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Realization of space-dependent interactions by an optically controlled magnetic
p-wave Feshbach resonance in degenerate Fermi gases
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We report experimental realization of the space-dependent interaction by optical controlled narrow p-wave
magnetic Feshbach resonance in a 40 K Fermi gas. A space varied optical field at the tune-out wavelength is
applied to illuminate the atomic sample, which drives the bound-to-bound molecular transition to shift the energy
of a closed-channel molecule state. Due to the position varied atomic interaction induced by the different laser
intensity distribution across the entire Fermi atom cloud, the space-dependent atomic loss rate is observed. This
scheme provides a control technique to study the Fermi gas with the space-dependent atomic p-wave interaction,
and has great potential in quantum simulation.
DOI: 10.1103/PhysRevA.106.023322

The spatial and temporal engineering of atomic interaction in ultracold atom gases opens routes to study numerous
interesting quantum phenomena, such as the simulation of
black holes in Bose-Einstein condensate (BEC) [1,2], new
types of quantum liquids [3,4], long-living Bloch oscillations
of gap-soliton matter waves in optical lattices [5], controlled
interfaces between quantum phases [6], localized collapse of a
Bose condensate [7,8], Floquet symmetry-protected topological phase [9], steady-state currents from interaction-induced
transport [10], and even the application of precise magnetic
field sensors based on single atom transistors [11].
Magnetic-field-induced Feshbach resonance, which occurs
when the bound molecular state in a closed channel is coupled to the scattering state of two colliding atoms in an open
channel, is a powerful tool to control the atomic interaction by
an external magnetic field and has been widely used in studying strongly correlated quantum atomic gases [12]. Based on
magnetic Feshbach resonances and magnetic field gradients,
collisionally inhomogeneous condensate was studied [13–16]
and realized experimentally [17].
An alternative approach is optical-field-induced Feshbach
resonance, using a near photoassociation resonance laser field
to couple the excited bound state to the ground scattering state,
which is better suited for alkaline-earth metal atoms without
magnetically insensitive electronic ground states [18,19]. In
recent years the optical control of magnetic Feshbach resonance has attracted a lot of attention in experiment and theory,
because the laser field has higher degree of controllability in
time and spatial resolution compared to the external magnetic
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field [8,20–29]. Based on optically controlled magnetic Feshbach resonance, the control laser field couples the ground
bound state to the excited bound state, resulting in a light shift
of the ground bound state in a closed channel. Therefore, the
large detunings from the free atom transitions of this control
laser can suppress atom loss. Furthermore, the wavelength of
the control laser can be chose at tune-out wavelength (between
D1 and D2 lines) that the ac-Stark shift cancels [30–38]. Thus
the control laser only generates ac-Stark shift between boundto-bound transitions, and has no influence on the ground state
of free atoms. Also, the control laser does not significantly
distort the trapping potential when the laser is around the
tune-out wavelength.
In this paper, we report an experiment on the spacedependent optical control of narrow p-wave Feshbach resonance in a degenerate Fermi gas of 40 K. Here, an optical
field is chosen to fulfill two requirements. One is that the
laser wavelength should be near the tune-out wavelength
768.9701 nm [38] to minimize the distortion of the trapping
potential by minimizing the ac-Stark shift for free atoms
in the ground state. The other is that the frequency should
be nearly resonant with a bound-to-bound molecule state
transition. The atom loss spectra are measured at different
laser powers, which shows the shift of p-wave resonance
manipulated by the optical field. We observe the spacedependent atomic loss from absorption images in time of
flight (TOF), which arise from the space varied atomic interaction induced by the spatially inhomogeneous light intensity
distribution.
Our experiment starts with a degenerate 40 K Fermi gas in
the hyperfine state |F = 9/2, mF = 9/2 with atom number
2 × 106 and at temperature T ≈ 300 nK = 0.3TF in a crossed
1064 nm optical dipole trap [39] with mean trapping frequency   2π × 80 Hz, where TF = h̄ (6N )1/3 /kB is the
Fermi temperature and kB is the Boltzmann constant, as shown
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FIG. 1. (a) Energy diagram of two atoms for optical control of p-wave Feshbach resonance. A single control laser field with frequency ωR
(detuning ) is applied to drive the transition from a ground bound molecular state in the closed channel to an excited bound molecular state.
(b) Schematic diagram of the experimental setup. The 40 K Fermi gas is trapped in an optical dipole trap composed of the two 1064 nm crossed
beams in a homogeneous magnetic field Bex p ẑ. A single control laser beam with linear polarization in the ẑ direction is propagating along the
ŷ direction. (c) The displacement between the single control laser beam and the atomic cloud is adjusted. The single control laser beam has a
larger waist compared to the size of the trapped Fermi gas. The blue area is the intensity profile of the single control Gaussian beam.

in Fig. 1(b). The Thomas-Fermi radius of the trapped atom
cloud is 78 μm. For the investigation of p-wave Feshbach
resonance in |9/2, −7/2, the fermionic atoms are first transferred to the |9/2, −9/2 state via a rapid adiabatic passage
induced by a radio frequency (rf) field at B = 5 G. Then, the
Fermi gas is transferred to the |9/2, −7/2 state using a rf field
with duration of 30 ms at a external magnetic field of 219.4 G.
After this process, the external homogeneous magnetic field
is ramped to the final value close the Feshbach resonance
B0 . A linearly polarized control laser beam with 1/e2 radii
of 200 μm is used to illuminate the atom cloud along the y
direction. After the atomic ensemble is held for a certain time,
the magnetic field, the control laser beam, and the optical
dipole trap are simultaneously switched off; the absorption
imaging of remaining atoms is performed after a time of flight
(TOF) of 15 ms, to measure the atom loss spectra.
In order to realize the space-dependent scattering length
in the size of the atomic cloud, we employ a narrow p-wave
Feshbach resonance of the |F = 9/2, mF = −7/2 state at
B ∼ 198 G (the m = 0 resonance occurs at 198.8 G and the
m = ±1 resonance at 198.3 G). This increases the sensitivity
of scattering length to the gradient light shift induced by the
control laser field on the length scale of micrometers, and so
we easily observe the local atom losses in the density profile
of the Fermi atoms. The control laser beam generated from a
Ti:sapphire laser is linearly polarized along ẑ with 1/e2 radius
of 200 μm, which is larger compared to the Thomas-Fermi
radius of the Fermi gas, and illuminates the atom cloud along
the y direction. Because the frequency of the laser is tuned
to the vicinity of the tune-out wavelength λto = 768.9701 nm
(389.862 THz), and the ac-Stark shift of the laser is only
2π × 2 kHz, while the ac-Stark shift of the dipole trap is up
to 2π × 0.34 MHz, and the power is 270 mW with a waist of
40 μm. Therefore, the control laser approaches zero energy
shift for free atoms and induces little spontaneous scattering
compared with the ac shift of the dipole trap.

We first measure the bound-to-bound transitions for excited
K2 molecules below the 2P3/2 + 2S1/2 threshold by applying a single control laser field ωL to illuminate the atom
cloud near the p-wave Feshbach resonance of |9/2, −7/2 ⊗
|9/2, −7/2 in the magnetic field B = 198.3 G. In our previous work, the bound-to-bound transitions for excited 40 K2
molecules were measured below the 2P1/2 + 2S1/2 threshold
(the laser frequency is a red-detuning of the D1 line). Here,
the laser frequency is scanned between D1 and D2 lines (770.1
to 766.7 nm). Figure 2 shows the atom loss spectra after the
single control laser beam near the p-wave Feshbach resonance
of |9/2, −7/2 ⊗ |9/2, −7/2. The atomic cloud locates at
the center of the control laser profile with the power about
60 mW. Here, the magnetic field is fixed on the m = ±1
resonance at 198.3 G. When the laser is far detuned from
the bound-to-bound molecular transitions (it can be regarded
as the case of no light), the atoms are located at the exact
Feshbach resonance and so are subject to inelastic loss since
the energy of the closed-channel molecular state m = ±1 coincides with the energy of two free atoms. When the laser field
is tuned near the resonance on the bound-bound molecular
transition, the laser shifts the Feshbach resonance position
via the ac-Stark effect, which suppresses the loss caused by
the underlying resonance. Such suppression in Fig. 2, which
corresponds to a bound-to-bound transition from the ground
to the excited state 40 K2 molecules, shows up as a peak in
the loss spectrum. Here, we would like to emphasize that the
generation of the peak has nothing to do with the molecular
excitation losses, and the width of the peak depends on the
coupling strength of the control laser, which is not related to
the linewidth of the excited molecular state.
We obtain the six strong bound-to-bound molecular transitions near the tune-out wavelength when the frequency of
the control laser is scanned with the step of 2π × 1 GHz. A
specific molecular transition at ωL ∼ 2π × 389.881 THz is
closest to the tune-out wavelength for 40 K and is highlighted
40
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FIG. 2. Bound-to-bound spectroscopy below the 2 P3/2 +2 S1/2
threshold near the p-wave Feshbach resonance of |9/2, −7/2 ⊗
|9/2, −7/2 at the magnetic field B = 198.3 G. The peaks are created
because the control laser shifts the Feshbach resonance position by
the ac-Stark effect and reduces the atomic loss (protects atoms).
The duration of laser pulse is 8 ms, and the power of the laser is
60 mW. A molecular transition at ωL ∼ 2π × 389.881 THz used
in the experiment is highlighted with red stars, and the tune-out
wavelength for 40 K atoms is marked by a vertical dashed line.
The linewidth of the bound-to-bound spectroscopy is around 2π ×
10 GHz. Here, thepower of the control laser is chosen as (0) =
2π × 64.72 kHz × I (0)/(mW/cm2 ) ≈ 2π × 20 MHz. “Fraction of
remaining atoms” means the ratio between the number of remaining
atoms after the Feshbach interaction and the number of initial atoms.

in Fig. 2 with red stars; it is used in our experiment to study the
space-dependent atomic interaction. The control laser closest
to the tune-out wavelength causes zero energy shift on the free
atoms and does not create any parasitic dipole force, and still
allows us to see the spatial control of interactions.
Next we study the optically controlled magnetic p-wave
Feshbach resonance by applying the control laser beam with
red detuning L = 2π × (−6) GHz to the bound-to-bound
transition ωL ∼ 2π × 389.881 THz. When the control laser
illuminates the Fermi gas, the energy of the closed-channel
bound state is effectively shifted due to the coupling to the
excited molecular state. We compare the atomic loss spectra
as a function of the magnetic field for different intensities
of the control laser field, as shown in Fig. 3. Due to the red
detuning for the bound-to-bound transition, the ac-Stark shift
can bring the molecular state far away from the atomic state
in the incoming channel, and therefore it requires more Zeeman energy at higher magnetic field to bring the free atomic
scattering threshold close to the molecule energy level. In
other words, the peaks of the bound-to-bound spectroscopy in
Fig. 2 are created because the control laser shifts the Feshbach
resonance position by the ac-Stark effect and reduces the
atomic loss (protects atoms). Therefore, the shifts observed
in Fig. 3 are consistent with the linewidths of the bound-tobound spectroscopy observed in Fig. 2. We can clearly see that
the p-wave Feshbach resonance is shifted to the high magnetic
field. The optical control of different components of the pwave Feshbach resonance (m = ±1, 0) has been described in
detail in our previous work [28]. The shift of the Feshbach
resonance position can be expressed by an equation derived
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FIG. 3. The optical control of the p-wave Feshbach resonance
by a single laser beam with red detuning. (a) Atom loss spectra
of the p-wave Feshbach resonance of |9/2, −7/2 ⊗ |9/2, −7/2
without optical control. The left loss dip is located at 198.3 G, arising
from the coupling between the atomic state of free atoms and the
molecular state m = ±1 in the closed channel, and the right loss dip
is located at 198.8 G for m = 0. Atom loss spectra of the shifted
p-wave Feshbach resonance by a single control laser field with powers 10 mW (b), 36 mW (c), and 60 mW (d). Here, the detuning of
the control laser is L = 2π × (−6) GHz. The magnetic shift value
of the m = ±1 resonance is around 0.35 Gauss in (d) compared to
without control laser in (a). The solid green curves are Lorentzian
fits to extract the resonance parameters.

from a microscopic coupled-channel model [28,40,41],


2 (r)
,
δμ(Bs (r) − B0 ) = − Re
L − iγ /2

(1)

where Bs and B0 are the magnetic field position for resonances
in the presence and in the absence of the optical field, δμ
(0.134μB = 2π × 0.18755 MHz/G) is the magnetic moment
difference between the closed and open channels [12], L is
the laser detuning from the excited molecular states, and γ
is the spontaneous-emission
rate of excited molecular states.
√
(r) ∝ I (r) represents the laser induced coupling between
the closed-channel molecule and the excited molecular state.
From the loss spectra shown in Fig. 3 and Eq. (1), we understand that the different shifts of Feshbach resonance position
can be induced by the different driving laser powers. Subsequently, we obtain
that the coupling strength is around 2π ×

64.72 kHz × I (0)/(mW/cm2 ) and γ is about 2π × 6 MHz.
In the following we study the space-dependent interaction
by optically controlled magnetic Feshbach resonance. The
displacement between the atom cloud and the control laser
field determines the different laser intensity slopes I (x) across
the atom sample, which will induce the space-dependent interaction. Figures 4(a), 4(b), and 4(c) show TOF images (15 ms)
of the Fermi atoms and the integrated density profile along
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FIG. 4. (a), (b), and (c) are the TOF images of the atom cloud and the corresponding integrated density profile along the x direction at
different external magnetic fields in the cases of (a) x = −150 μm, (b) x = 0 μm, and (c) x = 150 μm. Here, a single control laser with
power 60 mW, detuning 2π × (−6) GHz, and duration 5 ms is applied. The gray curves in (a), (b), and (c) are the integrated density profiles of
the Fermi gas without the control laser. (d) The shifted position of the p-wave Feshbach resonance of m = 0 as a function of the displacement
between the center of the laser beam and the atomic cloud. The dark solid line is only to guide the eye.

the y direction for the different external magnetic fields and
displacements between the atom cloud and the control laser
field. We observe large local loss in the degenerate Fermi
gases. Note that reaching quantum degenerate of Fermi gases
is important to observe the local loss in the atomic sample.
The timescale for the spatial distribution going over to the
momentum distribution is longer for a degenerate gas than
for a thermal gas. Here, a control laser beam with power 60
mW and detuning 2π × (−6) GHz is applied. The external
magnetic field is scanned near the position of the p-wave
Feshbach resonance of m = 0.
For the case of displacement x = −150 μm, when
changing the external magnetic field from high to low values, the local loss region is moved from the right part to
the left part, as shown in Figs. 4(a1)–4(a3). This is because
the right part of the atomic sample feels the stronger control
laser and so its Feshbach resonance position locates in the
higher magnetic field. When the largest local loss locates at
the center of the atomic cloud [see Fig. 4(a2)], it indicates
that the center part of the Fermi cloud experiences strong

B

(a)

interaction with the diverged scattering length and the positive
and negative scattering lengths at the two sides. As a comparison, for the case of displacement x = 150 μm, the large
local loss region is moved from the left part to the right part
(the opposite direction) when changing the external magnetic
field from high to low values (same as above), as shown in
Figs. 4(c1)–4(c3). For the case of x = 0 μm, the atomic
sample feels an almost homogeneous control laser, which induces the uniform atom losses in the entire atom cloud. At the
same time, the largest shift of the Feshbach resonance to high
magnetic field is obtained for this case. At last, we can give
the m = 0 p-wave Feshbach resonance position as a function
of the displacement between the laser and Fermi gas cloud,
as shown in Fig. 4(d). Here, we label the external magnetic
field as the Feshbach resonance position when the largest local
loss locates at the center of the atomic cloud. Therefore, the
shift of the p-wave Feshbach resonance matches the Gaussian
intensity distribution of the control laser.
We observe the space-dependent atomic loss from the absorption images with time of flight (TOF), which arises from
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FIG. 5. Evolution of the atomic density as a function of the different TOF tTOF . (a) Time sequence of the homogeneous bias magnetic field,
the control laser, where B1 = 219 G and Bex = 199.11 G are the initial and final external magnetic fields, respectively, and B0 ≈ 198.3 G
is the Feshbach resonant point. (b) The TOF images of the atomic cloud for the different TOF tTOF . Here, a single control laser with power
60 mW, detuning 2π × (−6) GHz, and duration5 ms is applied. The displacement is x = −150 μm and the final external magnetic field is
Bex = 199.11 G.
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FIG. 6. Evolution of the atomic density as a function of the pulse duration time of the control laser beam. (a) Time sequence of the
homogeneous bias magnetic field, the control laser. (b) The TOF images (15 ms) of the atomic cloud for the different duration times tc of the
control laser. Here, the displacement is x = −150 μm.

the space varied atomic interaction induced by the spatially inhomogeneous light intensity distribution. Usually the atomic
density distribution from TOF absorption images gives information on the momentum distribution. Here, we study the
space-dependent atomic loss from the absorption images at
the different TOF as shown in Fig. 5. Since the Fermi gases
reach a quantum degenerate state, we can clearly see the local
losses at the different TOF. Furthermore, we study the atomic
loss rate by changing the pulse duration time of the control
laser beam, as shown in Fig. 6. When the duration time of the
control laser is larger than 3 ms, the apparent space-dependent
atomic loss appears in the atomic density distribution.
In conclusion, we have demonstrated that the spacedependent interaction by optical control of a narrow p-wave
Feshbach resonance in an ultracold Fermi gas of 40 K. A
special optical field with frequency close to the tune-out wavelength is applied to drive the ground molecular state to an
excited molecular state transition and induce ac-Stark shift
of the closed channel. Employing a single control laser beam
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