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Abstract: Herein, we report on the experimental observations and a quantitative determination
of the laser-induced frequency shift (LIFS) in the photoassociation (PA) spectra of spinor Bose-
Einstein condensate of sodium. Our investigations revealed a nonlinear dependence of the LIFS
on the intensity of PA laser. By developing a model within the quadratic Stark effect, we simulate
the experimental results via a theoretical model that confirms the former. The experimental
observations and the theoretical analysis can further improve the accuracy of investigations on
important molecular properties and on preparation of specific molecular states, with possible
applications in various key fields.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Bose-Einstein condensates (BECs) of atomic gases are ideal platforms for observing versatile
microscopic quantum effects [1,2]. An important approach in investigating quantum gas is by
forming the ultracold quantum gas of molecules [3–6]. Photoassociation (PA) of atoms in a BEC
has been established as a standard method for the production of ultracold molecules [7]. The
fabrication and manipulation of ultracold molecules have been intensively studied recently, as the
latter are expected to have relevant applications in fields like precision measurement or quantum
information processing [8].

The laser-induced frequency shift (LIFS) has always been considered an important phenomenon
during the PA process. The LIFS corresponding to a specific ro-vibrational level in the ultracold
molecules stems from the energy coupling between the atomic scattering state (or free state) and
the molecular bound state during a PA transitional process. It has a key role in the preparation
of ultracold molecules in specific states [9] and manipulation of ultracold molecular quantum
states [10]. While investigating the LIFS, it is beneficial to employ PA to change the interactions
between ultracold atoms [11–14]. The LIFS linear relation coefficient of laser intensity has
served as a versatile tool for measuring the s-wave scattering length [15], investigating anomalous
quantum correlations [16] and manipulating individual hyperfine states in ultracold molecular
ions [17].

LIFS has been reported to occur in ultracold alkali molecular samples of Li2 [13,18], Na2 [19],
Rb2 [20], Cs2 [21], and the heteronuclear molecule NaCs [22]. It has been successfully controlled
via an external magnetic field in ultracold Cs2 molecules formed by PA [23]. Moreover, various
possibilities to eliminate the light shift of the atoms in the optical tweezers have been investigated
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[24]. Altogether, these studies, both theoretical predictions and experimental measurements,
demonstrate a linear dependence between the shift and intensity of the PA laser.

In this study, we carried out a systematic experimental study on the influence of PA laser and
23Na spinor condensate during the production of Na2 molecules. A nonlinear LIFS is observed
and measured. We present a theoretical analysis for explaining the nonlinearity of this LIFS via
the quadratic Stark effect, which is confirmed by experimental results. Our study reveals that
the observed nonlinear shift can contribute to further improving the accuracy of investigations
of important molecular properties and preparation of specific molecular states. Moreover, the
nonlinear effect opens the gate toward investigating the effect of high-order AC Stark effect on
the atoms [25]. Furthermore, the experimentally measured coefficients of the first-order and
second-order terms provide an opportunity for predicting and analyzing the Stark effect under
high AC field strengths.

2. Experiments

The Na spinor condensates are prepared via a typical optical approach, following [26]. The
experimental system consists of three parts: oven cavity, intermediate cavity, and science chamber.
The solid sodium is heated to generate an atom beam in the oven cavity. The intermediate cavity is
a Zeeman slower to decelerate the atoms ejected from the oven cavity. The schema of the science
chamber is shown in Fig. 1. The atoms are collected in the MOT after the initial deceleration
by the Zeeman slower. Compressed MOT and optical molasses are implemented afterwards
by increasing the laser power and the frequency detuning while decreasing the magnetic field
gradient. To cool the atomic cloud to condensation, a crossed optical dipole trap (CODT), created
by two large-detuned laser beams along the axes sketched in Fig. 1, is applied with the aim of
loading and evaporatively cooling the atoms. After the free evaporation (0.5 s) and the forced
evaporation (3 s), a BEC of ∼ 3 × 105 23Na atoms in the F = 1 state with a temperature of ∼ 50
nK is produced. The trap frequencies of the CODT are (ωx, ωy, ωz) = 2π × (325, 321, 385 Hz),
leading to a condensated dimension of 21 µm and a phase space density of 8.2.

Fig. 1. The experimental device of the science chamber. The magneto-optical trap (MOT)
beams are represented by yellow arrows. The spinor BEC (yellow balls) are prepared in a
crossed optical dipole trap (red beams). A PA beam (orange beam) is focused on the spinor
BEC.
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The PA is induced by an additional frequency-doubled tunable diode laser system (Toptica,
TA-SHG) with a wavelength of 589 nm, linewidth of 0.1 MHz, and an output power of 1.1 W.
The frequency of the PA laser is tuned to near resonance with the v = 4 vibrational level of the
pure long-range 0−g state (corresponding to a wavenumber of 16972.438 cm−1) below the Na2
3S1/2 + 3P3/2 dissociation limit. There is no other PA spectrum in the vicinity of 300 MHz
near this level, which is a good choice for studying the LIFS. The absolute PA laser frequency
is measured and locked by a high-precision wavelength meter (HighFinesse WSU), which is
calibrated against the Na atomic hyperfine resonance transition (|F = 2⟩ → |F′ = 3⟩) at the
beginning of each experimenting cycle. The measured frequency accuracy is ∼ 5 MHz [22].

The PA beam waist focuses on the spinor BEC with a full length at half maximum of 108 µm.
The radius of the waist depends on the size of the BEC and a small waist allows the intensity to
have a larger range to regulate. The intensity can be controlled from 16 to 2880 W·cm−2. The
position of the beam has been calibrated many times to confirm that the PA laser beam fully
interacts with the atoms. The PA laser duration under different power densities determined by a
fixed parameter (intensity × duration) is optimized between 18000 and 100 µs ensuring that the
spectrum at each intensity is close to saturation and the fitting of resonance position is accurate.

The experimental spectra measured with different pulse durations under the same intensity
are presented in Fig. 2(a), whereas Fig. 2(b) shows the corresponding saturation phenomenon
of atomic loss. The PA resonance can be detected when the excited state molecule formed by
the PA laser spontaneously decays into the ground-state molecule or becomes a hot atom pair
escaping the trap. According to the results depicted in Fig. 2, the suitable parameter in our
experiment is set to be 288 ms·W·cm−2 (the consideration for not choosing a larger parameter
here is to maintain a longer duration under a high power of PA). Changing of the duration would
not cause a shift of the PA resonance frequency. The switch of the PA laser is controlled by a
fast-response acousto-optical modulator (Gooch & Housego 3080-125), whose rise time is as
short as 60 ns. An external bias magnetic field of about 100 mG is applied along the direction of
gravity, which is defined as the magnetic quantization axis. The polarization of the PA laser is
linear and parallel with the magnetic quantization axis.

Fig. 2. (a) The PA spectra for different durations of the PA pulse under the intensity of
226 W·cm−2. The resonance locations of the PA peaks are determined by fitting the data
with Lorentzian curves (represented by solid curves). There is no statistically significant
correlation between the resonance location and PA duration. (b) Saturation of atomic loss
ratio at the intensity of 226 W·cm−2.

Figure 3 shows a series of typical trap loss PA spectra induced by different intensities of
the PA laser. The interval of each considered data point was 6 MHz and the corresponding
points were measured thrice. The number of atoms remaining in the trap after the action of PA
laser was determined by the absorption images with 5 ms time-of-flight. The final values were
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obtained by averaging and normalizing the number of atoms measured during three experiments.
The resonance locations of the PA peaks were determined by fitting the data to corresponding
Lorentzian curves. Figure 3 clearly shows the shift of the resonance position in the PA spectrum
induced by increasing the PA laser intensity.

Fig. 3. The PA spectra of the v = 4 molecular vibrational level of the Na2 0−g pure long-range
state for seven different PA laser intensities: IPA = 16.2 W·cm−2 (red), 420 W·cm−2 (blue),
840 W·cm−2 (orange), 1416 W·cm−2 (green), 1980 W·cm−2 (brown), 2340 W·cm−2 (purple)
and 2880 W·cm−2 (yellow). The resonance locations of the PA peaks were determined by
fitting the data with corresponding Lorentzian curves (solid curves). The curves on the rear
panels are the projection of the fitted curves. The resonance positions are projected on the
bottom surface and fitted with quadratic functions.

3. Results and analysis

In Fig. 4, both the PA resonance positions and PA laser intensities are shown. Below the intensity
of 1.5 kW·cm−2, the observed linear dependence of the spectral shift on the laser intensity is
consistent with the calculation based on the multichannel scattering theory [12,13] and the
measured LIFS slope is −141.62 ± 5.54 MHz/(kW·cm−2). However, when the power is increased
to 2.8 kW·cm−2, the nonlinear dependence of the spectral shift on the laser intensity can be
clearly noticed. The fit of this dependence with the quadratic function (−166.09 (± 3.47) IPA +

18.76 (± 1.40) I2
PA + 1.38 (± 1.72)) MHz is also shown in Fig. 4. The first-order and second-

order coefficients are −166.09 (± 3.47) MHz/(kW·cm−2) and 18.76 (± 1.40) MHz/(kW·cm−2)2

respectively.
In our recent study [27] on the magnetically manipulated PA LIFS in ultracold caesium, we

adopted a three-channel model within the method of Green functions [28,29]. The three channels
are (1) the continuum of states P, (2) single neighboring level Q, and (3) excited light-dressed
photoassociated level R. The energies of these unperturbed (neglecting couplings) states are E,
ϵQ, and ϵR. In our simplified theory, we neglected the thermal average and considered a fixed
(already averaged) scattering energy: the spread of the real thermal energies is expected to be
very narrow in a BEC. Here we employed the same model with all the equations rederived by
using the projection technique by Feshbach [30–32].
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Fig. 4. The spectral shift as a function of the PA laser intensity for the v = 4 molecular
vibrational level of the Na2 long-range 0−g state for the spinor BEC. The black solid line is
the linear fit of the initial fragment (< 1.5 kW·cm−2) and the red solid curve is the quadratic
fit of the full-range data.

The resulting expression for the optical transition probability in this system is

ρ(E, δ) =
w(E)
π

1
(δ − δm)2 + w(E)2

, (1)

where δ is the energy shift (the experimental transition energy is ℏω = ϵR − E + δ).
The first factor w(E)/π coincides with the famous Fano result [33,34] for the transition

probability from the lower coupled state P ∼ Q with the energy E to the unperturbed upper state
(the weak intensity approximation):

w(E)
π
= |WPR |

2
[︃
(β + q)2

β2 + 1

]︃
, (2)

where WXY is the coupling matrix element between the channels X and Y ,

β =
E − ϵQ − FQQ

π |WPQ |2

is the reduced initial energy,

q =
WRQ + FQR

πWQPWRP

is the Fano asymmetry parameter,

FXY (E) = P

∫
WXP(ϵP)WPY (ϵP)

E − ϵP
dϵP,

and P denotes the principal value of the integral.
The other (second) factor of Eq. (1), as a function of the shift δ, is the Lorentzian, in agreement

with the experimental observations (Figs. 2(a) and 3). The full width at half maximum (FWHM)
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2w(E) is determined by Eq. (2). The position of the maximum is

δm = π |WPR |
2
[︃
(q2 − 1)β − 2q
β2 + 1

]︃
− FRR ≡ π |WPR |

2S − FRR (3)

The only PA-intensity dependent quantity in the above equations is the optical coupling matrix
element (transition amplitude) WPR, which is a linear function of the electric field E ∼

√
IPA.

Hence, within the considered model, (see Eqs. (2), 3) both the peak position δm and its FWHM
are linear functions of the PA laser intensity IPA. The parameters of the profile Eqs. (2) and 3
depend on the energy ϵQ of the near-dissociation bound level, i.e., implicitly on the scattering
length (e. g., [35]).

The model described above is obviously oversimplified. Its success in explaining a bulk of
experimental observations (e. g., Ref. [27]) proves that it successfully captures the principal
mechanisms of the laser-induced shifts in PA. Nonetheless, there are different effects not taken
into account by it, which are useful for improving its predictions. These effects include a possible
influence of other bound or scattering channels besides the already considered three, multiparticle
interactions in the condensate, or high-order Stark effects. The easiest way to correct our model
phenomenologically is by including the quadratic Stark effect with a supposition that it is able to
effectively incorporate all other effects. This would be able to produce a nonlinear dependence of
the shift δm on the PA laser intensity IPA.

For the sake of simplicity, let us restrict ourselves to the diagonal quadratic (∼ E2 with the
electric field E ∼ ±

√
I) Stark effect with the Hamiltonian matrix element

⟨Q |H| Q⟩ ≈ ϵQ + ϵ
′
QI. (4)

Provided this dependence is weak, the relation

ϵ ′Q

ϵQ
I ≪ 1 (5)

holds all the way. Let us approximate Eq. (3) within a first order of this ratio. This gives for the
reduced energy

β =
E − (ϵQ + ϵ

′
QI) − FQQ

π |WPQ |2
≡ β0 + β

′
0I

with β0 coinciding with β by neglecting the quadratic Stark effect and

β′0 = −
ϵ ′Q

π |WPQ |2
.

Then, for the profile function one has

S =
(q2 − 1)(β0 + β′0I) − 2q

(β0 + β
′
0I)2 + 1

≈ S0 + S′
0I

with S0 coinciding with S by neglecting the quadratic Stark effect and

S′
0 = −2S0

β0β
′
0

β2
0 + 1

=
2S0

π |WPQ |2
β0

β2
0 + 1

ϵ ′Q.

Finally,

δm ≈
[︁
π |wPR |

2S0 − fRR
]︁

IPA + 2S0

|︁|︁|︁|︁ wPR

WPQ

|︁|︁|︁|︁2 β0ϵ ′Qβ2
0 + 1

I2
PA (6)

with the lower-case designations for the same values as the upper-case ones, but relating the unit
intensity IPA = 1.
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Without an external magnetic field (or with a weak enough field), the bound level lies below
the threshold, whereas the scattering state lies above it, so it is expected that β0>0. It is known
that for the ground state atoms the quadratic Stark effect is negative, so it is expected that for
the near-dissociation molecular levels one has ϵ ′Q<0. Hence, the coefficient of I2 is expected to
have the opposite sign to the one of S0. In our case, we observed that S0<0, which makes the
quadratic coefficient positive, in accordance with the experimental observations.

4. Conclusions

We identified a nonlinear dependence of LIFS and PA laser intensity and noted that at a comparably
high intensity the influence of the quadratic Stark effect, it is actually not negligible. To describe
this phenomenon, we propose a simple phenomenological theory, which provides a theoretical
basis for LIFS at a high power, thereby improving the existing theories. The first-order and
second-order coefficients determined in the experiment can further improve the subsequent
predictions and analysis of the Stark effect under high AC field strengths. Thus, our new findings
have the potential to pave the way for a series of significant preparations and manipulations of
ultracold molecules, with possible applications in various key fields.
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