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Actinides Spectroscopy
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chemical processes and radionucleotides in general research,
and also can be encountered as radionuclides in nuclear power
plants [1].
* To characterize the nature of the lowest unoccupied states in
these systems it is often employed spectroscopy techniques, XANES
. . edge
such as the X-ray absorption near edge structure (XANES) in HERFD

the hard X-rays range (Figure 1).

* One may justify that the use of these high photon energy
spectroscopies rises from their great sensitivity and selectivity
due to the localized character of these core transitions,
allowing the acquisition of information about transitions
whose final states involve d and f orbitals [2].
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Figure 1 — (Left) RIXS map at the U L; absorption edge of
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relativistic and QED effects [3],[4].
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Figure 2 — Effect of relativistic effects in the energy levels of atomic uranium.
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Relativistic Hamiltonian

The theoretical simulation of the spectra of actinides-containing species is
not straightforward, as these species exhibit significative contributions from

These effects can be studied by means of the solution of the Dirac’s
equation. In Dirac’s formalism, the eigenvalue problem to be solved
for an electron moving in the electromagnetic field of a set of a
nuclei is:
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where ! and 1%, the large and small components of the wave
function appears. To reduce computational cost, these components
can be decoupled by means of approximated or exact schemes.
Regarding molecules, in the clamped nuclei approximation, the
molecular Hamiltonian can be written in terms of the one- (ﬁi) and
two-electron (g;;) operators:
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Equation-of-Motion Coupled-Cluster within the Core-
Valence Framework (CVS-EOM-CC)

In this work, we have employed the Equation-of-Motion Coupled-Cluster
method truncated at the level of single and doubles excitations (EOM-
CCSD).

In the Coupled Cluster theory level, it is assumed the following exponential
ansatz for the eigenfunctions of the ground state [5]:
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where ¢, is the reference wave function and T the cluster operator —
defined to a u-excitation manifold.

In this approach the evaluation of excited, attached and ionized states is
made by means of the diagonalization of the similarity-transformed

Hamiltonian H = e THeT.
In the Equation-of-Motion theory level, the right-side eigenvalue can be

obtained by means of a linear parametrization of the reference state
through the R operator:
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The form of this operator define the nature of the states to be studied.
For excited states:
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Core transitions can be easily accessed by means of the Core-Valence
Separation scheme[6], in which by means of the definition of a projector
of one of the EOM-CC operators (as the right-side one), the following
eigenvalue equation is solved in order to obtain the energy of target
states:
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Methodology

We performed the calculation of the excitation energies for the
first transitions at the uranium L;, L, and L; edges (2s — 6d ,
2pq/2 — 6d and 2p3,, — 5d, respectively) in the bare uranyl
ion (UO,%*) using the CVS-EE-EOM-CCSD framework, testing
different approximations for the one- and two-electron operators
and different types of spinors [3],[4]:

1) 4-component calculations, with or without the inclusion of the
small component (or (SS|SS) type) integrals;

2) 2-component calculations employing the eXact 2-component
decoupling scheme (X2C) for the one-electron Dirac Hamiltonian.

3) In the 2-component calculations, the block diagonalization
scheme (from 4-component to 2-component) after the SCF
convergence scheme, also known as the Molecular Mean Field
(MMF) approach, was also tested.

[7] Saue, T., Bast, R., Gomes, A.S.P., Jensen, H.J.A,, Visscher, L., Aucar, I.A., Di Remigio, R., Dyall, K.G., Eliay,
E., Fasshauer, E. and Fleig, T., 2020. The DIRAC code for relativistic molecular calculations. The Journal of
chemical physics, 152(20), p.204104.

4) Also for the 2-component calculations, it was tested the
Inclusion of spin other orbit interaction (SOO) by means of the
inclusion of the Gaunt operator.

All calculations were performed in the DIRAC electronic structure
code [7], employing Dyall’s basis sets of double-zeta quality
(dyall.v2z) for all species. Also, all occupied and virtual spinors
were computed for the correlation treatment.
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Results and some remarks

* The similarity between the results obtained by the 4DC and 2DCM
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Conclusions and Some Perspectives

In this work we have carried out the calculation of the excitation energies at
the L-edge of uranium using the CVS-EE-EOM-CCSD framework varying the
Hamiltonian and the spinors used in these calculations.

We have obtained that the using the Molecular Mean Field approach with
the gaunt operator and the use of the small component integrals it was
possible to achieve excitation energies near the experimental values.

We will to extend our studies to other actinide-containing species and also:
* Extend our calculations to other edges of experimental interest.
* Calculations of ionization energies within the CVS-EOM-CC-IP framework;

* Calculations considering environmental effects by means of Frozen
Density Embedding (FDE) calculations in excitation and ionization
energies.

* Include energy corrections to account the full (zero-frequency) Breit
interaction and QED effects.
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