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Summary. Oscillator strengths of 23 lines (or strongly blended
lines) of neutral carbon, belonging to the strong vacuum-ultra-
violet multiplets at 1261, 1277, 1329, 1463, 1561 and 1657 A, are
measured in emission with a wall-stabilized arc. Optical depth
profiles are derived, while boundary layer absorption is care-

fully minimized. The measured relative oscillator strengths are

normalized to an absolute scale set by lifetime measurements,
avoiding the need of neutral carbon density determination. All
the investigated lines can be saturated (blackbody radiation) by
increasing the carbon concentration, excluding the need of cali-
bration of the spectroscopic system. The use of digital data pro-
cessing techniques permits the separation of overlapping lines
within the multiplets. The uncertainty on the oscillator strength
values is between +10 and +15%. With the exception of the
multiplet at 1329 A, the agreement with the theoretical values of
Nussbaumer and Storey (1984) is within 5%.

Key words: neutral carbon — spectroscopy — atomic and molec-
ular data — UV radiation

1. Introduction

As a part of a systematic program of oscillator strength measure-
ments of CNO in the vacuum ultraviolet (VUV) by the emission
method (Goldbach et al., 1986), this paper deals with strong res-
onance multiplets of neutral carbon in the range 12004 < A <
1700 A.

Tozzi et al. (1983) have emphasized the astrophysical interest
of the VUV spectrum of neutral carbon which is observed in the
interstellar medium, in the sun, in the cooler stars and in comets.
This interest is exemplified by recent papers: interstellar absorp-
tion lines of neutral carbon are investigated by Jenkins et al.
(1983), while De Boer et al. (1985) extend these observations to
the extragalactic medium; Roussel-Dupré (1983) reports observa-
tions of two solar VUV C1 multiplets which provide consistency
checks on current model chromospheres; strong VUV Ci1 lines
are studied by Wegner (1983) in the spectra of a white dwarf and
by Adelman and Leckrone (1986) in a population II horizontal-
branch A star; in a review paper, Festou (1984) points out the
role of the VUV Ci spectra of comets for the solution of the
“carbon compounds’ puzzle”.
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In all these works, absolute oscillator strengths are required
to deduce absolute column densities and abundances. However,
for most of the VUV C1 multiplets, reliable oscillator strengths
(i.e. convergent values obtained through different techniques) are
missing.

In the 1200-1700 A range, only for two multiplets (Nr3 at
1561 A and Nr2 at 1657 A) are the oscillator strengths precisely
known: the lifetime values of the upper terms of the multiplets
are independently measured through beam-foil, pulse decay and
phase-shift techniques and agree within a few percent (see Table
1).

For the other multiplets, the only available lifetime value
comes from a single experiment: the beam-foil experiment of
Bromander (1971)for the multiplets Nr9 at 1261 A, Nr 7at 1277 A
and Nr37 at 1463 A; the phase-shift experiment of Brooks et al.
(1977) for the multiplet Nr4 at 1329 A. Moreover, for multiplets
Nr9 and 37, the upper levels do not decay only through the ob-
served transitions and f-value determination requires branching
fraction values (0.86 and 0.93 respectively) calculated from the
NBS-tables (Wiese et al., 1966).

Absolute oscillator strengths have been obtained for all these
multiplets by Boldt (1963) through an arc experiment: the dis-
crepancy with the available lifetime data is large (reaching 40%;
for multiplet Nr4) and is probably due to large error in the
absolute number density determination.

As to the other arc experiment (Stuck and Wende, 1974), it
is devoted to relative carbon oscillator strength measurements
but is restricted to wavelengths greater than 1650 A on account
of the deuterium lamp used for the spectral radiance calibration.

With the help of the two precisely known multiplets, astro-
physicists (De Boer and Morton, 1974 and 1979; Jenkins et al.,
1983) have determined oscillator strengths of other C1 lines, using
the curve of growth method; but the scatter of the data points
about the curves of growth limits the accuracy of the results.

C1oscillator strengths have been calculated through Hartree-
Fock methods (the most extensively by Wilson and Nicolet, 1967
and by Hofsaess, 1982) and through multiconfiguration methods
(Weiss, 1967; Nicolaiedes, 1973; Nussbaumer and Storey, 1984).
A precise evaluation of most f-values of astrophysical interest
must take into account the multiconfiguration interaction and
the recent results of Nussbaumer and Storey (1984) are the only
calculated values in good agreement with the existing experi-
mental data.

As laboratory data remain scarce for most C1 VUV mul-
tiplets, new measurements were made. In this paper, results of
emission measurements are presented for the strongest multiplets
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Table 1. Lifetime measurements of the upper terms of C1UV-multiplets Nr2 and 3.

UV-multiplet Authors Method Lifetime (ns)

Nr3 (1561 A) Lawrence and Savage (1966) Phase-shift 80+08
Pegg et al. (1970) Beam-foil 73+02
Bromander (1971) Beam-foil 7.5+ 0.2
Poulizac and Druetta (1971) Beam-foil 7.34+0.2
Brooks et al. (1977) Phase-shift 8.0+08

Weighted mean:

Nr2 (16574) Lawrence and Savage (1966)
Bromander (1971)
Mallow and Burns (1972)

Weighted mean:

Phase-shift
Beam-foil
Pulse decay

74 + 0.1(+1.5%)

31+03
29 +0.1
30+ 1.2

29 4 0.1(+3.5%)

at 1261.3, 1277.5, 1329.3, 1463.3, 1561.0 and 1657.2A. By in-
creasing the carbon concentration, lines in these multiplets may
be saturated so that they closely approach blackbody radiation.
This provides the radiometric calibration of the spectroscopic
system.

2. Measuring relative oscillator strengths

The experimental set up, the principles of the method and the
measurement procedures are described in detail in a preceding
paper (Goldbach et al,, 1986; hereafter referred to as paper I).
Thus they are only briefly summarized in this section; this also
permits us to comment on specific characteristics of the present
investigation on carbon.

2.1. The experiment

The emission source is a wall-stabilized arc operated in high-
purity argon (99.9995%,). For the end-on observations of C1 lines,
a slow flow of gas mixture (5% CO, in argon) enters the arc at
the midpoint of the column (typical flow rate: 0.05//h). A high
flow of argon (flow rate: 130l/h) entering the arc at the anode
end prevents the diffusion of CO, in the boundary layer and
minimizes the absorption of the strong resonance multiplets.

The relative oscillator strength fy/fx of a line X (f; being the
oscillator strength of a reference line) is deduced from the ratio
of the integrated optical depths [, 7, dA of the two lines (paper I,
Eq. (4)). 7, is determined from the end-on measured spectral
radiance I, through:

I
T, = —1n<1 ——Bi>
2

where B, is the Planck function.

For each of the investigated C1 multiplets, the blackbody
saturation level B, may be measured at the top of at least one
line by introducing pure CO, in the plasma column (Boldt, 1970).
A small admixture of Krypton, used as a thermometric species,
allows the monitoring of the plasma temperature.

The stepwise scanning of the monochromator (measured res-
olution 0.06A) is controlled by a data-acquisition computer.
Depending on the investigated multiplet, the photoelectric signal
is measured at 200 to 700 points separated by 0.004 A steps. For

each data point, the signal is sampled 200 times at 4 ms intervals.
During each run, the investigated multiplet and the whole refer-
ence multiplet (Nr3 at 1561 A) are scanned between 5 and 10
times. The individual contribution of the chosen reference line
(J =1 - J=0at 1560.31 A) is obtained by an appropriate data
treatment (see below).

2.2. Data analysis

The investigated resonance transitions appear as multiplets of
overlapping and blended lines. An accurate determination of the
integrated optical depth of the individual lines (or groups of com-
pletely blended lines) is performed by least-squares fitting pro-
cedures. As Gaussian (Doppler, instrumental) and Lorentzian
(Stark) line-broadening processes are all of the same order of
magnitude, each line profile is represented by a Voigt function.
The high-precision fast algorithm of Humli¢ek (1979) is used with
four free parameters (Gauss and Lorentz widths, position of the
line peak, integrated optical depth) to compute the Voigt profile.
The small continuous optical depth under the multiplet is simply
approximated by a constant. The analytical function which has
to fit the actual data points is then constructed by summing the
individual Voigt components and the continuum. The case of
each multiplet is now shortly described:

2.2.1. Multiplet Nr2 at 1657 A (Fig. 1e, 700 data points)

This is the only multiplet for which the individual contributions
of the six lines, including the rather strongly overlapping lines
at 1656.93 and 1657.01 A, are determined. The six Lorentzian
widths as the six Gaussian widths of the individual lines are as-
sumed to be equal, thus we use a six line fitting function and
accordingly 15 free parameters.

2.2.2. Multiplet Nr9 at 1261 A (Fig. 1a, 500 data points)

Because of a lower signal-to-noise ratio, the above described pro-
cedure fails to yield a non-erratic integrated optical depth ratio
for the two blended lines at 1260.93 and 1261.0A (theoretical
ratio 1.33:1). Then fixed values are introduced in the fitting
function for the parameters of the 1261.0 A line: the wavelength
separation with the 1260.93 A line is taken from Kelly (1982),
the integrated optical depth ratio 1260.93/1261.0A is the LS-
value (Allen, 1973). Six line fitting function, 13 free parameters.

© European Southern Observatory ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1987A%26A...181..203G

FTOB7ALA. 7 71817 72035

205

T T

-

O+~ -

° B

M

o 1 4

o
I
z
a
&
o
— o
sar y
£ ° =
o {=]

) 4

o”

o\gP?
[=l=]
o
° L ; ,
0 0.5 1 1.5

LAMBDA (A)

Fig. 1a. Multiplet Nr9: 1260.74, 1260.93, 1261.00, 1261.12, 1261.43 and
1261.55 A lines
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Fig. 1d. Multiplet Nr3: 1560.31 A line, 1560.68-1560.71 and 1561.34—
1561.37 A blended line pairs, 1561.44 A line
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Fig. 1b. Multiplet Nr 7: 1277.25-1277.28 and 1277.51-1277.55 A blended
line pairs, 1277.72 and the very faint 1277.95 A lines
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Fig. lc. Multiplet Nr4: 1328.83A line, 1329.09-1329.10-1329.12A
blended line group, 1329.58-1329.60 A blended line pair
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Fig. 1e. Multiplet Nr2: 1656.27, 1656.93, 1657.01, 1657.38, 1657.91 and
1658.12 A lines

Fig. 1a—e. Typical spectral scans (optical depth scale) of five C 1 multiplets.
The open squares are the experimental data points. The solid curve is the
analytical result of the least-squares fit, obtained by summing individual
Voigt profiles and a constant continuum (dashed curves). The origin of
the wavelength scale is arbitrarily taken at the beginning of the scale
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2.2.3. Multiplet Nr3 at 1561 A (Fig. 1d, 500 data points)

The blended line pairs at 1560.68 and 1560.71 A and at 1561.34
and 1561.37 A are not resolved and are treated as single Voigt
functions. The four Lorentzian and the four Gaussian widths are
not any more kept equal. One should also note that a spectral
scan of the 1560.31 A line, the reference line, restricted to about
five times its full-width would lead to a systematic 5% under-
estimation of its integrated optical depth. Four line fitting func-
tion, 17 free parameters.

2.2.4. Multiplet Nr7 at 1277 A (Fig. 1b, 400 data points)

Two unresolved pairs at 1277.25 and 1277.28 A and at 1277.51
and 1277.55 A are treated as single Voigt functions. Because of the
weakness of the 1277.95 A line its widths are set equal to those
of the 1277.72 A line and the wavelength separation 1277.72—
127795 A is that given by Kelly (1982). The integrated optical
depth of the 1277.95A line remains however a free parameter.
Four line fitting function, 14 free parameters.

2.2.5. Multiplet Nr4 at 1329 A (Fig. 1c, 350 data points)

Two completely blended line groups at 1329.09, 1329.10 and
1329.12A and at 1329.58 and 1329.60A are both represented
by a single Voigt function. Three line fitting function, 13 free
parameters.

The integrated optical depths of the individual lines (or groups
of completely blended lines) are thus obtained as final values of
parameters in the least-squares fitting procedure. The numerical
integration of the measured data is also performed and corrected
by adding the analytical contribution of the wings of all the
lines within a multiplet. As a check, this corrected value is com-
pared to the sum of the analytical optical depths of all the lines:
for all the multiplets the two values always agree within a few
tenths of a percent.

2.3. Error analysis and uncertainty estimates

Each experimental run yields a mean value (over 5 to 10 profiles)
of the ratio R = [, ©} dA/, 15X dA. Between 5 and 15 runs are per-
formed with varying carbon concentration (over a factor 2) to
obtain the final average of R and the corresponding standard
deviation for each line (random error on the relative oscillator
strength). The systematic uncertainty on the measured ratio R
is estimated to be +6% by taking into account the small trans-
mission degradation of the MgF, window during a run, the
uncertainty in the blackbody plateau realization at the line tops
and residual absorption in the boundary layer. The measured
line optical depth is related to the lower level population but,
due to the very small fine structure energy difference between
the lower levels of the investigated lines (resonance lines), the
Boltzmann factor appearing in the expression of the ratio R
(paper 1, Eq. (4)) is very close to unity and the systematic uncer-
tainty on the measured temperature (13,000 + 200K, see paper
1) does not contribute to the systematic uncertainty on the os-
cillator strength; the only exception is the 1463 A line with
AE/T = 1.13.

The final uncertainty, quoted in Table 2, is then obtained by
adding linearly to the random error the systematic uncertainties
on R and, for the absolute f-values, the formal + 1.5%; uncertainty
on the reference line oscillator strength (see Table 1).

3. Establishing an absolute scale

As emphasized in the introduction, various lifetime measurements
for the upper terms of multiplets Nr2 at 1657A and Nr3 at
1561 A are in close agreement (see Table 1).

To deduce line oscillator strengths from these lifetimes, the
assumption of LS-coupling is necessary: the lifetimes of the fine-
structure levels within the upper terms are assumed identical; the
line oscillator strengths are deduced directly (branching frac-
tion = 1 for these multiplets) using the LS relative line strengths.

For multiplets Nr2 and Nr 3, the relative strengths obtained
using either intermediate coupling calculations (Nussbaumer and
Storey, 1984) or LS-coupling scheme (Allen, 1973) are identical,
but the branching ratio measurements of Tozzi et al. (1983)
show deviations from the theoretical values within multiplet Nr2
while the agreement is good within multiplet Nr 3. Therefore,
the reference line is taken within multiplet Nr3. The weakest
and least susceptible to absorption in a cool boundary layer
line at 1560.31 A (J = 1 — J = 0) is chosen as reference line. The
corresponding gf-value, gf = 0.082, is deduced from the mean
experimental lifetime of Table 1 using the above described
procedure.

The LS-coupling assumption is thus stated only for the ref-
erence multiplet. As to the other investigated multiplets, the
relative line oscillator strengths within a given multiplet are mea-
sured and compared afterwards with LS and other theoretical
results (see below Table 3).

It should be noted that Nussbaumer and Storey’s value for
the absolute oscillator strength of the reference line is 8% lower
than the adopted value obtained from lifetime data. If the cal-
culated value were taken as the reference, one would have to
shift our absolute oscillator strength scale down by 8%.

4. Results and discussion

Table 2 displays the measured values for the relative absorption
oscillator strengths as well as the absolute values obtained after
normalization to the chosen absolute scale.

Our relative values are compared with the calculated values
of Nussbaumer and Storey (1984). When blended lines could not
be resolved in the experiment, corresponding relative oscillator
strengths are derived from the individual theoretical values. The
agreement is generally within +10% for all the lines, with the
exception of multiplet Nr4 for which the experimental relative
oscillator strengths are between 15 and 209 higher than the
theoretical ones.

For purpose of further comparison, Table 3 shows ratios of
the gf-values of lines (or blended lines) within a multiplet. The
high-resolution measurements of Tozzi et al. (1983) yield relative
photon fluxes for each line of the investigated multiplets, to-
gether with associated intercombination lines not included in the
present study. But, the photon fluxes within a multiplet are given
relative to a different normalization line depending on the total
angular momentum J of the upper level. As, in our work, blends
of lines coming from levels with different J in the upper term
are not resolved, the comparison between the two experiments
is limited to multiplets Nr2 and Nr9.

Among the measured multiplets, the only marked difference
between the results of LS-coupling (Allen, 1973) and of inter-
mediate coupling (Nussbaumer and Storey, 1984) calculations
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Table 2. Comparison of relative and absolute absorption oscillator strengths for neutral carbon. The values in front of a brace are
blended lines-sum values calculated according to multiplet absorption oscillator strength definition (Wiese et al., 1966, p. xi.) Absolute
transition probabilities A are also given

Mult.  Terms A (A) Relative f-values Absolute f-values A(108s71)
This work
N&S*  This work Boldt® Lifetime N&S*  This work
9 2p*3P 1261.3 0.029 0.038¢ 0.0382 0.042 1.8
“ 1260.736 0.482 0.44 + 13% 0.0366 0.036 + 15% 0.50
3d3p° 1260.927} 0.307 0.30 + 10% 0.0233  0.025 + 12% 0.79
1260.996
1261.122 0.185 0.19 + 10% 0.0141  0.016 + 12% 0.40
1261.426 0.129 0.11 + 11% 0.00976 0.009 + 13% 0.63
1261.552 0.385 041 + 13% 0.0293  0.034 + 15% 14
7 2p?3P 1277.5 0.063 0.090°¢ 0.089 0.094 2.3
« 1277.245} 0.952 090 + 11% 0.0723 0.074 + 13% 1.5
3d3D° 1277.282
1277.513} 0.717 0.70 + 9% 0.0544 0.058 + 11% 19
1277.550
1277.723 0.193 0.20 + 18% 0.0147 0.016 + 20% 0.65
1277.954 0.0099 0.011 + 27% 0.00075 0.0009 + 30%,  0.064
4 2p?3p 13293 0039 0063 00496 0062 23
- 1328.8332  0.652 0.78 + 11% 0.0495 0.064 + 13% 0.81
2p33P° 1329.0863
1329.1001} 0.652 0.76 + 10% 0.0495 0.063 + 12% 0.79
1329.1230
1329.5775] 0.654 0.75 + 10% 0.0497 0.062 + 12% 1.5
1329.6005
37 2p*'D 1463.3360  1.062 1.0 + 11% 0.093 0.068° 0.0806 0.085 + 13% 19
3d'F°
3 2p?3p 1561.0 0091  0082° 00758 0074 12
- 1560.3095 1 1 00759 0.082" 075"
2p3D° 1560.6832] 10 0.90 + 9% 00759 0074 £ 11% 076
1560.7079
1561.3407} 0.160 0.14 + 11% 0.0121  0.012 £+ 13% 0:21
1561.3668
15614382 0.839 0.73 + 9% 0.0637 0.060 + 11% 1.2
2 2p?3p 1657.2 0.7 0141 0136 014 34
- 2 1656.2665  0.748 0.72 + 139, 0.0568 0.059 + 15% 0.86
3s3pP° 1 1656.9282  1.793 1.7 £ 13% 0.136 0.14 + 15% 1.1
2 1657.0078  1.342 1.2 +£12% 0.102 0.10 + 149 24
1 1657.3797  0.447 045 + 129 0.0339  0.037 + 14% 0.90
0 1657.9070  0.597 0.58 + 12% 0.0453  0.048 + 149 35
1 1658.1222  0.448 044 + 139 0.0340 0.036 + 15% 1.5

2 Nussbaumer and Storey (1984)

® Boldt (1963)

¢ Bromander (1971)
4 Brooks et al. (1977)

¢ Mean values derived from Table 1

f Reference value, see §3

stands for multiplet Nr9 at 1261 A. Our results, in good agree-
ment with the values measured by Tozzi et al. (1983), are in
favour of the intermediate coupling calculations. For multiplet
Nr2at 1657 A, the deviations from LS- and intermediate coupling
found by Tozzi et al. (1983) do not appear in our results.

Our multiplet absolute oscillator strengths are compared with
previous arc measurements (Boldt, 1963) and with various life-
time determinations. The disagreement between the two arc ex-
periments is quite large, our values lying between 60% higher
and 20% lower than Boldt’s results. As discussed in Paper I
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Table 3. Comparison of gf-values ratios of lines (or blended lines) with a multiplet. The values
for multiplets Nr9 and 12 are given twice, varying the normalization line, to allow a comparison

with Tozzi et al. (1983) measurements (see discussion in §4.)

UV A(A) Jo—J,p LS IC® Tozzietal.  This work
multiplet Nr (1983)
9 1260.74  0-1 1 1 1 1
1260.93 1—0} 1.75 191 20+ 02
1261.00  1-1
1261.12  1-2 125 1.15 13+0.1
126143 2-1 1.25 1.33 1.44 + 025 1.3+ 0.1
1261.55  2-2 3.75 4.0 4.6 + 0.4
9 126112 1-2 1 1 1 1
126155  2-2 3.0 347 34404 35+ 04
7 127725  0-1 1 1 1
1277.28 1—2}
1277.51 1-1} 1.52 1.51 1.6 + 0.1
127755  2-3
1277.72 2-2 0.231 0.254 0.27 + 0.04
127795  2-1 00154  0.0130 0.016 + 0.005
4 1328.83  0-1 1 1 1
132909  1-0
1329.10 1—2} 30 3.0 29403
1320.12  1-1
1329.58 2-2} 5.0 5.0 4.8 + 04
1329.60  2-1
3 1560.31  0-1 1 1 1
1560.68  1-2 3.0 30 27402
1560.71 1—1}
1561.34  2-2 0.80 0.80 0.7+ 0.1
1561.37 2—1}
156144  2-3 4.20 4.20 3.6+ 04
2 165627  1-2 1.25 125 13401
165693  0-1 1 1 1 1
165701  2-2 375 3.75 38 4+ 04
1657.38  1-1 0.75 0.75 0.65 + 0.04 0.8 +0.1
165791  1-0 1 1 1.1+0.1
1658.12  2-1 125 1.25 1.09 + 0.04 13 +0.1
2 165627  1-2 1 1 1 1
165701  2-2 3.0 3.0 30402 29403

* LS-coupling, Allen (1973)
® intermediate coupling, Nussbaumer and Storey (1984)

for the similar nitrogen arc experiment of Labuhn (1965), the
precision of Boldt’s measurements is greatly affected by strong
temperature inhomogeneities in the arc column (perturbing the
calibration procedure with blackbody saturated lines) and by
the requirement of an absolute neutral density determination in
the presence of demixing (one should note that no lifetime data
were available at the time).

Our measured values agree generally with lifetime data to
within 4 10% or better. The f-values for multiplets Nr9, 7 and
4 derived from a single lifetime determination are confirmed by
this work. For multiplet Nr2, we find a value 6% higher than
the value (Lawrence and Savage, 1966) which is chosen by Stuck
and Wende (1974) to normalize their VUV and visible results to

an absolute scale, in particular the oscillator strength of the line
at 5052 A which in turn is chosen as the normalization standard
by Jones and Wiese (1984). On the other hand, for multiplet
Nr37 at 14634, we find a value 25% higher than the value
derived from lifetime using a branching fraction of 0.93 (Bro-
mander, 1971); an error on the branching fraction is not sufficient
to explain such a discrepancy.

Due to the lack of spectral resolution in previous experiments
yielding absolute f-values, our absolute oscillator strengths for
lines (or blended lines) may be compared only with theoretical
values. The agreement with the multiconfiguration calculations
in intermediate coupling of Nussbaumer and Storey (1984) is
excellent for the lines of multiplets Nr2, 3, 7, 9 and 37 (mean
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deviation of our values from Nussbaumer and Storey values:
+3.8%). As for relative values, the lines of multiplet Nr4 are an
unexpected exception with +25-30%, deviations from Nuss-
baumer and Storey values.

In conclusion, for the C1 multiplets Nr2, 3, 7, 9 and 37 of
astrophysical interest, an absolute scale of oscillator strengths
based on experiments (lifetime data and relative oscillator
strength measurements) is established which is in excellent agree-
ment (within 5%) with the absolute scale given by elaborate
multiconfiguration calculations (Nussbaumer and Storey, 1984).
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