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ABSTRACT

Context. Neutron-capture elements are believed to make up almost all elements heavier than iron in the periodic table. By studying
the abundance of these elements throughout the Galaxy, it is possible to put constraints on how and where neutron-capture processes
occur. Determining elemental abundances is made possible through the correct interpretation and modelling of astrophysical spectra.
Key ingredients for this, in turn, are accurate and complete sets of atomic data.

Aims. We investigate the spectrum of singly ionised zirconium with the aim of reporting level energies and radiative lifetimes for
previously experimentally unknown high-lying even 4d?6s and 4d5d levels, as well as improved energies for odd 4d*5p and 4d5s5p
levels. We also aim to provide wavelengths, branching fractions, and oscillator strengths (log g f values) for lines from these upper even
4d%6s and 4d?5d levels.

Methods. The energies, wavelengths, and branching fractions were derived from hollow cathode spectra recorded with a Fourier
transform spectrometer. The radiative lifetimes were measured using a two-step laser-induced fluorescence technique. Theoretical
calculations using the pseudo-relativistic Hartree-Fock method, modified to account for core polarisation effects, were also performed
and show good general agreement with the experimental results.

Results. We report for the first time level energies and radiative lifetimes for 19 high-lying even 4d?6s and 4d*5d levels and improved
energies for odd 15 4d?5p and 4d5s5p levels in Zr I1. We also report wavelengths, branching fractions, and oscillator strengths for 79

lines from upper levels of 4d>6s and 4d5d.

Key words. atomic data — methods: laboratory: atomic — techniques: spectroscopic

1. Introduction

Zirconium is predominantly produced by the slow neutron cap-
ture process (s-process) in massive stars and is therefore labelled
an ‘s-process’ element, although non-negligible contributions
from the rapid neutron capture process (r-process) also play a
role. However, there is still some ambiguity regarding the origin
of the total amount of observed zirconium. Different Galac-
tic chemical evolution models suggest various production sites,
either as an additional neutron capture process (see e.g. Travaglio
et al. 2004), or as the result of the not yet fully understood pro-
cesses within the stellar convective envelope (e.g. Molero et al.
2023; Forsberg et al. 2019). Further investigation of zirconium
and other s-process elements is therefore needed to bring clarity
to this.

An additional motivation for the present work is that it may
serve as a benchmark for theoretical atomic structure calcula-
tions. An open d-shell and three close-lying low even configu-
rations give zirconium a complex structure with multiple series
limits (see Figure 1), making it challenging to compute. This is
especially true for states of higher excitation, such as those tar-
geted in this paper, for which more electron correlation is needed
to accurately describe the atomic structure (Froese-Fischer et al.
1997).

* Corresponding authors: madeleine.burheim@mau. se;
hampus.nilsson@mau.se

The spectrum of singly ionised zirconium was studied in
1930 by Kiess & Kiess (1930), who identified 735 Zr 11 lines in
the wavelength range from 1740 to 6790 A. They reported 125
levels belonging to the 4d>Ss, 4d>, 4d5s?, 4d%6s, 4d*5d, 4d>5Sp,
and 4d5s5p configurations. More recently, Lawler et al. (2022)
reported updated energies for 36 Zr1I levels and 87 Zr1 levels.
For Zr 11, this includes the even-parity levels of the 4d?5s and
4d? configurations, as well as the odd-parity levels of the 4d*5p
configuration.

Biemont et al. (1981) reported oscillator strengths for 24 tran-
sitions in Zr1I, derived by combining lifetimes and branching
fractions (BF's). They also reported 34 oscillator strengths for
Zr1 lines and the solar abundance of zirconium. Sikstrom et al.
(1999) reported lifetimes of six levels, out of which three have
lifetimes on the sub-nanosecond scale. In addition, they reported
BF's for three levels and derived oscillator strengths for 27 Zr 11
lines. Langhans et al. (1995) reported 18 lifetimes in Zr I1. Ljung
et al. (2006) reported 263 BF's in Zr1I and derived oscillator
strengths by combining the BF's with lifetimes from Biemont
et al. (1981), Sikstrom et al. (1999), and Langhans et al. (1995).
Malcheva et al. (2006) published lifetimes for 12 levels in Zr 11
and HFR calculations benchmarked with experimental lifetimes.

All measurements in Zrll so far have dealt with life-
times and BFs from the odd 4d?5p and 4dS5s5p configurations.
However, in this paper we study the high even configurations
4d6s and 4d?5d. We report 19 previously unknown even-parity
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Fig. 1. Partial energy level diagram of Zr 11.

energy levels, together with the corresponding experimental
lifetimes, and improved energies for 15 4d>5p and 4d5s5p odd-
parity levels in Zr 1I. We also report wavelengths, together with
BF's and oscillator strengths (log g f-values) for 79 lines.

In Section 2 we present the details of the experimental part
of the project, starting with the Fourier transform spectrome-
ter (FTS) spectra and intensity measurements, from which the
energy levels and BF's are derived, followed by the lifetime
measurements, which combined with the BF's lead to the log g f-
values. Section 3 describes the theoretical calculations, and in
Section 4 we present and discuss our results.

2. Experiment

The experiments are divided into two parts. First, we discuss the
spectral analysis leading to wavelengths, BF's, and energy lev-
els. Then, in Section 2.5, we describe measurements of radiative
lifetimes of the high-lying even-parity levels.

2.1. FTS spectra

The wavelengths and BFs were measured from intensity-
calibrated spectra recorded with an FTS (Chelsea Instrument
FT500 UV FTS). The spectra were recorded between 20 500
and 41 000 cm™'. A hollow cathode discharge lamp (HCL), pro-
ducing the zirconium ions, was used as the light source. The
HCL was run with currents between 0.15 and 0.5 A, using
0.6 Torr argon as the carrier gas. The signal was recorded in
the second alias and with a resolution of 0.055 cm™!, using
a Hamamatsu 1P28 photo multiplier tube. The interferograms
were phase-corrected and Fourier-transformed using the com-
puter code Xgremlin (Nave et al. 1997). An example spectrum
is shown in Figure 2. Line positions and peak areas were derived
from a weighted Gaussian fitting process using the program GFit
(Engstrom 1998).

2.2. Wavelengths

Wave numbers of 79 Zr1I lines were measured and converted
into air wavelengths. The wave number-scale of the instrument
is linear and is set by an internal temperature-stabilised He-Ne-
laser with a known wave number. However, the internal laser and
the light source of the experiment have an offset in the optical
path, which induces a small shift in the measured wave numbers.
This shift depends on the incident angle and is wave-number
dependent (Salit et al. 1996), such that

Ao = ke - O (1)
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Fig. 2. Spectral line of the transition 5p z*Fy,, - 6s €*Fy,, with a typical
signal-to-noise ratio and a FWHM of 0.109 cm™'.

To correct the Zr 11 wave numbers for this offset, the factor, k.,
must be determined. This is done using measured wave numbers
of Ar II lines intrinsic to the HCL, which follow the same optical
path as the Zr 11 lines, and by comparing these with known and
accurate values recommended in Learner & Thorne (1988). The
uncertainty in the calibrated wave numbers is on average 4 mK
(1 mK = 0.001 cm™), as seen in Table E.1, with a lower limit set
to 1 mK.

The wavelengths were determined in vacuum from the mea-
sured wave numbers. However, for observational purposes, the
transitions are reported as wave numbers and air wavelengths.
The air wavelength depends on the refractive index of air, which
has been derived for each measured Zr IT wave number using the
five-parameter dispersion formula from Peck & Reeder (1972),
as suggested and discussed by Liggins et al. (2021), as the most
reliable within this wavelength range.

2.3. New energy levels

Combining the highly accurate energy levels belonging to the
4d>5p configuration reported by Lawler et al. (2022) with wave
numbers measured in this project, we derived new upper energy
levels of the 4d?6s and 4d?5d configurations. Each energy level
was derived as a weighted average of all measured transitions
from that level. An example of this is seen in Table D.1 for the
4d2%6s e*F s2 level, where seven transitions from the lower lev-
els were identified and measured, resulting in a weighted mean
energy of 59609.939 cm™!. Additional 4d*5p and 4d5s5p levels
were measured using transitions from the lower 4d*5s and 4d°
levels reported by Lawler et al. (2022). These new 4d*5p and
4d5s5p levels (see Table B.1) were in turn used to derive addi-
tional 4d%6s and 4d%5d levels. A complete list of the new 4d%6s
and 4d?5d energies is presented in Table C.1.

The uncertainty in the new energy levels, where several lines
are included, was estimated as the weighted standard deviation
of the individual energy values. A conservative minimum of
0.001 cm™! was used for the resulting energy levels.

2.4. Branching fractions

The BF for a line between two levels, u and [, is defined as
Aul
Z Jj Au j ’

where A,; is the transition probability of the targeted transition
and the denominator is the sum of all transition probabilities

BF, = (2)
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(Ay;) for transitions from the same upper level, u. For optically
thin lines, A,; is proportional to the emitted intensity (Z,;), since
1, o< N,g,A,, where N, is the population in the upper level and
gy, 1s its statistical weight. Thus, the BF for a transition is related
to the relative intensities:

[ul
2 luj

Assuming that all lines have been measured, Y, BF,; = 1.
However, in practice, some lines may fall outside the spectral
region covered by the instrument or are too weak to measure.
The contribution from these missing lines must be estimated and
accounted for in what is called the ‘residual’. A typical way of
estimating this residual is using theoretical calculations, where
BF's from all lines from a certain upper level are included. The
residuals presented in Table E.l1 were estimated from the results
of the theoretical calculations introduced in Section 3.

For lines with a large transition probability and a highly
populated lower level, the emitted light can be re-absorbed by
another atom in the same lower state. This phenomenon is called
self-absorption. Its probability depends on the ion density in the
plasma, where a high ion density is obtained by increasing
the current through the cathode. If self-absorption is present, the
measured line intensity will appear lower for strong lines and
thus would not correspond to the true intensity of the line. In
such a case, a correction for this would be needed. The spec-
tra used in this analysis are the same as those used in the study
by Ljung et al. (2006). In their study, some of the 5s—5p lines
exhibited self-absorption with a decrease in intensity of about
10% at the highest current, while others showed no apparent
self-absorption. The Boltzmann population in the 5p levels is
expected to be <1% of that of the 5s levels, even for tempera-
tures higher than that typically found inside the HCL. This is
confirmed by the fact that lines to 5p are much weaker than
lines to 5s. Consequently, since the f-values of the stronger
lines in this study are of the same order of magnitude as those
found in Ljung et al. (2006), a self-absorption of «1% is to be
expected for the lines presented in Table E.1. Compared to other
sources of uncertainty presented in this analysis, the contribution
of self-absorption is therefore negligible.

BF, =

3)

2.4.1. Intensity measurements

The main broadening mechanism in the HCL stems from the
thermal motions of the light-emitting atoms and ions in the
plasma and is referred to as thermal Doppler broadening. As a
result, the spectral lines adopt a Gaussian line profile. Another
broadening mechanism that also plays a role in the HCL is
pressure broadening, which gives rise to a Lorentzian distribu-
tion. However, the effect of this is much less pronounced than
Doppler broadening, which we tested by fitting both Gaussian
and Voigt (convolution of a Gaussian and a Lorentzian) profiles
using GFit with no noticeable difference. The intensity of the
lines in this experiment was hence measured as the integrated
area of a Gaussian fit.

The detection efficiency of the FTS is wave-number depen-
dent and can be represented by a response curve (see Figure 3).
This can be obtained using either an external calibration lamp,
with known spectral radiance, or accurately determined carrier
gas line intensity ratios. For this experiment, we use the latter
method, where known ratios of Ar I and Ar II lines suitable for
intensity calibration are recommended in Whaling et al. (1993).
The response curve, seen in Figure 3, was constructed by com-
paring argon line ratios measured in this experiment to those
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Fig. 3. Instrument response curve obtained using Ar I and II line ratios
suggested by Whaling et al. (1993).

presented in Whaling et al. (1993). The data were then fitted
with a fifth-degree polynomial used as the estimated response
throughout the spectral region. The response at a certain wave
number enters the derivation of the BF as a calibration fac-
tor, ¢ = 1/response, to the measured intensity (/), such that the
calibrated intensity becomes Iy = cl.

2.4.2. Uncertainty in BF

The uncertainty in the BF of a line, ul, depends on the uncer-
tainty in the measured intensity and in the calibration factor, c,;,
of all lines involved, uj, from the same upper level. The total
uncertainty in the BF of a line is thus estimated according to
Sikstrom et al. (2002) as

ABF,)\* AL\
ABFN _ (1 - pr, 2 (A
BFul Iul

n \2 1\ 2
+ 3 B, ((A]’) (%) ) @

c
ujul uj

where [ is the measured intensity and A/ is the uncertainty in
the Gaussian fit. The relative uncertainty in the calibration factor
(Ac/c) is estimated from the standard deviation of the data points
in Figure 3 relative to the fitted response curve. This is evalu-
ated to be on average 7% along the curve. The derived relative
uncertainties of the BF's, as shown in Table E.1, correlate with
the intrinsic strengths of the lines, where the apparent weak lines
tend towards higher uncertainties. For the lines that were not pos-
sible to measure, i.e. the residual, the uncertainty is included as
a conservative 50%.

2.5. Lifetimes

The lifetimes were measured at the Lund High Power Laser
Facility at Lund University using time-resolved laser-induced
fluorescence (TR-LIF) in a two-step excitation scheme. The
setup has been described in Lundberg et al. (2016), and an
overview can be found in Figure 1 in Lundberg et al. (2016).
Here, we only provide the most important details.

The free Zr* ions were produced by laser ablation, where a
frequency-doubled Nd: YAG laser (Continuum Surelite) with 10
ns pulses is focused on a rotating zirconium target placed in a
vacuum chamber. The created plasma was then crossed by the
two excitation lasers 0.5—1 cm above the target. The details of
the two-step excitations are presented in Table A.1.

A224, page 3 of 11
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Fig. 4. Decay of the 6s 2Fy, level in Zr 11 at 61835 cm™! with a lifetime
of 3.1 ns. The decay (blue) is plotted with plus (+) signs. The recorded
laser pulse (red) and the fitted decay curve (green) are shown with solid
lines. The actual measurement extends to 54 ns.

The first excitation step selectively reaches levels around
30000 cm™! belonging to 4d>(*F)Sp and is performed using a
Nd:YAG laser (Continuum NY-82) pumping a Continuum Nd-
60 dye laser giving 10 ns long frequency-doubled pulses. The
selection of the final investigated 4d>(*F)nl levels is achieved
by the same type of lasers; however, here the Nd:YAG laser
was injection-seeded, and the pulses were temporally com-
pressed using stimulated Brillouin scattering in water. After
frequency doubling in a KDP crystal or tripling in a BBO crys-
tal, we obtained pulses with a typical temporal full width at half
maximum (FWHM) of 1.2 ns.

The experiment was run at 10 Hz, and the timing of the three
lasers was controlled by a delay generator, which allowed us to
select the time between the plasma production and the excitation
steps to optimise the signal. Furthermore, by controlling the time
between the first 10 ns long excitation and the short 1 ns step,
we could ensure that the second step occurs at the maximum
population of the intermediate level.

Fluorescence from the excited states was detected perpendic-
ular to the three laser beams, with a 1/8 m grating monochroma-
tor with a 0.28 mm wide entrance slit, resulting in a line width
of 0.5 nm in the second spectral order. To optimise the light
yield, the slit was oriented parallel to the excitation lasers. The
light was finally detected by a fast microchannel-plate photomul-
tiplier tube (Hamamatsu R3809U) and digitised by a Tektronix
DPO 7254 oscilloscope triggered by the second-step laser pulses
detected with a fast photodiode. The temporal shape of the laser
pulse was also sampled on a second channel of the oscilloscope.
Each measurement was averaged over 1000 laser pulses, and the
resulting decay curve was analysed by fitting a single exponential
convoluted by the measured second excitation pulse and a back-
ground function using the code DECFIT (Palmeri et al. 2008).
An example of a recorded decay curve and the excitation laser is
given in Figure 4. Whenever possible, the decay was measured in
several different decay channels (Table A.1). For two levels, the
fluorescence had to be measured at the same wavelength as the
second step laser, leading to some perturbation from scattered
laser light. This was corrected for by separately recording the
scattered light with the first-step laser turned off and subtracting
this signal from the measured decay curve before the final fitting
procedure.
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The resulting lifetimes are presented in Table A.1 and rep-
resent an average of at least ten measurements in each channel
performed on different days. The variation of the repeated mea-
surement was also used to estimate the uncertainty in the quoted
lifetimes.

2.6. log gf-values

Once the BF's of transitions from a certain upper level, u, are
derived, they can, together with the lifetime of the upper level,
7,4, be used to determine the transition probability, according to

BF,
Ag= —2. &)

Tu

For the purpose of astrophysical applications, such as elemen-
tal abundance analyses, the desired parameter is the oscillator
strength, f. This value is related to the transition probability,
such that
3
fu = OME Gupx1.499 1071074 224, 6)
2netv? g, gi

where g, and g; are the statistical weights of the upper and
lower levels, respectively, and A is in nm. Note that A,; is the
emission transition probability, whereas f;, is the absorption
oscillator strength. The uncertainty in the transition probability
is derived from the uncertainty in the BF's and in the lifetimes.
The estimated total uncertainty in the gf-values is given in
Table E.1.

3. Calculations

The pseudo-relativistic Hartree-Fock (HFR) method developed
by Cowan (1981) and modified to account for core polarisation
effects — giving rise to the HFR+CPOL method (Quinet et al.
1999, 2002) — was used to calculate the level lifetimes and the
BFs for the transitions depopulating the energy levels of interest
in Zr 11. In the present work, the physical model used was based
on the consideration of three valence electrons surrounding a Kr-
like Zr V ionic core made of 36 electrons filling the so-called
core orbitals from 1s to 4p.

Therefore, the correlations between valence electrons were
evaluated in a configuration interaction scheme by explic-
itly including the following configurations in the calculations:
4d%5s + 4d%6s + 4d*7s + 4d*5d + 4d’6d + 4d*7d + 4d° +
4d5s* + 4d5p® + 4d5d? + 4d4f? + 4d5f> + 4d5s6s + 4d5s5d
+ 4d5s6d + 4d5p4f + 4d5p5f + 5526s + 5s25d + 5s26d (even
parity) and 4d%5p + 4d26p + 4d>7p + 4d%4f + 4d>5f + 4d5s5p
+ 4d5s6p + 4d5s4f + 4d5s5f + 4d5p5d + 4d5d4f + 4d5d5f +
5525p + 5s26p + 5s24f + 55%5f (odd parity). The core-valence cor-
relations were then estimated using a core polarisation potential.
Here, the dipole polarisability of the ionic core, a4, Was set to
2.98 ag, as reported in Johnson et al. (1983) for Zr V. Moreover,
the cutoff radius, r., was set to 1.35 ay, which corresponds to the
average value (r) for the outermost core orbital (4p) obtained in
our HFR calculations.

Using the experimental levels reported by Kiess & Kiess
(1930) and Lawler et al. (2022), supplemented by the experimen-
tal values measured in the present work (see Tables B.1-C.1),
some radial parameters, such as average energies (E,y), Slater
integrals (F*, G*), spin-orbit parameters (£,), and effective
interaction parameters (a, ) belonging to the 4d2%5s, 4d%6s,
4d5d, 4d3, 4d5s?, 4d5p?, and 4d5s6s even-parity configura-
tions as well as the 4d>5p and 4d5s5p odd-parity configurations
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Fig. 5. Comparison between experimental and calculated lifetimes for
the 13 first levels in Table A.1. The error bars correspond to the uncer-
tainty in the experimental results. The shaded areas show the 5 and 10%
deviation.

were adjusted using a well-established semi-empirical procedure
(Cowan 1981). This led to mean standard deviations between
calculated and experimental energy levels equal to 240 cm™'
and 92 cm™! for the even- and odd-parity levels, respectively.
The computed radiative lifetimes are presented together with the
experimental values in Table A.l and the BFs and oscillator
strengths in Table E.1.

4. Results and discussion

We report the energies of 34 levels belonging to the 4d>5Sp,
4d5s5p, 4d>5d, and 4d?6s configurations. The odd-parity lev-
els (4d25p and 4d5s5p), presented in Table B.1, differ with a
weighted average of 0.039 cm™! and a standard deviation of 0.113
cm™! from the earlier work by Kiess & Kiess (1930). The even-
parity high-excitation levels (4d?5d, 4d>6s), listed in Table C.1,
have not been reported before. We also note that none of the
4d%6s levels in Kiess & Kiess (1930) could be verified. However,
we confirm all levels belonging to the 4d>5s, 4d3, 4d5s?, 4d?5p,
and 4d5s5p configurations.

For the even-parity high-excitation levels, we present new
radiative lifetimes in Table A.l, together with the experimen-
tal uncertainties. In Table E.1, we report air wavelengths (4,;,),
BFs, and log gf values for 79 transitions coming from 13 of the
measured even-parity high-excitation levels.

A comparison between our computed and experimental
lifetimes (Table A.l) shows good agreement with a mean
ratio of 7eyc/Texp = 1.09 + 0.24. This is further illustrated in
Figure 5, where the computed and measured lifetimes for the first
13 levels show an overall agreement of 10%. In Table E.1,
the HFR+CPOL-calculated BF and log g f-values are compared
with the experimental values. The average deviation is approxi-
mately 25% for both BF- and g f-values, indicating a good level
of agreement. For the log g f-values, we see in Figure 6 that most
theoretical values lie within 0.1 dex of the experimental ones,
with an average difference of 0.04 dex. However, we see a wider
spread as well as larger uncertainties at lower log g f-values. This
is due to weaker lines being more difficult to both experimentally
measure and theoretically calculate, giving rise to larger possible
discrepancies between the two methods.

The last six levels listed in Table A.l remain without spec-
troscopic designations due to the difficulty in assigning them
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Fig. 6. Comparison between experimental and calculated log g f values
for lines from all levels included in Table 5. The error bars correspond
to the uncertainty in the experimental results. The shaded areas show a
+0.1 and 0.2 dex difference.

unambiguously, both experimentally and in the HFR+CPOL cal-
culations. Theoretically, we find that several configurations, such
as 4d5p2, 4d%5d, 4d5s6s, and 4d5s5d, are strongly mixed above
75000 cm~!. Tt is interesting to note that, while the average LS-
coupling purity of the even levels below 75000 cm™ is about
80% in the HFR+CPOL calculations, it drops to 60% for the lev-
els between 75000 and 80000 cm™'. Furthermore, these levels
are not included in Table E.1 since a reliable BF analysis could
not be done due to the difficulty in theoretically estimating the
residual.

5. Conclusions

This paper provides an extended understanding of the spec-
trum of singly ionised zirconium for highly excited levels. We
presented experimental energies, experimental and theoretical
lifetimes, as well as log g f-values. The two methods show good
agreement in the log g f values for the stronger lines and a larger
deviation for the weaker lines. For further astrophysical inves-
tigations, we recommend using the experimental values of the

loggf.
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Appendix A: Lifetimes

Table A.1: Two-step excitation schemes in Zr II.

Upper Energy® Intermediate  Energy’?  Excg Scheme®  Detectiong? Lifetime®™P  Lifetime®®
Level? [em™!] Level® [em™!] [nm] [nm] [ns] [ns]
6s e*Fs 2 59610 7*F3)n 29777 33511 2w 316 2.90 +0.2 3.15
6s e*Fs ), 59862 7*Fs) 30551 34119 2w 323 3.17 £0.2 3.18
6se*Frn 60389 7*Fs), 30551 33505 2w 317 3.16 0.2 3.17
6s e*Fg)2 61065 7*Fq)2 31866 34238 2w 342¢ 3.16 £0.2 3.15
6se’Fs;, 60903 7*Ds)n 31160 336.12 2w 318, 378 3.05+02  3.33
6s e’F7) 61835 7*Fo) 31866 33359 2w 375 3.11 0.2 3.34
5d e*Hy)n 63980 7*Gopp 29840 292.83  2w+AS 285 2.11 £0.1 2.28
5de*Hy;n 64498 7*Gy s 29840 288.44  2w+AS 288, 306 2.15 £0.1 2.33
5de*Hizn 65226 7*Giip 30796 290.35 2w+AS 290/ 2.07 £0.1 2.30
5d e*Gya 64369 7*Gopp 29840 289.52  2w+AS 282, 302 2.06 0.1 2.23
5de*Grip 64903 7*G1)2 30796 29311  2w+AS 285, 303 2.00 0.1 2.27
5d 2F; ), 64389 7*F7) 30561 295.53  2w+AS 287,296, 301, 307 222 +0.1 2.47
5d e>Gya 66433 7*Giipn 30796 280.52  2w+AS 279, 320 2.25 0.1 243
6700172 67001 7*Gy /s 29840 269.02  2w+2S 280 2.46 £0.1

7526032 75260 2*Fs)n 30551 223.60 3w 236, (238), 247, 254,295 1.43 +0.07
7519152 75191 7*Fs) 30551 22394 3w 261, 278 0.97 +0.06
753445/, 75344 7*Fs) 30551 261.89 3w 262(pump), 266, 276,280  1.32 +0.08
7577372 75773 7*F) 31249 22453 3w 233,261, 263 1.72 +0.08
7600972 76009 7*F7) 31249 22334 3w 261 1.20 £0.06

Notes. LS notations have been assigned to the levels where possible. The remaining levels have been given in terms of their corresponding energy
and J quantum number (see the theoretical discussion in section 3).

@ All identified levels belong to 4d>(CF)nl.

® All intermediate levels belong to 4d*(*F)5p.

©2(3)w is the second(third) harmonic of the laser wavelength, S(AS) imply the added Stoke(anti-Stoke) shift in a high-pressure hydrogen cell.
@Most fluorescence measurements were preformed in the second spectral order of the monochromator.

©Corrected for scattered light from the second step laser and detection tuned short to avoid cascade.

Corrected for scattered light from the second step laser at 290 nm.

Appendix B: Odd-parity energy levels

Table B.1: Odd-parity levels in Zr11.

Config. Term J  Energy [cm™ '] AE [cm™'] Measured lines
4d2(ID)5p 7P 3/2  35914.696 0.001 7
4d(3D)585p y4F 512 36868.921 0.002 10
42CP)Sp  y'D 52 37171.203 0.001 10
4dCD)5sSp  y'F T2 37429.751 0.007 10
4d>('D)sp  y?F  7/2 37787704 0.001 10
4d(3D)585p 7P 3/2  38133.533 0.001 5
4dCD)5sSp  7'P 5/2  38482.678 0.001 4
4dCD)5sSp y'F 92 38644.129 0.001 3
4dCD)5sSp XD 32 39192.484 0.003 7
4d(3D)585p x*D 512 39640.239 0.001 6
4d(3D)585p x‘D 712 40238.667 0.001 5
42CP)Sp  y2P 32 41337.082 0.006 5
42CP)Sp  y'P 52 43202.535 0.003 4
4d(1D)585p w2D  5/2  45185.976 0.010 3
4d(3D)585p w2F 512 47881.784 0.010 1

Notes. Improved energy level values compared to Moore (1952) and not included in Lawler et al. (2022).
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Appendix C: Even-parity energy levels

Table C.1: New even-parity energy levels in Zr 1.

Config. Term J Energy [ecm™"] AE[cm™'] Measured lines

42CF)6s  eF  3/2  59609.933 0.004 7
4d2GF)6s  e*F 5/2  59862.465 0.002 8
42GF)6s  €*F 712 60389.472 0.002 8
42GF)6s  e*F 922 61065.259 0.001 6
4d2GF)6s  eF  5/2  60902.797 0.002 9
4d2GF)6s  e*F  7/2  61834.764 0.001 1
4d2CF)5d  e*H 972 63979.886 0.002 3
42GF)5d  e*H 1172 64498.488 0.004 4
42CF)5d  e*H 132 65226.246 0.001 1
42GF)5d  e*G 92 64369.271 0.002 5
4d2GF)5d  e*G 112 64903.010 0.001 4
4d2CF)5d  2F 72 64389.376 0.003 9
42GF)5d  €2G 92 66433.177 0.002 3
4d2GF)5d  f*F 72 67000.577 0.004 2
7526032 32 75260.153 0.011 3
751915, 512 75191.622 0.011 4
753445, 512 75343.955 0.008 5
7577372 72 75772.892 0.008 7
760097, 72 76009.122 0.011 5

Notes. LS notations have been assigned to the levels where possible. The remaining levels have been given in terms of their corresponding energy
and J quantum number (see the theoretical discussion in section 3).

Appendix D: Identification of new level

Table D.1: Identification of the new 4d*>(*F)6s e*F;), level at 59609.933 cm™!.

Int. Ay [A] o [em™1] Lower level Energy [cm™!]
32 3654.8387 27353.196 4d’CF)5p Z4D3/2 59609.935
74 3618.4036 27628.618  4d°CF)Spz*Dyp  59609.933
45 3440.3536  29058.452  4d*(’F)Sp Z4F5/2 59609.917
82  3426.6525 29174.634  4d*(CF)5p 22D3/2 59609.934
29 3351.1069  29832.311  4d*(*F)5p Z4F3/2 59609.932
45 3320.7481 30105.034  4d*(*F)Sp Z2F5/2 59609.931
100 3161.0331  31626.072  4d’C’F)5p Z4G5/2 59609.933
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