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Abstract. We present here an extensive list of internally consistent
oscillator strengths for Fe I lines. We have compiled and critically reviewed
the oscillator strengths existing in literature. An attempt has been made to
scale the oscillator strengths derived by different workers to that of
Blackwell and his collaborators and prepare a single consistent set of
oscillator strengths.
We have calibrated a log gf–log λ–E1–log I relationship that can be used
for calculating gf values for Fe I lines with no gf values available. We
demonstrate that standard error of such a calibration can be considerably
reduced by binning the data in 0.5 eV range in excitation potential.
We also tabulate systematic corrections to be applied to the oscillator
strengths of Kurucz & Peytremann (1975) for lines belonging to different
multiplets.
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1. Introduction
Quantitative spectroscopy which leads us towards better understanding of the
physical conditions, velocity fields and elemental abundances in the stellar atmospheres depends heavily upon the availability of accurate atomic data. The oscillator
strength is one of the most important parameters needed in the calculation of line
absorption. The oscillator strength data is essential for two types of astrophysical
calculations: (1) Model atmosphere calculations: Absorption coefficients are essential
parameters describing the interaction of radiation with matter and therefore are
crucial quantities in the calculations of model atmosphere. One requires atomic data
for all the stellar lines that would contribute to total absorption coefficient in the
calculation of line-blanketed model atmosphere. This total absorption coefficient in
turn would determine the atmospheric stratification in the model atmosphere.
Atmospheric models for the sun and stars can also be tested and improved using the
lines of neutral and ionized species of the same elements. The element iron which has
numerous lines in the spectra of F-K spectral type objects is a very suitable element.
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Normally our preliminary estimate for atmospheric parameters like temperature,
gravities and turbulence are improved by using a set of unblended Fe I and Fe II lines
with good gf values. (2) Stellar abundances: Spectroscopic determinations of stellar
abundances use a well-known relationship between the line strength (referred to as
equivalent width) and the number of absorbing atoms; this is known as curve of
growth. To employ this relation for the determination of stellar abundances, one
requires the equivalent width and line parameters for a large number of lines and a
suitable model to represent the atmosphere of the star. Spectrum synthesis technique
which has been developed over last decade, does not require equivalent width data but
it does require oscillator strengths for all lines falling into the spectral region being
synthesized.
With the aid of fast digital computers it is now possible to do detailed theoretical
calculations of line spectra taking into consideration the depth dependence of various
physical quantities in the stellar atmospheres. Besides, there has been considerable
development towards instrumentation; spectrographs giving a resolution of ~ 105 to
~ 106 are available now for stellar work. The equivalent widths can be measured very
precisely in photographic spectrophotometry using computer-controlled microdensitometers. Modern solid-state detectors like the CCD, reticon and digicon enable
us to measure precise equivalent widths even for faint objects.
Now it appears that the accuracy of abundance determination is limited mostly by
the inaccuracies in the oscillator strength data of the lines and there is growing need for
a complete list of precise, internally consistent oscillator strengths. We discuss the
oscillator strengths derived from different approaches in Sections 2–5. The calibration
of log gf – log λ–Ε1–log I relation will be described in Section 6.
2. Oscillator strengths
2.1 Theoretical Oscillator Strengths
It is possible to calculate reasonably good oscillator strengths for light atoms with
simple structures from quantum mechanical considerations. The oscillator strengths
are related to Einstein transition probabilities through

for a transition between upper level n and lower level n' (Aller 1963, p. 176). The gn and
g n’are the statistical weights of levels n and n'. One needs to calculate the line strength
parameter S and radial quantum integral σ for the calculation of transition probability. The former can be easily calculated for atoms in LS coupling and Coulomb
approximation can be applied in the calculation of σ for single valance electron system.
The calculation becomes very complex for a heavy element like iron. Some attempts
have been made over last few years: e.g. Froese Fischer (1979) used Hartree-Fock
approximation, whereas Shorer (1979) used relativistic random phase approximation
for the calculation of Fe I gf values. None of the theoretical attempts give gf values of

Fe I Oscillator Strengths

49

desired accuracy. Oscillator strengths for heavy elements are better calculated using
semiempirical methods.
A good account of earlier theoretical attempts to derive gf values can be found in
Crossley (1984) and Führ et al. (1981).
2.2 Semi-empirical Oscillator Strengths
The most extensive work on the semi-empirical oscillator strengths is by Kurucz &
Peytremann (1975; hereinafter KP). These authors have calculated oscillator strengths
for all allowed transitions between the observed levels of the neutral and first four
ionized states for all elements between boron (Z = 5) and Nickel (Ζ = 28). The
transitions for heavier elements are also included but only two ionization states are
considered. The computer code developed by KP first calculates scaled ThomasFermi-Dirac wave functions and then performs the least square fits to energy levels to
determine Slater parameter and eigenvectors. Another program calculates electrostatic and spin orbit gf matrices, eigenvalues, LS transition arrays and finally gf using
Slater parameter radial integral as input. Kurucz (1973) has compiled almost all energy
levels and line strength information available in literature. This information is input in
the calculation of scaled Thomas-Fermi-Dirac wave functions for a large number of
elements and all possible transition integrals. The Slater parameters calculated using
observed energy levels are used to predict unobserved energy levels and wavelengths to
calculate gf values for all possible lines between configurations for which observed
energy levels were available. The gf value table of KP running in three volumes
contains 1.6 × 105 lines and is perhaps the largest set of gf values in literature. However,
these gf values, when compared to the best determined ones, show systematic
differences. We will defer the discussion of errors of KP to a later section.
2.3 Empirical Oscillator Strengths
Experimental data on Fe I oscillator strengths is rather extensive. Many experiments,
involving lifetime measurements, absorption or emission technique, or absorption and
anomalous dispersion measurement technique (called as hook method) have been
employed. Relative oscillator strengths are measured in experiments involving emission, absorption, or hook method. However absolute scale for oscillator strengths can
be derived only through the experiments concerning lifetime measurements of certain
excited levels. The typical example of this technique are beam foil experiments. This
technique is used by many workers like Wiese (1970), Whaling, King & MartinezGarcia (1969), Hilborn & de Zafra (1969), Brozowski et al. (1976) with different kinds of
experimental set-ups.
This method though quite simple in concept and has added advantage of being
insensitive to temperature, suffers due to cascading effects caused by the simultaneous
excitation to even higher excitation states (than the one being examined). The radiative
de-excitation to the level considered would cause uncertainty in the lifetime measures
through additional humps in decay curves.
The accuracy of experiments involving absorption or emission methods strongly
depends upon the temperature control and precision in temperature measurements.
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Besides, these methods assume that local thermo-dynamic equilibrium is maintained.
Also, very high photometric accuracy is required in measuring line strengths. Hook
method also requires very good temperature and pressure control and hooks could be
measured accurately only for strong lines. Corliss & Bozman (1962), Corliss & Warner
(1964), Wolnik, Berthel & Wares (1970) are amongst the several earlier attempts using
spark, arc, shock tube absorption or emission methods. Though Corliss & Bozman
(1962) derived oscillator strengths for a very large number of lines and these oscillator
strengths were used in abundance work, soon it became apparent that the accuracy of
these oscillator strengths was far below the described accuracy. Not only is there large
internal scatter, but also the solar abundance of iron derived using solar coronal lines
differed from the photospheric iron abundance by a factor of 10. However, these
differences became very small when the gf values derived by Bridges & Kornblith
(1974; hereinafter BK) and May Richter & Wichelmann (1974; hereinafter MRW) were
used. BK measure Fe I oscillator strengths for over 500 lines using a wall stabilized arc
operated in argon with an FeCl3 admixture. Line intensities were measured with good
accuracy using a scanning Ebert spectrometer giving a linear dispersion of
2.5 Å mm–1 . The temperature errors were also minimized by BK, since their absolute
scale is based on lifetime data for 40 Fe I lines covering a large range in excitation
potential. May derived oscillator strengths for 1001 Fe I lines from similar experiments
using stabilized arc but line strengths were measured using photographic method. The
difference log gf (BK)–log gf (MRW) for most of the cases is very small, always in the
second decimal place. Also this difference does not show any dependence on excitation
potential of the lines or on line intensities. The accuracy of these gf values are between
10 and 25 per cent.
An accuracy of a few per cent for absolute gf values is attained by Blackwell and his
collaborators using Oxford furnace (absorption) method. An accuracy of 1 % has been
obtained for relative oscillator strengths by the same group. The experimental set up is
described in detail by Blackwell & Collins (1972). Here the temperature inside the
furnace is very precisely stabilized and measured. Very good photometric accuracy is
achieved in measuring the line strength using a couple of low noise electron
spectrometers. A continuous check and required correction for the continuum level
variations is also made. These measurements have attained a new level of sophistication in experimental determination of gf values and therefore can be used as
reference values to estimate the accuracy of other gf estimates. The gf values are
published by Blackwell and his collaborators in a series of papers (Blackwell & Collins
1972; Blackwell et al. 1976, 1979, 1980, 1982, 1986; Blackwell, Petford & Shallis 1979;
Blackwell, Petford & Simmons 1982; Simmons & Blackwell 1982). We will refer to
them as OXF gf values.
2.4 Solar gf Values
Our understanding of solar atmosphere, its velocity fields, and therefore of solar
spectrum has improved considerably over last decade. Besides, solar lines are
measured with much better precision now. It is therefore possible to use solar lines of
moderate strength to derive accurate gf values. Rutten & Van der Zalm (1984;
hereinafter RZ), Gurtovenko & Kostik (1981; hereinafter GK) have derived solar gf
values for very large number of Fe I lines.
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GK used the solar photospheric model of Holweger & Müller (1974) and the line
strengths of unblended solar lines measured on Liège solar atlas. The factors normally
affecting the accuracy of solar gf values are inadequate formulations of collisional
damping and atmospheric turbulence and also the departure from LTE assumption.
As the damping process plays more significant role in the formation of stronger lines, it
is better to deal with lines of moderate strengths. We have taken from the list of GK the
gf values for solar lines weaker than 200 mÅ. Solar photospheric model of Holweger &
Müller (1974) used by GK gives fairly good representation of solar atmosphere. We
believe that the accuracy of chosen gf value of GK is better than 10 per cent.
RZ have done more detailed analysis of solar lines. They have considered non-LTE
effects in their calculations and use full profile of the lines for matching the computed
lines with observed solar spectrum. They have choosen unblended weak lines and
therefore the line strength calculation does not depend upon the damping parameter.
They have achieved an accuracy of 2–3 per cent for the derived gf values. But the gf
value list of RZ is not as extensive as that of GK. Also not many lines of RZ have good
laboratory intensity values and therefore do not help much in the proposed calibration
of log gf –log λ–E 1–log I relation. We, therefore, have retained gf values of RZ as well as
GK although we have preferred RZ gf values over GK.

3. Calibration of log gf–log λ – El –log I relationship
It is well known that the strength of a line is a function of its oscillator strength,
excitation potential and wavelength of the line. Considerable improvement has been
achieved now in the measurement of line intensities. An accuracy of 13 per cent is
attained by Meggers, Corliss & Seribner (1975) in their laboratory line intensity
measurements. Oscillator strengths, excitation potentials and central wavelengths of
the line are known with sufficient accuracy for a large number of lines. It is therefore
possible to calibrate a relation between the oscillator strengths and line intensities.
Cowley (1983) made an attempt to calibrate a relation that would predict good gf
values from the line data consisting of wavelength, excitation potential and line
intensity. Cowley (1983) used Fe I lines with good gf values derived by Oxford workers
and the line intensities of Meggers, Corliss & Seribner (1975) to calibrate an equation
of form
log gf =A + Β log λ + cEu + D log I.
The Standard error of the fit was 0.15 dex for the sample considered.
One shortcoming of the work of Cowley (1983) is that the excitation potential range
covered in their sample is rather limited (0.0–2.5 eV). Besides, all calibrating lines have
been piled into a single set and coefficients are calculated for entire set.
Our compilation of gf values presented in Appendix is rather extensive. We have
included, in addition to the gf values of Oxford group, solar gf values of GK & RZ, and
experimental gf values of BK and MRW. However, for the calibration of
log gf–log λ–El–log I relationship we have only used the lines for which laboratory line
intensities of Meggers, Corliss & Seribner (1975) were available.
Unfortunately, the laboratory intensities are not available for most of the lines
included in the investigation of RZ. We could gather from the various sources only 361
lines with good gf values as well as laboratory line intensities. The gf values of GK are
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normalized to that of OXF gf values and they also cover a good range in excitation
potential (0.0–4.6 eV). There is sufficient overlap between GK, BK and MRW. As we
have stated earlier, there is no systematic trend between gf values of BK and MRW as a
function of excitation potential or line intensities. Besides, the differences log gf
(BK)–log gf (MRW) seldom exceed 0.1. On the other hand, the gf values from these two
investigations show a systematic difference when compared with gf values GK or
OXF, Since one of the major source of error in laboratory gf values is the temperature
and it manifests itself through the dependence of error on excitation potential (cf. Fig. 2
on p. 258 of Blackwell & Collins 1972), we decided to look for the possible dependence
of log gf (BK, MRW)–log gf (GK, OXF) on the excitation potentials. Since the
available data is rather clumped in excitation potential ranges like 0.0–0.1 eV,
0.8–1.01 eV,1.48–1.60 eV etc. we decided to calculate the coefficients for the equation
of type
log gf (OXF, GK) = A + Β log gf (BK, MRW)
for the group of lines falling into excitation potential range mentioned earlier. Our
results are presented in Table 1. The gf values of BK and MRW were brought to the
scales of OXF gf values using the coefficients in Table 1.
With this, we have now a sufficient number of lines covering 0.0–4.5 eV in excitation
potential range to calibrate the log gf–log λ–El–log I relationship. Initially, we used all
361 lines as a single set and calculated coefficients for relation.
log gf = A + Β log λ + CE l + D log I
such a fit gave large residuals and the standard error of the fit was 0.25 dex. With all
our reference gf values being the empirical ones which, besides other things are
sensitive to temperature errors, one could not rule out the dependence of errors in
excitation potentials of the lines. We, therefore, felt it was worthwhile calculating the
coefficients for groups of lines confined to a small range in excitation potential, say
0.5 eV. We, therefore, decided to bin our data into small ranges, in excitation potential.
The coefficients were then calculated for each data bin. This approach results in
considerable reduction in the standard error of the fit.
We have used the algorithm proposed by Banachiewicz (1938) using the cracovian
calculus. The advantage of this method as described by Köpal (1959) is remarkably less
number of mathematical operations required and consequent gain in accuracy
compared to the older Gauss elimination method.
Table 1. The coefficients to calculate correction for log gf values of MRW + BK.
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The coefficients derived for the binned data, the standard errors of the coefficients
and the standard error of the fit are given in Table 2. The table also contains in the last
column, the number of lines used in calculating the coefficients. One can use these
coefficients to derive gf value for any Fe I lines in excitation potential range 0.0–4.6 eV,
provided line intensity measure is available for it.
4. Discussion
4.1 Errors of Kurucz & Peytremann gf Values
Irwin (1983) and Blackwell et al. (1983) have earlier examined the nature of errors in gf
values of KP. Both the papers mention that the systematic errors of gf values of KP
vary from multiplet to multiplet, but for many multiplets the systematic errors of KP gf
values are nearly constant for all the lines belonging to a given multiplet. Blackwell et
al. (1983) have illustrated this point through the histograms of KP gf value errors for
many multiplets. They have mentioned that average systematic corrections could be
applied to KP gf values for the line belonging to a given multiplet, provided precise gf
values are known for a few lines of the multiplet and KP gf value error is found nearly
the same for these lines. We have demonstrated the near constancy of KP gf value
error for a few multiplets through Figs 1 and 2.
Table 2. The coefficients and the standard errors for log gf — log λ — El — log I relationship.
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Figure 1. Errors of KP gf values plotted as a function of excitation potentials for the excitation
potential range 0.00–1.02 eV. The lines belonging to different multiplets are shown by the
different symbols.

Figure 2. Errors of KP gf values plotted as a function of excitation potentials for the excitation
potential range 2.1–2.6 eV. The lines belonging to different multiplets are shown by different
symbols.

An interesting feature seen in these figures is that even over a small range in
excitation potential the KP gf value errors vary considerably from multiplet to
multiplet. Binning of the lines in small excitation potential ranges, a procedure found
quite useful with empirical gf values does not seem to help in the case of KP gf values.
The KP gf values are calculated using scaled Thomas-Fermi-Dirac approximation
with very limited configuration interaction considered. The comparison with welldetermined experimental gf values shows that KP gf values are more accurate for the
transitions involving well studied energy levels and very small configuration interactions. For other transitions there are errors and the size of the errors depends upon
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the type of transition. This probably accounts for the KP gf value error being nearly
constant for lines belonging to a given multiplet.
Our compilation covers a large number of multiplets and for many multiplets we
have more than three lines. We have listed in Table 3 for these multiplets, the error for
KP log gf values averaged over the lines of each multiplet. Though the KP log gf value
errors were nearly constant for most of the multiplets, the exceptions are multiplet
numbers 20 and 21. In both cases, there are indications of the errors being dependent
on the line intensities. We have plotted KP log gf value errors for the lines of these two
multiplets as a function of log gf value itself in Fig. 3.
The corrections tabulated in Table 3 for different multiplets can be used to correct
KP log gf value for other lines belonging to these multiplets provided there is no
drastic difference in the line intensities.

4.2 Present Compilation of gf Values and Future Prospects
Our compilation of log gf values for 1287 Fe I lines is presented in Appendix. Columns
1 and 2 show the wavelength (in Å) and excitation potential of lower level (in eV).
Columns 3–7 show the log gf values of KP, OXF, solar, BK + MRW and the values
adopted by us. Whenever OXF gf values were available, they were adopted even if
there were gf measures by other workers. In the absence of OXF gf values, values of
other workers normalized to OXF were used. Corrections for the log gf values of
MRW + BK have been described earlier. Solar log gf column contains values of RZ or
GK. The log gf values of GK are followed by an asterisk. For the lines with no OXF gf
values but solar as well MRW + BK values were available, we took the mean of solar
and corrected MRW + BK log gf values. Column 8 gives the line intensities measured
by Meggers, Corliss & Seribner (1975). Note that many lines in our compilation do not
have good intensity measures and column 8 is left blank. Only 361 lines of our
compilation had intensity measures of Meggers, Corliss & Seribner (1975) and there
were the ones used in the calibration of log gf –log λ–E l –log I relation. Besides, we
dropped from our compilation the OXF gf value measures for four lines which are
possibly affected by blending.
We believe that the compilation presented here will help attaining an accuracy of
0.15 dex in the Fe I abundance calculations. We are very hopeful of presenting a similar
compilation for Fe II lines in near future.
Laboratory line intensity measures of good accuracy are badly needed for many
more lines. Laboratory spectroscopists are requested to make extensive line intensity
measures for all observable lines of astrophysical interest.
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Figure 3. Errors of KP gf estimates plotted against the OXF gf values for the lines belonging
to multiplet numbers 20 and 21.
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†

Values from GK when followed by *, otherwise from RZ.
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