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ABSTRACT

Atomic clocks are the most accurate time measurement device till date. Due to their unprece-
dented accuracy, they are important for several fundamental cause as well as technological ap-
plications — such as navigation devices, variation of fundamental constants, to study the physics
beyond the standard model of particle physics, to maintain the international atomic time and
coordinated universal time, and many more. Among the atomic clocks considered so far, the
optical clocks, referred to as the next generation clocks, are reported to be most accurate, due to
their high transition frequency. And in this context, group-13 ions based optical clocks, which
are also an interest of the present thesis, are reported to be one of the best optical clocks. For
example, the hyperfine induced 'Sy —3 Pg clock transition in AlT is reported to have a low
fractional frequency shift of 9.4 x 1071 [1, 2], which is, perhaps, the most accurate clock in

existence today.

While we work and strive everyday to build an improved clock, the accuracy of atomic clocks
is hindered by the environmental perturbations. The environmental perturbations lead to shifts
in the clock transition frequency, and hence, contribute to the error of the clock. Among all,
the blackbody radiation (BBR) shift is one of the dominant environment-induced shifts and
contributes heavily to the inaccuracy of atomic clocks at room temperature. Since the BBR
shift depends on the dipole polarizabilities, «, of the clock transition states of the atom, and
the experimental measurements of BBR shift is nontrivial, one of the main aims of the present
thesis is to compute the accurate values of « for clocks states which can be useful in estimating
the BBR frequency shift. The calculation of accurate value of « is however a challenging task.
The reason for this is attributed to the many-body interacting nature of the atoms and ions.
To obtain a reliable value of «, the electron correlation effects, relativistic effects and quantum
electrodynamical corrections must be included in the many-body calculations to the highest

level of accuracy. The Relativistic Coupled-Cluster (RCC) theory is one of the most accurate



many-body theories for the atomic structure calculations [3]. It accounts for the electron-electron

interaction to all orders of perturbation and has been used to calculate several atomic properties.

In the present thesis, we have developed a series of RCC methods and codes to calculate
the properties of closed-shell, one-valence and two-valence atomic systems. We have employed
these methods to compute electric dipole polarizability and other properties relevant to optical
atomic clocks. In a first such calculation, we have employed nonlinear Perturbed Relativistic
Coupled-Cluster (PRCC) theory to calculate « for ground state of group-13 ions B*, Al*, Ga™,
In* and T1T. The contribution from perturbative triples, relativistic effects and quantum elec-
trodynamical corrections were also incorporated to get accurate results for dipole polarizability.
From our calculations, we find that the linearized-PRCC value of a are on average =~ 24% larger
than the previous theoretical results for all the ions. The reason for this could be attributed
to the strong correlation effects due to divalent nature of these systems. We find that, it is
essential to include nonlinear terms in the PRCC to get an accurate values of « for group-13
ions. From the analysis of virtual contributions, we find that the d-virtual electrons contribute
significantly to « for Al", whereas the dominant contribution comes from f virtual for Ga™,
Int and T1*. We find the combined contributions from Breit+QED as ~ 2.1%, 1.7%, 1.6% and
1.1%, respectively for AlT, Ga™, In™ and TI" ions. This suggests that it is essential to include

these interactions in RCC calculations to obtain the accurate value of « for group-13 ions

In the subsequent work, we used PRCC theory to calculate the « of superheavy elements
(SHEs) No, Cn, Nh* and Og [4, 5]. To assess the trend of electron correlation as a function of
Z, we also calculated the electron correlation and excitation energy and the corrections from the
Breit and QED corrections for lighter homolog elements Yb for No; Zn, Cd, and Hg for Cn; Ga™,
In*, and TIT for Nh*; and Kr, Xe, and Rn for Og. We find that, the dominant contribution
to a comes from the valence electrons — 7sy/, for No, Cn and Nh*, and 7p; /2 for Og. More
than 50% of the total contribution is observed from the 7s; /5 for Cn and Nh™, whereas, more
than 90% of contribution is observed from 7s; /o and 7ps/, orbitals for No and Og, respectively.
From the analysis of the electron correlation effects, we find that the core polarization effects
decrease as function of Z for the lighter homologs, whereas for SHEs it shows an opposite trend.
Except for Cn and Og, we observed a trend of decreasing contributions as function of Z from
the Breit interaction. The largest contribution of about 1.7% is observed in the case of Ga™.
On the contrary, the Uehling potential and self-energy corrections have increasing contributions

from lighter homologs to SHEs.
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Next, we employ PRCC theory for one-valence to compute the « for ground state, p; /2, and
the spin-orbit (SO)-splitted excited state, p3 /2, of Al and In. In addition, to test the quality of
many-body wavefunctions, we have also calculated the excitation energies of some lying states
3p1/2: 3p3/2, 45172, 4p1/2 and 4pso of Al and 5ps3 /o, 6512, 6p1/2, 6p3/2, 5d3/2 and 5ds o of In.
Our computed excitation energies match very well with the experimental data from NIST [6].
Our recommended « for ground state 2P; /2 is well within the experimental error bar for both
the atoms [7, 8]. Comparing with other theory calculations, our recommended value is in the
range of the reported data. On examining the correlation effects embedded in «, we find that
for both the atoms, valence-valence (VC) contribution is larger than the core polarization (CP)
contribution. From Al to In, the core polarization effect is observed to decrease, whereas the

valence-valence contributions are found to increase.

In the last project of the thesis, we employ a Fock-space RCC theory for two-valence to
compute the clock transition properties of AlT ion. We have computed the electric dipole
transition amplitude, hyperfine matrix elements, excitation energies, and the life time of the clock
state, 3Py, associated with the hyperfine induced 1Sy —2 Py clock transition. Our computed
excitation energies for low lying states 3P¢, 3P?, 3P and ' PY, oscillator strengths for 15y —3 Py
and 1Sy —! P; transitions, magnetic dipole A(3P?), A(P§), A(*P?) and electric quadrupole
B(PY), B(3P§), B(*P?) hyperfine structure constants agree well with the experimental results.
Using these results, we estimate the lifetime of 3 P§ state, 20.20 & 0.91 s, which is in excellent
agreement with the experimental value 20.60+1.4 s [9]. From the detailed analysis of results, we
find that the contribution from the perturbative triples is essential to include in RCC calculations
to get an accurate value of the life time of 3P¢. Tt contributes ~ —6.4% of the total value. The
combined contribution from the Breit interaction and QED corrections is ~ 0.8% of the total

value.
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