density filter in
front of the entrance slit. This cut both S and M by the same
amount, approximately a factor of 10. No systematic difference
between S/M measured with and without the 10% filter was seen

for a range of monitor currents (measured without the 10% filter)
from 64 na to 855 na. Taking into consideration the M's measured
with the 10% filter we can say that S/M did not vary systematically
as the monitor current was changed from approximately 7 to 855 na.
Therefore E;— does not vary over this range of monitor currents for

K

scanning channel signals of under 100 na.

D. Linearity of stepping channel response

During the branching ratio measurements it was always
assumed that s = KL, where K was a constant and L was the illu-
mination falling on the slit. If this were not so, then the BR mea-
surements would be in error.

The test of the linearity of the stepping channel was per-

formed by W. Whaling and Craig Lage. A mask with several .375"
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diameter milled holes was placed to intercept the beam between
the mirror and the entrance slit. Each hole could be covered with
black electrical tape so that light from any combination of holes
could illuminate the entrance slit. Current through the tungsten
filament lamp was adjusted to give a signal of approximately 250 na
for illumination from a certain hole. The signal current s was
measured for illumination from each hole: s = K(s)Ln, where Ln
is the illumination through hole n. For the small s (100-250 na)
ldue to each single hole K(s) was assumed to be a constant, K(so).
The signal s was measured for various combinations of holes.
)[sn/K(so)+ sm/K(so)], so

K(sn+m)/K(so) = Sn+rn/(sn+ sm). This ratio was measured for

s = K( (Ln+ Lm) = K(s

nt+m sn+m) n+m

sOS 250 na and B e = 500-950 na. A plot of K(s)/K(so) versus s
showed that the ratio decreased linearly from s = 250 na to s =
950 na, with K(950 na) = .98K(250 na). Extrapolating this back to
the 0-100 na region shows that K should vary less than .5%
between 0 and 100 na, which is well within the uncertainty of our

measurements. Therefore, the assumption of detector linearity is

justified for the range of signals which we used.

E. Scattered light

In every spectrometer some light will be scattered from the
walls and from mountings of optical parts as well as from the
parts themselves. Because of this scattering, at any position on
the track the detector will receive not only light of the appropriate

wavelengths diffracted from the grating but also some light of
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different wavelengths which is called scattered light. Scattered
light is not a great concern when one is using a line source
because it will show up, along with any continuum produced by the
source, as a slowly-varying background which is usually much less
intense than the lines. This background can be subtracted from the
line to give the signal produced by the line. But when one is using
a continuum source it is not apparent what part of the signa_tl is due
to diffracted light of the desired wavelength and what part is due to
scattered light. This difficulty is aggravated in the use of the
tungsten filament standard lamp by the lamp's spectral distribution

of radiation since the number of photons crn—‘2 (of source) A-l

stea.ra.d"1 sec = increases with increasing wavelength up to about
112000 Z. For instance, the brightness at 7000 .2«“ is 78 times the
brightness at 3700 ;\. So a small fraction of 1ong-wévelength light
scattered to the short-wavelength part of the track can alter the
signal significantly. The result would be to assign too high a
response to the spectrometer at short wavelengths and thus make
the branching ratios of short-wavelength lines too low. So it is
important to make sure that scattered light is not discernably
affecting the calibration.

The first step in the laboratory test for scattered light was
the measurement of the transmission of a Corning 7-59 filter with
a line source, a small nickel hollow cathode lamp with neon as the
Carrier gas. The line used was 3858.30 A. The transmission was

also measured at that wavelength with the same continuum source

used in the calibration measurements, the tungsten filament standard
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lamp with 35.0 amps a.c. through the filament. After the filter
transmission measurements a Corning 2-60 filter was placed in
front of the entrance slit while the tungsten filament lamp was on
and the 7-59 filter was in front of the stepping photomultiplier tube.

The 7-59 filter cuts off all light below approximately 2900 A
Its transmission reaches a maximum of 0.84 at 3700 Z«. and then
falls until it cuts off light above 5000 2«. It transmits again in the
6900-12500 A region and in some regions of longer wavelength.
The 2-60 filter cuts out light below 6100 A and has a transmission
of about 0.88 from about 6650 A upward.

With the line source and with a filter in front of the entrance
slit to eliminate second order lines the signal at the peak of the
line is s(A). With the 7-59 filter in place in front of the stepping
channel the signal is sg;= s(1)t (1) so t(A) = sf/s(}\). However, with
the continuum source and a filter to eliminate second order radia-
tion the signal (after dark background has been subtracted) is
SL: s()\)+ss, where S is the signal due to scattered light. When
the 7-59 filter is in place the signal is S¢ = s(A)t Q)+ s's. s's is
the portion of scattered radiation passing through the 7-59 filter
and should be much less than S since the 7-59 does not transmit
well in most wavelength regions past 5000 }x The signal with both
the 2-60 and 7-59 filters will be approximately 0.88 s‘s.

Therefore, a comparison of 7-59 filter transmissions mea-
sured with the line source and the continuum source will reveal
whether scattered light is a problem. With the line source

tQ) = sf/s()\). But with the continuum source
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s(A)t(A) + s's .
Sf/s&z__s(-x)—-i-—;s_s t(A). If Sg is discernable and s'S< t()\)ss,
then sf/s& will be less than t(A) measured with the line source.

This test was made, and t(A) measured with the line source
was' .826 + .008. sf/s& was measured with the continuum source
to be .818 + .005. No signal above the dark current could be seen
with the 2-60 and 7-59 filters in place, so .88 s'S was below the
noise level of the dark current, which was about .005 na. The
dark current was about .15 na while S, and S¢ for the continuum
source were about 85 and 70 na, respectively.

Therefore, scattered light has not affected the calibration
measurements at 3858 Zx Because of the standard lamp's distri-
bution of intensity with wavelength and because of the phétomulti—
plier tube's sensitivity, which falls very rapidly after 6500 :”&, we
would expect scattered light to be a greater problem, if it existed,
at shorter wavelengths than at longer ones, so our calibration of

the spectrometer in the wavelength regions of interest was

unaffected by scattered light.

3.7 Results

The results for the BR's, A's and log gf's and the uncertain-
ties are listed in Table 5. Table 5 also lists the results of other
experimenters as well as the results of semiempirical calculations
by Kurucz and Peytremann (1975). Table 6 summarizes the
methods used by others in their experiments. A comparison of our

results with those of others reveals some interesting discrepancies.
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The comparison of absolute transition probabilities shows that
those of Corliss and Bozman (1962) (CB) are higher than those

reported here. Averaging over the 41 lines in Table 5 which have
Ach
AcIT
the standard deviation of the distribution. The magnitude of this

been measured by CB we find (log Y=.70 = .23, where .23 is

discrepancy is similar to that for other Fe group elements.

The values of Allen and Asaad (1957) (AA) are also higher
Aaa
SCIT
19 lines. AA used the gf's of Huldt and Lagerqvist (1952) and Bell

than those reported here, with {log Y= .45% .12 averaged over

et al. (1959) for the Mn I 4030, 4033 and 4034 A lines to normalize

their relative gf's to an absolute scale.

Woodgate's (1966) values are of the same magnitude as ours,

AWood
AciT

lized his scale to that of Penkin (1964) for the Mn I 3216 and 3224

with (log »=-.08%.20 averaged over 32 lines. He norma-
A lines.

Only four of the infrared lines measured by Hefferlin and
Gearhart (1964) have been measured at Caltech. The log gf's
reported by them are .58-.84 above the upper limits found in this
experiment. That is not too surprising, since Hefferlin and
Gearhart used measurements of IR lines by Corliss and Bozman
to convert their relative gf's to absolute values.

Kurucz and Peytremann (1975) have calculated gf's for many
Mn I lines using a scaled Thomas-Fermi-Dirac method and con-
sidering configuration interaction. The magnitude of their A's is

A
the same as ours, with (log Alé;lTr = .01t .54 for the 83 lines in

common. However, the large standard deviation indicates that there



-56-

AKur

log ACIT

nes for which is 1 or greater, so the Kurucz

gie 1

value for any given line cannot be considered trustworthy.
The above experiments all measured relative gf's and nor-

malized them to some absolute scale. If their relative transition

— ; Aother .
probab111t1es are reliable, then the averages of log —1——; given

above can be used to correct their gf's for transitions not listed
in Table 5. Therefore, it is of interest to examine the reliability

of the relative gf's of others. The dependence of the gf's on at

Aother

ACIT
versus A to reveal any error in the calibration of detector systems.

Aother

AcCIT

any temperature dependence of this ratio, since all of the other

least three variables must be examined. We have plotted

A plot of versus the energy of the upper level will reveal
experiments depend on the determination of the temperatures of
the arcs used. This plot would also reveal an error in the mea-

surement of a lifetime of an excited state, since such an error

would shift all of the ACIT‘S for lines from that level. The plot
Aother : .
of Ao versus A should reveal whether self-absorption in the
CIT CIT

sources or nonlinearity of the detection systems has affected the
results,

The comparison of our results with others as a function of

5 Aother .
wavelength is shown in Figures 11 and 12, where log —/—— 1is
SO

plotted versus wavelength for CB, Woodgate, AA and Kurucz. For
CB, Woodgate and AA there appears to be a wavelength dependence;
the ratios are higher for lines in the 3800 A region than for those

in the 4400-4800 A region. We believe that this apparent wave-

length dependence is spurious for the following reasons. It is very
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unlikely that Woodgate, AA and CB would make the same calibration

error. The CIT spectrometer has been calibrated by several

different workers using two standard lamps, and the relative sen-
sitivities at 3800 A and 4400 A are reproducible. If we examine

sets of lines from the same upper level we see no wavelength
| AWood
BETT
3701, 728 and 4762.376 from the z

The lines available for examination are

4

dependenc e in

o
F9/2 level and 3692.817,

4709.710 and 4766.426 from the Z4F?]/Z level. Also, Kurucz and
Peytremann have calculated f-values for many more lines than the
experimenters have measured. Although their f-values may be

wrong for lines in certain multiplets, there is no reason for the

existence of a wavelength-dependent error in their f-values.
AKur
ST
on the upper level of the line is

Figure 12 shows no systematic wavelength dependence of
Aother
AcrT
shown in Figures 13 and 14. A more likely cause of the apparent

The dependence of

wavelength dependence is the fact that the wavelengths of the lines
are correlated with the upper levels of the lines. Most of the lines
in the 3800 A region come from the z6FO term, while those in the
4400-4800 A region are from the z4DO and Z4FO terms. For
Woodgate and AA the results show the same dependence on Eu’
with ratios for lines of the z4FO and z4Do terms being .20-.28 dex
lower than those for the z6Fo lines. CB shows a similar but much
smaller variation, as does Kurucz. In the case of the CB results
the spread is large enough to make the comparison inconclusive.
The deviation of our results from Kurucz's is similar to that

observed by Smith (1976), who compared Kurucz's calculated values
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for Fel, Ti II and V II with experimental values. So it is in the
comparison with Woodgate and with AA that the dependence on
upper level is most clearly seen.

We have examined the evidence for and against a number of
experimental factors that might account for this dependence. They
are:

(a) self absorption of z6FO lines in the hollow-cathode source,
which would reduce the BR's of the strong zéFo lines and thus
reduce our A-values.

However, the laboratory test of I(3799)/1(384l) for monitor
currents varying by a factor of 16 shows no systematic variation of
this ratio with monitor current, so there is no variation of this
ratio with a variation of N&, a variation which should occur if
self-absorption of the aéD—zéFO lines is a problem. Another indi-
cation of the lack of self-absorption is shown in Figure 15, where

A

AT increases as log ACIT decreases for lines

with the a6D lower level. This is opposite to the trend one would

it is seen that log

expect if the hollow cathode source showed self-absorption, and it

may indicate that these lines are self-absorbed in the CB arc.

A
Figures 15 and 16 show no systematic trend of AVZ;;;d -
ARur . ) . ' ‘ -
ACIT with ACIT for these lines. A third point is that if the fault

were self-absorption in the CIT source, it would be necessary for
the self-absorption to decrease the log ACIT by approximately .2
dex, or a factor of 1.6 in the branching ratios, to produce the
observed effect. There are four lines for which this could not have

happened since their BR's are greater than 62.5%. Self-absorption
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could not have reduced these by a factor of 1.6 since the maximum
branching ratio is 1.

(b) self-absorption of lines going to the a4D lower term in
the Woodgate and AA sources. This would reduce the observed
intensities of the a4D~z4FO and a4D-z4FO lines of Woodgate and
AA and thus reduce the A's calculated using these intensities.

However, there is also evidence against hypothesis (b). The
same sets of Z4Fo lines which are evidence against a wavelength
dependent sensitivity calibration error are evidence against self-
absorption since the lines at 3600-3700 ;X go to the a6D term and
are weak while most of those at 4670-4770 Z& are strong and go to
2wWood

the a4D term. There is no systematic difference for
SOIT

these lines. Also, as Figure 15 shows, log P decreases as
CIT

or

log ACIT decreases for lines with a4D lower levels, which is the
wrong direction if Woodgate's source were to show self-absorption.
A
AA

The plot of log does not indicate anything

versus log A
AcIT CIT

since AA measure lines with too small a range of A-values for

any variation with A to be seen from their results.
A

The ratio for transitions with a4D lower levels does

AcriT
seem to increase as ACIT decreases, indicating possible self-

absorption, but the effect is no greater than that for lines with a6D

lower levels, so this apparent self-absorption by a4D levels in the
o8
s #%

CB source should not produce the observed trend for the
Tesults,
(c) an error in the lifetime measurement for the zéFo levels

which causes the measured lifetime to be 1.6 times too large.
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Beam-foil spectroscopy often yields too large a lifetime because of
unrecognized cascades.

However, this explanation does not quite fit all of the facts,
either. The lifetime measurement for the zéFo levels agrees to
within 15% with those of Pinnington and Lutz and Martinson et al.
The replenishment ratios R(0) in all 26F0 lifetime measurements
were < .065, so there was not much evidence of cascading. For
the Z6F0 levels Eu is greater than 5 eV, and the ionization limit
for Mn I is 7.432 eV. It is commonly observed in beam-foil
spectroscopy experiments that highly-excited levels such as these
do not exhibit much cascading.

If the lifetime were too large by a factor of 1;6, the abun-
dance calculated for lines from z6Fo upper levels would be too
large by the same factor. The abundance of manganese calculated
with the one zéf‘o line for which we have a Kitt Peak equivalent
width (see Chapter 4 and TaBle 7) agrees very closely with the
‘abundances calculated using Z4Fo and z4DO lines. (The sfandard
deviation for the set of abundances is .05 dex.) For the two z6F0
lines (including the one mentioned just above) for which we can use
Moore's W the abundance for 5004.891 is .1l dex lower than the
average abundance from the 6 z()Fo, z4Fo and z4DO lines. The
abundance for 5029.779 is .09 above the average. So the abun-

dances calculated from z6F0 lines are not systematically higher

than those calculated using the lines from other terms Also, the

Ku Kur
and (log ), 4
CIT ACIT F© lines

is only .02 dex, not the .2+ dex of the comparison with AA and

difference between (log A >6F lines
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Woodgate. If our T measurement were off by .2 dex or a factor of
1.6 one would expect the difference to be greater for the Kurucz
and Peytremann results as well as for the experimental results.

No one of these explanations nicely fits all of the facts con-
cerning the variation of AWood/ACIT and AAA/ACI’I‘ with upper
level. Self-absorption of the 26Fo lines in the hollow cathode iamp
seems more unlikely than the other two possible explanations. An

6

error in the lifetime measurement for levels in the z F° term is
slightly more probable than self-absorption of lines with a4D iower
levels in the Woodgate and AA arcs. If the lifetime measurement
is wrong, then the lifetime of the z()FO levels would need to be
1.6-1.8 times lower, or 11,4-10.2 ns rather than 18.3 ns. But

the evidence does not clearly point either to a lifetime measurement

error or to self-absorption by a4D levels in the Woodgate or AA

arcs.
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4, Solar Abundance Results

4.1 Introduction

The goal of this work was to find the solar abundance of
manganese through the use of the gf-values measured as explained
in Chapters 2 and 3. In addition to the laboratory data we need
solar spectra which reveal which Mn I lines appear in the sun
and how strong they are. The solar data which we have used
come from the tables of Moore et al. (1966) and from the
Preliminary Edition of the Kitt Peak Solar Atlas (Brault and
Testerman 1972). The former includes approximately 24,000 lines
in the region 2935-8770 ;X Much of the data in it is derived from
the Utrecht photometric atlas (Minnaert et al. 1940). The Kitt
Peak Solar Atlas was recorded as described in Brault et al. (1971)
using a double-pass solar spectrometer at the Kitt Peak National

Observatory.

4.2 The Curve of Growth

A. Equivalent widths

To find the number density of manganese atoms which are
creating an absorption line we need a measure of the intensity of
absorption. The measure frequently used is called the equivalent
width, W, of the line. W is the width of a line which is perfectly
black, has infinitely sharp edges and absorbs from the continuum
the same amount of energy as the real line. In other words, W
is the area between the absorption line and the continuum. W is

usually expressed in milliangstroms.
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For weak lines W depends strongly on the placement of the
continuum level. The accurate determination of W's is especially
difficult for lines of wavelength less than ~ 4000 1—0\ since at shorter
wavelengths the continuum is determined in part by the overlapping
of many absorption lines and is hard to discern.

For reasons mentioned below, the best lines for abundance
analysis are weak, long-wavelength unblended lines. This severely
limits the selection of suitable lines. We calculate the abundance
of manganese based on four lines for which we have W's obtained
from the Kitt Peak atlas by Lennard using the spectrum synthesis
method (Lennard, 1974). We also have Moore's (1966) W's for
these lines, and we use these and Moore's W's for two other
suitable lines to calculate the manganese abundance to see what
effect different sets of equivalent widths have.

The uncertainties in the W's have been analyzed by Lennard.
An error of 1% of the central depth of the line in the placement
of the continuum can lead to a 5% error in the W for the line.
The reproducibility uncertainty in deriving W from the recorded
Kitt Peak spectrum is negligible. W's taken from different atlases
may vary by +7%. We assign an uncertainty to the W values of
10%. However, unrecognized blending of lines can produce a W

too large by much more than 10%.

B. The curve of growth
The curve of growth is a curve showing the variation of W

with Ngf, where N is the number density of atoms and ions of the
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element, g is the statistical weight of the lower level and f is the
oscillator strength. Mihalas (1970) describes three regions of the
curve of growth.

1. For little absorption implying a small N or small gf or
both, Xv}\— « Ngf. In this region only the Doppler-broadened core of
the. line is absorbing a significant fraction of the radiation.

2. With increasing absorption the curve enters the saturation
region in which as much radiation as possible is being absorbed in
the Doppler core but the much weaker damping wings do not yet
absorb much radiation. The consequence of this is that W grows
very slowly with Ngf: —-V{—oc m .

3. For still greater density or higher gf the damping wings

absorb noticeable amounts of radiation, and, in theory

In laboratory absorption measurements a curve of growth is
generated by measurements of W for one line as N is varied. In
the sun N is fixed, and the curve of growth is constructed by
plotting log % versus gf for many lines of the same element. Some
account must be taken of the temperature gradient in the photo-
sphere, the ionization equilibria, the fact that the same medium
which is doing the absorbing is also radiating and the absorption
by atoms at different depths in the photosphere. To take these
things into account we use the weighting function method of Goldberg,

Muller and Aller (1960), hereafter referred to as GMA, in plotting

the curve of growth.
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Through the weighting function method the curve of growth
pecomes a curve of log _’\;% versus log C, where C depends on the
gf, wavelength and lower level excitation potential of the line. It
is necessary to have a model atmosphere to compute C for each
line. The model used in making these computations was that
derived by Aller and Pierce (1952) and extended to greater optical
depths by Elste (GMA 1960). Parameters based on this atmosphere
and used in the computation of C are found in Goldberg and Pierce
(1959).

For weak lines Xl =C NI\IIV:I

of Mn atoms and ions. So log

, where N is the number density

L]
X

in the saturation and damping parts of the curve of growth

Mn
= log (NMn/NH) + log C. For lines

W/ < CNMn/NH.

To find which lines are weak enough to lie on the linear part
of the curve of growth we plotted the curve for all measured lines
for which we had Moore's (1966) W's. (See Figure 17.) The tran-
sition from the linear to the saturation region was not well defined,
however. To determine whether some lines in the region of doubt
were weak enough to be used for abundance analysis we used
Lennard's (1976) fit of his Ni I data to the theoretical curve of
growth from Hunger (1956). Although the horizontal position of the
theoretical curve depends on the abundance of the element, its
position with respect to the ordinate depends only on go, the root
mean square velocity of an atom in the photosphere. Since the
velocity depends only on the temperature of the medium and the

mass of the atom, & will be nearly the same for Mn and Ni, so
- y
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the Lk value at which saturation begins should be the same for both

A
elements. The linear part of Lennard's curve of growth ended at
log )%,- = -5.55 .04, so lines with log % > -5,51 were not included

in the abundance analysis. Using lines on the linear part of the

curve of growth and using the Moore and Kitt Peak equivalent

N
widths, we calculated log NMn = log % =
H

log C.

4.3 Results

A. Abundance results

Table 7 lists the lines with log % < -5.51 for which we have
W's obtained from the Kitt Peak spectrum by spectrum synthesis.
Also listed are the abundances derived from these lines. It is seen
that the spread in abundance values is very small except for the
iine 5260.771, which yields an abundance six standard deviations
larger than the average abundance of the other four lines, where
the standard deviation is computed from the other four measure-
ments. See Figure 18.

There is no indication of error in the measured gf of the
5260.771 ;-‘x line. Self-absorption in the hollow cathode lamp would
cause the measured gf of a weak line to be too large, making the
abundance too small. The comparison of our lifetime and gf
results with those of others and the abundance derived from the
other line from the z4FO term do not indicate an error in the
lifetime. It is significant that Lennard had to use a very broad
line at this wavelength to give a good fit in the spectrum synthesis

fitting to determine W. Therefore, the most likely explanation of
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this high value for the abundance is that this line is closely blended
with another in the solar spectrum, and it is not possible to get the
true W even by spectrum synthesis. For this reason this line has
been dropped from further consideration in the abundance calcula-

tions.

The solar abundance of manganese calculated from the

NMn
Py

remaining four lines is (log Y4 12.00 = A o= 8.44 %, 05,

M
where the uncertainty is the standard deviation of the set of cal-
culated abundances.

Using Moore's W's for six lines we get AMn: 5.58 +.18,
where again the uncertainty is the standard deviation of the set of
measurements. See Table 7.

For unclassified lines in Moore (1966) and for those of
questionable classification close to wavelengths of lines for which
the gf's have been measured in the lab, see Appendix 5 and Tables
8 and 9.

B. The effect of hyperfine structure on the curve-of-growth
analysis

55Mn has a nuclear spin of 5/2 and a nuclear magnetic dipole
moment of 3.468 nuclear magnetons. Therefore, its spectrum
should exhibit hyperfine structure due to the coupling of the nuclear
spin and the angular momenta of the upper and lower levels of a

B
transition. The coupling of the nuclear spin I and the momentum

—\ LS.
of the electrons J is proportional to I-J and splits each level

characterized by J into a number of levels characterized by F,

. —
the quantum number for the total angular momentum F = I LT
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_Therefore, each line between two levels characterized by Ju and
Ty is split into several components, each component representing
a transition between levels Fum and F&n' The subscripts m and n
are to indicate that for both upper and lower levels the quantum
number F can have a number of values: F =I+J, I+J-1,.<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>