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Project Description

*Purpose is very accurate quantum calculations of atomic systems in ground

and bound excited s-states using an improved basis function.

* An improved model can aid and verify very accurate experimental gas-

phase electron spectra of these atomic systems.

« Calculated energy

occupying the same point space.

*The goal of this project is to correct the basis function to account for these
phenomenon, obtain a more representative basis set, and obtain the lowest
energy value with the least amount of functions necessary.

Potential Application

*Very accurate energy of atomic systems can aide experimentalists in

experiment design and spectroscopists in spectra identification.

Methodology and Terminology

1. Description of Coordinate Systems
* Consider a N-particle atomic system, i.e. N— 1=

levels were previously accomplished by using
exponentially explicitly correlated Gaussian basis functions, however, these
functions have improper short-distance Kato cusps, too fast decaying long-
range behavior of the wave function, and do not account for electrons

Methodology Continued
4. Variational Principle, Total Atomic Wave Function, and Total Energy
« The variational principle states that the expectation value of the Hamiltonian operator
over all space, dz, including spin, divided by the average value of the total atomic wave
function, ¥, will always be greater than the lowest energy, £, of the system.
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J e bdr N‘éte: asterisk stands for complex conjugate
«Since the Hamiltonian is independent of the of the spin of the particle, spin of the
system can be eliminated from the wave function, ¥, through spin integration , and that
results in a spin free spatial wave functlon dir), and is apprommated by using the
superposition principle. Zm--u .

is a vector of pseudoelectron coordinates. v
«c, is the linear coefficient of the wave function expansion.
« Y is a permutational symmetry projector which effectively accounts for the
that electrons are indistinguishable and is specific for a particular system.
lis the basis function.
*K'is an index of basis Functions.
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Intermnal coordinate system
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*The position vector, R;, of the th particle is in Cartesian coordinates.
*The nucleus of the atom has mass, M, charge, Q,.

*The electrons of the atom have mass 14,...,

M, and charge, Q,,...,

*The total mass of the system is M,=M,+...+ M.
2. Non Born-Oppenheimer Approximation

*The center of mass motion of the atom can be separated out of the non-relativistic

Hamiltonian.

*This separation results in two Hamiltonians: one for the center of mass motion and

the other for the internal motion of the electrons.

*The center of mass motion is described by 1= ”“ R+ i R+ e+ U’ R
*With this the index on particles is shifted. ik 0 sl Depiction of Helium Atom T
*The distance between the nucleus and an electron is ri,= -R;+R;.
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*The distance between any two electrons is r,J=|rJ-r‘|.
3. Internal Hamiltonian
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*The mass of the nucleus for the internal system is m,.

*The reduced mass of the electron is p=m m/(m,+m;) and is now called the
pseudoelectron.
*The charge on the nucleus is ¢, and the charge on the pseudoelectron is g.
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electrons and a nucleus.

*The first term in Hamiltonian is the Kinetic energy of the pseudoelectron.

« V., is the gradient operator in a vector form. Note: prime indicates vector transpose

« The second term is the mass polarization term.
*The third term is the Coulombic interaction between the nucleus and the

pseudoelectron.

*The fourth term is the Coulombic interaction between two electrons.

*The Variation Principle leads to the
Secular equation. (H=:Sjc=0

*H and S are K'x K hermitian matrices.

«c is a vector of linear coefficients, c,, in
the wave function expansion with matrix
elements Hi = (@c[HY Y |2} and

S = (oYY ]y} in bracket notation.

Note: dagger indicates transpose follow by
complex conjugation.

¢ is the energy eigenvalue of the
problem and is minimized by using
simultaneous diagonalization of the
Hamiltonian and overlap matrices.
*Analytic energy gradient is also utilized
to optimized the basis functions.

5. Basis Functions and Matrix Elements
k= exp [-FAu]  Yi= rWirexp -1 A
*Previously [1], explicitly correlated Gaussian (ECG) basis functions, o, , were utilized.
*A, is a 3n x 3n symmetric positive definite matrix of a-Gaussian parameters and is
ensured positive definite by using a Cholesky factorization.

*Explicitly correlated Gaussian functions are adequate for describing s-states of atoms
because Gaussians are spherically symmetric, however, these functions have improper
short-distance Kato cusps, too fast decaying long-range behavior of the wave function,
and do not account for electrons not occupying the same point space.

*Proposed is to pre-exponentially correlate the ECS basis with a factor of r2=|r;-r;|2
which will allow the basis function to go to zero when the electron occupy the same
point same and, therefore, the new basis function is .

*The r;? factor of new basis function, v, is written in the quadratic form.

*W, is a symmetric 31 x 311 matrix consisting of 1 and -1 in appropriate places to yield
the correct r,2 factors. (O |dn)s (| H|Dp)s (| H |40
*There are four integral types required: Vel H|é)r (| H |y

z | Nucleus
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Labaratory coordinate system
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Results
*The convergence of the total variational energy of the ground state

of the helium atom (with an infinite mass of nucleus), lithium atom
(isotope 7), and beryllium atom (isotope 9), with the number of
functions in the basis set and a comparison with the best literature
values to date. The number of the functions with and without the r;?
factor are shown. The energy values are in Hartrees. Significant result
is outlined.

Note: 1 Hartree = 27.2107 eV (electron Volts) = 219474.63 cm™! (wavenumbers).
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Conclusion and Further Directions )
A mixture of ECGs and pre-exponentially correlated ECGs are used in

calculated the ground state energy to account for the fact the
electrons do not occupy the same point space. There are two
important results. The first, for helium, the combined basis set size of
280 functions reproduces the energy obtained with 1500 basis
functions to 9 significant digits. The second is that as the number of
basis functions is increased so is the percentage of the usage of
functions with the r;? factor. This indicates that this function is
important in describing the total energy of the system. The test
clearly shows that the basis set that combines the ECGs with the r;?
factor performs even better than ECGs without the factor. Calculations
are currently on going for lithium atom and beryllium atom. This
method can be applied to calculate excited state of these systems as
well as ground and excited states for other atoms in s-states.
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