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Abstract. We report on radiative lifetimes of 4d5p excited states of Zr III produced in a laser produced
plasma. The ions were populated either in the ground state or in metastable states, and the number of
ions is strongly dependent on the application of an external magnetic field, which is shown to be very
important when using the time-resolved laser-induced fluorescence technique for lifetime measurements
in highly charged ions. The experimental lifetime results fall in the region 1–2 ns with statistical un-
certainties less than 7%. The experimental values were compared with multi-configuration Hartree-Fock
calculations showing an agreement within 12–20%. The experimental values are systematically higher than
the theoretical ones.

PACS. 32.70.Cs Oscillator strengths, lifetimes, transition moments – 52.38.-r Laser-plasma interactions

1 Introduction

Experimental investigations of radiative lifetimes of ex-
cited levels of multiply charged ions are of substantial in-
terest, because of the recent achievements in astrophysics
and regarding high temperature plasma devices. As is
pointed out in reference [1] the Zr II and Zr III spectra
are of astrophysical interest. In particular, Zr III spectral
lines were observed in the emission of the chemically pe-
culiar B-type star χ-Lupi. In this paper we report the first
radiative lifetime measurements of Zr III excited levels.

Experimental investigations of radiative lifetimes of
excited levels of multiply ionized atoms are usually a sub-
ject of the beam-foil method. This is because the beam–
foil method easily provides excited levels of ionized atoms,
including multiply charged ones. The method has the pos-
sibility to study excited levels with short natural lifetimes
(∼1 ns); characteristic values for ionized atom excited lev-
els. Potential problems of this method are spectral line
blending caused by limited spectral resolution, and cas-
cading effects, which sometimes may lead to considerable
errors. The latter problem can be resolved by a full cascade
analysis of the decay curves or by using the beam–laser
modification of the method.

The time resolved laser induced fluorescence technique
(TRLIF) is suited for measuring radiative lifetimes of ex-
cited levels in free atoms and ions since, it requires rela-
tively simple equipment, compared to the beam-foil equip-
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ment, and at the same time provides accurate values. How-
ever, the TRLIF method is limited, when applied to highly
ionized atoms (stages of ionization ≥2), because it is diffi-
cult to obtain a sufficient concentration in the ground and
metastable ionic levels. However, a laser produced plasma
can provide multiply ionized atoms allowing laser spec-
troscopic technique measurements (see, e.g., [2–4]). The
source of the ions produces atoms and ions in different
stages of ionization, in the ground or in excited levels. The
latter ones, decaying radiatively, populate the ground or
metastable levels of atoms and ions, which may then be
used for excitation.

2 Previous work

The Zr III ground electronic configuration is [Kr]4d2, and
the 4d5s, and 5s2 are the low-lying even-parity config-
urations, while 4d5p and 5s5p are low-lying odd-parity
configurations.

A literature survey shows that there are only few inves-
tigations dedicated to the radiative constants of the Zr III
spectrum, and in all of them only theoretical data for oscil-
lator strengths and transition probabilities were obtained.
The Cowan Multi-configurational Hartree-Fock (MHF)
code was employed for calculating oscillator strengths of
Zr III spectral lines in the spectral region 1190–3100 Å.
The lines originate from the excited levels with energy
Ei ≤ 13 eV [5]. The relativistic multiconfigurational ap-
proximation taking core polarization into account was
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Table 1. Radiative lifetimes of Zr III excited levels (data in ns).

Level E, cm−1 Starting Starting λexct λobs Experiment Theory Theory Theory
level level, cm−1 (nm)air (nm)air This work This work [9] [5]

4d5p z 1Do
2 53647.21 4d2 1D2 5741.5 208.68 286.9 1.76(5) 1.52 1.53 1.48

4d5p z 3Do
1 55614.42 4d2 3P0 8062.0 210.23 268.6 1.08(7) 0.95 0.96 0.91

4d5p z 3Do
2 56435.65 4d2 3P1 8325.6 207.79 265.6 1.15(4) 0.92 0.94 0.89

4d5p z 3Do
3 57346.83 4d2 3P2 8838.2 206.08 264.4 1.05(5) 0.92 0.93 0.89

4d5p z 3Fo
2 55555.63 4d2 3P1 8325.6 211.66 269.0 1.90(10) 1.55 1.55 1.51

used to calculate the allowed 5s2 1S0 − 5s5p 1P1 and for-
bidden 5s2 1S0 − 5s5p 3P1 [6] transitions. Further papers
in which oscillator strengths of Zr III spectral lines have
been calculated are references [7,8]. In the most extensive
paper [9], the Hartree–Fock method was employed for cal-
culation of the oscillator strengths of a number of spectral
lines. Relativistic quantum defect orbital method with and
without core–valence correlations has been employed for
calculating some of the 4d2 − 4dns, 4dnp and 4dnd oscil-
lator strengths [10]. Very recently, some energy levels and
transition probabilities pertaining to Zr III excited levels
with J = 0, 1 have been calculated using the relativistic
configuration interaction Dirac – Breit approach [11].

To our knowledge there are no papers on the determi-
nation of the radiative lifetimes of Zr III excited levels.
In a previous paper [12] some of us measured transition
probabilities of the 4d5p – 4d2, 4d5s and 4d5d – 4d5p tran-
sitions using the laser-induced break-down spectroscopy
(LIBS) method. The experimental results were compared
with theoretical data.

3 Experimental and theoretical lifetimes

The experimental set-up used in the present work has been
described in details elsewhere (see, e.g., [2,13]). The Zr III
ions were produced in a plasma by laser ablation using a
pulsed Nd:YAG laser (Continuum Surelite), which had a
pulse energy of up to 10 mJ. The impinging laser pulses
produced the Zr plasma from a rotating Zr foil target in
vacuum (10−5–10−6 mbar) (Fig. 1). The levels under in-
vestigation were excited in a single-step process from the
4d2 1D2, 4d2 3P levels of the ground electron configuration
4d2, which have energies from 5741 cm−1 to 8838 cm−1.

The excitation laser pulse, which was obtained from
a Nd:YAG pumped dye laser (Continuum ND-60), had
a short duration (about 1 ns), since the pumping laser
pulses were compressed by using stimulated Brillouin scat-
tering in water. To obtain the required excitation laser
wavelengths, the third harmonic of the radiation from the
dye laser, operating with DCM dye, was obtained using
a KDP and a BBO crystal. The two lasers were syn-
chronized by a pulse generator (Stanford Research Sys-
tems Model DG535) with the excitation laser pulse at
a selected delay after the ablation. The third-harmonic
beam passed horizontally through the plasma at a distance
of 9 mm above the foil. The directions of the plasma-
producing laser beam, excitation laser beam and obser-
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Fig. 1. Experimental set-up.

vation were orthogonal. The fluorescence light was fil-
tered by a 1/8 m monochromator (reciprocal linear disper-
sion 6.4 nm/mm), and then registered by a Hamamatsu
R1564U multiplier tube (200 ps rise time). The signal was
averaged and stored in a digital oscilloscope (Tektronix
Model DSA 602). Table 1 presents the energy levels mea-
sured and the excitation schemes used.

In connection with the work presented in reference [2]
it was found that the application of a suitable magnetic
field leads to a reduction of the background light, which is
due to the recombination between the ions and the elec-
trons in the plasma. The recombination decreases leads to
an increase in concentration of ions in the ground term.
The magnetic field was arranged perpendicular to the
plasma producing laser beam and the induced ion flow,
and parallel to the detection direction (Fig. 1). Lifetime
measurements in multiply ionized atoms (Ce IV) were per-
formed using the above technique [2].

As an example, Figure 2 illustrates the changes
in the laser-induced fluorescence signal (peak 2) from
the 53647.21 cm−1 level and the background due to
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Fig. 2. Signals due to the 53647.21 cm−1 level and the back-
ground due to recombination light between the ions and elec-
trons as a function of the time for different magnetic fields ob-
served with monochromator set to 287 nm. Peak 1 corresponds
to the total emission from the laser produced plasma; peak 2
– laser-induced fluorescence signal from 53647.21 cm−1 level;
peak 3 – background light due to Zr III ion recombination;
peak 4 – recombination light (see text).

recombination light between ions and electrons in different
magnetic fields. The peak 1, having a halfwidth of approx-
imately 60 ns, is due to emission from excited levels of all
species in the plasma. It can be seen from Figure 2 that the
maximum 3 decreases when the magnetic field increases.
This leads to the appearance and increase of the signal
from the excitation of the 53647.21 cm−1 level of Zr III
(peak 2). This fact leads to the conclusion that the maxi-
mum 3 is connected to the recombination involving Zr III
ions. The inset in Figure 2 shows the same data for the
time-resolved laser-induced fluorescence on a higher time
resolution scale.

Figure 3 shows the variation of the laser-induced flu-
orescence signal (peak 2) as a function of delay time for
two different magnetic field strengths.

Figures 2 and 3 can also be used to illustrate the vari-
ation of concentration of ions in the metastable level at
5741 cm−1 of the ground term of Zr III, since the fluores-
cence signal intensity is proportional to the population of
the initial level. It can be supposed that in the magnetic
field the electrons and ions are separated, which leads to
the reduction of the recombination of ground term Zr III
ions. The population becomes enough to realize excitation
from it and observe fluorescence from the Zr III excited
states. On the other hand, at larger magnetic fields the
plasma volume reduces and the recombination of the Zr
ions of different stage of ionization increases. This leads
to the maximum 4 (Fig. 2). It can be seen from Figure 3
that the signal from the Zr III 53647.21 cm−1 level de-

Fig. 3. The laser-induced fluorescence signal intensity from
the 53647.21 cm−1 level as a function the delay time between
the ablation and excitation pulses in the magnetic fields of
134 Gauss and 202 Gauss.

creases and disappears when the delay of the excitation
laser pulse is increased.

As can be seen from Figures 2 and 3, the recombina-
tion background can be reduced considerably by choos-
ing an appropriate magnetic field when the time-resolved
laser induced fluorescence signals were recorded at delay
times in the range of 0.6 µs and 1.0 µs. The lifetime de-
termined in the present work were measured at a typical
magnetic field of 100 G. From data of the kind shown in
Figure 2 we can make an estimation of the ion speed to
study the flight-out-of-view effect. When the delay time is
0.8 µs, the velocity of the doubly ionized zirconium atoms
having traveled 9 mm to the interaction volume with the
excitation beam was about 11 km/s. For a 10 ns interval
corresponding to 5 decay times for a level with a lifetime
of 2 ns the ion flight distance is 110 µm along the verti-
cal direction. This is much smaller than the diameter of
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Fig. 4. A typical experimental time-resolved signal from the
53647.21 cm−1 level in Zr III. A recording of the laser pulse
shape is also included. Residuals from the fitting curve and
the experimental points are presented in the lower part of the
figure.

the excitation beam. Moreover, the entrance slit of the
monochromator was orientated along the ablation laser
beam. Therefore, the flight-out-of-view effects will be neg-
ligible for measurements of such short lifetimes.

In order to obtain a sufficiently high signal-to-noise
ratio every decay curve was obtained by averaging flu-
orescence photons from 1000 excitation pulses. For each
lifetime measurement three recording were prepared: the
excitation laser pulse, the fluorescence signal and the back-
ground. The temporal shape of laser pulses was recorded
when the plasma producing laser beam was blocked. The
time dependent background due to recombination light
was recorded after the excitation laser pulses were blocked.
The example of laser pulse and fluorescence curves is pre-
sented in Figure 4. Lifetime values were obtained by least-
square fitting procedure of the laser-induced fluorescence
curves to a convolution of the recorded laser pulse and a
pure exponential function. When the measured lifetime is
comparable with the laser pulse duration, the fluorescence
intensity can be expressed as:

I(t) = C

∫ t

−∞
P (t′)E(t − t′)dt (1)

where C is constant, P (t′) is the laser pulse shape, and
E(t) is the fluorescence decay curve for instantaneous ex-
citation which is mathematically defined as E(t) = 0 for
t ≤ 0 and E(t) = exp(−t/τ) for t ≥ 0. This means that
the real fluorescence curve is the convolution between the
laser pulse shape and an exponential decay. Before the
convolution procedure the nonlinear background was sub-
tracted. In the convolution procedure the excitation laser
pulse and fluorescence signal were normalized. Assuming
Poisson statistics, the experimental points were weighed
by 1/Ni, where Ni is the number of counts in the ith chan-
nel of the digital oscilloscope. As can be seen from residual

between the experimental curve and the fitted curve pre-
sented in the particular example in Figure 4, the difference
between the points of experimental fluorescence and fitted
curve did not exceed 2.3% of the maximum fluorescence
value.

For each measured level, about 10–15 fluorescence de-
cay curves were recorded under different experimental con-
ditions. Parameters varied were the energy of the laser
pulses, the value of the external magnetic field, the de-
lay between the ablation and excitation pulses, and the
high voltage supplied to the photomultiplier tube. Under
the different experimental conditions, intensities of the de-
tected fluorescence signals were changed by a factor of 3–6,
and the evaluated lifetimes did still stay constant, which
implied that there is no radiation trapping or other detri-
mental effect in the measurements. As an example, the
change of signal intensity as a function of the delay time
between the plasma generation and the excitation pulse
can be clearly observed in Figure 3. In order to avoid
saturation effects, the fluorescence signals were detected
with different neutral density filters inserted in the excit-
ing laser light path, an aspect important when a decon-
volution is applied. The lifetime values and their errors
presented in Table 1 were the result of averaging over the
data of 10–15 decay curves. The error of each measure-
ment did not exceed 5%. The error bars correspond to
two standard deviations.

In Table 1 theoretical calculations of radiative lifetimes
of the experimentally investigated excited 4d5p levels are
also presented. The calculations were performed using the
Cowan code [14], starting with LS coupling as an ap-
proximation for the basis electron configurations, which
well represents the levels of interest [5]. In the calcula-
tions the even-parity electron configurations 4d2, 4d5s,
5s2, 4d6s, 4d5d and 6p2 were taken into account, and
the odd-electron configurations 4d5p, 5s5p, 6p, 4d6p, 4d4f
were considered. The integrals Rk, Fk, Gk and spin-orbit
integral (ξk) were left at their ab initio values. The fitting
of the calculated energies to the experimental ones was
performed using excited state energies from reference [9].
In Table 1 other author’s theoretical results are also pre-
sented. They are obtained from the calculated oscillator
strengths [5,9], where all spectral lines of Zr III states of
interest have been considered.

As can be seen from Table 1 the experimental data are
close to the theoretical values, within 12–20%, but sys-
tematically higher. A possible reason could be radiation
trapping, which, however, is improbable. The experimen-
tal values, which were obtained at different ion concentra-
tions, were found to be constant. The concentration was
changed either by variation of ablation laser pulse ener-
gies or by the delay between ablation and excitation laser
pulses.

In conclusion, in this paper the first experimental data
for radiative lifetimes of levels belonging to the Zr III ion
are reported. They agree reasonably well with theoretical
values. The method of using a laser produced plasma in an
applied magnetic field, with the effect of reducing the re-
combination of multicharged ions and therefore increasing
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the ion concentration, was shown to be very promising for
laser-induced fluorescence measurements of radiative life-
times of excited levels in multicharged ions.
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