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Experimental measurement and analysis of the laser-induced frequency shifts (LIFSs) of photoassociation
(PA) spectra in a spinor Bose-Einstein condensate (BEC) of sodium is reported. The trap loss spectra of the
atoms in the BEC were recorded at different PA laser intensities. Linear variations of the frequency shift
for different spin components were demonstrated. The analogous linear dependence on the intensity of
the full width at half maximum (FWHM) of the spectra was also shown. The slopes of the linear relation-
ships of the shift and broadening are both independent of spin component within the error range of the
experiment. A theoretical model, considering the interactions of three channels (a scattering continuum
state, a single bound level near the scattering state, and an optically excited light-dressed level), explains
the linear dependence of the LIFSs and the FWHM broadening on the PA laser power. The experimental

results are consistent with the theoretical calculations.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Understanding collisional properties of atoms and molecules at
ultracold temperatures has been a long-term goal in quantum sim-
ulation and chemical physics due to the importance of the scat-
tering resonances [1]. Bose-Einstein condensates (BECs) of ultra-
cold neutral atomic gases, as a collective quantum system, have
served as ideal platforms to investigating the fundamental physical
problems (including the scattering problems) since their first ex-
perimental realizations in 1995 [2,3]. Spinor BECs, whose Zeeman
or hyperfine substates are often coherently coupled via two pho-
ton Raman transitions, have recently drawn considerable attention
from both theory and experiment [4-6]. In addition, research into
spinor BECs has proven that the F =1 and F =2 hyperfine spin
states of 87Rb atoms [7-12] and the F =1 hyperfine spin mani-
folds of 23Na atoms [13-16] are ideal candidate systems to inves-
tigate the spinor dynamics induced by the interplay of the spin-
dependent interaction, the quadratic Zeeman energy for a spin-1
condensate [14,15,17,18] and a spin-2 condensate [10,12]. By con-
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trolling the spin degrees of freedom, a spinor BEC has become an
excellent quantum simulator [7,8].

Photoassociation (PA) of ultracold atoms in a BEC has been used
to produce ultracold molecules and to tune the atomic scattering
length [19,20]. Photoassociation spectroscopy (PAS) is employed to
determine interatomic interaction potentials with ultrahigh preci-
sions . A PA process can also control spin-dependent interactions
and is beneficial for increasing the strength of the ferromagnetic
interaction in spinor BECs [21]. Nonetheless, many gaps in our
knowledge still need to be filled in the research of PA in spinor
BECs.

BECs provide ideal platforms in which to perform accurate mea-
surements of PA line positions of atomic or molecular transitions
as well as of laser-induced frequency shifts (LIFSs) [22]. LIFSs of
rovibrational levels of ultracold molecules are caused by the energy
coupling between the atom-atom scattering state and a molecular
bound state. This coupling must be understood when manipulat-
ing ultracold molecular states and controlling inter-atomic interac-
tions [23,24].

Experimentally, LIFSs have been widely investigated in
homonuclear gases of 7Li [22,2526], %Na [1], 87Rb [27],
133Cs [28,29], and a mixture of 23Na and '33Cs atomic gases [30].
The LIFSs are essential in the production of ultracold molecules
in a specific state [31], the manipulation of molecular quantum
states [24], and precise measurements of the s-wave scattering
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Fig. 1. A schematic diagram of the experiment. The MOT is constructed with six
MOT beams (blue arrows) from three orthogonal directions and a pair of anti-
Helmholtz MOT coils. The crossed optical dipole trap (red arrows) is used for the
realization of the spinor BECs (green ensemble). The yellow arrow represents the
PA laser beam. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

length [32]. However, LIFSs in spinor BECs, especially for the
mp =0, &1 spin components, have yet to be explored. A variation
of LIFSs for different mr components reflects different values for
scattering lengths.

In the present paper, we demonstrate PAS in a sodium spinor
condensate. The PA transition to the v = 4, | = 2 rovibrational level
of the O pure long-range state is investigated for several PA laser
intensities. The experiments showed a red shift for the LIFSs of the
transition and a broadening of the full width at half maximum
(FWHM). The LIFSs and the FWHM broadening for different spin
components exhibited a linear behavior with PA intensity for the
range of intensities used in our experiment. A theoretical model
considering the interactions of three channels (a scattering contin-
uum, a single bound level near the scattering state, and an opti-
cally excited light-dressed level) is established. The experimental
results are consistent with the theoretical calculations.

2. Experimental setup

The experimental setup has three parts: the oven chamber, the
Zeeman slower, and the science chamber. The oven contains 25 g
of solid sodium heated to 532 K. At this temperature sodium has
a vapor pressure of 2.3 x 10~ Pa. A zero-crossing Zeeman slower
is used to slow down the atoms ejected from a pin hole in the
oven [33]. The science chamber is at the end of the Zeeman slower,
in which laser and evaporation cooling as well as the PA exper-
iments on spinor condensates are carried out. The chamber has
two re-entrant viewports, one each at the top and bottom as well
as eight viewports in the horizontal plane for the access of laser
beams for cooling, dipole trapping, imaging, and PA. An ion pump
(Agilent Star Cell, 150 L/s) and a Ti-sublimation pump are used to
keep the pressure in the science chamber at 1.5 x 10~ Torr.

Atoms are collected and cooled in a magneto-optical trap
(MOT) [34], as shown in Fig. 1. The MOT beams (trapping, repump-
ing) are provided by a TA-SHG laser system (589 nm, Toptica). Af-
ter 8 s of MOT loading, about 5 x 10° atoms with a temperature
of 350 pK are trapped. In order to further lower the temperature,
we transition into a compressed magneto-optical trap (CMOT) and
use optical molasses cooling [35]. We reach 45 puK with 4 x 108
atoms. To de-pump atoms into the F = 1 hyperfine state, repump-
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ing beams are extinguished 1 ms before the MOT beams and coils
are switched off.

The precooled sodium atoms are then loaded into a crossed
optical dipole trap (CODT) generated by two horizontally crossed
laser beams, one in the X and one in the Y direction. The beams
are focused to a 1/e2 beam diameter of 32 wm (35 wm) and have
a power of 13 W (14 W) in the X (Y) direction, respectively. After
400 ms loading, about 7 x 108 atoms with a temperature of 70 uK
are trapped. Forced evaporation cooling is immediately performed
by reducing the power in the dipole trap lasers. The trapping po-
tential that the atoms experience is exponentially reduced within
3 s and we obtain a spinor BEC with 2 x 10° atoms in the F =1
ground state and a phase space density (PSD) of 7.6. (The three mg
states have equal population as confirmed with the Stern-Gerlach
method.) In the CODT, the trapping frequencies near the bottom of
the potential well are (wy, wy, ®z) = 2w x (314 + 2.8, 306 £ 3.0,
367 + 3.2 Hz). Then for up to a few milliseconds a PA beam inter-
acts with the spinor BEC. The size of the BEC along the PA beam
direction, measured by magnified absorption imaging, is 21 pm,
which is smaller than the 1/e2 beam diameter of the PA beam of
108 pwm. An acousto-optic modulator (Gooch & Housego 3080-125)
is used to control the PA beam power and PA pulse duration with
a rise time of 60 ns, which is orders of magnitude less than the
PA pulse duration. The peak intensity of the PA beam can be ad-
justed between 23 and 1390 W cm~2, The polarization of PA beam
is linear and parallel to the Z axis. An external bias magnetic field
of about 200 mG is applied along this same Z axis. The projection
quantum number mg of the atoms are defined relative to this ex-
ternal magnetic field.

The frequency of the PA laser is tuned near the v=4, J=2
molecular rovibrational level of the Na, 05 pure long-range state
below the 3S;,, +3P3,, dissociation limit. When the frequency
is tuned to the resonance position, PA leads to loss of atoms
as excited molecules can spontaneously decay into ground-state
molecules or pairs of hot atoms escaping the trap. The frequency of
the PA laser is locked using a wavelength meter feedback system
and the frequency stability is 5 MHz. The PA laser makes 6 MHz
steps along the relevant frequency range and three measurements
are taken for each lock. The average of the number of measured
atoms in the three experiments is counted. Then they are normal-
ized by the number of remaining atoms after a far detuned PA il-
lumination. Absorption imaging of the condensates for each exper-
iment was performed 5 ms after the PA laser and the dipole traps
were turned off.

In our experiment, PA spectra are acquired through atom loss
as a function of PA frequency. Fig. 2 shows a series of typical trap
loss PA spectra shifting with PA laser intensity for the unpolarized
F =1 state. The maximum loss of the number of atoms occurs at
the resonance position. The FWHM of the spectral line is defined
by the Lorentz fitting curve. The increase of the PA laser intensity
leads to broadening of the FWHM and a red shift of the resonance
position. The red shift of the resonance position as the PA laser
intensity increases is namely, the LIFSs.

The dependence of the maximum atom loss ratio in the PA
spectra on the PA pulse duration at different power intensities is
measured. We found no obvious relation between the resonance
position and duration of the PA lines. Fig. 3 shows the saturation
of the maximum atom loss ratio as a function of PA pulse duration
at an intensity of 354 W cm~2.

According to the duration that leads to the saturation of the
maximum atom loss ratio at different PA laser intensities, a flu-
ence (intensity x pulse duration) of the PA laser pulse is fixed at
276 ms W cm~2. The value is determined based on two factors.
Firstly, the pulse duration should be saturated. Secondly, the PA
pulse duration of high-power should be small enough to avoid the
severe heating of the atoms that leading to the inaccurate mea-
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Fig. 2. PA spectra of the v =4, ] = 2 rovibrational level of the Na, 0; pure long-
range state for F =1 spinor sample at four PA laser intensities: Ipy = 16 W cm—2
(green balls), 354 W cm~2 (blue balls), 706 W ¢m~2 (red balls), and 1105 W cm—2
(black balls), respectively. The fluence is the same for the four spectra. The reso-
nance peaks are fitted to Lorentzians (solid curves). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)
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Fig. 3. The dependence of maximum loss from the F =1 spinor condensate with
all mp levels equally populated on the duration of PA pulse at an intensity of
354 W cm~—2,

surement. Actually, the pulse duration determined by the fixed flu-
ence is optimized between 12,000-200 ps corresponds to a peak
intensity from 23 to 1390 W cm~2.

3. Experimental results

To explore the influence of different spin states on the LIFSs, we
manipulate the gradient magnetic field generated by the MOT coils
and apply radio frequency radiation to prepare different spin com-
ponents. For a pure mp = —1 atomic sample, we apply a 10 G/cm
gradient field for 1 s at the start of the forced evaporation in the
CODT [36]. For a pure mg = 0 sample we apply a 20 G/cm gradi-
ent field within 1 s before the end of the forced evaporation in the
CODT [37]. For a pure mg = +1 sample, the atoms are first pre-
pared in the mg = —1 state and then transferred to the mg = +1
state with radio frequency radiation.

Fig. 4 shows the spectral FWHM as a function of the PA
laser intensity for different spin states at our fixed fluence of
276 ms W cm—2. Some FWHM at PA intensities above 1.2 kW cm—2
are unreliable and not shown, because the corresponding short
pulse length makes the PAS unsaturated. The FWHM and inten-
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Fig. 4. FWHM with one-standard-deviation uncertainties as functions of PA laser
intensity for the unpolarized F = 1 state (black squares), mp = +1 state (red dots),
mp = 0 state (blue triangles), and mr = —1 state (green triangles). The colored solid
lines represent linear fits to the corresponding experimental data. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 5. The spectral shift with one-standard-deviation uncertainties as a function
of PA laser intensity for the unpolarized F = 1 (black squares), mr = +1 (red dots),
mg = 0 (blue triangles), and mr = —1 (orange triangles) states. The colored dashed
and solid lines represent linear fits to the experimental data. The differences be-
tween the data and fits near Ipy = 0.8 kW cm~2 are shown in the inset. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

sity are linearly related. The slopes are the same within our error
range.

In Fig. 5, the spectral shift as a function of the PA laser inten-
sity for different spin states is shown. The linear slopes of different
spin components are the same within the error range. Experimen-
tal errors in this figure as well as in Fig. 4 are mainly attributed to
fitting errors, systematic uncertainties induced by particle number
fluctuation in each experiment, and small uncertainties in measur-
ing the intensity of the PA laser.

The measured FWHM broadening slopes and LIFSs slopes are
also shown in Table 1.
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Table 1
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The measured FWHM broadening and LIFSs slopes with their one-standard deviation uncer-

tainties. All quantities are in MHz/(kW cm~2) .

This work (05 for Naz)

Previous work (A; X, for Na, [1])

Spin state  FWHM broadening  LIFSs LIFSs
F=1 89.21 £8.65 —146.17 +£9.10

mp =+1 88.69 +6.12 —142.20 +3.80

mg=0 115.48 +10.62 —141.27+7.29

mp=—1 80.16 +£9.65 —142.39+5.98 —164 +35

4. Theoretical analyses

The linear dependence of the spectral shift on the laser inten-
sity is consistent with the theoretical predictions [22,23]. Recent
modeling [38] devoted to PA LIFSs in cesium used a three-channel
model, analyzed using Green’s functions [39,40]. Our work employs
the same model, however, we re-derived all equations using a pro-
jection technique similar to that used by Feshbach [41-43].

Briefly, the three channels comprise of a continuum of scatter-
ing states P, a single bound level Q, and an optically excited light-
dressed level R, with the zero-th order (unperturbed) energies €p,
€q, and € respectively. The scattering states lie above the thresh-
old (dissociation limit) with the conventionally zero energy, €p > 0.
The projectors Pp, Pg, and Py are applied to the Hamiltonian H
to find a system of coupled equations for the projections (partial
amplitudes) of the full (mixed) eigenstate |E) onto the uncoupled
basis functions |ep), |€q), and |eg):

(erlE) = BE — €) + gt [Wo (ep){€alE) +Won(er) (eslE)],

€p

(1)

[E — €ql{€qlE) = Wop(E) + Wor(€r|E) (2)
+/0°° WQP(EGE)XVES(GP) dep(cqlE)
+ [ HR M) e e,

[E — €r]{€r|E) = Wgp(E) + Wrq(€q|E) (3)
+ /0 N —WRP(ET)X";’::(GP) dep(exlE)
+ / N —WRP<§§>_WEP§<€P> dep(eq|E)

with  E* =E 410, Wpq(ep) = Wp(ep) = (epHleq),  Wip(ep) =
Wik (€p) = (eg|H€p), Wor = Wiy = (€q[H|eg). As argument of the
functions W,;,, we only show the scattering state energies, when
essential for the formulae. In our simplified theory, we considered
a fixed small scattering energy E: the spread of energies is very
narrow in a BEC.

After some tiresome algebra, the solution is found, producing
the following results. The transition probability o (E, 8) = |(eg|E)|2
to the excited state, R, as a function of the initial energy E and
the transition energy shift 6 (with the observed transition energy
hw = €g — E + §) is given as

w(E) 1
PED) = BB T WER “)

The first factor of Eq. 4 does not depend on the shift § and repro-
duces the famous result by Fano [44,45] for the transition proba-
bility from the two-channel coupled state P ~ Q with energy E to

the unperturbed upper state R (the weak intensity approximation)
as follows:

w(E)
- BT ()
T B +1
where Wpg(E) is the electric transition dipole moment, from the
uncoupled scattering state with the energy €p = E to the photoas-

sociated state,

B = E —€q — Faq(E)
7 [Wpq (E)|2

= |WPR(E)|2|:(ﬂ +q)2]7

is the reduced initial state energy,

= Wro + For (E)
7TWop (E)Wre (E)

is the Fano asymmetry parameter, and

Wap(€p)Wpg(€p)

d
E—e€p €p

Fu®) =7 [
with P representing the principal value of the integral.

The second factor of Eq. (4) is a Lorentzian as a function of § for
fixed E, which validates the use of the Lorentzian function for the
fit of the observed PA line profiles in a Bose-Einstein condensate
(Fig. 2). The maximum of the Lorentzian is located at

(@-1B-2q
p?+1

The quantities ¢ and 8 deal with the coupled lower state and
not with the PA transition and are independent of the PA laser in-
tensity Ips. The electric-dipole transition amplitude Wpg is a linear
function of the electric field & ~ \/E. This fact, with Egs. (5) and
(6), shows that the position 6, of the profile maximum and the
FWHM 2w, are linear functions of the PA laser intensity Ips, at least
within the adopted model.

The parameters of the profile Egs. (5) and (6) depend on the
energy €g of the near-dissociation bound level, i.e., implicitly on
the scattering length (e. g., [21]). Such change was not detected for
different mg in our experiment.

5m(5)=7T|WPR(E)|2|: :| — Frr(E). (6)

5. Conclusions

In summary, we have presented measurements of the LIFSs and
the FWHM for the PA of the v =4, ] =2 molecular rovibrational
level of the Na; 05 pure long-range state in a sodium spinor BEC.
Results show that the shift and the FWHM broadening are linearly
dependent on PA laser intensity, which agrees well with a theoret-
ical model with three coupled channels. The same slopes for the
three different spin components imply that the closest to the first
dissociation limit bound-state energies and the scattering lengths
are similar. The methods and results provide deep insights into the
scattering mechanism for the creation of ground state molecules
in a spinor condensate. Our work could be generalized to spinor
condensates of other species.
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