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1 Introduction

Bose-Einstein condensates (BECs) of atomic gases are universal
and effective systems for observing various microscopic quantum
effects.12 An important development direction of BEC research is
the multi-component and multi-species quantum systems, which
in part, can provide a unique opportunity to explore coupling,
quantum coherence, and interaction of constituent spin
components.>® As representative multi-component quantum
systems, spinor BECs have provided an exciting way to study
spin-squeezing,” quantum magnetism,'® quantum entanglement,"*
superfluidity,'* and strong correlations."® In addition, the extended
research of multi-component systems such as the demonstration
of spontaneous breaking of spatial and spin symmetries,"* the
demonstration of skyrmions,'” and studies of a quantum phase
transition'® are also very fascinating.

A spin-1 condensate is composed of three spin components
of mg = —1, 0, +1 states, corresponding to its three magnetic
Zeeman sublevels. The interaction between the different internal
components causes ferromagnetism or anti-ferromagnetism'” in
these systems. The spin-1 BEC of **Na was found to be anti-
ferromagnetic,'® while the ®’Rb system was predicted to be
ferromagnetic.'® This reflects differences in their ground state
structure and dynamical properties. The atomic interactions and
magnetic properties are dominated by two-body s-wave collisions
and spin-dependent interactions in a spinor condensate.”**"
Through a magnetic>*>* or optical*®**” Feshbach resonance,

“State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of
Laser Spectroscopy, Shanxi University, Taiyuan, 030006, China.
E-mail: wujz@sxu.edu.cn, mj@sxu.edu.cn

b Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan
030006, China

¢ St. Petersburg State University, 7/9 Universitetskaya nab., St. Petersburg 199034,
Russia

This journal is © the Owner Societies 2022

play an important role in the study of the spin interaction and control of the antiferromagnetism in Na.

we can change the s-wave scattering length to achieve the
purpose of control over the magnetic properties. Two advantages
led us to use the optical Feshbach resonance. One is the optical
coupling can be quickly turned on and off, and the other is that
the optical Feshbach resonance can be applied to systems that do
not have a convenient magnetic resonance available,”® such as in
the case of a large magnetic field of **Na.*

In the BEC photoassociation (PA) study, one more point must
be mentioned. The extremely low temperature and high-density
conditions in BEC indicate that we can achieve a high PA rate in
experiments. PA can be used to measure and operate the
scattering length, the magnetic properties of the system, and
the interaction of spin components. Therefore, the research of
the PA spectra of a spin-1 BEC is very important. Note that
although there have been many studies on Na PA spectra,**~?
no spinor and spin-dependent spectra have been reported.

In this paper, we report the high-resolution experimental PA
spectroscopy of the spin-1 BEC of >*Na. A series of PA spectra
for different spin states was observed. A simple theoretical
consideration to interpret spin spectra has been presented.
This lays the foundation for further study of spin interactions
and antiferromagnetic properties in BECs.

2 Experimental setup

The most basic and important step is to prepare the spinor
BEC. The spin-1 BEC is achieved by performing experiments in
an ultrahigh vacuum (UHV) chamber, in which the pressure is
on the order of 10~ *" mbar. Hot atoms are slowed down by the
Zeeman slower®® and then collected by the magneto-optical
trap (MOT), which is composed of six beams and a pair of anti-
Helmbholtz coils. The magnetic field gradient along the z-axis is
produced by the anti-Helmholtz coils. The MOT beams are
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Fig. 1 Schematic view of the main experiment system. The spinor BEC is
trapped in a crossed dipole trap (red beams). The crossed-beam dipole

trap is also used for evaporative cooling. The focused PA beam is shown in
an orange beam.

supported by cooling beams and repumping beams. The cool-
ing beams are detuned by dcooling = —20 MHz from the 2Na |F=
2) — |F = 3) transition and the repumping beams are detuned
by repump = —5 MHz from the *’Na |F = 1) — |F=2) transition,
as shown in Fig. 2(b). After 8 s of MOT loading, we typically
capture above 5 x 10° atoms with a temperature of about
350 pK. In order to further reduce the temperature, we took
the steps of a compressed magneto-optical trap (CMOT) and
molasses.>® The specific details of the experimental sequence
are shown in Fig. 2(a). These two processes efficiently cool 1.7 x
10° atoms to 45 uK. The repumping beams are closed 1 ms
earlier than cooling beams. The purpose is to depump atoms
into the F =1 hyperfine states and load atoms to the dipole trap.

We employed a crossed dipole trap to collect and evaporate
the cooled atoms. A single-mode fiber amplified laser
(1070 nm, IPG FLR-100-LP) was used to provide large-detuned
and high intensity beams. The dipole trap is formed by two
focusses intersecting beams on the horizontal X-Y plane. As
shown in Fig. 1, both beams are focused to a 1/¢* beam
diameter of 32 pm (38 pm) and power of 13 W (14 W) in the
X(Y) direction. The trapping frequencies of the dipole trap
measured by the parametric heating method are 2.7, 2.8 and
5 kHz corresponding to the X, Y and Z directions. At the
beginning of the experiment, the dipole beams were turned
on at half power. After the molasses process, the power of the
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Fig. 3 The dependence of the maximum condensate loss on the PA pulse
time for the intensity of 0.1 kW cm 2.

dipole beams immediately rises to full and holds for 500 ms. This
method can greatly increase the loading rate of atoms.*® There are
6 x 10° atoms trapped in the dipole trap. The forced evaporation
cooling is executed by reducing the potential of the dipole trap,
that is, the power of the dipole beams. The potential is exponen-
tially reduced in 3 s. After 3 s of forced evaporative cooling, we
observe spinor Bose-Einstein condensation with an atom number
of 5 x 10° and phase space density of 8.3. At this point, the three
spin components are degenerated and in the F = 1 state.

Fig. 2(c) shows the schematic diagram of the Na, potentials.
After a condensate is formed, a PA laser is used to couple
colliding atoms to excited molecular levels, which are subse-
quently lost from the trap. The excited molecule decays into
either a stable molecule or a pair of energetic free atoms (shown
by the dashed arrows in Fig. 2(c)). This results in a loss of atoms
from the trap. The spectrum of the molecular excited states is
measured by monitoring the loss of the atom number under
different frequencies of the PA beam. The number of atoms left
in the trap after the action of the PA pulse is measured by the
absorption images. The PA laser has a focused waist radius of
62 um and an intensity of 50 W cm ™. The frequency of the PA
laser is locked by a wavelength-meter feedback system. Fre-
quency stability accuracy is about 6 MHz. As shown in Fig. 3, we
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Fig. 2 (a) Experimental sequence of creating sodium BECs with the all-optical approach (see text). (b) The diagram of transitions in a typical
experimental sequence for our all-optical BEC approach. (c) Schematic diagram of the Na, potentials showing mechanisms for photoassociation,
and trap loss. The solid arrows show a PA process. The dashed arrows show how the excited molecules might decay into ground state molecules and

energetic free atoms, respectively.
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Fig. 4 The experimental 2*Na PA spectrum of the excited molecular state. This spectrum is obtained by applying the PA beam with the intensity of
50 W cm~2 and the waist radius of 62 pm on the condensates for 10 ms. The interval between adjacent data points is 6 MHz. The resonances of 0,* are
indicated by the green triangles. They are v = 36 to v = 38 from left to right. The transition to the O4~ (v = 4) is indicated by the red square. The blue circle

indicated the state of 14 (v = 91).

measured the saturation effect of the spectrum. The frequency
of the PA laser is 16972.4378 cm ™. The PA light pulse reaches
saturation around 10 ms. A PA pulse with a duration of 10 ms is
used to couple the atoms. The PA laser is locked once every
6 MHz and three experiments are performed for each lock. The
total number of atoms in the condensate measured by three
experiments is counted and normalized to the average value.
For each experiment, the absorption imaging was performed
3 ms after the PA light and dipole light had been turned off.
One of the registered spectra is shown in Fig. 4.

In order to explore the influence of different spin states on
the PA spectrum, we prepared different spin components. To
create a pure my = —1 state, we apply a 10 G cm ™" gradient field
within 1 s at the start of forced evaporation (as shown in shaded
area @ in Fig. 2(a)).”® To create a pure my = 0 state, we apply a
20 G cm™ ' gradient field within 1 s at the end of forced
evaporation (as shown in the shaded area @ in Fig. 2(a)).”’
For the pure my = +1 state, we need to use radio frequency (RF)
to transform from an my = —1 state. By adjusting the frequency
and amplitude of the radio-frequency signal, we can transfer
the condensates in the myp = —1 to my = +1 or into a mix of
mp = 0, 1. (The proportions of the two spin states are not
equal. There are about 20% more atoms in the +1 state than in
the 0 state.) For the mixed my = 0, —1 state, we apply a gradient
field of about 20 G cm™" within 300 ms at the start of forced
evaporation. The my + 1 state is the high-field-seeking-state.
These atoms escape the trap during this 300 ms evaporation.
For the mixed my = +1, —1 state, we first prepare all atoms to the
myg = 0 state. After adjusting the frequency of RF, the mixed
mg = +1, —1 state can be obtained.?”

Fig. 5 shows the PA spectra of different spin components.
We selected the range from 16972.36 cm ™" to 16972.39 cm ™' as
the one with rich spectral lines. We first observe the spectrum
of the non-polarized F = 1 ensemble shown in Fig. 5(a). The
following Fig. 5(b)-(d) are the photoassociation spectra for
different spin components.

The most striking difference of the three PA spectra is that
the lines F,o; = 0 appear only for the condensate containing the
my = 0 spin state. Obviously,*® the two-body s-wave is only able
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Fig. 5 The PA spectra of O~ v = 4 for different spin components: (a—g)
are the spectra of different spin components, F.,o designates the rota-
tional structure. The parameters and action time of the PA light are the
same as described in the caption of Fig. 4. The interval between adjacent
data points is 6 MHz.
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to form a molecular F,, = 0 state in the channel with the zero
total spin. The zero-total-spin channel is achieved in collisions of
two mg = 0 atoms or of the ones with the mutually opposite spin
projections, i.e., of mg =1 and my = —1, while the components m; =
+1 alone or myp = —1 alone contribute to the molecular states with
Fmol = 2. Taking into account the propensity rule AF,,, = 0, £1 of
the electric dipole transition, the F,,,; = 0 line can only be observed
in PA of the condensate containing mr = 0 or the mix of both
my = 1 and my = —1, while pure myp = 1 or mp = —1 condensates
cannot produce the Fy,o = 0 lines.

To illustrate these predictions, the PA spectra across the
lines Fy,o = 0 are taken with condensates containing different
mixtures of spin states as shown in Fig. 5(e)-(g). The observed
data in Fig. 5(f) show that the my = —1 and my = 1 spin states
participate in the photoassociation to the Fy,, = 0 state if both
of them coexist in the condensate. This observation matches
the analysis based on scattering channels analogous to ref. 38.

3 Conclusions

In conclusion, we have observed the molecular near-dissociation
levels of the photoassociated dimers produced from sodium spin-
1 BEC. The spin dependent photoassociation spectra were
observed, which can be used to identify good quantum numbers
for some of the molecular states. The results are in agreement
with theoretical predictions deduced from the analysis of ref. 38.
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