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Abstract. Analysis of ultraviolet absorption from the dominant ions in interstellar clouds
provides information on the mineralogy of the solid material in space and on the synthesis of
elements in our Galaxy and beyond. For the most part the spectra are acquired with the
spectrometers on the Hubble Space Telescope and the Far Ultraviolet Spectroscopic Explorer.
In order to convert the amount of absorption into an accurate abundance, determinations of
oscillator strengths of sufficiently high quality are needed. We present our most recent beam-
foil measurements in this area. Lifetimes, branching fractions, and oscillator strengths for all
transitions within the P 11 multiplet at 1154 A are compared with available results. Close
agreement between our laboratory measurements and theoretical and semi-empirical
calculations suggests a means for calibrating fast-beam instruments in the far ultraviolet. As
for Cu 11, our results for the line at 1358 A provide further evidence for a short lifetime for the
upper state of interest.

1. Background

The main goal of our laboratory measurements is to provide the basis for more secure abundances of
atoms and molecules in interstellar clouds, which are the sites for star and planet formation. Here we
focus on recent work on ultraviolet lines seen in the spectra of P 1T and Cu 11, which are the dominant
ions in neutral interstellar clouds for the two elements. P II observations in our Galaxy and the Small
Magellanic Cloud [1-4] focused on the amount of phosphorus depleted onto interstellar grains, while
in more distant galaxies and Lya systems, P 1T absorption reveals the metallicity and nucleosynthetic
history (e.g., [5-7]). Ref. [4] also used Cu II measurements to study this element’s incorporation into
grains. The abundances depend on the adopted oscillator strengths, or f~values, and the precision with
which they are known.

Our determination of the required f-values involves beam-foil spectroscopy, where lifetimes and
branching ratios are obtained. We restrict ourselves to transitions where: (1) all known cascades have
much greater lifetimes than that of the primary transition, or (2) a small number of observable
cascades have lifetimes comparable to the one of primary interest. We then study these cascades using
the ANDC (Arbitrarily Normalized Decay Curve) method [8]. We also consider a number of
consistency checks. We monitor beam current with a Faraday cup and light output with an optical
monitor simultaneously. Decay curves are measured at two beam energies because dE/dx, foil
thickening, and beam divergence then differ. The decay curves are also obtained with the foil
translated in both the downstream and upstream directions because foil thickening changes the time
calibration differently. We now describe the results of our measurements on P 1T and Cu II.
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2. Results

2.1. P11 lifetimes

We [9] studied the P 11 multiplet at 1154 A (3s*3p* P — 3s3p4s °P°) because the line at 1153 A is
typically used to derive phosphorus abundances. Lifetimes were measured for each of the upper levels
(/=0, 1 and 2). The lifetimes (about 0.80 ns) agreed with each other and with previous experimental
results [10-11] and theoretical ones [12-15]. A second, weaker and longer decay (around 10 ns) was
ascribed to a cascading transition. Theory [12, 14, 15] suggests the cascades originate from 3p4p °D;
however, we were not able to measure the lifetimes for the predicted transitions.

2.2. P 11 branching fractions

The intensities of the decay channels were also determined. The lines from J, = 1 occur at 1152.8,
1155.0 and 1159.1 A, while those for J, = 2 are at 1150.0 and 1154.0 A. Contamination from
cascades had to be considered when deriving the intensities. The resulting branching fractions are
0.359+0.027, 0.254+0.014 and 0.387+0.026 for J, = 1 and J; = 0, 1 and 2, respectively, and
0.267+0.016 and 0.733+0.033 for J, = 2 and, respectively, J; =1 and 2. The branching fractions differ
slightly from those expected from LS coupling rules. However, as discussed in [9], excellent
correspondence exists between our f~values and the theoretical ones [12, 14, 15] because the branching
ratios are very similar. The measured branching fractions also agree very well with semi-empirical
results [16]. An interesting consequence of the latter correspondence is described below.

2.3. Cu1 lifetimes

Uncertainty surrounded the correct lifetime to use in derivations of the oscillator strength for the
Cu 1I line at 1358 A involving the ground state and the 3d°4p 'P° upper state. The most recent
experimental lifetime [17] is shorter than earlier measurements [18, 19]. Theoretical lifetimes
[17, 20-24] tend to be shorter as well. In light of these differences, we initiated a project to determine
the lifetime via beam-foil techniques. As shown in Table 1, our measured lifetime of 1.37+0.04 ns is
in excellent agreement with the most recent experimental results and in general agreement with the
suite of theoretical calculations. Since the theoretical branching fractions for the two main channels
agree very well, a more secure f~value is now available for this important Cu II line.

Table 1. Lifetimes (ns) for the 3d@°4p 'P° state in Cu IL.

Experiment  Present Ref. [18] Ref.[19] Ref. [17]
1.37£0.04  1.8+0.2 1.7£0.3  1.34+0.22
Theory Ref. [20]  Ref.[21] Ref.[17] Ref.[22] Ref.[23] Ref. [24]
1.056 0.94 0.87 1.39/1.61° 0.84 1.15/1.13°
* The first entry is the length formalism, the second is velocity.

3. Discussion

We presented our most recent beam-foil measurements on P 11 and Cu 1. Ours represent the first
complete set of experimental results for the P 11 multiplet at 1154 A. The experimental branching
fractions are in excellent agreement with large-scale calculations and semi-empirical analyses for the
dipole allowed transitions. This represents the first experimental confirmation of the semi-empirical
branching fractions for an ion. The semi-empirical method is based on singlet-triplet mixing in
intermediate coupling when configuration interaction is negligible [16]. Our lifetime for the upper
state involved in the Cu I line at 1158 A is consistent with the most recent experimental results and
theoretical determinations. Both sets of measurements are consistent with the recommendations of
Ref. [25], making previously determined interstellar abundances now more secure.
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The success of the semi-empirical method for branching fractions in P 11 suggests a technique to
calibrate instrumentation involving fast beams below 2000 A [26]. In the tin isoelectronic sequence,
Sb 11 has the ns” np” — ns” np (n+1)s transitions around 1400 A, while the same Te III transitions are
near 1000 A, and those of Cs VI are around 400 A. We plan to make measurements on branching
fractions for this set of transitions to check the validity of the semi-empirical method at short
wavelengths. As discussed in [26], the semi-empirical method may be more accurate than large-scale
theoretical calculations for these ions. The ultimate goal is to determine if the semi-empirical
branching fractions can be used to calibrate fast beam apparatus at far ultraviolet wavelengths.
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