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Abstract. Lifetime measurements, using beam-foil excitation,
are reported for doubly charged yttrium, Y 11I. The experimental
data, for 4d — 5p, 5s — 5p, 5p — 6s and 5p — 5d transitions, are
corroborated by new theoretical calculations using the method
of Coulomb Approximation with a Hartree—Slater model core
(CAHS). The results provide information about Y III transitions
observed in HST spectra of Hg-Mn stars.
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1. Introduction

Absorption lines of neutral and singly ionized yttrium have been
observed in spectra of the sun and various stars. An anomalous
abundance pattern for the elements Sr-Y-Zr was found in Hg-
Mn stars by Guthrie (1971), showing higher Y/Sr and Y/Zr
ratios than expected from the s-process of neutron capture. This
anomaly has been verified by Adelman (1989) in an extensive
abundance analysis of three Hg-Mn stars that was based on
more than 50 spectral lines of Sr11, Y 1T and Zr 11 in the optical
region. Recently, Redfors & Cowley (1993) derived the yttrium
abundance from Y 11l lines observed in IUE spectra of three Hg-
Mn stars, ¢ Her, x Cnc, and ¢ CrB. An interesting result was
that the abundance derived from the Y 111 lines was higher than
that obtained from Y 11 transitions which Redfors & Cowley
interpreted as a departure from LTE for this element. Also in
the spectrum of the chemically peculiar star x Lupi, as observed
with the Hubble Space Telescope (HST), two Y 1II lines have
been identified (Leckrone et al. 1993, private communication).

While oscillator strengths for astrophysically significant
Y1 and Y 1I transitions have been available for several years
(Hannaford et al. 1982, and references therein), very little has
been known about gf-values in Y 11I. To overcome this lack of
data, Redfors (1991), using the relativistic Hartree—Fock code
of Cowan (1981), presented transition probabilities for a large
number of Y II lines.

The structure of Y 111 — which belongs to the RbT isoelec-
tronic sequence — is relatively simple, dominated by configura-
tions with one electron outside the closed 4p® subshell. While
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the ground term in RbTand Sr1ris 5s %S, the lowest term in Y 111
is 4d ?D. The wavelengths and energy levels of Y Il have been
thoroughly investigated by Epstein & Reader (1975) who used
a sliding spark light source and high-resolution spectrographs.

Thus, the energy level structure of Y 111 is accurately known
and there already exist theoretical data on transition probabil-
ities, but no experimental lifetimes or gf-values have been re-
ported. In order to fill this gap we have now determined life-
times of low-lying levels in Y 111, using the beam-foil excitation
method including detailed studies of cascade effects. Parallel
with the experimental work we also undertook new calculations
of gf-values for Y 111.

2. Experiment

The measurements were carried out in the University of Toledo
Heavy Ion Accelerator laboratory. The experimental facilities,
including the 330kV ion accelerator and the on-line data analy-
sis systems, have been described in recent literature (Haar et al.
1993; Haar & Curtis 1993). We also refer to papers on lifetimes
for levels in C1 (Haar et al. 1991), Si1v (Maniak et al. 1993),
Aull (Beideck et al. 1993a) and Hg 111 (Beideck et al. 1993b)
which contain fairly detailed descriptions of the experimental
procedure and data analyses.

In the present experiment metallic Y filings were introduced
into the high temperature oven of the ion source of the acceler-
ator. The discharge was burning on Ar, and by leaking small
amounts of CCly the production of Y* ions was facilitated.
These ions were accelerated to an energy of 250keV and di-
rected through a thin (2.4 ug cm™2) carbon foil. The radiation
emitted by the foil-excited ions was analyzed with an Acton
1 m normal incidence vacuum monochromator, equipped with
a 600 1/mm grating blazed at 3000 A. The photons were detected
with a cooled Centronic photomuiltiplier.

Spectra were registered in the region 2100-3000 A. The life-
times were measured in the usual way, by recording the intensity
of a given spectral line as a function of the distance (down-
stream) from the foil. The velocity of the 250keV Y™ ions
from the accelerator was known with an uncertainty smaller
than 1%. Using semiempirical relations (see Beideck et al.
1993a,b) we estimated the energy loss for these incoming Y*
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ions to be 5.5keV pg~! cm?, or 13.2keV in the foils used. The
velocity of the ions after the foil was thereby determined to
0.717 + 0.014mmns~!. In addition to the velocity loss, the
lons also undergo scattering in the foil resulting in a slightly
divergent beam on the downstream side, as discussed by Haar
etal. (1991). This effect was computed, using available data (for
details see Beideck et al. 1993a,b), and corrections were applied
in the data analyses.

The ion energy used, 250keV, is favourable for producing
singly and doubly charged Y. Thus, semiempirical calculations
(Nikolaev & Dmitriev 1968) predict the following charge dis-
tribution after the foil Y (3%), Y* (46%), Y** (47%) and Y***
(4%). The Y 11 spectrum, recently analyzed by Nilsson et al.
(1991), is quite line-rich and blending of the Y 11 lines under
study by Y1 transitions had to be carefully examined. How-
ever, the beam-foil spectra showed convincingly that the Y 11
transitions of principal interest for the present study were very
intense, whereas most of the Y II lines observed were orders
of magnitude weaker. In a few cases (5p—5d and 5p—6s multi-
plets in Y 111) wavelength coincidences (within our experimental
spectral resolution) with Y II lines were possible, but the latter
lines have very low intensities (Nilsson et al. 1991). Even sig-
nificantly stronger Y 11 lines were barely visible in our beam-
foil spectra. Furthermore, we found that the lines of the Y m
multiplets 4d 2D — 5p 2P, 5s 2S — 5p 2P, 5p 2P — 5d 2D and
5p 2P — 6s 2S exhibited intensity ratios that were in nearly per-
fect agreement with the LS-coupling values. We are therefore
confident that blending is negligible in the present work. Sec-
tions of the spectra are displayed in Fig. 1. The strong Y 1 multi-
plets, for which decay measurements were made, are indicated.
Most other lines belong to Y 11.

Decay curves were recorded for transitions from the levels
Sp 2P]/2, Sp 2P3/2, 5d 2D3/2, 5d 2D5/2 and 6s 281/2. The lifetimes
of the 5p levels were measured both using transitions to 5s 2S, /2
and to the 4d 2D, /2,5/2 ground term, and the results were consis-
tent within 2-3%. Also for the 6s 281/2 and 5d 2D3/2,5/2 terms,
the decay studies involved two lines of each multiplet. The de-
cay curves were initially analyzed with the program DISCRETE
(Provencher 1976) which fits the data to a sum of exponentials,
representing the lifetime of the level under study and those of
higher levels feeding it. If the lifetimes of the primary level and
of the higher, cascading levels are close to each other, such a
multiexponential fit may lead to considerable uncertainties. A
much better method is provided by the technique of arbitrarily
normalized decay curves (ANDC), introduced by Curtis et al.
(1971), which corrects for cascades in a more rigorous way. The
principle of ANDC is briefly as follows:

If the level under study : with a lifetime 7; is fed from sev-
eral higher levels j with lifetimes 7;, the time evolution of the
measured intensities I(t) is expressed as

dIt)/dt = —Lt)/7 + Y &) - 1)

Here the quantities &, represent time-independent normalisa-
tion constants which take into account transition probabilities,
branching ratios, detection efficiencies, etc. Note that a detailed
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Fig. 1. Examples of beam-foil spectra of Y. The strongest Y m lines are
indicated. Most of the other transitions belong to Y 1

knowledge of these individual quantities is not necessary. By
recording the decays of the primary level 4 and all the dominant
cascading levels 7, an overdetermined set of linear equations
is obtained which can be solved for the parameters 7; and ¢;.
Only direct cascades need be measured because indirect cas-
cades, from levels k, that populate 4 via j, are already included
in the measured decay curves I;(t).

The ANDC method was applied to the 5p ?P levels, the decay
curves of which were analyzed jointly with those of the 5d 2D
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Fig.2. Decay curves of the 5p P/,
level and its principal cascades, 6s %S, /2
and 5d *Dj/,5/> The decay curves are
superimposed on a Grotrian diagram
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and 6s 2S levels. An example of the decay of 5p 2P; /2 and its
feeding from 6s and 5d is shown in Fig. 2. The ANDC equations
were solved using the computer program CANDY (Engstrdm
1982). The measurements and analysis procedure are similar to
those applied by Maniak et al. (1993) to Na-like Si1v.

3. Theoretical calculations

The theoretical approach employed in this work was detailed
by Theodosiou (1984). Here we repeat the general features and
some refinements. The wavefunctions of the n! states were ob-
tained by the Coulomb Approximation with a central potential
core (CACP) method (Theodosiou 1984), i.e. by direct inward
integration of the Schrodinger equation

d? I(+1

dr ) ‘/IJ( T)— ( ) ) +Enlj Pnlj(r) =0 2)
where the potential
Vi (r) = Vis(r) + Viu(r) + Vio(1) (3

consists of the following three terms:

(i) The single-electron central field Vs due to the nu-
cleus and the core electrons, which is calculated within the
Hartree—Slater approximation (Herman & Skillman 1963; De-
sclaux 1969).

(ii) The polarization potential V;; which represents the ef-
fect of the induced core electron dipole moment on the active
electron, and is taken to be of the form

Vou(r) = —%adr_“ {1 — exp [— (r/rcl)6] } @

to illustrate their joint analysis by the

4d 2D312,5/2 ANDC method

where the static polarizability ay was calculated by Johnson et
al. (1983). The cutoff distances r;, are adjustable parameters
obtained by iteration so that the “model” potential

Vin = Vs + Vi &)

reproduces the experimental binding energies of the lowest en-
ergy levels (i.e. 4d, 5s and 5p) of the active electron. The above
adjustments resulted in different values for the core radii r; for
each symmetry .

(iii) The spin-orbit potential V4, is taken to be the term in
the Pauli equation, and is given by

Veo(r) = L2 {1 + (0?/#) [E = Vea(1)]}
x (1/r) [dVi(r)/dr] L - S . (6)

Finally, the necessary radial matrix elements were calculated
using the expression

(nllr (1= 2 (1= 4 [emolm’ wem/ma ) ) (1)

similar to the one used by Norcross (1973).

4. Results and discussion

The experimental lifetimes are given in Table 1 where they
are compared with theoretical values, by Redfors (1991) and
from present Coulomb-approximation calculations. As noted
earlier the lifetimes of some levels were measured from two
decay channels, and the corresponding transition wavelengths
are given in Table 1. For the 5p 2Py /532 levels we give the
values obtained from the ANDC analyses, 2.06 and 1.79 ns,
respectively. These values are quite different from those ob-
tained using optimal fits of the DISCRETE program, 2.40 and
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Table 1. Lifetimes of levels in Y mt

Upper level  Transition wavelength Lifetime (ns)
A) Experiment® Theory

5p %P1, 2414.6; 2946.0 2.06£0.08° 2.146% 1.52¢
5p Py, 2367.2;2817.0 1.79 £0.08° 1.948%; 1.39°
5d *Ds, 21279 0.93+0.07° 1.098% 0.94°
5d 2Ds/, 2191.1 1.06 £ 0.08° 1.138%; 1.01°
6s %S /2 2206.0; 2284.3 1.2340.08° 1.249¢ 1.23°
* This work

® Result of ANDC analysis (the difference between 2P, /2 and 2p, /2
lifetimes is largely caused by the wavelength differences)

¢ Result of curve-fit, using the DISCRETE program

4 This work, Coulomb approximation with a Hartree—Slater core

¢ Redfors (1991), relativistic Hartree—Fock calculation

Table 2. gf-values in Y m

Transition Wavelength log gf
(A)? This work  Redfors (1991)

5s%S1/2 — 5p?Pij;  2946.014 —0.204° —0.187° —0.07
55281/, — 5p Py, 2817.037  0.118" 0.154° 0.25
4d’Dsj, — Sp PPy, 2414.643 —0.403° —0.385° —0.24
4d°Dsj, — 5p?Py, 2327.313  —1.099" —1.060° —0.92
4d°Ds;; — 5p 2Py, 2367.228 —0.144° —0.107° 0.02
5p*Py; — 65 %S, 2284345 —0.079° —0.073° —0.09
5p?Pi; — 65 7S, 2206.029 —0.406° —0.399° —0.37
5p®Pyj; —5d Dy, 2127979 0.318°  0.389° 0.39
5p *P3/» — 5d D3/ 2200758  —0.373° —0.301° —0.33
5p*P32 — 5d D5y 2191159 0.580° 0.610° 0.63

* Epstein & Reader (1975), air wavelengths

® Coulomb Approximation (CAHS) calculation

¢ Values based on experimental lifetimes and theoretical (CAHS)
branching ratios

2.32 ns, a fact which illustrates that cascading is indeed serious
in this case. Of course, this is fairly obvious because the Sp — 6s
and 5p — 5d transitions are nearly as intense as the 5s — 5p and
4d — Splines in our spectra. Similar findings have been reported
in several recent beam-foil studies of lifetimes for ions with one
valence electron, see e.g. Maniak et al. (1993), and references
therein.

For the 5d and 6s levels we can only report lifetimes based
on multiexponential curve fits. However, here the cascading is
much less severe than in the case of the 5p levels which implies
that our experimental results can be judged to be accurate within
8%. This statement — which assumes that the uncertainty due
to cascading does not exceed the uncertainties due to statistics,
ion velocity and beam divergence — is based on the following
arguments. The 6s 28 level is primarily fed from the 6p and 7p
2P terms for which the theoretical lifetimes are close to 6 ns and
13 ns, i.e. 5-10 times longer than the 6s lifetime. In this case, it
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is relatively simple to perform a reliable decomposition of the
multiexponential decay curve, in particular because the statis-
tical uncertainties are small. Indeed, the decay curves of the 6s
level show a second component of about 8.8 ns, which probably
represents a weighted average of the 6p and 7p lifetimes.

Cascading from 6p and 7p should also affect the 5d decay
curves, but in this case we must also consider feeding from the
4f and 5f ?F terms (with theoretical lifetimes of 0.65 and 1.1 ns
respectively). Here the situation appears to be more serious, be-
cause the latter values are very close to our measured lifetimes
for the 5d 2D levels, see Table 1. However, our theoretical cal-
culations also show that only 3% of the 4f decay goes to 5d, the
dominant decay channel being the 4d 2D ground term. For 5f,
the 5d — 5f branching ratio is calculated to be 15%, but here
our spectra show that the 5d — 5f lines (2791.4 and 2806.9 A)
are quite weak, as can be seen from Fig. 1. This is consistent
with our earlier results, i.e. that in beam-foil spectra of heavy
ions at low energies, low-lying levels are predominantly pop-
ulated (Beideck et al. 1993a,b). This fact has previously been
elaborated upon by Andersen et al. (1979) and Kemmler et al.
(1991).

Table 1 shows that the ANDC lifetimes for the 5p levels
are in very good agreement with our Coulomb approximation
data, but they are about 25% longer than the values reported
by Redfors (1991). This discrepancy is somewhat surprising.
One possible explanation would be given by core-polarization
effects, the omission of which from the theoretical calculations
may yield gf-values that are significantly too high (Migdalek
1978). In the case of the Coulomb approximation method, this
effect is explicitly included in the calculations. (The contribu-
tions to the dipole transition moment due to the polarization of
the electron and that of the core tend to cancel, thus reducing
decay rates, Hameed et al. 1968.) On the other hand, theory and
experiment tend to agree quite well for the lifetimes of the 6s
and 5d levels — in these cases the core polarization effects are
markedly smaller.

By combining our measured lifetimes with branching ratios
calculated by means of the CAHS method, we can obtain “ex-
perimental” gf-values. These are listed in Table 2, together with
the results of the present calculation and the theoretical data ob-
tained by Redfors (1991). A comparison confirms that the three
sets of data agree quite well for the 5p — 5d and 5p — 6s lines,
whereas the experimental oscillator strengths are lower than the
values obtained by Redfors (1991) for the transitions from 5p
levels, by 20-23% (5s — 5p) and 25-28% (4d — 5p). To further
clarify this problem, measurements of branching ratios for Y 111
will be undertaken in Lund.
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