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Absorption imaging is a fundamental technique for quantitatively extracting information from ultracold atom experi-
ments. Since ultracold 6Li atoms are prepared and detected under high magnetic fields, the suitable detuning of the probe
light can reach the GHz level compared to zero-field imaging. Therefore, based on the energy level structure of 6Li atoms
and the requirements of subsequent experiments, we design a high-field imaging system with a large frequency range and
good robustness, starting from the rationality of the optical layout design and employing offset locking techniques. This
imaging system covers the entire crossover region from Bose–Einstein condensate to Bardeen–Cooper–Schrieffer (BEC–
BCS) and realizes free switching between zero-field and high-field imaging. Additionally, by introducing a proportionality
coefficient to correct for the intensity fluctuations of the probe light, we mitigate its disturbance on the statistical mea-
surement of particle numbers in the experiment. This work not only provides a design reference for other quantum gas
experiments requiring absorption imaging under strong bias magnetic fields, but also serves as an important reference for
improving the imaging performance.

Keywords: absorption imaging, high field imaging, offset locking, light intensity correction
PACS: 33.55.+b, 42.60.–V, 42.30.–d
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1. Introduction
Ultracold atom experiments provide an excellent platform

for studying quantum many-body physics. In these experi-
ments, the density and momentum distribution of atoms in
real space and momentum space can typically be measured
by direct imaging after a certain time of flight (TOF).[1,2]

Many novel phenomena have been observed, including the bi-
modal distribution of the Bose–Einstein condensation,[3] su-
perfluidity in optical lattice systems,[4] applications in preci-
sion measurements,[5,6] etc. Absorption imaging is the most
commonly used technique for observing these phenomena, es-
pecially when measuring density distributions.[7] According
to the Beer–Lambert law, the light transmittance decreases ex-
ponentially with increasing atomic density. By obtaining the
light signal, the atomic density distribution can be derived.[8,9]

Magnetic fields play an important role in cold atom ex-
periments, especially in experiments involving tunable inter-
actions. We can adjust the Feshbach resonance magnetic field
to change the corresponding scattering length,[10,11] where the
energy of the scattering state coincides with the bound molecu-
lar state in the near channel. This capability has paved the way
for new fields of study, including strongly interacting Fermi
gases in the Bose–Einstein condensate to Bardeen–Cooper–
Schrieffer (BEC–BCS) crossover,[12] Feshbach dimers,[13–15]

quench dynamics,[16] etc. Absorption imaging relies on the
interaction of near-resonant light with atoms in an ideal closed
optical loop scheme.[9] So it is very sensitive to the energy
structure of atoms, which is strongly influenced by the mag-
netic field. Due to level crossings and the decoupling of hy-
perfine level degeneracies, absorption imaging results under
non-zero magnetic fields may be significantly different from
those under zero magnetic fields, due to low pumping effi-
ciency and changes in the dipole moment. Compared with
previous research reports on absorption imaging systems in
non-zero magnetic fields, it mainly focuses on the calibration
of imaging under low magnetic field,[17,18] the selection of de-
tection light conditions under high magnetic field[19] and the
detection of the impact of light intensity on specific experi-
mental studies.[20–23]

In this paper, we design a high-field imaging system with
a large frequency range and good robustness, taking into ac-
count the energy level structure of 6Li atoms and the require-
ments of subsequent experiments. The entire high-field imag-
ing system is based on optical phase-locked loop offset lock-
ing technology,[24,25] combining optical layout and electrical
circuit designs, achieving free switching between zero-field
and high-field imaging, and enabling continuous imaging un-
der different magnetic fields. In addition, by correcting the
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intensity fluctuations of the probe light in absorption imaging,
we mitigate the associated noise disturbance and provide re-
liable data support for strong interaction experiments. There-
fore, this work not only offers a reference for the design of
absorption imaging systems in quantum gas experiments un-
der strong bias magnetic fields but also enhances the reliability
of experimental data through the correction of imaging light
intensity under a uniform background.

2. Principle
2.1. Zeeman level splitting

In magnetic fields, the energy levels of atoms undergo
splitting, a phenomenon known as the Zeeman effect. 6Li
has a single valence electron, resulting in a relatively sim-
ple energy level structure. Its total electron spin is s = 1/2,
hence the ground state of 6Li is 2S1/2. On the D2 line, we
drive a dipole transition (∆J = 1) to the excited state 2P3/2.
On the D1 line, the energy splitting of the excited state 2P1/2

is approximately 10.0528 GHz, thus the D1 and D2 transi-

tions do not overlap, as shown in Fig. 1(a). When consider-
ing the hyperfine coupling of the nuclear spin I = 1 with the
total angular momentum 𝐽 = 𝑆 +𝐿, the situation becomes
more complex. In the absence of a magnetic field, the ground
state 2S1/2 splits into two hyperfine states with total angular
momentum F = {1/2,3/2}. The splitting between these two
substates is approximately ∆EGS

HF = 228.2 MHz ≈ 39Γ (the
natural linewidth Γ = 5.87 MHz). This splitting is signifi-
cantly larger than the hyperfine splitting of the excited state
2P3/2. The excited state splits into three substates with total
angular momentum F = {1/2,3/2,5/2}, and the total energy
splitting is ∆EES

HF = 4.6 MHz < Γ , which is smaller than the
natural linewidth Γ . Each hyperfine substate has (2F +1) dif-
ferent mF Zeeman sublevels, which split when a magnetic field
is applied. Therefore, when an external magnetic field is ap-
plied, the degeneracy of the hyperfine states is lifted due to
the Zeeman effect. In this case, the ground state splits into six
distinct orthogonal eigenstates, and the excited state splits into
twelve distinct orthogonal eigenstates.
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Fig. 1. Energy level diagram. (a) The level structure of the lowest levels of 6Li with fine and hyperfine splitting at zero magnetic field. (b) The splitting
of the different hyperfine states as a function of the magnetic field. (b1) The splitting of the 2P3/2 level in a magnetic field. The inset in the upper left
corner shows the levels splitting from the degenerate F ′ = 1/2, F ′ = 3/2, and F ′ = 5/2 manifolds. (b2) The splitting of the 2S1/2 level in a magnetic
field. The inset in the lower left corner shows the states |1〉, |2〉, and |3〉 that we typically focus on for imaging. These levels split into mI = −1,0,1
triplets with different mJ numbers. They have mJ =−1/2 and m′J =−3/2. (c) An enlarged view of the σ− transition in the dipole transition under the
imaging light. Given that ∆mJ =+1 and ∆mI = 0, the atom can only decay from the excited state back to its initial state.

Imaging at zero magnetic field on the |F = 1/2〉 → |F ′ =
3/2〉 transition can count all atoms because the two mF projec-
tions are degenerate. In weak magnetic fields (see the inset in
the upper left corner of Fig. 1(b1)), hyperfine splitting causes

us to select only one of the mF states for imaging, which means
our effective signal-to-noise ratio (SNR) is reduced. Further-
more, as the magnetic field increases, F and mF are no longer
good quantum numbers, and are replaced by mJ and mI . As
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shown in Figs. 1(b1) and 1(b2), the energy levels split into
mI =−1,0,1 triplets with different mJ numbers. We typically
focus on imaging the three lowest energy states |1〉, |2〉, and
|3〉 within the ground state manifold, where the ground state
has mJ =−1/2 and mI = 1,0,−1, while the excited state uses
m′J = −3/2. In high magnetic fields, this transition is closed,
allowing us to forgo the repump light. However, there is still
a differential Zeeman shift which is approximately linear past
100 G and can be written as

δ1 =−1.399 MHz/G ·B+158 MHz,
δ2 =−1.399 MHz/G ·B+82 MHz,
δ3 =−1.399 MHz/G ·B,

(1)

where δi is the detuning of the transition |i〉 → |m′J = −3/2〉
(i = 1, 2, 3). The energy level frequency differences between
the imaging states |1〉, |2〉, and |3〉 are ∆ν12 = 76 MHz and
∆ν23 = 82 MHz. This large frequency shift requires us to have
a second laser system to generate the high-field imaging light.

Additionally, the imaging light must have the correct po-
larization to satisfy the selection rules for dipole-allowed tran-
sitions. For 6Li atoms, in high magnetic fields, the imag-
ing light forms a closed transition from the ground state to
the excited state, as shown in Fig. 1(c), where the transition
from mJ = −1/2 to m′J = −3/2 is closed. To make the par-
ticles see purely left-circularly polarized light σ−, the light
must propagate along the quantization axis of the atoms. The
Helmholtz magnetic field coils designed in the experiment de-
fine the quantization axis along the vertical direction. There-
fore, to allow the imaging light to effectively interact with the
atoms, the high-field imaging design is best aligned along the
vertical direction of the system.

2.2. Absorption imaging

As shown in Fig. 2(a), the simplified setup of the imaging
design for the experimental system is presented. To obtain
atomic information in multiple dimensions, charge-coupled
device (CCD) cameras are placed in both the horizontal and
vertical directions. The Feshbach magnetic field is generated
by a pair of Helmholtz coils oriented along the z-axis. As
shown in Fig. 2(b1), the system employs single-lens imaging,
with a magnification of 1 when both the object distance and
the image distance are twice the focal length.

According to the Beer–Lambert law for absorption imag-
ing, the change in light intensity after passing through an
atomic ensemble can be expressed as

I(x,y) = I0(x,y)e−OD(x,y) (2)

where I0 is the light intensity before absorption, I is the light
intensity after absorption, and OD(x,y) is the two-dimensional
optical density of the atomic ensemble, which represents the
ability of the atomic ensemble to absorb light. As shown in

Fig. 2(b2), traditional absorption imaging typically requires
three consecutive images. The first image captures the in-
formation after the imaging light passes through the atoms,
denoted as Iatoms(x,y). The second image captures the in-
formation of the imaging light without passing through the
atoms, denoted as Ilight(x,y). The third image captures the
background information without the imaging light and atoms,
denoted as Ibg(x,y). Therefore, we can obtain

If(x,y)
Ii(x,y)

=
Iatoms(x,y)− Ibg(x,y)
Ilight(x,y)− Ibg(x,y)

, (3)

where Ii(x,y) is the initial light intensity spatial distribution,
and If(x,y) is the spatial distribution of the light intensity after
it has passed through the sample.
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Fig. 2. Imaging system setup. (a) Simplified setup of the imaging sys-
tem, where the orange coils represent a pair of Feshbach magnetic field
coils, and the green beam is the imaging light. (b1) Schematic diagram
of single-lens imaging, where the green beam is the imaging light, the
blue represents the lens, the red is the atom cloud, and the gray indi-
cates the CCD camera. (b2) Schematic diagram of absorption imaging,
showing three typical images.

When a beam of light Ii(x,y) is incident along the z-
axis and passes through an atomic cloud, the modified Beer–
Lambert law indicates that

dI(x,y,z)
dz

=−n(x,y,z)σ I(x,y,z)
(

1+
I(x,y,z)

Isat

)
. (4)

The absorption cross-section σ is defined as

σ =
hωΓ

4πIsat
· 1

1+4
(

∆

Γ

)2 . (5)

Here ∆ = ω −ω0 is the detuning between the imaging light
frequency ω and the atomic resonance frequency ω0, Γ is the
spontaneous emission rate, h is the Planck constant. By mea-
suring the laser intensity before and after the sample, the OD,
which is the product of the absorption cross-section σ and the
area density n2D(x,y) =

∫
∞

−∞
n(x,y,z)dz, can be calculated as

OD(x,y) = n2D(x,y)σ =− ln
(

If(x,y)
Ii(x,y)

)
+

Ii− If

Isat
. (6)

3. High-field imaging system
The imaging optical layout design is shown in Fig. 3(a).

In the experiment, the two states with F = 1/2 are primar-
ily used. At zero field (no bias magnetic field), the reso-
nant absorption frequency is the center frequency of the re-
pump. The pre-stage light undergoes a double frequency shift
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of +2× 258 MHz using a 270 MHz acousto-optic modula-
tor (AOM) (G&H 3270–195), then beats and combines with
the high-field imaging light. It subsequently single passes
through a 40 MHz AOM (AA Opto Electronic MTS40-A2-
532.700-M002) to obtain the zero-field resonant imaging light.
Since the high-field imaging light requires less power, an ex-
ternal cavity semiconductor laser (ECDL) is chosen as the
light source. This laser uses a laser tube model HL6756MG
with a maximum output power of 15 mW and negative current
input, where approximately 8 mW is used for offset locking
and 1 mW is used for imaging light. After the laser light is
emitted, it first passes through two 30 dB isolators (ISO670-3-
1.5W). It has been found that during the experiment the laser
frequency can be affected by only one isolator. The D2 line

laser’s probe light is split into two paths here, each is com-
bined with the semiconductor laser light. One path is used for
frequency offset locking, and the other path, after a 40 MHz
frequency shift, serves as a light switch for the zero-field and
high-field combined beam entering the fiber. Moreover, to be
able to independently control the type of probe light reach-
ing the platform through the fiber, it must be ensured that
both imaging light paths first undergo beat frequency and then
imaging. The position of the light shutter is specially marked
in the figure. Additionally, the polarization of the two com-
ponents of light used for beat frequency locking and passing
through the AOM must be unified. This model of AOM can
only produce a highly efficient first-order diffracted light when
the polarization is vertical linear polarization.
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Fig. 3. (a) Schematic diagram of the high-field imaging system’s pre-stage optical path design. The thin red beam represents the imaging light, the thick
red beam represents the beat frequency light, and the dashed box contains a simplified diagram of the beat frequency circuit. (b) Enlarged view of the
beat frequency circuit. The spectrum analyzer outputs current feedback for high-field detuning frequencies with a 4 MHz and 1 kHz sweep width.

During high-field imaging, the Feshbach bias magnetic

field causes significant energy level splitting. Since the en-

ergy levels become resolvable after splitting, there is a closed

transition for atomic imaging. Therefore, no repump light is

needed. According to the Zeeman energy level splitting for-

mula, at 832 Gauss (Feshbach resonance point), the imaging

frequency for atoms in the |1〉 state is detuned by−1.234 GHz

from the zero-field condition, and for atoms in the |2〉 state,

it is detuned by −1.311 GHz from the zero-field condition.
Since the beat frequency locking of the high-field imaging
light is directly with the zero-field resonant light, it is con-
venient to obtain the appropriate imaging light based on this
reference frequency and can also be used to verify the accu-
racy of the magnetic field.

Figure 3(b) shows an enlarged view of the beat frequency
circuit. The laser stabilizes its frequency through beat fre-
quency locking, with the frequency difference being the de-
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tuning of the high-field imaging light. The two components of
light enter the beat frequency photodetector (Newport 818-45-
F) through a fiber coupling head. The resulting signal is am-
plified using a 40 dB RF amplifier (ZKL-1R5+), then passes
through a custom-made directional coupler circuit (PDC-10-
5+) before being input into a custom-made frequency and
phase discriminator circuit. The selected chip ADF4007 can
both divide and mix frequencies for frequency and phase dis-
crimination. A 16 or 32 rate position is chosen in the cir-
cuit (determined by the magnetic field strength), meaning that
the frequency signal is divided and compared with another
custom-made reference source circuit (output frequency range
67.6–125 MHz) to obtain the beat frequency error signal. Af-
ter adjusting the parameters of the custom ultrafast loop con-
troller (Fast PID), the output signal is connected to the current
modulation port of the semiconductor laser for corresponding
frequency locking. Due to the broad linewidth of the ECDL
and frequency drift of several hundred MHz when not locked,
the traditional piezoelectric ceramic (PZT) modulation band-
width is limited (10 kHz) and cannot narrow the linewidth,
while high-field imaging requires a narrow linewidth. There-

fore, we optimize to use current feedback with a larger mod-
ulation bandwidth (1 MHz). By employing fast PID locking,
the linewidth can be narrowed to approximately 100 kHz. Fig-
ure 3(a) shows the sub-figure of the locking point at 740 Gauss
(1.176 GHz) with a corresponding sweep width of 1 kHz, as
well as the locking point after a 16-fold frequency division
with a sweep width of 4 MHz.

4. High-field imaging analysis
4.1. Typical imaging results

We prepare a two-state mixture of lithium atoms in their
lowest hyperfine states |1〉 = |F = 1/2, mF = 1/2〉 and |2〉 =
|F = 1/2, mF =−1/2〉. Subsequently, we perform evaporative
cooling in the optical dipole trap at 810 Gauss of the Feshbach
resonance and switch to the BEC and BCS sides in our exper-
iment. The detailed experimental setup has been described in
our previous work.[26] In the experiment, by scanning the Fes-
hbach magnetic field, one can study the formation process of
molecules and the corresponding optical density distribution
within the BEC–BCS crossover region.
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imaging of the |1〉 state at different magnetic fields along with the corresponding axial optical density integrated curves. At B = 690 Gauss, the system is
in the molecular Bose–Einstein condensate regime, where the yellow and blue lines represent the bi-modal fitting and the Gaussian fitting, respectively.
At B = 832 Gauss, the system is in the unitary regime, where the density distribution is almost entirely fitted by a Gaussian function. At B = 1050 Gauss,
the system corresponds to the BCS regime, where the density distribution is fitted by a Gaussian function. All images are results with tTOF = 2 ms.
Green circles represent experimental data points. (c) Images of the three typical regions of BEC–BCS with different tTOF.

Figure 4 presents a set of typical images for the BEC–
BCS crossover. Figure 4(a) shows a typical contrast image
of atoms in |1〉 and |2〉 under high-field vertical imaging at
690 Gauss, with corresponding frequencies of 1.032 GHz and
1.108 GHz, respectively. Absorption images are taken after

the TOF process (tTOF = 2 ms) to measure the distribution of
particles. Three typical images under different interactions are
shown in Fig. 4(b). By integrating along the y-axis, we ob-
tain the corresponding density distribution function of parti-
cles, as shown in the bottom panel of Fig. 4(b). Under the
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condition of a magnetic field strength of 690 Gauss, the atoms
exhibit a clear bimodal distribution, forming a molecular BEC.
In the unitary and BCS regions, the atomic distribution is fit-
ted with a Gaussian function. And here only the Gaussian
function is used to reflect the impact of strong interactions and
weak attractive interactions on the atomic density distribution.
Figure 4(c) shows the absorption imaging of BEC–BCS with
different tTOF. It can be clearly seen from the figure that the
aspect ratio of the atomic ensemble increases gradually with
the TOF time under different interactions, which demonstrates
the feasibility of the high-field imaging system design.

4.2. Probing light intensity fluctuations analysis

In this system, we employ a weak probe pulse (0.1Isat)
and a short pulse duration (20 µs) to suppress the effects of
Doppler shifts and random walks. Under these conditions, the
OD can be approximated by the first term of Eq. (6) without
the need to evaluate the value of Isat.

Accurate determination of the atomic distribution is cru-
cial, as parameters such as temperature, atom number, and
density can be calculated from this information. However, in
practice, certain noise signals limit the measurement accuracy,
and in our experiment, fluctuations in the probe light intensity
significantly interfere with the measurement of atom numbers
under the background of uniform noise. Mainly, there is a time
interval between the three images in absorption imaging.

As shown in Fig. 5(a), we observe two typical images
with different brightness (dark and light) levels from 20 re-
peated measurements of atom-free imaging. We select two
regions of image (ROIs) (yellow boxes) from each image to
analyze the noise from light intensity fluctuations. Figure 5(b)
displays the variation in the ratio of the average ODROI of the
selected atom-free regions to the ∑OD of the entire image af-
ter 20 repeated measurements. The inset shows the variation of
the ∑OD in the selected atom-free regions and the entire im-
age. Here, the blue star represents ROI 1, the brown diamond
represents ROI 2, and the square represents the entire image.
It can be seen from the pattern that although the ratio of the
ODROI in the selected regions to the ∑OD changes slightly,
the actual OD values in these regions are significantly affected
by light intensity fluctuations and require further correction.

To correct for the effects of probe light intensity fluctua-
tions, we first analyze the imaging in the atom-free region. The
magnitude of light intensity fluctuations in the background
noise Ibg is less than 10−2 compared to the other two images
and can be neglected. Therefore, Eq. (6) can be modified as

OD′ = − ln
(

I′f
I′i

)
=− ln

(
I′atoms

I′light

)
=− ln

(
cIatoms

Ilight

)
= − ln(c)− ln

(
Iatoms

Ilight

)
. (7)

Here, c is the proportionality coefficient for light intensity fluc-
tuations. In practice, in the atom-free region of the imaging,
OD′ = 0. Therefore, according to Eq. (7), the value of c is
obtained to correct the actual OD.

In the actual measurement, we select several image re-
gions ROIi that completely enclose all particles, with areas Si,
and obtain the summed OD values Ai within different regions.
We perform a linear fit between Ai and Si for different regions
and calculate the proportionality coefficient c for correcting
light intensity fluctuations using

ln(c) =
Ai−A j

Si−S j
. (8)

Therefore, the actual OD value is given by

OD = OD′+ ln(c). (9)

In our experiments, we apply this method to correct
for the effects of probe light intensity fluctuations on ac-
tual OD measurements in the presence of atoms.[27] Fig-
ure 5(c) shows a typical image of the first-order momen-
tum mode distribution of particles under strong interactions
at 747 Gauss. We employ a shortcut lattice pulsing tech-
nique to populate discrete momentum states. For a lattice
depth V0 = 10Er, we apply a two-pulse sequence with timings
(ton

1 , toff
1 , ton

2 , toff
2 ) = (12.3,6.8,7.1,18.2) µs, achieving 99.9%

theoretical fidelity in the non-interacting limit.[27,28] The 1D
optical lattice, whose lattice constant D = λ/2 = 532 nm, is
composed of a λ = 1064 nm laser beam and a retro-reflected
beam. The characteristic lattice energy is Er = h̄2k2/2m,
where k = π/D and m is the mass of a lithium molecule (6Li2).
The yellow boxes are centered on the initial BEC position and
enclose the first-order momentum mode distribution. We se-
lect different square regions, denoted as square areas Si, and
use the ∑OD values Ai within these regions to statistically in-
fer the particle numbers. Figure 5(d) displays the relationship
between the ∑OD values Ai and the corresponding areas Si

before and after correction. The star data in the blue dashed
box represent the corrected results, which we magnify in the
inset at the lower right corner. The circular data correspond to
the uncorrected measurement results. It can be seen from the
figure that, without correction, Ai increases with the increase
in the selected region. However, the actual region containing
atoms is limited to the first-order momentum mode region, in-
dicating that light intensity fluctuations significantly affect the
calculation of Ai. In contrast, after correction, Ai values re-
main essentially consistent across different regions, especially
for small-area statistics, which become more accurate. There-
fore, to enhance the reliability of data in actual measurements,
we calculate the light intensity proportionality coefficient c for
each image to correct for light intensity fluctuations and noise.
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Fig. 5. (a) When imaging without atoms, two typical images with different brightness levels (dark and light) are shown, with two regions of image
(yellow boxes) selected in each image. (b) In the atom-free region, the relationship between the number of repeated measurements and the ratio of
ODROI of the selected atom-free regions to the ∑OD of the entire image is shown.The inset illustrates the relationship between the number of repeated
measurements and the ∑OD. The blue star represents ROI 1, the brown diamond represents ROI 2, and the purple square represents the entire image.
(c) In the presence of atoms, a typical image of the first-order momentum mode of particles at 747 Gauss is shown. Yellow boxes indicate different
square regions Si centered on the BEC position that enclose all particles. (d) In the presence of atoms, the relationship between the summed optical
density Ai and the measurement area Si in different regions is shown. The blue dashed box highlights the corrected results, with the inset providing a
magnified view of the corrected data. Stars indicate the corrected measurement data, while circles represent the uncorrected measurement data.

5. Conclusion

In this work, we design a high-field imaging system with
a large frequency range and good robustness, considering the
energy level structure of 6Li atoms. we adopt a frequency
offset phase-locking method to obtain the probe light. This
imaging system covers the entire crossover region from BEC–
BCS and realizes free switching between zero-field and high-
field imaging. In addition, we correct the light intensity of
the absorption imaging by introducing a proportionality coeffi-
cient c in the calculation of optical density, avoiding the distur-
bance of light intensity fluctuation noise on the particle num-
ber statistics in the experiment and providing reliable data sup-
port for strong interaction experiments. In summary, this work
not only offers insights into the design of absorption imag-
ing systems for quantum gas experiments under strong mag-
netic fields but also provides a reference for the corresponding
imaging analysis. While our method optimizes imaging per-
formance in uniform background environments, extending it
to non-uniform scenarios remains a future challenge.
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