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abstract

The cooling and trapping of atoms made it possible to achieve Bose-Einstein con-
densate (BEC) of the cooled atoms. One of the useful atoms for the researches is an
Ytterbium (Yb) atom. Yb is a rare-earth element with an electronic structure similar
to that of the alkaline-earth atoms. Omne of the unique features of Yb atoms is a
rich variety of isotopes with five spinless bosons (168Yb, 170Yb, 172YD, 174YD, 176YD)
and two fermions (1"1Yb with the nuclear spin I = 1/2 and ™®Yb with I = 5/2),
which enables us to study various mixtures of degenerate gases of Yb atoms. In fact,
recently, a BEC and a DFG of Yb atoms have been achieved.

One of the important physical process for ultracold atoms is a collision. The collision
between two atoms is fundamental and can be described by a few partial scattering
waves for ultracold atoms. At a sufficiently low temperature the kinetic energy of
colliding atoms becomes less than the centrifugal barrier, and only the s-wave scat-
tering is possible. Therefore, the s-wave scattering length is an essential parameter
for describing ultracold collisions. It also governs the static and dynamic properties
of quantum degenerate gases like a Bose-Einstein condensate (BEC) or a degenerate
Fermi gas (DFG) of fermionic atoms in different spin states. Since the s-wave scat-
tering length is very sensitive to the ground state interatomic potential, especially at
short internuclear distance, the precise ab initio calculation of the scattering length
is very difficult, and therefore we must resort to experimental determination.

To determine the s-wave scattering length of 17#YDb, the expansion from a conden-
sate was measured, which gave the result of 1 ~ 16 nm. From the cross-dimensional
rethermalization technique, the absolute value of the scattering length for '">Yb was
estimated as 6(2) nm, assuming that the spin was completely unpolarized. From
the expansion of a condensate, the value of the scattering length for '"0YDb was esti-
mated as 3.6(0.9) nm. However, s-wave scattering length of the other isotopes has not
been determined, and the higher precision of the determined scattering lengthes has
been needed. The purpose in this research is the precise determinations of scattering
lengths for all combinations of the Yb isotopes.

The most powerful approach for determining the scattering length is to measure the



ii

abstract

TABLE 1 Measured and calculated binding energies Ej for homonuclear iso-
topic pairs, where v and J are the vibrational and rotational quantum numbers
of the ground state dimer level and v is numbered from the dissociation limit.

isotope v J E, (MHz) E, (MHz) Difference

experiment theory (MHz)

0ybh 1 0 -27.661(23) -27.755 0.094
2 -3.651(26) -3.683 0.032

Yh 1 0 -64.418(40) -64.548 0.130
2 -31.302(50) -31.392 0.090

12yb 1 0 -123.269(26)  -123.349 0.080
2 -81.786(19) -81.879 0.093

Yh 1 0 -1.539(74) -1.613 0.074
yb 1 0 -10.612(38) -10.642 0.030
2 0 -325.607(18)  -325.607 0.000

2 2 -268.575(21)  -268.576 0.001
76yh 1 0 -70.404(11) -70.405 0.001
1 2 -37.142(13) -37.118 -0.024

binding energy (Ej) of the last few bound states in the molecular ground state, since
the energy Fj is closely related to the s-wave scattering length. So far, the binding en-
ergies were measured via two-color photoassociation (PA) spectroscopy for Li, Na, K,
Rb, Cs and He. In this research, we successfully determined the binding energy Fj of
twelve bound states near the dissociation limit of four homonuclear dimers comprised
of bosonic atoms (170Yby, 172Yby, 17Yby, and 17%Yby) and two dimers comprised of
fermionic atoms (1"'Yby and 73Yhy), by using two-color PA spectroscopy with the
intercombination transition 'Sy —2P;. The results of the experimentally determined
binding energies are listed in Table 1.

The binding energies of the bound states as well as scattering lengths of all isotopic
combinations are determined by the reduced mass and a single Born-Oppenheimer

potential V(7). We assume the following simple potential form to analyze the data:

V(r)=——2 <1 - ") - % + B(r)J(J +1), (1)

76

where o is a constant, Cg is the van der Waals constant associated with the dipole-

quadrupole interaction, and B(r) = h?/(2ur?) is due to molecular rotation.
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The first term in Eq. (1) gives the Lennard-Jones form for the potential, for which
the short range form can be changed by varying . The Cg term is needed to im-
prove the quality of the fit to the data. By solving the Schrédinger equation nu-
merically for the eigenvalues and comparing to the measured binding energies, it is
possible to determine an optimum set of potential parameters. We estimate that
Ce = 1931.7 Epa§, Cs = 1.93 x 10° Epad, o = 9.0109362 ag, Ni74 = 72, where
ap =~ 0.529 nm, Ej ~ 4.36 x 107'® J. These parameters then determine without
additional adjustment the binding energies of the other isotopic combinations shown
in Table 1. The agreement shown in Table 1 with a precision less than 100 kHz
between the experimentally determined Ej and most of the calculated Ej values is
quite impressive for such a simple model potential. Given the ground state potential
energy curve with the form of Eq. (1) and the parameters given above, we can calcu-
late the s-wave scattering lengths for all isotopic combinations by numerically solving
the Schrodinger equation with the appropriate reduced mass. These are shown in
Table 2.

Using the three-parameter model potential, we can also calculate the collisional
properties of other partial waves at non-zero collision energies. Figure 1 shows the
energy-dependent cross section for the collision of like isotopic species. The cross
section can be resonantly enhanced by a shape resonance, caused by the existence of
quasibound rovibrational levels supported by the centrifugal barrier. A d-wave shape
resonance exists for 174Yb as already pointed out. Our model predicts a broad peak
in the collision cross section near E/h = 4.5 MHz, or E/kp = 220 pK, which is
off-scale in Fig. 1. We found that a low energy p-wave shape resonance also exists for
173Yh, giving rise to a peak in the cross section near E/kp = 48 uK. A Ramsauer-
Townsend minimum in the cross section occurs at very low collision energy when the
scattering length has a small negative value, as for '"'Yb and for '"6Yb. Figure 1
shows the calculated cross section minima near 2 pK and 25 pK for these respective
species. This effect explains why evaporative cooling is found to be inefficient for
these isotopes.

These results provide an important foundation for future research with Yb atoms
on such topics as the efficiency of evaporative cooling, the stability of quantum gases

and their mixtures, and clock shifts.
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FIG.1 Calculated cross section o(FE) versus collision energy E/kgp for two
atoms of the same isotope. The label for each curve shows the isotopic mass
number. Even mass number corresponds to identical bosons and odd mass
number corresponds to two fermions with different spin projections. The
dashed lines show the s-wave contribution to the total cross section. The
solid lines show the contribution from s- and d- waves for the like boson cases,
and the contribution from s-, p-, and d-waves for the fermion case with dif-
ferent spin components. The E — 0 cross sections are 87a? and 4mwa? for the
respective boson and fermion cases.
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