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We develop a theoretical model for calibrating the absorption imaging of cold atoms under high mag-
netic fields. Particularly it also works when the hyperfine structure is decoupled and cannot provide good
quantum numbers anymore. Compared with zero or low magnetic fields, for high magnetic fields the effi-
ciency of the absorption imaging is lower, while an additional correction factor is required to obtain the
absolute atom number under the Beer-Lambert law. Our model is based on the rate equations and can
account for many experimental imperfections, such as Zeeman level crossing, off-resonant couplings, and
low repumping efficiency. On the basis of this method, we can precisely calculate the correction factor for
atom-number measurement without any empirical or fitting parameters. Meanwhile, we use a cold-atom
apparatus based on $Rb to experimentally verify our model. In addition, we find our work can also serve
as a benchmark to measure the polarization impurity of a circularly polarized laser beam with high sensi-
tivity. We believe this work will be beneficial for most cold-atom experiments using absorption imaging.
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I. INTRODUCTION

The cold-atom platform has become a thriving area of
research in recent decades, offering a powerful tool for
studying many-body physics [1-4] because of its unique
ability to directly measure the density of atoms in both
real space and momentum space [5,6]. A plethora of novel
phenomena have been observed, including the momentum
bimodal distribution in Bose-Einstein condensates [7-9],
phonon dispersion [10—12], and the superfluid-to-Mott
transition in optical-lattice systems [13—16]. Absorption
imaging is the most commonly used technique to observe
these phenomena, where the density distribution of atoms
is obtained by detecting the absorption of near-resonant
light by the atoms. When atomic transitions are not satu-
rated, the Beer-Lambert law predicts that the transmission
of light decreases exponentially with increasing atomic
density. By comparing the transmission intensity with and
without atoms, we can obtain the density distribution of
atoms.

Magnetic fields also play a crucial role in cold-atom
experiments. By adjusting the magnetic field, we can tune
the scattering length via Feshbach resonance [17], where
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the scattering-state energy coincides with that of a bound
molecular state in the closed channel. This ability has gen-
erated many novel phases and phenomena and has paved
the way for new fields, including Bose-Einstein conden-
sate (BEC) to Bardeen-Cooper-Schrieffer (BCS) crossover
[18-21], Efimov physics [22—25], Feshbach dimers [26—
28], degenerate molecules [29-32], and quench dynam-
ics [33-38]. In addition, magnetic fields offer power-
ful tools beyond tuning the interaction strength, includ-
ing the use of spin-orbit coupling [39-43], Raman-
sideband cooling [44—46], and synthetic gauge fields
[47-49].

However, absorption imaging is highly sensitive to the
energy structure of the atoms [50], which can be strongly
affected by magnetic fields. As a result of level cross-
ing and lifting of hyperfine-level degeneracy, the result
of absorption imaging with nonzero magnetic field can
be significantly different from that with zero magnetic
field due to the low pumping efficiency and changed
dipole moments. Nevertheless, with the advancement of
quantum simulation, a more-precise measurement of the
atom number is required in a growing number of cases,
such as the measurement of equations of state [51-55]
and the quantum gas microscope [14,15]. Currently, an
empirical formula is commonly used to calibrate absorp-
tion imaging by fitting it with experimental data [51,52],
which may be complicated and limited by the accuracy of
experiments.

© 2023 American Physical Society
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In this paper, we develop a numerical model to calcu-
late the impact of nonzero magnetic fields on absorption
imaging, and we experimentally verify this model by use
of a cold-atom apparatus based on 3°Rb atoms. By taking
into account the interplay among various factors, includ-
ing Zeeman level crossing and shifting, the change of
dipole moments, light polarization, and repumping effi-
ciency, we can accurately determine the correction factor
for the atom-number measurement and identify the optimal
parameters for imaging purposes. Moreover, this model
can also serve as a benchmark for assessing the polariza-
tion purity of light since absorption imaging with some
specific apparatus is very sensitive to the polarization.

This paper is organized as follows: Sec. II provides a
description of our theoretical model and includes a sim-
plified illustration of how nonzero magnetic fields impact
the imaging procedure. Section I1I presents our experimen-
tal demonstration, which provides consistent results with
our numerical calculations. In addition, we give explana-
tions for each peak and valley in the spectrum. In Sec. IV,
we show that absorption imaging with nonzero magnetic
fields can be used as a benchmark for evaluating the qual-
ity of circularly polarized light, where the sensitivity of
the polarization impurity can reach the 0.02% level. It pro-
vides a practical application for inspecting the laser-beam
polarization in a cold-atom apparatus without additional
optics or instruments with high precision.

II. THEORETICAL MODEL FOR HIGH-FIELD
IMAGING

In this section, we focus on the theoretical part of high-
field imaging and divide the presentation into three parts.
The first part is a brief summary of absorption imaging,
which is the foundation of this work. The second part is
a discussion of the challenges of high-field imaging. It
explains why researchers obtain different optical depths or
atom numbers under high magnetic fields. The third part
explains how we use rate equations to describe the imag-
ing process. On the basis of these equations, we calculate
the imaging efficiency B.

A. A brief summary of absorption imaging

First, we provide a brief summary of absorption imag-
ing. When a beam of light, /;,(x,y), propagates parallel
to the z axis and enters a sample of atoms, the modified
Beer-Lambert law states that [56,57]

I(x,y,z)

dl(x,y,z)
1 + I(xayaz)/lsat.

dz - _n(xayaz)a

(D

By measuring the laser intensity before and after the sam-
ple, we can calculate the optical depth D, which is the
product of the absorption cross section o and the area

density nyp(x,y) = f_+o° n(x,y,z)dz, as

o0

[ﬁnal (x:y) [in - [ﬁnal
D(x,y) = nyp(x,y)o0 = —In [
Iin(x,y) Lsat
(2)
The absorption cross section, o, is defined as
hol’ 1
(3)

o = ,
2 1 +4(A/T)?

where A = w — wy is the detuning between the imaging
light frequency w and the atomic resonance wy, and I' is the
spontaneous emission rate. The saturation intensity, /g,
can be calculated by

ceoF2h2
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where €, is the vacuum dielectric constant, ¢ is the speed
of light, p is the unit polarization vector of the light
field, and d is the dipole moment. In the following para-
graphs, we use the atomic total angular momentum, F,
and its projection on the quantization axis (z axis), mg,
to label a ground state |s) = |F,mp) or an excited state
|s') = |F’,m}), where the prime indicates an excited state.
The dipole moment of alkali atoms between state |s) and
state |s”) can be calculated by the formula

[27 +1 ,
dis|s)p = sy is')p mUllerllJ ), (5)

where J and J' label the total electronic spin, (J||er||J’) is
the transition-dipole-matrix element, which can be found
in data sheets [58], and ) ), is a coefficient. The sub-
script p here denotes the projection into the unit polariza-
tion vector p of the light field.

For better illustration, we chose ¥Rb atoms to demon-
strate the energy levels in detail. This choice does not
affect the generality of our results. In Fig. 1, we present
a conventional experimental setup with the energy-level
structure. We list the square of the dipole-moment coef-
ficient, |os),s) 1> =| Zp Q) |s').p |2, for some transitions of
8Rb under zero magnetic field in Table I. Typically, a
closed transition is used to maximize the photon scatter-
ing of the imaging beam. In this transition, the excited
state can decay only to one ground state. For ®Rb, the
closed transition is the transition between 55 ,,|3, —3) and
5P3;14', —4') for an imaging beam with a o~ polarization.

When the magnetic field is small such the Zeeman
splitting is less than the spontaneous-emission rate, we
can ignore the change of light detunings between the
ground and excited states due to Zeeman shift. All atoms
in the F = 3 manifold can be excited by the imaging
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(a) A conventional experimental setup for absorption imaging. A pair of Helmholtz coils generate a magnetic field along the

z axis. The imaging beam is sent into a camera along the z axis with circular polarization o ~. Besides the imaging beam, a repumping
beam is required to clean the other hyperfine levels in ground-state manifolds. Here we send the repumping beam along the y axis to
avoid it entering the camera. (b) An absorption image obtained in our experiment and the optical depth calculated by the Beer-Lambert
law. (c) Part of the energy levels of ®Rb under zero magnetic field. Red arrows correspond to the imaging light, blue arrows correspond
to the repumping light, and dashed green arrows correspond to the spontaneous emission. After a few spontaneous decays, the atomic
population accumulates in the state 55; 2|3, —3) with a closed transition to 5P3/|4', —4') for the imaging light. HWP, half-wave plate;

OD, optical depth; PBS, polarizing beam splitter.

light with a ¢~ polarization [red arrows in Fig. 1(c)],
which also connects the closed transition 55 ,5(3, —3) —
5P3,,|4', —4'). However, atoms may also initially occupy
the ground states with /' = 2, so a repumping beam (blue
arrows) is required to resonantly pump atoms from the
F =2 manifold to the F =3 manifold via the excited
states with F' = 3. After several spontaneous emissions,
all atoms will be initialized in the closed transition
with 58/ ,,/3, —3), regardless of any initial populations in
ground states.

B. Difficulties of imaging under high magnetic fields

Under high magnetic fields, the Zeeman energy shift
becomes larger than the spontaneous-emission rate, and
the total angular momentum F describing the hyperfine
structure is no longer a good quantum number. In

TABLE 1. The square of the dipole-moment coefficients |et|?
between the manifolds of 5*P3 ), and 5%S; ), in 3Rb under zero
magnetic field.

5S1/2

5P 13,-3)  13,-2) [2,-=2) [3,—=1) [2,—1)
|4/, —4') 1 0 0 0 0
4,-3)  1/4 3/4 0 0 0
13,-3)  5/12  5/36 4/9 0 0
|4, -2y 1/28 3/7 0 15/28 0
13,-2)  5/36  5/27  4/27  25/108  7/18
[2,—-2) 10/63 10/189  14/27  2/189  7/27
|4/, —1) 0 3/28 0 15/28 0
13, —1') 0 25/108  4/135  5/108  32/135
12/, —1) 0 20/189  7/27  16/189  7/54
I, —1) 0 0 3/5 0 3/10

particular, the 5P3,, manifold of excited states is strongly
mixed by magnetic fields since the hyperfine splitting for
excited states is much smaller than that of ground states.
Therefore, we need to rediagonalize the eigenstates under
both magnetic fields and hyperfine interactions.

In the absence of a magnetic field, we use the hyper-
fine structure |F, mp) to identify the eigenstates. However,
at nonzero magnetic fields, the total angular momentum
F is not a good quantum number anymore. To label the
states that are adiabatically connected to the zero-field state
|F,mg), we use the notation |F, /g). At very high mag-
netic fields, where the Zeeman splitting greatly exceeds the
hyperfine splitting, the states |F, /irz) are actually labeled
by another set of good quantum numbers |m,, m;), where
my and m; are the angular momenta of electrons and
nuclei along the magnetic field. We plot the energy lev-
els versus the magnetic field for the 5P;,;, manifold in
Fig. 2(a). The dipole moments between different states are
also affected by the magnetic field, and we provide the
square of the dipole-moment coefficients (Ja|?) of 3Rb
under a magnetic field of 161 G in Table II for comparison.

As the magnetic field increases, the dipole moments
between different states are strongly distorted, and this has
a significant impact on the frequencies of the repump-
ing lasers that we choose. For example, the transition
5P3/2|§’, —§’) — 5S1/2|§, —§) is strongly suppressed due
to different nuclear spins at high field. However, some
dipole transitions that are forbidden under zero magnetic
field become no longer forbidden, such as the transi-
tion 551 2 |§, —i) — 5P3/2|21’, —5’). Meanwhile, the closed
transition 5P3/2|21’, —Zl’) — 5S1/2|§, —§) is not affected by
the magnetic field since the hyperfine states involved in
this transition do not change with respect to the magnetic
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FIG. 2. (a) Energy levels of the ¥Rb 5P;), state plotted for different magnetic fields. The angular momentum along the z axis of
the displayed levels ranges from —4 to —1. The filled circles mark the levels at a magnetic field of 161 G, with the energy given on
the right in the unit of megahertz. (b) Atomic structure at 161 G. Solid red arrows and solid blue arrows represent the imaging light
and the repumping light, respectively. The dashed brown arrows and dashed purple arrows correspond to the imaging light and the
repumping light, respectively, in the absence of a magnetic field. The imaging light and the repumping light require red detuning by
226 and 233 MHz to change to the magnetic field. Specifically, the imaging light has a red detuning of 152 MHz for the transition

between 52S1/2|3, —2) and 52P3/2|4/, -3y,

field. Therefore, under high magnetic fields, we should
set the repumping light to be resonant with the transition
Ssl/zli, —i) — 5P3/2|Z|-/, —§/> instead of 5P3/2|§/, —§/> to
initialize most of the atoms in the state 5S1/2|§,—§)
(Fig. 2). This is a significant difference in repumping
between zero and high magnetic fields.

However, the absorption-imaging efficiency is still
lower than that under zero magnetic field. This is

because some of the atoms pumped from 5 /2|§, —i)
to 5P3/2|Zl’, —3) will decay to 5S1/2|§, —2) instead of
BAY /2|§, —5). In the absence of a magnetic field, the
degeneracy of the /' = 3 manifold ensures that atoms in
5812 13, —2) will be pumped by the imaging beam and ulti-
mately decay to the state 55 /2|§, —§). However, under a
high magnetic field, atoms scattering to 55, /2|§, —2) can

TABLE II.  The square of the dipole-moment coefficients |e|*> between manifolds 5P3 2 and 58, of $Rb under a magnetic field of

161 G. We label 5P, states by both |m/,, m;) and |, it}.).

5812
5P3)2 |, mF)
|F, i)
|2|2/, _Z‘:/> ( _%/9 _%, 1 0 0 0 0
|4, —3") ( e 0.6394 0.1945 0.1660 0 0
13, -3 (|-3, -3 0.0272 0.6624 0.3104 0 0
14, -2 |+, -3 0.3163 0.2804 0.3852 0.0125 0.0056
3, -2 (|-4, -3 0.0170 0.3648 0.2743 0.2566 0.0873
5, -3 \_;, —{)) 23 %107 0.0215 0.0071 0.4617 0.5097
|4, -1 (|43, -3 0 0.2952 0.6840 0.0126 0.0077
13, -1 (|41, -3 0 0.1657 0.1678 0.4195 0.2259
12, -1y (|-4, =% 0 0.0155 0.0051 0.2218 0.4232
1, -1/ ( 3l 0 1.3 x 1073 22 %1077 0.0128 0.0099
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hardly be pumped to the 5P; /2|ZV ,—3') state due to the
large detuning [152 MHz at 161 G in Fig. 2(b)]. As aresult,
only atoms in the 55| /2|§, —3) state can be imaged by the
imaging light, leading to a reduction in the absorption-
imaging efficiency. To account for this, an additional coef-
ficient (or efficiency) 8 (8 < 1) is required to correct the
optical depth and accurately reflect the real atom number
in the Beer-Lambert law, which can be expressed as

n(x,y)op = D(x,y). (6)

Therefore, accurately predicting and calculating how the
efficiency B changes with respect to the magnetic field
strength is crucial for high-field imaging.

C. Rate equations describing high-field imaging

In this section, we develop a model for calculating
the efficiency g8 of absorption imaging. According to the
definition of B, we can calculate it as follows:

B = deg/deg,O G (7)

where dNiy, is the mean number of photons in the imaging
beam scattered by one atom under a particular magnetic
field in a time duration dt, and dNjyg 0 G is the mean photon
number scattered by the same atom under the same con-
ditions, except that there is no magnetic field. Our model
simulates the process in which an ensemble of atoms
is illuminated by repumping light with intensity /., and
imaging light with intensity /;;,,. We use a vector

Voc = {fF/ ) e SiFmp)s - - -}T 3
to list the population fraction of all energy levels related
to the imaging process. Here, ﬁp/’m}:) is the fraction of
atoms occupying the state |[F’,m};) in the ensemble, and
the superscript 7 means a transposed matrix. The sum of
all occupation fractions fis) and fiyy is 1. The variation of
Voc Obeys a rate equation:

—— = My ©)

To obtain the exact form of this rate equation, we write
down each equation for both excited and ground states with
forms of

% _ _Z Fb‘;) lot D.ls) ,Is» | Ilp/lsat \fl f
- 5)
dt 1o 2 1 +4(A1"5>’|§/>/F‘sj )2 s
2
+ 2 Tl i) (10)
J

and

|ap |s) \s | Ilp/lsat

df\s’) _ 1—‘ls’)
d +,2,;( 2 ) 1+4(Aysy0/ T )Z‘f'“" —Jin)
- rls’)f‘v/)- (11)

Here [ is used to label different beams in the sys-
tem, [y represents the saturation intensity calculated
with Eq. (4) with a specific substitution |p - dy,s)| =
V@RI + 1D/ + D(Jller||J'), I, is the p-polarized
intensity of the /th beam, and A;y sy is the detuning
between the /th beam and the transition |s) — |s'). The
average photon number dNj,, scattered by one atom at
time 7 in time duration d7 is given by

Mo _ 5~ (L) o 1oy Fimep szt
ar e N 2 1+ 4(ingl 1)/ Tie)?

19 (D) = fig) (1) .

(12)

The vector v, and the transition matrix My are written in
the partitioned form,

Voc = {V|S/>,V|S)}T, (13)
Ms ’s! Msti
M, = |: MZ;I + Mspon M, j| ’ (14)

where vy, and v, describe the population fractions of
the excited-state and ground-state manifolds, respectively.
According to Eqgs. (10) and (11), the submatrices of My
can be expressed as follows:

l—1|\j/) | D.ls) \\ | Ilp/lsat
Ml .15 = 2 2 J1+4(A T2
” + 4(A 5150/ |sl.))
2

[MSPOH]|S,-),|S/.) = Ty letgg %

[Mss Isi)Isk) — lkZ stl |s Jsi) 0

[Mys i1 = ij stilish).js = kL lsp)

(15)

where §;; is a Kronecker-§ symbol. On the basis of the
rate equations, we calculate dNjng/dt for atoms with and
without a magnetic field, which leads to the coefficient 8
in Eq. (7). We have developed a package of codes that
can calculate dipole-moment coefficients o) |¢), the tran-
sition matrix My, and rate equations. These codes can be
obtained through a public code deposit service [59].
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After deriving the rate equations, we illustrate the evo-
lution of atomic populations over time and the resulting
efficiency 8. Figure 3(a) depicts the time-dependent pop-
ulations of states 551/2|§, —§>, 5S1/2|§, —i), 5S1/2|§, —i),
and 5P; /2|21’, -4 ) at a magnetic field of 161 G, with fiy,
and /i, set to 1.175 and 0.6/ The imaging beam is
polarized as o_, while the repumping beam is polarized
as half o, and half o_. Initially, all atoms are prepared
in the state 5S1/2|i —i). The population of 5S1/2|§, -2)
drops to zero within 10 s, and most of the atoms enter
the closed cycle for imaging with an efficiency of approx-
imately 75%. However, some of the atoms enter other
states, as shown in Fig. 3(a). To further analyze the early
transient behaviors, we introduce a settling time 7, defined
as the time for the decay of /5 5, from 1 to 1/€*. Once
the imaging time exceeds t;, the transient behaviors can be
disregarded. In Fig. 3(b), we plot 7, against /,, demon-
strating that the settling time is less than 10 ps when 7.,
exceeds 0.2/, under a magnetic field of 161 G. We also
compare the results at 161 and 0 G, revealing no order
difference in the settling time with or without a magnetic
field.

Figure 3(c) displays the efficiency B versus I, with
an imaging time of 40 us, indicating how the transient
behaviors of population repumping affect 5. We observe
that B8 changes by 11% in the intensity range from 0.1/

@ 1, .
551,/2\-{? *%) 551,'2\1}, *?>
o 0.8 — 55152, -2) 5Py )4, —4) A
.8
45 0.6
=
0,04
o
A 0.2 5
0.0 \ . .
0 10 20 30
t (ps)
(c)
0.80
0.75
Q.
0.70
0.770
1 5 10
0.65 . .
0.1 0.5 1.0 15
Irﬁp/Is(Lt

to g due to the change of repumping efficiency. When
the intensity of the repumping light is larger than I,
the change of B is less than 1%. Figure 3(d) displays
the variation of 8 with respect to the imaging intensity
Limg. It can be observed that in the intensity range from
0.1/53¢ to 1.57, the change in 8 is only 1.4%. Therefore,
it is a good approximation that the efficiency $ is inde-
pendent of the imaging intensity. In most experiments,
the imaging light is attenuated by atoms due to a large
optical depth, resulting in different light intensities being
experienced by each atom. However, the high repumping
efficiency under a high magnetic field enables the imag-
ing process with the repumping transition 55, /zli, -2) —>
5P |4, —3') to have saturation intensity similar to that in
the case without a magnetic field. As shown in Fig. 3(d),
the efficiency f can be treated as approximately con-
stant, at least to the leading order. Therefore, a universal
B can be used to describe the imaging process, provided
that a precise measurement of the light intensity is not
required.

Figure 4 shows the variation of B8 with respect to the
magnetic field ranging from 0 to 180 G. The solid curves
represent the theoretical calculations, while the scattered
points correspond to the experimental data. These curves
are further elaborated in the next section, in conjunction
with the experimental procedures.

(b) 15
— 10

5F

o©

A 1.0 15 0.1
[Top /[sm,

(d)

0.770

0.765 |

X 0.760

0.755

0.750 t t
0.1 0.5 1.0 1.5

Iimg / I sat

FIG. 3. (a) Temporal evolution of the populations of the four main states, namely, 55 /2|§, -3), 58 /2|§, -2), 58, /2|§, —2), and
5P3) |Zl/, —21’), under the conditions of a magnetic field of 161 G, fing = 1.1/, and I, = 0.6/54. (b) Settling time 7, versus repumping-
light intensity /., for magnetic fields of 0 and 161 G. (c) Imaging efficiency B versus repumping-light intensity /.., under a magnetic
field of 161 G and an imaging duration of 40 s . The main plot shows the range from 0.1/, to 1.5/, and the inset shows the range
from Iy to 10/5,.. When the repumping-light intensity reaches the saturation intensity, the efficiency 8 experiences a negligible change
of less than 1%. (d) Efficiency B versus imaging-light intensity /;y,, under a magnetic field of 161 G and an imaging duration of 40 s.

The change of § is less than 1.4%.
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FIG. 4. (a) Imaging efficiency B versus magnetic field with
two different repumping frequencies. The solid curves are theo-
retical calculations and the scattered points are the experimental
data, while the error bars correspond to 1 standard deviation.
Each data point corresponds to the average of ten experimen-
tal measurements. The red curve and red points correspond
to the repumping transition 5S1/2|§, -2) > 5P3/2|§/, —3'). The
blue curve and blue points correspond to the repumping tran-
sition 58,212, —2) — 5P3/2|Zl’,—§/). (b) B versus repumping
frequency under a magnetic field of 161 G. Here the fre-
quency zero point corresponds to the frequency of the transi-
tion 5S1/2|§, —2) — 5P3/2|§/, —§’) under a magnetic field of 0
G. There are two large peaks, at —535 and —235 MHz, cor-
responding to the transition 5S1/2|§, —2) > 5P3/2|§/, —3') and
the transition 5S1/2|§, —2) —> 5P3/2|21/, —3’). The inset shows in
more detail features around —270 and 0 MHz, and shows that
there is a peak at 5 MHz and a valley at —268 MHz, which
are attributed to the 7 component and the o+ component of the
repumping light.

III. EXPERIMENTAL VERIFICATION

Our experimental setup, depicted in Fig. 1(a), uses a
crossed dipole trap with vibrational frequencies w, /2w =
180 Hz, o, /27 = 180 Hz, and w./27 = 255 Hz to con-
fine 1.3 x 10° 83Rb atoms. The atoms are initially prepared
in the state 55,2|2, —2), which exhibits a broad Feshbach
resonance at approximately 155 G. Before the subsequent
experiment, the atoms are allowed to reach thermal equi-
librium at a temperature of 10 wK. The magnetic field
is then adiabatically raised to the desired value and held
for 400 ms, after which the dipole trap is turned off and
the atoms are allowed to expand for the time-of-flight

measurement. We then conduct absorption imaging at the
target magnetic field using imaging light with /i, = 1.1/
and repumping light with /., = 0.6/, The imaging light
is predominantly polarized in the o~ direction, while the
repumping light with a linear polarization perpendicular to
the magnetic field is split evenly between o and o ~. For
comparison, we also need to perform the absorption imag-
ing at zero magnetic field to determine the actual atom
number. Because of different losses under different mag-
netic fields, we also ramp up the magnetic field to the
desired value, then hold atoms for the same time, and then
ramp down the magnetic field to zero for imaging. This
ensures that the atoms experience the same loss process
at both high magnetic fields and zero magnetic field. By
comparing these two results, we can get the efficiency S.

In Fig. 4(a), we compare two cases with different
repumping frequencies at desired magnetic fields. One is
resonant with the transition SSl/zli —2) —> 5P3/2|§’, —3)
(red curve and points) and the other is resonant with
the transition 5.5 /2|§ i) — 5P3/2|21’ —§’ ) (blue curve
and pomts) Under zero magnet1c field, the transition
58] /2|2 —2) —> 5P3/2|4’ —3') is dipole forbidden, so the
efficiency B is zero. As the magnetic field increases, the
transition 5S1/2|§, —Q) — 5P3/2|21’, —3’) becomes increas-
ingly allowed, resulting in a higher 8. Meanwhile, the o™
polarization of the repumping light, which would pump
the atoms to levels further away from the closed tran-
sition, is supposed to decrease B. Therefore, B of the
repumping frequency 55| /2|2 —2) — 5P, /2|4’ —3’Yhasa
valley at 44 G due to the level crossing of 5P; /2|4 ,—3')
and 5P3/2|§’ ,—1'), and B of the repumping frequency
5S1/2|§, —i) — 5P3/2|§’, —§’) has a valley at 21 G due to
the crossing of 5P3 ), |§’, —3’) and 5P3, |§’, —i’). Similarly,
both transitions exhibit a valley in their efficiency at 51
G where the energies of 5P; /2|ZV ,—4) and 5P; /2|§/ ,—2')
cross, due to the residual o™ polarization of the imaging
light.

In Fig. 4(b), we show the efficiency S versus the
repumping-light frequency at 161 G. The frequency
zero point is defined as the transition 55 /2|§, —i) —
5P; /2|§’ —3') under zero magnetic field. The peaks
at —530 and —235 MHz_correspond to the transi-
tions 5S1/2|2 2) — 5P3/2|3/ —3> and 5S1/2|2 2)
5P; /2|4’ —3), respectively, and are due to the o~ com-
ponent of the repumpmg light. We can clearly see that
the transition 55 /2|2 2) — 5P3/2|4’ -3 corresponds
to the most-efficient repumping frequency at high mag-
netic field and gives B of 0.78. The peak at 250 MHz
and the valley at —268 MHz correspond to the transi-
tions 5S1/2|§, —i) — 5P3/2|Z|-/, —i/> and 5S1/2|§, —i) —
5P; /2|§’, -1 ), respectively, and are due to the o+ compo-
nent of the repumping light. The small peak at 5 MHz cor-
responds to the transition 5S) /zli, —2) —> 5P3/2|4~1’, -2/
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FIG. 5. (a) Variation of 8 due to different fractions of o™ polarization of the imaging light at various intensities of the imaging
light under a magnetic field of 51 G. (b) Variation of 8 due to different fractions of 7 polarization of the repumping light at various
intensities of the repumping light under a magnetic field of 161 G. The shaded region in the inset represents the average error bars
of our experimental measurements corresponding to the detection limits of AS. The dashed purple line in the inset shows that the
imperfection of light is at the 0.1% level, which is the performance achieved by commonly used polarizing beam splitters such as
Thorlabs PBS102. (¢) 8 versus magnetic field for the imaging light with 4% 7z polarization (solid red line) or no 7 polarization
(solid blue line). The repumping channel is 55, /zli —2) — 5P /zlzl’, —3/). The 7-polarization component increases 8 because of the
energy crossing of the transitions 5S1/2|§, —§) — 5P3/2|Zl/, —Zl’) and 551/2|§, —Q) — 5P3/2|§’, —i’) at a magnetic field of 65 G. (d)
At a magnetic field of 65 G, we simulate AS versus the w-polarization component of the imaging light. Our resolution limit is at

AB ~ 0.015, and we can resolve the relative intensity at the 1% level.

and is due to the residual 7 component of the repumping
light.

On the basis of these structures, we fit the polariza-
tion impurity and find that the 7 component of repumping
light is 0.35%, which is consistent with our other indepen-
dent polarization measurement at the 0.2% level. The o™
component of imaging light is about 3%. These features
suggest that we should avoid any Zeeman level crossing
during the absorption imaging. Also the imaging transition
and the repumping transition should be carefully chosen to
get the greatest imaging efficiency.

IV. APPLICATION

In this section, we suggest a practical application of our
high-field-imaging model for calibrating the laser-beam
polarization by atoms.

As shown in Fig. 4, a slight o * polarization of the imag-
ing light can lead to a significant valley of 8 at 51 G, while
7 polarization of the repumping light can result in a peak at
161 G with repumping light at 5 MHz. Therefore, we can
use the variation of 8 to calibrate the polarization quality
of both the imaging light and the repumping light.

We define AB as the change in 8 caused by imperfec-
tions in the light sources, and we show the corresponding
curve in Fig. 5. Within the error bars of our experiment, we
can detect imperfections as small as 0.04% for o™ polar-
ization of the imaging light with /g = 5/, and 0.02%
for 7 polarization of the repumping light with /rep = 5/,
To our knowledge, most commercial polarizers, such as
Thorlabs PBS102, can provide an extinction ratio of only
1000:1 at the transmission port. Our measurement based on
the spectrum can provide higher precision for calibrating
the polarization of incident light.

Meanwhile, we also attempt to use this method to cal-
ibrate the relative angle 6 between the imaging beam
and the magnetic field direction. A small relative angle
6 causes a fraction sin?@/2 of the 7 polarization in the
total intensity of the imaging beam. As illustrated in Figs.
5(c) and 5(d), the 7 polarization causes a change of 8 at a
magnetic field of 65 G. As the sensitivity of A is 0.015,
we can resolve the smallest relative fraction at 1%, corre-
sponding to an angle sensitivity of 8°. However, it is not
an ideal method for fine-tuning the relative angle 6. Our
experimental system has a relative angle smaller than 1°,
which can be verified by a level meter.
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V. CONCLUSIONS

To sum up, we develop a theoretical model that accu-
rately describes the absorption imaging of atoms in the
presence of a magnetic field. Our model allows the deter-
mination of a correction factor for atom-number measure-
ments and identification of optimal imaging parameters.
Our experimental verification of the model shows that
absorption spectroscopy provides a sensitive and useful
tool for benchmarking laser-beam quality, allowing the
detection of features such as polarization imperfections
and Zeeman level crossings. This method will be helpful
for experimental groups in calibrating absorption imaging
and ensuring high-polarization-quality incident light.
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