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Abstract: The effective lifetime of ultra-cold atoms in specific quantum states plays a
crucial role in studying interaction parameters within quantum systems. Measuring the
effective lifetime of various quantum states within ultra-cold atoms is a fundamental
task in quantum operations. In this paper, the effective lifetimes of the excited electronic
states |F =2, mp = =2), |F =2, mg = —1), and |F =2, mp = 0) for a sodium atomic
Bose-Einstein condensate (BEC) are investigated in both the optical dipole trap (ODT)
and one-dimensional optical lattice. Through the analysis of experimental data, we
demonstrate the significant advantage of lattice loading over the optical dipole trap in
terms of atomic lifetimes. The results provide crucial insights into the temporal scales
relevant for investigating the evolution of boson gases in optical lattices, facilitating the
realization of quantum simulations pertaining to unique quantum phases, and providing
an important experimental basis for the research of non-equilibrium dynamics between
different spin states.
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1. Introduction

Bose-Einstein condensates (BECs) have attracted considerable attention in recent
years due to their noteworthy macroscopic quantum properties. Rapid advancements
in experimental techniques have facilitated the successful realization of quantum gases
for a diverse range of atomic species by physicists [1-3]. The effective lifetime of
atoms is a crucial parameter in BEC-based experiments. Additionally, the precision of
quantum measurements, the fidelity of quantum gates, and the operational scope of
quantum simulations are all directly or indirectly related to the effective lifetime of
atoms. Extending the atomic lifetime facilitates the deployment of advanced and nuanced
quantum manipulation techniques. The precise determination of the effective lifetime of
atoms and the extension of their lifespan through quantum manipulation have been the
subject of extensive interest from researchers [4-9].

Remarkable achievements in both experimental and theoretical fields regarding the
effective lifetime of atoms have emerged, such as alkali-metal Rydberg atoms, molecules
formed in mixtures of ultra-cold atoms, and atoms confined in optical tweezers or
optical lattices. The continuous advancement of experimental techniques and theoretical
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research has led to remarkable achievements in the study of the lifetime of cold atoms. In
1996, C.W. Oates et al. measured the lifetime of the Na 3p2P; , state to be 16.237(35)ns
through precise spectroscopy of optically prepared ultra-cold two-level atoms [10]. In
1998, J.E. Simsarian et al. detected the decay of fluorescence in 2!°Fr atoms by exciting
atoms in a magneto-optical trap (MOT). This provided the most accurate experimental
test of the many-body perturbation theory for the heaviest alkali metal [11]. Later, the
lifetime constrained by a heating effect in 1D optical lattices was investigated [12]. The
research provided experimental guidance for the design of long-lived optical lattices. In
2013, Sophie Pelisson et al. investigated variations in the lifetimes of atoms trapped in an
optical lattice in proximity to a surface, showing that the presence of the surface introduces
boundary conditions that only slightly alter the value of the ordinary Wannier—Stark
lifetimes [13]. In 2015, Erhan Saglamyurek and colleagues studied the hole storage
lifetime in the ground-state electronic Zeeman sublevels of erbium, which can last
up to 30 seconds [14]. It should be noted that the lifetimes in various Rydberg states
have been accurately measured using pulsed-field ionization technology and all-optical
methods [15,16]. Meanwhile, the effect of ambient temperature changes due to black-body
radiation on the lifetimes of the Rydberg states has been researched [16-21]. In addition, the
lifetimes of complex molecules have been experimentally proven [22,23]. Interestingly, the
lifetimes of both single atoms and alkaline-earth circular Rydberg atoms captured in optical
tweezer arrays, as well as the lifetimes of d-band ultra-cold atoms in one-dimensional and
triangular optical lattices, have recently been reported [24-27].

The spinor BEC demonstrates a significant degree of spin freedom. When combined
with microwaves, radio-frequencies, and various other modulation techniques, the excited
electronic states of the spinor BEC in this optical environment serve as excellent candidates
for investigating quench dynamics, phase transition phenomena, and many-body
physics [28-34]. To facilitate these quantum manipulations, it is crucial to determine
the effective lifetime of the excited electronic state. However, research on the lifetime of
the excited electronic states of the spinor BEC in both the optical dipole trap (ODT) and
optical lattice has yet to be reported.

In this paper, the coherent coupling between the |F =1, mp = —1) state and the
|F = 2) state of the Na spinor BEC is successfully achieved through a microwave pulse.
Furthermore, we measure the effective lifetime of the excited electronic spin states
|F = 2) in both the optical dipole trap and the one-dimensional optical lattice. Our research
provides valuable insights for the efficient quantum manipulation of ultra-cold Na spinor
BECs and promotes the development of complex quantum simulation experiments as
well as the study of dynamical behavior and interaction characteristics between atoms in
different states.

2. Experimental Setup and Results

The preparation of ultra-cold Na BECs can be found in our previous work [35]. The
experiments were carried out in a vacuum cell. The atomic beam from the oven was
decelerated by the Zeeman slower and captured through an MOT. The atom cloud was
further cooled by the compressed magneto-optical trap and optical molasses process, loaded
into a crossed optical dipole trap composed of two 1064 nm laser beams, and vaporized
to prepare the final BEC. As illustrated in Figure 1a, the pink crossed beams represent the
two dipole trap beams. The angle between the two crossed beams was 45°, and the beam
waists were 32 um and 39 um, with a power of 15.6 W and 12.0 W, respectively [35]. Finally,
information on atoms in different spinor components was precisely acquired through
absorption imaging and digital analyses.
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After evaporative cooling, the atoms in the BEC were held in the ODT, with trap
frequencies of 361 Hz in the radial direction and 341 Hz in the longitudinal direction. By
optimizing the gradient magnetic field, we obtained a pure-state |F =1, mp = —1) BEC
with 2 x 10° Na atoms at a temperature of about tens of nK [36]. A microwave pulse
was employed to facilitate a coherent transition between the |F =1, mp = —1) state
and the different Zeeman sublevels of the |F =2) state. The microwave pulse was
generated by a microwave source (SRS, SG386), amplified by a power amplifier (30 W,
mini-circuits, ZHL-30W-252-5+), and finally transmitted through a microwave chip
(TAOGLAS PC104R.A.07.0165C). The switching of the microwave pulse was controlled
by a switch (mini-circuits, ZASW-2-50DR+), which can modulate microwave signals
quickly with a remarkable response speed of up to 50 ns. As a result, the coherent
transitions from the |F =1, mp = —1) state to the electronic states |F =2, mp = —2),
|F =2, mp=—1), and |F =2, mp =0) were achieved by tuning the frequency and
amplitude of the microwave. In our experiment, the microwave amplitudes required to
achieve transitions from the ground state to the |F =2, mp = —2), |F =2, mp = —1), and
|F =2, mp = 0) Zeeman sublevels were all 0 dBm, and the frequencies were 1.768964 GHz,
1.769852 GHz, and 1.770738 GHz, respectively.
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Figure 1. (a) Schematic of the optical lattice and the optical dipole trap (ODT). The red line indicates
the beam path of the lattice laser. A pair of opposite blue arrows represent two laser beams forming
the one-dimensional optical lattice. Crossed beams at the atomic cloud represent the ODT. HWP:
half-wave plate; PBS: polarizing beam splitter; AOM: acousto-optic modulator. (b) Schematic of the
experimental time sequence. The horizontal axis is not scaled proportionally. (c) Images of atomic
cloud distribution for different Zeeman states.

2.1. Lifetime of BECs in an Optical Dipole Trap

The ODT plays a pivotal role in the experimental system, where the final evaporative
cooling and the realization of the BEC occur. After achieving the purified |F = 1, mp = —1)
state BEC in the ODT, we applied different microwaves to the initial state atoms to couple
them to the |F =2, mp =0), |F =2, mp = —1),and |F = 2, mp = —2) states. Subsequently,
all trapped beams were switched off, allowing the atoms to fly freely and undergo
absorption imaging. Figure 1c illustrates the atomic cloud states where atoms were
excited to different Zeeman sublevels. We measured the number of atoms in the trap
at various hold times. The normalized data for the lifetimes of the excited electronic states
|F =2, mp=-=2),|F =2, mp = —1),and |F = 2, mp = 0) are shown in Figure 2.
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The experimental data presented in Figure 2 indicate that the number of atoms decays
with the hold time. In accordance with the definition of the effective lifetime, as presented
in Ref. [27], the time for the fitting curve to decrease to the e~ of the initial atomic number
was taken as the effective lifetime, 1y, corresponding to the time at the intersection of the
curve and the dashed line shown in Figure 2. The decay of the atomic number in the trap
can be expressed as [12,15,21,27]

N = Nyexp( ) + dnyg, 1)

t
T
where N represents the normalized number of atoms, t represents the hold time,
and the constants Ny, 7j, and dng represent the amplitude, time constant, and offset,
respectively. As the hold time increased, the number of atoms trapped in the well
continuously decayed due to factors such as mutual collisions between atoms and
spontaneous emission. In our experiment, the time constants for the |F =2, mp = —2),
|F =2, mp=—1),and |F = 2, mp = 0) states were 0.508 £ 0.031 ms, 0.604 & 0.030 ms, and
7.336 & 0.345 ms, respectively. According to the fitting results, the effective lifetimes of the
|F =2, mp =0) and |F =2, mp = —1) states were approximately 0.844 ms and 0.781 ms.
The number of atoms in the |F = 2, mp = —2) state remained stable for a hold time of up
to 4 ms. The effective lifetime derived from the exponential curve fitting to the atomic
number was approximately 12.302 ms. When comparing the effective lifetimes of the atoms
in these three states, it is evident that the effective lifetime of the |F = 2, mp = —2) state
was significantly longer than those of the other two states.
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Figure 2. The lifetimes of the excited electronic states |F =2, mp =0), |F =2, mp = —1), and

|F =2, mp = —2) are shown. The differently colored dots represent the experimental results, while

the curves represent the results of exponential curve fitting. The dashed lines indicate the positions

where the number of atoms drops to e~ of the initial atomic number. The time at the intersection of the

dashed line and the solid curve signifies the lifetime of the atoms in the corresponding energy state.

2.2. Lifetime of the |F = 2, mp = 0) State in a One-Dimensional Optical Lattice

In this section, we investigate the influence of lattice depth on the effective lifetime in a
one-dimensional optical lattice. The purity and controllability of optical lattices provide an
ideal platform for quantum simulation with ultra-cold atomic systems. It should be noted
that we only investigate the lifetime of the |F = 2, mp = 0) state in the optical lattice, as its
effective lifetime in the ODT is the shorter.

One-dimensional optical lattices are formed by a pair of counter-propagating coherent
laser beams, creating a periodic optical potential well with a period equal to half the
wavelength of the laser used to form the lattice [37]. In Figure 1a, the thin red lines represent
the actual beam path of the lattice beam, which overlaps with one arm of the optical dipole
trap. A red-detuned 1064 nm fiber laser (ALS-IR-1064, 30W) served to form the optical
lattice. A pair of opposite blue arrows represents the incident and reflected beams, the
coherent interference between them creates an ordered crystal structure, namely the optical
lattice. In our experimental setup, the frequency of the lattice laser is red-detuned relative
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to the atomic transition, and the atoms are trapped in the lattice at the points of maximum
laser intensity. The depth of the lattice was varied by adjusting the lattice laser power. The
experimental sequence is shown in Figure 1b. The gradient magnetic field was used to
purify the spinor sodium BEC to |F = 1, mp = —1) state. The Stern-Gerlach magnetic field
was employed to spatially separate the Zeeman states, thereby enabling the observation of
distinct quantum states. The purple line represents the optical lattice loading. When the
power of the lattice beam was ramped up to a preset value, the microwave, indicated by the
blue line, began to transfer the atoms from the initial state (|F = 1, mp = —1)) to the final
state (|F = 2, mp = 0)). The number of atoms in the |F = 2, mp = 0) state was detected at
different hold times using the same method as in the ODT.

Considering the potential influence of phase transitions from superfluid to Mott
insulator states within the optical lattice on the effective lifetime of atoms, we determined
that the lattice depth at which phase transitions occur was approximately 13.7 Er under the
experimental conditions [38]. All measurements in this study were conducted well before
the phase transition point to avoid any effects of superfluid and Mott insulator states on
the atomic lifetime. The experimental data of hold time versus normalized atom numbers
at different lattice depths are illustrated in Figure 3a. The experimental data were fitted

1 was taken as

using Equation (1), and the time at which the atom number decreased to e~
the effective lifetime in the optical lattice. The dashed line indicates the position where the
number of atoms dropped to e~!. As the lattice depth increased from 1.66 Er to 6.34 Er, the
effective lifetime of the excited electronic |F = 2, mp = 0) state gradually decreased. The
times at different lattice depths, together with the decay fitting, are shown in Figure 3b. It
can be observed that the effective lifetime of atoms decreased with increasing lattice depth,

but it was still higher than the effective lifetime in the ODT under the same state.
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Figure 3. (a) Data points with different colors represent the normalized atomic number at various
lattice depths, and the corresponding colored curves represent the exponential fits. (b) The effective
lifetime is plotted against different lattice depths, with the solid line indicating an exponential
decay fit. For lattice depths of 1.66 Er, 1.78 Er, 2.07 Er, 3.02 Er, 4.03 Er, 5.04 Er, and 6.34 Er, the
corresponding effective lifetimes are 1.862 ms, 1.839 ms, 1.351 ms, 1.076 ms, 1.079 ms, 1.041 ms, and
0.998 ms, respectively.

3. Discussion

To evaluate the quality of the fit, we utilized the coefficient of determination, R?,
which indicates the proportion of variance in the dependent variable that is predictable
from the independent variable. The value of R? ranges from 0 to 1, with values closer to 1
indicating a better fit of the theoretical model to the data. The formula for calculating R?
can be described as

SSE

2 _1_
R =1 SST (2)
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where SSE is the sum of the squared residuals of the regression model and SST is the
total variance in the dependent variable. The R? values for the fitting curves shown
in Figures 2 and 3a were both above 0.99, indicating a high degree of fit and reliable
experimental results.

Analysis of the lifetimes of the three states in the ODT revealed that the |F = 2, mp = —2)
state had the longest lifetime, followed by the |F = 2, mr = 0) and |F = 2, mp = —1) . The
particularly long lifetime of the |F =2, mp = —2) state may be due to the different
spontaneous emission rates of the various Zeeman sublevels. According to the selection
rules for transitions under the Zeeman effect, Amp = 0, =+ 1, the scattering cross-sections
for transitions between different Zeeman sublevels were not the same, leading to different
spontaneous emission rates and average lifetimes for the atoms.

By adjusting the loading of the optical lattice, we measured the effective lifetimes of
atoms at different lattice depths under a 30 ms ramp, as shown in Figure 3a. The lifetime
in the lattice continued to decay exponentially. Notably, the latter half of the fitted curve
exhibited intersection points. We attribute these anomalies to the decreased signal-to-noise
ratio (SNR) due to the reduced number of atoms, which leads to a decline in data processing
accuracy, as well as experimental errors introduced by destructive imaging. Analysis of
the experimental data shown in Figure 3b revealed that the effective lifetime of atoms
decreased with increasing lattice depth. As the depth of the optical lattice trap increased,
the atomic wave functions became more localized, confining the atoms to smaller spatial
regions. This localization increased the probability of inter-site atomic collisions, thereby
accelerating the decay of atoms within the energy levels and reducing their effective
lifetimes. Lattice depth is proportional to volume density and inversely proportional to
atomic lifetime [26], further supporting our conclusions. In addition, compared to the
lifetime of atoms in the Na 3p?P;, state, the lifetime of atoms in the 325, /,|F = 2) state
showed a significant enhancement, offering broader advantages for quantum operations
involving the |F = 2) state.

4. Conclusions

In this study, we achieved the coherent coupling of the |F =1, mp = —1) state to
different Zeeman sublevels of the |F = 2) state using microwaves and measured the effective
lifetimes of atoms in the |F = 2, mp = 0), |F =2, mp = —1), and |F = 2, mp = —2) states in
the ODT as 0.844 ms, 0.781 ms, and 12.302 ms, respectively. Additionally, we investigated
the effective lifetimes of the |F = 2, mp = 0) state of the Na atoms in the lattice at different
trap depths and found that the effective lifetime of atoms decreases with increasing lattice
depth. The experimental results obtained in this study provide an important temporal
foundation for further quantum simulation operations, demonstrating the superiority of
optical lattice loading over ODT loading in terms of atomic lifetimes. Furthermore, this
work lays an experimental foundation for further research into the strength and nature
of atomic interactions in superfluid and Mott insulator states, as well as non-equilibrium
dynamics of atoms after quenching the lattice potential or magnetic field.
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