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Abstract. A Fabry Perot interferometry was used to measure with a precision of about 10~ the Landé
factor values of the levels issued from the 5s5p, 5s6d, 5s6s and 5s7p configurations of cadmium. Fully
relativistic MCDHF calculations taking into account Breit and QED effects were performed to interpret
the results of the experiment performed on the cadmium isotope 114. In addition to the four experimental
Landé g values, new theoretical results for 12 levels are reported for the first time.

1 Introduction

Cadmium is a soft silvery-white metal akin to zinc and
mercury, the other stable metals within group 12. Being
toxic in nature, cadmium has low exposure limits for
humans. Cases of overexposure may occur even in envi-
ronments where only minimal amounts of cadmium are
present. This can explain the small number of experi-
mental works on the structure of cadmium [1-10].

Cadmium and its counterparts in group 12 are often
distinguished from transition metals due to the absence
of partially filled d or f electron shells. With the atomic
number (Z) of 48, naturally occurring cadmium com-
prises eight isotopes. Two of them are radioactive, and
three are likely to decay, but this has not been mea-
surably observed in laboratory conditions. The heav-
ier isotopes decay mostly through beta emission. In the
present work, we studied the pure isotope 114, the most
abundant isotope. Spectral lines of this predominant
isotope do not have hyperfine structure.

On another note, recently cadmium has emerged as a
highly desirable candidate for optical lattice clocks [11—-
13] and also stands out as a key candidate for explor-
ing new physics through King’s plot nonlinearities [14].
The observation of these deviations may be a signature,
for example, of a new boson mediating the interaction
between electrons and neutrons.

First measurements of Landé gy of 5s5p 3P, level
of Cd I were carried out by Kohler and Thaddeus
in 1964 [6]. Experimental and theoretical Landé g;
factor of the levels originating from 5s5p and 5sbd
of Cd I are reported by Huet and Luc-Koenig [15].
Recently, theoretical multiconfiguration Dirac-Hatree—
Fock (MCDHF) calculations on the Landé g factors
of the 5sbp 3P172 and 'P, states in Cd are taken
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into account as possible atomic clock states [16]. To
our knowledge, no other major studies concerning the
Landé g factors of Cd I are available in the literature.

In this work, we carried out the analysis of the Zee-
man spectrum of Cd 114 by Fabry—Perot interferom-
etry, which makes it possible to measure the Landé
gy factors of atomic levels with a precision of the
order of 10~%. The studies described below relate to
the configuration levels 5s5p, 5s6d,5s6s and 5s7p of
cadmium. To support our experimental observations,
we performed theoretical calculations of Landé g; fac-
tor implementing the fully relativistic multiconfigura-
tion Dirac-Hatree-Fock approach. The importance of
including configuration mixing and relativistic effects
to accurately define the wavefunction and subsequent
calculations of the Landé g; of the levels of Cd has
been emphasized in the past [15,17]. Therefore, we
constructed a detailed model by effectively consider-
ing electron correlations among the levels. We further
incorporate the Breit and QED corrections, as these
corrections become important for the accurate inter-
pretation of measurements.

Overall, new experimental results of three levels are
reported. Theoretical Landé g; values for the 22 lowest
states of Cd I have been computed. Among these, 12
values are entirely new, representing the first reported
instances of their determination.

2 Experiment

Using Fabry—Perot interferometry, we examined the
structure of five lines of cadmium in the range of
441.29-820.03 nm (see Table 1). The analysis of the
spectra allowed the determination of Landé factor val-
ues of four levels, of which three are new.
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Table 1 Atomic lines of Cd I investigated in our study

Line (nm) Upper level Lower level

Energy (cm™!) J Parity Energy (cm™!) J Parity
441.29894 53 310.101 0 e 30 656.087 1 e
466.2352 65 134.783 2 e 43 692.384 1 o
467.81493 51 483.980 1 e 30 113.990 0 o
734.56704 65 134.783 2 e 51 483.980 1 e
820.03089 65 501.412 1 o 53 310.101 0 e

e, even parity; o, odd parity
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Fig. 1 Recorded interferogram (o-view) of the 466.2352
nm line. The thick solid line represents the best computer-
fitted line profile. The unit of energy is mK (milli-Kayser)

A reliable fit of the Lande factor values for the
polarization spectra were impossible because the spec-
tra consisted of only one broadened peak. We there-
fore abandoned the analysis of them. However, for
the o polarization, the spectra consisted of two well-
separated peaks, the position of which was very sen-
sitive to changes in the magnetic field value. We con-
ducted observations for three different magnetic field
values: 1964.0(23) G, 2137.3(5) G, and 2374.0(14) G.
We determined the exact value of the magnetic field
by observing the Zeeman splitting of the strongest
466.2352 nm line of cadmium in the tested range. For
magnetic field calibration, we used g ; values from paper
[15]. The measurements were repeated several (10-20)
times in variable laboratory conditions. Examples of the
spectra we recorded are shown in Figs. 1 and 2. The thin
lines in the figures represent the experimental trace,
while the thick solid lines represent the best computer
fit. We used our own computer program described in
detail in paper [18] for the fitting procedure, which had
previously been tested on many observations of the Zee-
man effect presented in a number of publications (see
recent [19,20]).

3 Theoretical approach

We carried out a fully relativistic theoretical calcu-
lation of Landé g¢g; factor for Cd I pertaining to
5sns, bsnp, H5sbd, H5sdf and 5s6d configurations with
n ranging from 5 to 7. These configurations per-
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Fig. 2 Recorded interferogram (o-view) of the 734.56704
nm line. The thick solid line represents the best computer-
fitted line profile. The unit of energy is mK

fectly include the levels observed in the present experi-
ment and the other necessary configurations needed to
improve the accuracy of the results. Later in this study,
we will refer to these states by multireference (MR) set.

For generating the atomic state wavefunction (ASF),
the multiconfiguration Dirac—Hatree—Fock theory imple-
mented in GRASP2018 [21] is applied. The theory of
the MCDHF approach is described in Grant’s book
[22] and Jonsson et al. [23]. Briefly, in this approach,
the ASFs (¥) for a given level of parity P and
total quantum number J are given as linear combina-
tions of configuration state functions (CSFs) that are
formed through symmetry-adapted linear combinations
of Slater determinants of one-electron Dirac orbitals.

For our study, we represent the effective Hamiltonian
for an N electron system as,

N N
Heg=» hP(i)+ > Vi, (1)
i=1 j>i=1

where hP is the one-electron Dirac operator. The inter-
action between the atomic electrons caused by the
Breit VB (magnetic and retardation effects) and the
Coulomb VC interactions are represented by the term
Vij, which can be stated as [23],

Vij = VCij +V Bij, (2)
The MR set is optimized using the relativistic self-

consistent field (RSCF) approach for the Hamiltonian
defined in Eq. 1. During this optimization, only the
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Table 2 Present MCDHF energies and their comparison with the corresponding NIST values for Cd I along with the LS

composition of each level

Configuration Term J NIST MCDHF*" LS composition™
(cm™) (cm™)
552 ls 0 0 0 0.93
555p sp 0 30113.990 30177 0.96
5s5p sp 1 30656.087 30659 0.93
555p sp 2 31826.952 31675 0.88 + 0.08 5s6p 3P
5s5p p 1 43692.384 44100 0.92
5565 35 1 51483.980 51978 0.74 + 0.23 5s7s 35
5565 ls 0 53310.101 52702 0.79 + 0.18 5s7s 1S
556p sp 0 58390.9 58463 0.90 + 0.07 5s7p 3P
556p 3p 1 58461.6 58531 0.64 + 0.23 5s7p 'P + 0.08 5s6p ' P
556p sp 2 58635.7 58689 0.68 + 0.21 5s7p P
5s5d 'D 2 59219.734 59207 0.51 + 0.32 5s5d *D 4+ 0.06 4d'°5p* ' D
5s5d 5D 1 59485.768 59358 0.53 + 0.45 5s6d 3D
5s5d 3D 2 59497.868 59369 0.31 + 0.27 5s6d 3D + 0.21 5s5d 'D
5s5d 5D 3 59515.990 59376 0.79 + 0.19 5s6d 3D
5s6p p 1 59907.28 59513 0.43 + 0.31 5s7p 3P 4 0.20 5s7p ' P
557s 35 1 62563.435 62067 0.73 + 0.25 5s6s 25
5s7s ls 0 63086.896 62371 0.63 + 0.33 5s6s 15
55Tp sp 0 64995.9 64600 0.90 + 0.07 5s6p 3P
5s7p 3p 1 65025.5 64626 0.63 + 0.24 5s6p 'P + 0.09 5s7p ' P
55Tp sp 2 65093.702 64685 0.76 + 0.21 5s6p P
556d 'D 2 65134.783 65274 0.52 + 0.38 5s6d 3D + 0.05 5s5d ' D
5s6d 5D 1 65353.372 65475 0.56 + 0.42 5s5d >D
556d 3D 2 65358.881 65475 0.31 + 0.28 5s5d 3D + 0.21 5s6d ' D
5s6d 5D 3 65367.227 65486 0.74 + 0.21 5s5d >D
55Tp ip 1 65501.412 65625 0.44 + 0.31 5s6p 3P + 0.21 5s6p ' P
5s4f SF 2 65586.0 65984 0.98
5s4f SF 3 65586.0 65986 0.56 + 0.43 5sdf 'F
5s4f B 3 65994 0.57 + 0.42 5s4f 3F

+«The leading term in the LS composition represents the contribution of the ASF itself

This work

Coulomb potential is taken into account, while the Breit
interaction is included later as a perturbative correc-
tion. In the RSCF step, the radial Dirac orbitals and
the mixing coefficients are optimized to self-consistency.

Further, for an accurate theoretical description of the
Landé g; factor, it is important to take into account
the correction arising from the radiative QED effects,
viz. vacuum polarization (VP) and self-energy (SE) cor-
rections. In the present study, these corrections are
included perturbatively in the relativistic configuration
interaction (RCI) approach and are not included in
the RSCF procedure. The vacuum polarization effects
are considered by including the Uehling potential. For
the self-energy (one-loop) correction term, we used
the screened-hydrogenic approximation. The screening
coefficient is estimated in this approach by compar-
ing the analogous density of a hydrogenic orbital with
the Dirac-Fock wavefunction density near the nucleus
(r <0.0219 - ag, where ag is the Bohr’s radius). Addi-
tional details on SE and how it is incorporated in
GRASP2018 are available in [23,24].

To account for the electron correlation effects, single—
double-triple excitations of electrons from the MR sub-

shells to higher virtual orbitals are considered. We
included virtual orbitals up to n = 11 with our active
layers defined as A; = {8s, 8p, 7d, 5f}, Ay =
{9s, 9p, 8d, 6f}, A5 = {10s, 10p, 9d, 7f}, Ay =
{11s, 11p, 10d, 8f} and Ay = {11s, 11p, 11d, 9f}.
Valence-—valence correlations are included by allow-
ing all possible excitation from the valence orbitals
5s{nl,5d,6d,5f} withn = 5—7and [ = s,p. To include
the effect of core orbitals, we allowed only a single exci-
tation from the core orbitals, 4s, 4p, 4d. We limited the
core excitations by allowing at most one excitation at
a time from a core orbital in order to maintain con-
trol over the significant expansion of the CSFs. A fur-
ther constraint is imposed on the 2J value, which has
a maximum value of 6 in the present calculations.
This results in the creation of 19,22,815 CSF's in total.
This procedure successfully integrates correlations from
the valence and core orbitals in our calculations [25].
Furthermore, this process is quite rigorous and capa-
ble of effectively capturing the inter-configuration inter-
actions. In addition, to mitigate computational strain
and monitor convergence, the calculations are done in
a layer-by-layer fashion, optimizing the newly added

@ Springer
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Table 3 Determined experimental and theoretical values of Landé g; - factors of the investigated levels of Cd I

Experimental Theoretical
Energy (cm™') Designation J Line g%® g5 gthers g gothers
43 692.374 5s5p 1P 1 430.66718 1.0 1.0013(2) [15] 1.00030  1.001004 [16]
1.00134 [15]
30 656.087 5s5p 3P 1 441.29894 1.5 1.5027(21) 1.499846(10) [6] 1.50068  1.499006 [16]
1.4997(3) [15] 1.49976 [15]
31 826.952 5s5p 3P 2 - 1.5 1.5007(3) [15] 1.50010  1.499968[16)
1.50112 [15]
65 134.783 5s6d ' D 466.234 1.0 0.9953(13) 1.00004
51 483.980 556s 39 1 467.81493 2.0 2.0294(67)
734.56704 1.982(12)
2.018(15)* 2.00224
65 501.412 5s7p 'P 1 820.03089 1.0 0.9929(32) 1.00082
59 219.734 5s5d ' D 2 1.0 0.9998(1) [15] 1.00003  1.00000 [15]
59 485.768 5s5d 3D 1 0.5 0.4987(3) [15] 0.49878  0.49882 [15]
59 497.868 5s5d 3D 2 1.167 1.1669(2) [15] 1.16700  1.16702 [15]
59 515.990 5s5d 3D 3 1.34 1.3335(3) [15] 1.33408  1.33411 [15]
58 461.6 5s6p 2P 1 1.5 1.49592
58 635.7 5s6p 2P 2 1.5 1.50112
59 907.28 5s6p 1P 1 1.0 1.00067
62 563.435 5s57s 39 1 2.0 2.00225
65 025.5 5s7p 2P 1 1.5 1.50085
65 093.702 5s7p 2P 2 1.5 1.50112
65 353.372 5s6d 3D 1 0.5 0.49887
65 358.881 5s6d 3D 2 1.167 1.16699
65 367.227 5s6d 3D 3 1.34 1.33408
65 586.0 5s4f °F 2 0.67 0.66591
65 586.0 5s4f °F 3 1.0834 1.08351
5s4f 'F 3 1.0 0.99999

*Weighted mean value

orbitals and keeping the others fixed. A similar pro-
cedure has been used in our previous works [20,26].

Finally, after obtaining optimized wavefunctions for
the configurations in our MR set, we computed the
Landé g factors expressed as [27,28],

-2 [V vy
YOVITED T [ e
2 Z] ©

Here a, x and Y(!) are the fine structure constant, rel-
ativistic spin matrix and vector spherical harmonics,
respectively. a; and §; correspond to the Dirac matri-
ces defined as,

(0 )= 0) w

here o; and I represent the Pauli matrices and identity
matrix, respectively. The second term in Eq. 3 is the
Schwinger QED corrections to the operator defined in
the first term accounting for the QED effects in the

@ Springer

electron’s gyromagnetic factor. The value of g5 in this
case is 2.00232.

4 Results and discussion

Theoretical energies calculated in the current study are
given in Table 2 and compared with the available results
at the National Institute of Standards and Technology
Atomic Spectra Database (NIST ASD), USA [29]. A
good agreement between the two sets of energies is evi-
dent, characterized by a root mean square deviation of
314cm~'. This alignment supports the fact that the
bound state wavefunctions of the concerned levels are
generated accurately, incorporating the major relativis-
tic effects. Further, to show the level mixing between
different levels, in Table 2, we also present the LS com-
position of all the concerned levels. Only the CSFs with
the most significant contributions are included, with a
limit of up to a maximum of three CSFs.

In Table 3, the Landé g; values from our current
theoretical calculations for As are listed in column
eight. To demonstrate the convergence of our calculated
Landé g; values, we present the mean and standard
deviation (StD) of the absolute differences between the
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Table 4 The mean and standard deviation of the absolute
difference of Landé g factors calculated from two consecu-
tive active layers

|[A2 — Ai| A5 — Ao |As—As| A5 — A4

Mean 1.228E—02 2.635E—-03 2977TE—04 7.849E—06
StD 2.175E-02 4.062E—03 5.554E—-04 1.599E—-05

values from two consecutive layers in Table 4. The sys-
tematic decrease in the mean values indicates conver-
gence, with each layer showing progressively smaller dif-
ferences from the previous one. Similarly, the StD val-
ues also exhibit a decreasing trend, suggesting reduced
variability in the differences, thereby supporting the
observed convergence. The difference between the last
two layers (|As — A4]) decreases to the order of 107°,
explaining the accuracy of our theoretical values to the
fifth decimal place.

The experimental results, along with their measure-
ment uncertainties of our experimental studies, are pre-
sented in the fifth column of Table 3. Numbers in brack-
ets indicate statistical errors corrected by the Student’s
t-distribution coefficients [30]. Statistical errors come
from the analysis of approximately 20 interferograms
obtained for each of the tested lines under variable
laboratory conditions. In the case of level 5s6s 357,
the Landé g; value was obtained with higher reliabil-
ity as a weighted mean from the observation of two
lines. As it can be seen from Table 3, the results of
our measurements are consistent with previous experi-
mental data. Further, our experimental and theoretical
outcomes from this investigation exhibit notable agree-
ment.

Examining Table 3, we can also say that the present
theoretical results are able to effectively interpret the
experimental results from this as well as previous exper-
imental studies of [15]. This also implies that the rel-
ativistic effects and configuration mixing are incorpo-
rated efficiently. Furthermore, Table 3 presents a com-
parative analysis between our current theoretical results
and previously reported theoretical values of [15], as
well as recent theoretical findings in [16]. Overall, the
three studies show satisfactory agreement. Moreover,
new theoretical Landé g; values have been computed
for selected levels of 5s6p, 5s7s, bsTp, 5s6d, and 5s4 f
configurations, as detailed in Table 3.

Additionally, we have included the pure LS Landé
gy-factor in Table 3. The deviation between the rela-
tivistic and pure LS Landé g; values can serve as an
indicator of level mixing and influence of relativistic
effects.

5 Conclusion

In this work, we present the results of Fabry—Perot
interferometry measurements of the Landé factor for
four levels of the cadmium atom.
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To interpret the present experimental observations,
theoretical calculations were performed. MCDHF the-
ory, with careful consideration of Breit and QED effects,
was used to calculate the Landé g; factors for 22 lev-
els of Cd I. The present theoretical results are in good
agreement with the experimental observations. Within
this study, we present new experimental Landé g; val-
ues for three levels. Additionally, we introduce 12 new
derived theoretical values, filling a gap where no previ-
ous experimental or theoretical data existed.
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