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Absorption profiles of vector light upon interaction with atomic vapor carries distinct signatures of an external
magnetic field vector. However, this signature becomes ambiguous for antiparallel magnetic field vectors of
equal magnitude, which makes their absorption profiles visually indistinguishable. To resolve this ambiguity,
we present a theoretical analysis of the interaction of vector light with optically polarized atoms immersed in
reference and test magnetic fields. Furthermore, we demonstrate the complete characterization of the arbitrarily
oriented test magnetic field via a Fourier analysis of the absorption profile. This analysis reveals a one-to-one
correspondence between the magnetic field properties and the profile’s contrast and rotational angle. Our findings

open an avenue to design an optical vector atomic magnetometer based on structured light fields.

DOI: 10.1103/b47h-pdv9

Introduction. Structured light fields typically exhibit an
inhomogeneous intensity and polarization profile across their
beam cross section [1,2]. This unique feature has found nu-
merous applications in the field of quantum entanglement
[3,4], quantum memories [5,6], nondipole atomic excitation
[7,8], and many more. One can classify structured light modes
into two categories: scalar modes, which have homogeneous
polarization, and vector modes, which feature an inhomo-
geneous polarization texture [9]. As a prominent example,
vector light fields exhibit an azimuthally varying linear state
of polarization across the beam cross section. This inherent
inhomogeneity directly affects the vector light’s interaction
with an atomic target, causing the transition amplitude to
be position dependent. Consequently, light absorption by the
atoms varies locally within the beam cross section. This
phenomenon was recently found to depend on the external
magnetic field [10], Therefore establishing a new atomic
magnetometer scheme, allowing the field to be visualized
via a spatial absorption profile [11-14]. This spatial-domain
detection scheme provides a direct alternative to con-
ventional atomic magnetometers [15-17], which typically
operate in the temporal domain using uniformly polarized
light.

For instance, in the presence of a transverse magnetic field,
the absorption profile of the vector light acquires a flowerlike
pattern [11]. However, a key limitation of this visual scheme
is its ambiguity in determining the magnetic field’s direction.
For example, absorption profiles for magnetic fields of equal
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magnitude but opposite direction appear identical [11,12].
Furthermore, existing works lacks a method to determine the
strength of an arbitrarily oriented magnetic field—an essential
capability for any vector atomic magnetometer.

In this letter, we address the above-mentioned two key
limitations: we resolve the ambiguity between the antiparal-
lel magnetic field vectors and demonstrate a method for the
determination of the field’s strength of an arbitrarily oriented
magnetic vector in space. Our theoretical model considers a
vector beam probing an atomic vapor that is optically polar-
ized and subjected to both a reference and a test magnetic
field. A Fourier analysis of the beam’s absorption profile
reveals a unique relationship, linking the field’s properties
directly to the profile’s contrast and rotational angle. To illus-
trate these findings, we model the interaction of pump-probe
fields with ¥Rb atoms via the transition 5525 2(F, = 1) —
5p2pP; 2(F, = 0). These results open different avenues to de-
sign vector atomic magnetometers based on structured light
fields.

Theory. We theoretically model a vapor cell with 3Rb
atoms prepared in an F, = 1 hyperfine ground state at a tem-
perature of 30 °C. The atoms are illuminated by pump and
probe light fields that counterpropagate along the z axis, in
the presence of magnetic fields. As shown in Fig. 1(a), we
apply a reference magnetic field along y axis Byt = Bret €y
to measure the arbitrary three-dimensional test field By =
Biesi cos(¢pp)ey + Biest Sin(gp)ey + Biegie, in the space with an
azimuthal angle of ¢p. Therefore, the total magnetic field can
be written as

BT((bB) = Bref + Blest, (1)

which is the quantization axis of our system. Then, the atomic
sublevels are split by a corresponding Larmor frequency

Q1(¢p) = griusIBr(¢p)|/h [see Fig. 1(c)].
Both the pump and probe light fields share the same angu-

lar frequency w, and beam width of 5 mm. However, the pump
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FIG. 1. Geometrical setup of the system. (a) The vector light field of frequency w with its inhomogeneous intensity and polarization
texture propagating along the z axis, and interacting with optically polarized atoms in the vapor cell. Here, the vapor cell is approximated
by a thin layer of randomly distributed atoms in the xy plane. The reference field B, is applied along the y axis, while the test By
magnetic field is a three-dimensional vector. For such a system, the total magnetic field B lies suspended in the space and serves as the
quantization axis (not shown in the diagram). The absorption profile of the vector light and its corresponding polar plot for a fixed radius
of b = 2000 um are shown in the detection plane. (b) The coupling between vector light and the atomic target. The figure illustrates the
interaction between vector light and polarized atoms for a 50 mG test field applied at ¢ = 30°, and a 0.1 G reference magnetic field.
The central polar plot shows the (normalized) transition amplitude for atoms along the blue dotted circle (b = 2000 pum). This azimuthally
varying interaction forms the absorption profile shown adjacent to it. Atoms in the dark regions absorb maximum light, as they are strongly
coupled by the M, = 0 — M, = O transition. Conversely, atoms in the lighter regions absorb less light, as they are mainly coupled via the
M, = +1 — M, = 0 transition. (c) The energy level diagram of the rubidium atoms. In our scenario, the pump, linearly polarized plane
wave couples M, =0 to M, =0 (weakly) and M, = &1 to M, = 0 (strongly), leading to a relatively maximum population in magnetic

sublevels M, = 0.

light is assumed to be ten times more powerful than the probe.
Upon interaction, these light fields drive a resonant transition
between 5528 ,2(F, = 1) — 5p2P;,2(F, = 0) levels in ¥’Rb
atom. Our analysis considers a pump light field as a plane
wave of linear polarization whose vector potential can be
written as

A(lin) (r) [A (Cer)I ( ) + A;Clri)] (r)]’ (2)

V2

where A" (r) is the vector potential of a circularly polarized
plane wave with helicity A = 1. On the other hand, we
consider the vector light in Bessel basis as the probe, and its
vector potential can be written as

A(B)

1
[Af)—fl 1) = Ay 1],

2

where Affy),/\(r) denotes the vector potential of a circularly
polarized Bessel beam in the paraxial regime [18] with a
projection of total angular momentum m, = |1, and an open-
ing angle 6y = 0.008°. The explicit expressions for the vector
potential of both the plane wave and vector light are given in
the Supplemental Material [19].

AV () = 3)

The interaction of these light fields with the atoms drives
transitions between the ground |o,F,M,) and excited |, F.M,)
states. This process is described by the transition amplitude
Vee» calculated from the first-order matrix element [20],

1
Veg = a(aeFeMe| Z“q A(rg)logFMy), )

q

where « is the fine-structure constant, M is the projection
of F on the quantization axis, o,. are all other required
quantum numbers, g sums over all atomic electrons, and e,
is the vector of Dirac matrices for the gth particle. The term
A(r) represents the vector potential of the applied light field
(either the plane wave or the vector beam). In our geom-
etry, the linearly polarized plane wave (pump) couples all
the three magnetic sublevels in the ground state to the ex-
cited state, however with a maximum probability towards the
Mg = +1 — M, =0 transition in comparison to M, =0 —
M, = 0 with the corresponding transition amplitude V3™, as
dictated by the selection rules. Thus, the pump light redis-
tributes the ground-state atomic population by accumulating
relatively maximum population in the ground sublevels M, =
0. In contrast, the vector beam’s amplitude Vegec)(b) (explicit
expressions in Supplemental Material [19]) varies with the
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position of the atom b = (b, ¢, 0) in the beam cross section,
as shown in Fig. 1(b). This variation originates from the in-
homogeneous intensity and polarization profile of the vector
beam. Because of the pump light-atom interaction, the probe
couples sublevel M, =0 to the M, = O relatively stronger
compared to M, = %1 to the M, = 0.

The dynamics of the atomic level population, result-
ing from the atom-field interaction, are governed by the
Liouville-von Neumann equation [21] (see Supplemental
Material [19] for explicit expressions)

d_ i )
Ep(t)— h[H(l),p(l)]+R(t)- &)

Here, the density operator p(¢) represents the atomic state,
H (1) refers to the total Hamiltonian of the system, encompass-
ing the interaction between atom and external fields, and the
relaxation processes are taken into account phenomenologi-
cally via R(t) [22,23]. Specifically, the operator R(t) accounts
for incoherent relaxation processes: spontaneous emission,
atomic transit motion (Yyansit), and atom-atom collisions [24].
While the latter two processes are temperature dependent,
at an operational temperature of 30°C and in the absence
of a buffer gas, the rate of atomic collisions is negligible
compared to the transit time decay of polarized atoms. Conse-
quently, to mitigate transit time relaxation, we employ pump
and probe light fields with sufficiently large beam widths
(5 mm). Since Yyansic Scales inversely with the beam width,
this geometry ensures that the transit decay rate is slow rela-
tive to the optical pumping rate, resulting in effective atomic
polarization.

Furthermore, in order to address the Doppler broaden-
ing associated with the atomic motion in the vapor cell,
we have considered counterpropagation pump and probe
light fields. This geometry allows us to select those atoms
with longitudinal velocity class v, = 0, as these atoms inter-
act resonantly with the counterpropagating light fields (zero
detuning). We note here that the exclusion of finite detun-
ing and Doppler averaging would not alter the symmetry,
rotational behavior, or Fourier structure of the absorption
profile that underpins the proposed vector magnetometry
scheme.

Absorption profile. We analyze the steady state absorption
profile of the vector light, which manifests as a flowerlike
pattern with four dark lobes [see Fig. 1(a)]. These dark lobes
represents regions of maximum absorption in the beam cross
section. We base our theoretical study on the assumption that
these high-absorption regions directly correspond to the max-
imum excited-state population p,. [13]. Therefore, we obtain
the absorption profile by calculating p,. across the beam cross
section of the vector light field.

To supplement our assumptions, we simplify the problem
by considering only atoms on the bright ring of the vector
beam. The interaction of these atoms with the vector light
is shown by the corresponding absolute transition ampli-
tude plots. Upon interaction with a linearly polarized pump
field, the atomic ground level population is redistributed. As
a result, the incoming probe light couples the two sets of
transitions AM = £1, 0 unequally. Mainly, the probe light
relatively favors the AM = 0 transition over the AM = %1
transitions, which is reflected in the absorption profile. In

particular, the AM = 0 transition dictates the position of the
dark lobes in the absorption profile. Thus, these regions in the
beam cross section with maximum excited-state population
appear darkest to the detector, see Fig. 1.

Elimination of directional ambiguity. We now analyze the
absorption profiles for a scenario in which the test magnetic
field has the same magnitude but opposite direction. In Fig. 2,
we display the vector light absorption profile for a 50 mG
test magnetic field oriented along four different directions,
together with a reference field of B,y = 0.1 G. Among these
four directions, the magnetic field vectors with ¢ = 30° and
120° are pointing out © of the page with their antiparal-
lel vectors pointing into the page ®, respectively, as shown
in Fig. 2(a). The absorption profiles corresponding to these
antiparallel vectors, as shown in Fig. 2(b), are clearly distin-
guishable, a result not achieved in previous works [11,12]. We
observe that the absorption profile rotates as the azimuthal
angle of the test magnetic field is varied from ¢z = 30° to
120°. This is because the dark lobes form in the regions
where the vector light strongly couples M, =0 — M, = 0.
This particular transition will be maximum when the local
polarization lies parallel to the quantization axis, which can
be denoted by §. In Fig. 2(e) we show the variation of § with
¢p. As seen from this plot, the minimum value the § takes
coincides with the position of the dark region in the absorption
profiles for ¢ = 30° and 120°, in Fig. 2(b). Furthermore,
this minimum value of § shifts as one varies the azimuthal
angle of test magnetic field [see Fig. 2(e)], which results in
the rotation of the absorption profile. Notably, the minimum
angle between the local polarization and the quantization axis
never reaches zero value completely due to the longitudinal
component of the test magnetic field.

Moreover, in regions of the beam cross section where
the angle & approaches 90°, the excited-state population de-
creases. Naturally, this condition favors transitions between
the M, = &1 — M, = 0 sublevels. Since the pump light has
not completely transferred the atomic ground-state population
to M, = 0, a small contribution to the excited-state population
remains due to these transitions.

A comparison of the antiparallel fields (B = £50 mG)
reveals significant differences in the absorption profiles. As
shown in Fig. 2(e), switching from 50 to —50 mG shifts the
minimum of §, rotating the profile. Furthermore, the minimum
6 is larger for —50 mG, indicating the quantization axis is
less parallel to the polarization vector. Combined with the
reduced total magnetic field strength for —50 mG [Fig. 2(d)],
these factors result in smaller dark lobes with lower contrast
compared to the positive field case.

Thus, the combined effects of rotation and contrast ensure
that each By value produces a unique absorption profile. This
ability to visually distinguish antiparallel vectors stems from
the nonzero reference magnetic field. Without this field, the
system’s response to By and —Bic is symmetric, leading to
ambiguity in the generated absorption profile. The reference
magnetic field breaks this symmetry, ensuring that the total
magnetic field have distinct values for each test magnetic field
and in turn an unique absorption profile.

Detection of arbitrary magnetic field. We next demonstrate
how our scheme detects the magnitude of an arbitrarily di-
rected test magnetic field. To do so, we quantify the unique
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FIG. 2. Absorption profiles of the vector beam. (a) The test magnetic field is shown at four different directions in a simplified geometry.
(b) The corresponding four absorption profiles of the vector light (c) The corresponding population of excited state p,, for an atom at radial
distance b = 2000 pm as a function of its azimuthal coordinate ¢,. (d) The magnitude of Bt as a function of the test field’s strength for
¢p = 120°. (e) The angle between the local polarization vector and the quantization axis as a function of azimuthal coordinate of the atom.
The Left plot shows 6 for two different azimuthal angle of a test magnetic field of the same strength, and the right plot shows the variation for
an antiparallel test magnetic field of the same azimuthal angle ¢. For all these plots, the strength of reference B,y = 0.1 G.

relationship between the properties of test magnetic field and
absorption profile through a Fourier analysis. In addition, we
consider both a test field with arbitrary strength and direction
as well as a field whose longitudinal component is either
significantly smaller or larger than the transverse components.
Specifically, we consider two cases: (i) a weak longitu-
dinal component, Bies = Biesi COS(Pp)ex + Bies sin(gp)e, +
0.2Be;, and (ii) a strong longitudinal component, By =
Biesi cos(¢pp)ex + Biest Sin(gp e, + SBiie.. For the latter case,
we also examine the scenario in which the direction of the test
magnetic field is reversed.

We first generate an equivalent polar plot of the absorption
profile considering the atoms on a (white dashed) circle of
radius b = 2000 um [see Fig. 3(a)]. For example, the right
figure in Fig. 3(a) illustrates polar plots for test magnetic
field strengths 10 mG (green), 75 mG (black), and 250 mG
(red). For these plots, we set B, = 0.2B, ¢p = 120°, and
a reference magnetic field of 0.1 G. To quantify these polar
plots, we expand the expression of the population of excited
state p,. in a Fourier series. Given the fourfold symmetry
of the absorption profile, we extract the normalized fourth
harmonic, F4 = Z—:, where a4 and ay are the corresponding
Fourier coefficients [25]. These normalized coefficients are
then plotted in the complex plane to generate the trajectory
plots, as shown in Fig. 3(b). These trajectories map how the
absorption profile varies with an increase of test magnetic field
strength.

Each point on these trajectory curves is a complex number,
7 = x + iy, associated with the polar plot for a given Bi.
The magnitude |z| quantifies the petal size (or contrast) of
the fourfold pattern; a larger magnitude corresponds to more
pronounced “petals” and higher visibility of the lobes. The

phase arg(z) = arctan(y/x) defines the physical orientation
(rotation) of the profile, which is mapped to the background
color scale in Fig. 3(b).

For B, = 0.2Bs: and ¢pp = 120°, the green solid line tra-
jectory captures the variation of the absorption profile as
the strength of the test field increases from 10 to 250 mG
[see Fig. 3(b)]. Here, the magnitude of the complex number |z|
decreases steadily up to the second point (150 mG) and then
rapidly thereafter. This can be visually confirmed in the polar
plots, where the petal structure loses its prominent four-lobe
shape as one goes from 10 to 250 mG. This behavior di-
rectly translates to the fact that the absorption profile loses its
prominent four-lobe pattern as the test magnetic field strength
is increased. Meanwhile, the phase increases from —m ap-
proaching 4 /2, indicating a counterclockwise rotation of
the petal structures. For the same azimuthal angle ¢p = 120°,
if the longitudinal magnetic field component is larger than the
transverse component (5By), then the blue solid line trajec-
tory shows the variation. Since this curve lies closer to the
center in comparison to the previous trajectory, the absorption
profile’s four-lobe pattern loses its significance at a faster rate.
However, compared to the previous case, the blue trajectory
sweeps a larger angle, which results in an extensive rotation
of the petal structure.

As a next step, we show the trajectory for the case of
an antiparallel test magnetic field. Once again, we choose
¢p = 120° and B, = 5B, but now the field strength is varied
from —10 to —250 mG. The corresponding change in the
absorption profile is shown by the maroon trajectory curve.
In this case, the phase changes from approximately —m all
the way to m /6. This results in a more extensive rotation
of the petal structure in comparison to the other two cases.
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FIG. 3. Variation of the absorption profile with increasing
strength of an arbitrarily directed test magnetic field. (a) Left: Ab-
sorption profile of the vector light for a test magnetic field of
azimuthal angle ¢ = 120° and strength of 10 mG. Right: The corre-
sponding polar plots for various strengths of constant test Byege = 10,
75, and 250 mG considering the atoms to be positioned along the
white dashed circle of radius b = 2000 um. (b) Trajectory of the
normalized fourth Fourier harmonic, F;, for various strengths of the
constant test magnetic field. Here, the strength of B,y = 0.1 G.

The obtained trajectory reveals that the absorption profiles for
antiparallel magnetic fields are unique.

Conclusions. We have theoretically demonstrated how
vector light-matter interactions can be utilized to retrieve
information regarding antiparallel magnetic field configura-
tions. Unlike previous studies, our proposed scheme visually
distinguishes the absorption profiles of antiparallel magnetic
fields of equal magnitude. Furthermore, our approach enables
the complete determination of an arbitrarily directed magnetic
field vector directly from the spatial absorption profile of the
vector beam.

We emphasize that the range of test magnetic field
strengths was selected based on experimental feasibility
[11,12]. Furthermore, the primary objective of this work is
to theoretically demonstrate the capability of unambiguously
detecting an arbitrarily oriented magnetic field vector using
structured light, rather than to optimize absolute sensitivity.
Although the sensitivity can be qualitatively estimated using
the metric d F4/dByeg, a rigorous quantitative analysis would
require incorporating noise sources and quantum-limited sen-
sitivity. Such an analysis is beyond the scope of the present
study and is reserved for future work. Furthermore, additional
calculations confirm that our results are also valid for vector
light with other orbital angular momentum (m,) projections.
For example, a vector light with m, = |1| gives rise to an ab-
sorption profile with twofold symmetry. Finally, these results
advance our understanding of structured light-atom interac-
tion and open other avenues for its application in optically
pumped atomic magnetometers.
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