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Enhancement of the photoassociation of ultracold atoms via a
non-resonant magnetic field∗
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We report an effective method for enhancing the photoassociation of ultracold atoms using a non-resonant magnetic
field, which enables the manipulation of the coupling between the wavefunctions of the colliding atomic pairs and the
excited molecules. A series of photoassociation spectra are measured for different magnetic fields. We show that the
photoassociation rate is significantly dependent on the non-resonant magnetic field. A qualitatively theoretical explanation
is provided, and shows a good agreement with the experimental result.
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1. Introduction
Investigations on ultracold molecules have led to sig-

nificant progresses in precision measurement,[1] quantum
computation,[2] quantum simulation,[3] and the control of ul-
tracold chemical reactions.[4] Among various approaches pro-
posed for producing ultracold molecules, the photoassocia-
tion (PA) of ultracold atoms, in which two colliding atoms
resonantly absorb a photon to form an excited molecule,[5]

has been shown to be one of the most efficient and stan-
dard techniques to obtain molecules at microkelvin or even
nanokelvin temperatures.[6] Moreover, PA is also widely ap-
plied in realizing optical Feshbach resonance (FR) for the ef-
fective control of the interaction of two colliding ultracold
atoms, which is particularly useful for alkaline-earth systems
with no hyperfine structures in their ground states.[7,8] Re-
cently, PA is used to produce the long-range, homonuclear
Rydberg molecules,[9] whose internuclear separations extend
to several thousands of a0 (Bohr radius).

In many contexts, the PA rate is mainly determined by
the wavefunction coupling between the colliding ground state
atomic pairs and the excited state molecules,[10] and plays an
important role in PA and related experiments. A higher PA rate
can increase the production of ultracold molecules with con-
siderable yields. Nevertheless, the PA rate is limited by the low
density of ultracold atomic pairs at the short internuclear dis-
tances. Over the past decade, many theoretical schemes have

been proposed for enhancing PA, such as increasing the atomic
pairs density within the PA window by accelerating the veloc-
ity of atoms,[11] shaping the PA laser pulse by using a con-
trolled frequency chirp,[12] and introducing a static electric
field on the PA.[13] However, none of these studies are cur-
rently feasible in experiment. It should be noted that a FR-
optimized PA has been proposed theoretically[14] and realized
experimentally for enhancing PA.[15,16] Recently, benefiting
from the high PA rate, FR-optimized PA is also used to mea-
sure vibrational levels lower than those accessible using tra-
ditional PA spectroscopy[17] and to effectively control atom–
molecule conversion using ultranarrow PA transitions.[18] So
far, the effect of the magnetic field[19,20] that is far away from
the Feshbach Resonance on the PA has not yet been fully in-
vestigated.

In this paper, we report on the enhanced PA of ultracold
Cs atoms in a crossed optical dipole trap, in which the PA rate
coefficient is greatly increased by utilizing a non-resonant ex-
ternal magnetic field. Our research is a good extension to the
technique of FR-optimized PA, where the magnetic field alters
the wavefunction of the colliding atoms. In our scheme, the
PA rate coefficient presents a monotonously continuous de-
pendence on the increasing magnetic field, corresponding to
the growth of the atomic scattering length.[21] A simple theo-
retical model is provided to explain the experimental results.
Our observation of enhanced PA opens up the possibility of
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controlling atom–molecule conversion using a non-resonant
external magnetic field without the large three-body loss of
atoms near FR.

2. Experiment
We start with ultracold Cs atoms in a vapor loaded

magneto-optical trap (MOT) at a background pressure of 3×
10−8 Pa, the experimental setup is shown in Fig. 1(a). Fol-
lowing the compressed MOT and optical molasses, 3× 107

atoms are obtained with a peak density of∼ 1011 cm−3. Then,
the atoms are transferred to a three-dimensional optical lattice,
and degenerated Raman sideband cooling is applied to cool the
atoms to a low temperature of ∼ 1.7 µK and to polarize them
in the desired F = 3, mF = 3 state. A far-off resonance op-
tical dipole trap, which consists of two crossing laser beams
with an angle of 90◦, is employed to load the atoms.[22,23] The
powers of the two laser beams of the crossed dipole trap are
7.0 W and 7.2 W with beam waists of 230 µm and 240 µm at
the trap center, respectively. The number of atoms is measured
using an absorption image technique.
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Fig. 1. (a) Experimental setup. Raman lasers 1–4 and an optical pumping
laser are applied to implement the Raman sideband cooling. Dipole lasers
1 and 2 are applied to construct the crossed dipole trap. Bias coils are used
to produce the external magnetic field. The probe laser passes through the
trapped atoms, and the number and density of atoms are measured using the
absorption image technique. (b) Experimental sequence for manipulation of
the magnetic field, PA laser, and probe laser of absorption image.

Figure 1(b) shows the experimental sequence. In order
to eliminate the large three-body loss, the plain evaporation is
implemented at the magnetic field of B = 75 G for 500 ms,
where the scattering length of cold atoms is about 1200 a0

[24]

with a large three-body loss. Then the magnetic field is tuned
to the value of interest. PA is performed by illuminating the
atomic sample using a PA laser for 100 ms. A widely tuneable

Ti: sapphire laser system (Coherent MBR-110, power ∼ 1 W,
linewidth ∼ 0.1 MHz) serves as the PA laser, with a beam
waist of ∼ 150 µm and an intensity of ∼ 125 W/cm2. The fre-
quency of the PA laser is tuned to the vicinity of the resonant
transition from the atomic ground state to the molecular ex-
cited state of the vibrational level v= 10 of the pure long-range
0−g state (corresponding to a wavenumber ∼ 11672.05 cm−1)
below the Cs2 6S1/2 +6P3/2 dissociation limit. The long-time
frequency drift of the PA laser is less than 500 kHz by lock-
ing to its self-reference cavity. The absolute laser frequency
is measured using a high-precision wavelength meter, which
is repeatedly calibrated against the Cs atomic hyperfine res-
onant transition.[25] When the frequency of the PA laser is
resonant with the transition from the ground atoms to excited
molecules, it leads to a large loss of atoms. Most of the excited
molecules spontaneously decay into pairs of hot atoms that es-
cape the trap, while the rest randomly and spontaneously radi-
ate into a small number of ground molecules. Considering the
negligible three-body loss resulting from the reduction of the
atomic density during the plain evaporation process, the atom
loss is mainly attributed to the inelastic loss induced by PA.

Figure 2(a) shows a typical PA spectrum for the vibra-
tional level v = 10 of the Cs2 0−g state below the dissociation
limit (6S1/2 + 6P3/2). The resolved rotational levels of J = 0
and J = 2 are clearly observed. In order to investigate the in-
fluence of the external magnetic field on the PA, we have sys-
tematically record the PA spectra for J = 2, v = 10 at different
magnetic fields of 87 G, 96 G, 108 G, and 120 G, at which
the number of atoms remaining in the dipole trap after PA are
(1.3± 0.03)× 105, (1.01± 0.05)× 105, (0.87± 0.08)× 105,
(0.7± 0.02)× 105, respectively, as shown in Fig. 2(b). It can
be found that the maximum ratio of the atom loss is up to 70%.
The Lorentzian fitting is applied to the experimental data.

0.6

1.2

1.8

2.4

J/ J/ (a)

A
to

m
 n

u
m

b
e
r/

1
0

5
 

87 G
96 G

108 G 120G

-330-220-110 0 110 220 330 440

Frequency detuning of PA laser/MHz

0.6

1.2

1.8

2.4

J/

(b)

Fig. 2. (a) PA spectrum of the v = 10 vibrational level of Cs2 long-
range 0−g state without the magnetic field. (b) The number of atoms as
a function of the frequency detuning of the PA laser with the magnetic
fields of 87 G (red dots), 96 G (violet dots), 108 G (green dots), and
120 G (navy dots) for J = 2. The solid curves are the fittings using a
Lorentzian function.

As the magnetic field increases, the number of atoms re-
maining in the trap after PA gradually decreases. Here we
focus on the range of the magnetic field from 85 G to 120 G,
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where the Cs atomic s-wave scattering length a monotonically
increases with magnetic field B, as shown in Fig. 3(a).[21] It
should be noted that there is no FR in this range for Cs atoms
in the F = 3, mF = 3 state, thus allowing us to investigate
the dependence of the PA rate coefficient on the non-resonant
magnetic field. In addition, we can also observe the shift of the
PA resonance frequency with the magnetic field at the same PA
laser intensity, which has been experimentally investigated in
our previous work.[26] The influence of the external magnetic
field on the PA is mainly attributed to the variation of the cou-
pling between atomic and molecular wavefunctions, where the
magnetic field changes the atomic scattering length, leading to
the variation of the atomic wavefunction.[16]
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Fig. 3. (a) Theoretical scattering length. (b) PA rate coefficient as a
function of magnetic field for rotational level J = 2 in v = 10. The
dots are experimental data. The solid lines are the results of theoretical
calculation. The dashed lines show the PA rate coefficient without the
magnetic field.

Furthermore, PA rate coefficient KPA is often written as
KPA = (n0− nt)/n0ntt,[27] where n0 is the atomic density be-
fore switching on the PA laser, nt is the atom density af-
ter switching off the PA laser, t is the PA duration time.
The dependence of the PA rate coefficient for J = 2 on the
magnetic field is shown in Fig. 3(b). The PA rate coefficient
is strongly dependent on the external non-resonant magnetic
field, and continuously increases with the magnetic field. The
observed PA rate coefficient varies from 0.39× 10−10 cm3/s
to 0.76×10−10 cm3/s when the magnetic field increases from
85 G to 120 G. The errors are mainly from the error in de-
termining the resonance frequency, the fitting error, and the
systematic uncertainty which is induced by the fluctuation of
the number of trapped atoms in each experimental cycle. Thus
the PA of ultracold Cs atoms can be substantially enhanced by
using a non-resonant magnetic field.

3. Analysis
A brief qualitative analysis is used to explain the observed

results. The PA rate coefficient is determined by the cou-
pling between the s-wave scattering wavefunction of the ini-
tially colliding atomic pairs and the wavefunction of the ex-
cited molecular level under a PA laser field,[10,14] and can be
expressed as

KPA = Γ

∫
|〈Ψ(υ ,J)|Veg|Φk〉|2dr, (1)

where Γ is a coefficient related to the PA laser intensity and
atomic sample temperature, Veg is the dipole moment for the
transition between the atomic state |Φk〉 and the excited molec-
ular state |Ψ(υ ,J)〉, and r is the interatomic distance. For
a certain excited molecular level, the PA rate coefficient is
mainly determined by the atomic wavefunction Φk, which can
be described by using a square-well model.[28] Considering
the threshold behavior of atomic scattering with the van der
Waals interaction, the size of the square-well is chosen to be
the mean scattering length ā. The atomic wavefunction is
given as

Φk(r) = Φk,r>ā(r)+Φk,r≤ā(r)

=

√
2mr

π h̄2k
sin(kr+η)+Asin(k1r), (2)

where Φk,r>ā(r) is the wavefunction for r > ā, k =

1/2
√

2Emr/h̄2, mr is the reduced mass, and E is the colliding
energy of atoms. The scattering phase shift η can be solved
by a precise expression of cotη = −1/(ak)+ r0k/2, where a
is the s-wave scattering length and r0 is the effective range.
For r ≤ ā, Φk,r≤ā(r) = Asin(k1r), where the parameters A and
k1 can be derived using the continuous boundary condition at
r = ā. For Cs atoms in the F = 3, mF = 3 state, the scattering
length is

a/a0 = (1722+1.52B)
(

1− 28.72
B+11.74

)
, (3)

where B is the magnetic field in units of Gauss.[21] Thus, we
can change the scattering length a by using the external non-
resonant magnetic field B, then change the atomic wavefunc-
tion Φk,r>ā(r). Although the magnetic field only changes the
wavefunction Φk,r>ā(r) of the atoms with the interatomic dis-
tance r > ā, the continuous boundary condition in the quan-
tum mechanics leads to the variation of the wavefunction of
the atoms with the interatomic distance r ≤ ā, where the PA
of colliding atomic pair occurs. As a result, the PA rate coef-
ficient represents the dependence on the magnetic field. The
wavefunctions |Ψ(υ ,J)〉 are derived according to the reexam-
ination potential curve for excited Cs molecules.[29] The the-
oretical PA rate coefficients for the molecular rotational levels
J = 2 are fitted to the experimental data. There is a good agree-
ment between theory and experiment as shown in Fig. 3(b).
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4. Conclusion
We have demonstrated an effective approach for enhanc-

ing the PA of ultracold atoms using a non-resonant magnetic
field. The PA rate coefficient is strongly dependent on the ex-
ternal magnetic field. The enhanced PA can be directly applied
to control the atom–molecule conversion. The theoretical cal-
culation based on a simple square-well model, which builds
the relationship between the atomic wavefunctions in the in-
teratomic distances r > ā and r ≤ ā, shows a good agreement
with the experimental result. Our scheme is helpful to increase
the production of ultracold molecules in the PA process. Fur-
thermore, the enhanced PA using non-resonant magnetic fields
may provide potential applications to detect the previously un-
observed molecular levels due to the small Franck–Condon
coupling.
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[27] McKenzie C, Denschlag J H, Häffner H, Browaeys A, de Araujo Luı́s
E E, Fatemi F K, Jones K M, Simsarian J E, Cho D, Simoni A, Tiesinga
E, Julienne P S, Helmerson K, Lett P D, Rolston S L and Phillips W D
2002 Phys. Rev. Lett 88 120403

[28] Lange A D, Pilch K, Prantner A, Ferlaino F, Engeser B, Nägerl H C,
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