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Imaging of electric and magnetic fields is limited by the fact
that conventional field probes rely on conductive elements
that perturb the fields they are meant to measure and re-
quire either spatial scanning or arrays to produce field maps.
Atomic sensors based on Rydberg states offer a minimally
invasive and broadband alternative, enabling absolute field
measurements without external calibration. In this work, we
present a field imaging technique that combines the spatial
resolution of planar laser-induced fluorescence-dip spec-
troscopy with the field sensitivity and spectral resolution of
electromagnetically induced transparency (EIT) using Ryd-
berg states of atomic vapor. By imaging the change in flu-
orescence due to EIT, we spatially resolve the field-induced
shifts in atomic energy levels, enabling the imaging of arbi-
trary electric field distributions from MHz to tens of GHz
at the ~V/cm level and static magnetic fields at the ~mT
level. We also image resonant microwave electric fields at the
~5mV/cm level. This technique achieves a spatial resolution
of 160 um, limited by our camera, with a fundamental reso-
lution limit near 5 pm. ® 2025 Optica Publishing Group under the
terms of the Optica Open Access Publishing Agreement.
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In this manuscript, we demonstrate the capability to image
both electric and magnetic fields using a Rydberg atom sensor.
Atomic sensors offer unique advantages over conducting anten-
nas and field probes. They do not significantly scatter or absorb
fields like conventional probes [1], the same sensor geometry
can be used to measure fields from DC to GHz (which would
require varying sized antennas [2]), and they do not require
calibration to a known field because they relate the field to a mea-
sured frequency with atomic properties and SI constants [3]. The
earliest techniques for atomic electric field sensors used laser-
induced fluorescence [4]. This was extended to two-dimensional
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imaging by forming the laser beam into a light-sheet and imag-
ing the resulting sheet of fluorescence [5]. The spectral res-
olution was then enhanced with two-photon fluorescence-dip
spectroscopy [6]. Planar laser-induced fluorescence-dip (LIF-
dip) spectroscopy has been used to image electric fields on the
order of hundreds of V/cm, limited by the low polarizabilities
of the relevant states [7—10] or the spectral resolution of the
detection scheme [11].

Rydberg atoms make much more sensitive electric field
probes due to their large polarizabilities and electric dipole mo-
ments [12]. These states can be probed with spectral linewidths
on the order of MHz using two-photon electromagnetically in-
duced transparency (EIT) [13], allowing field sensitivities as low
as SnV/(cm\/m) [14]. However, the application of this sens-
ing scheme to imaging has been limited. Raster scanning this
readout scheme [15-17] integrates along the vapor cell, useful
only for measuring field distributions that are uniform in one di-
mension. Crossing the laser beams to localize the measurement
significantly reduces the spectral linewidth [18]. Imaging of a
narrow band of THz radiation resonant with a Rydberg-Rydberg
transition has been performed via induced population transfer
from the THz field [19,20], but this only works for a discrete
set of frequencies of THz radiation. We present a technique that
merges the spatially resolved sensing scheme of planar LIF-dip
spectroscopy with the sensitivity of electromagnetically induced
transparency readout of Rydberg states of alkali atoms. This
allows for imaging of arbitrary (off-resonant) electric fields at
the single V/cm level, orders of magnitude more sensitive than
previous LIF-dip measurements, and resonant RF fields at the
mV/cm level. This technique is quite general as it can measure a
variety of fields based on their perturbation of the atomic spec-
trum: we also demonstrate the ability to measure magnetic fields
at the mT level without modification to the setup.

The measurement scheme is shown in Fig. 1. Ground state
atoms are coupled to a Rydberg state via a two-photon lad-
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Fig. 1. The fluorescence measurement scheme. (a) The energy level diagram for 83Rb. (b) The experimental setup. (c) The CCD image of
the light-sheet is recorded as the coupling laser is scanned (Af,.). The change in fluorescence AF of at a single point is shown.

der EIT scheme (Fig. 1(a)) with a 780 nm probe (630 uW) and
480nm coupling (380 mW) laser. With the probe locked on
resonance using a reference vapor cell, the detuning of the
coupling laser (Af,, referenced to EIT in the reference cell)
is scanned and the fluorescence decreases when the coupling
laser is on resonance, thus reading out the energy of the Ry-
dberg state. The probe and coupling beams are formed into
12 mm flat top by 1 mm Gaussian full-width at half-maximum
light-sheets using anamorphic prism pairs and cylindrical lenses
(Fig. 1(b)), and are sent into the room temperature vapor cell
counter-propagating to partially cancel the Doppler shift. The
fluorescence passes through a 780 + 5 nm optical bandpass filter
and is imaged by a charge-coupled device (CCD) camera with
a compound lens focused on the plane of the beams. The cou-
pling laser’s detuning Af, is scanned as the camera records the
fluorescence, so the time axis gives a spectrum at each point on
the image (Fig. 1(c)). The fluorescence spectrum is measured to
have a Gaussian one-sigma width of 9.9+ 0.2 MHz.

Non-resonant electric fields can be measured via their induced
Stark shift on the Rydberg state. Generally, each angular mo-
mentum substate m; will undergo a different shift, causing the
spectrum to split into different peaks. The frequency shift on
each m; level due to the Stark shift for weak electric fields is
given by:

1
Afsiark (my, E) = —Eam_,Ez/h, (1)

where a,, is the polarizability of the state, & is Planck’s con-
stant, and FE is the root-mean-square (RMS) value of the electric
field. To detect electric fields via their Stark shift, they must shift
the states by more than one linewidth, typically requiring fields
on the order of V/cm. In this regime, the response is no longer
quadratic, as avoided crossings begin to repel nearby states. To
account for this, we numerically calculate a Stark Map using the
ARC python package [21] to find the Stark shifts Afgiq (m;, E).
We can then fit our spectrum to a sum of Gaussians at the mea-
sured EIT linewidth ¢ with an empirical set of weights A, in
order to extract the field:

(_(Afc_AfStark(mJ’E»z)’ (2)

AF stark e = ZAmJ exp 202

my
To demonstrate the electric field imaging capability, we apply a
30 MHz tone to a microstrip line (Fig. 2(a)). We place a matte
black paper over the transmission line to prevent reflections,
place an 11x 11x 45 mm vapor cell above it, and image using

the technique described above. This demonstrates the field imag-
ing capability in the quasi-electrostatic regime where the spatial
variations are small compared to the wavelength. To demonstrate
imaging in the regime where the spatial variations are of order
a wavelength, we image the field in a two wire transmission line
with an open end (Fig. 2(b)). The wires are separated by 11 mm
and are 75 mm long, and a 10 mm diameter x 75 mm length
cylindrical vapor cell is placed inside. The reflection at the open
end creates well-defined standing modes which vary along z. We
apply 15 dBm of power and measure the fields at 1 GHz where
one half-wavelength fits along the transmission line, at 5 GHz
where about three full wavelengths fit along the transmission
line, and at 10 GHz where about six full wavelengths fit along
the transmission line.

If amicrowave field is at a frequency resonant with a Rydberg-
Rydberg transition, the Rydberg states of the atom are much
more sensitive to it, and therefore, much weaker fields can be
detected. Resonant radiation leads to Autler-Townes splitting of
the Rydberg state, in which the EIT peak splits into two peaks
separated by a frequency Afyt of [13]:

Ay = PREE, (3)
where E is the peak value of the applied resonant electric field,
and g is the transition dipole moment of the Rydberg-Rydberg
transition. We can thus determine the field by fitting the EIT
spectrum to:

2 2
A]:ATﬁt =exp ( ~ (Afc B #SZE) )+exp (_ (Afc +7#'22;E) ) .

202 202
(4)

Dipole moments for these transitions tend to be on the order of
2 GHz/(V/cm), allowing fields on the order of 5SmV/cm to be
detected. The drawback of this sensing mode is two-fold. First,
only a discrete set of frequencies can be detected, and chang-
ing between them requires tuning the coupling laser on the order
of nm (although there are methods to continuously tune the Ry-
dberg resonance [22-24]). Second, these transitions tend to be
between 5 and 40 GHz. In this regime, the wavelength is not
large compared to the geometry of the vapor cell, meaning that
the vapor cell walls are partially reflected, and standing waves
will form between them [15,25]. These standing waves are im-
agedinan 11x 11x 45 mm cell at 17.041 GHz, resonant with the
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Fig. 2. Fluorescence E-field images utilizing the AC Stark shift. (a) A conducting strip is placed over a sheet of insulator with the bottom
grounded, and a 30 MHz voltage is applied to the strip. A vapor cell is placed above it and the fluorescence is imaged and fit (middle) to
produce a mapping of the electric field (right). (b) An open-ended twin lead transmission line generates standing waves in the vapor cell. The
simulated (middle) and measured (right) field distributions for various frequencies are shown.
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Fig. 3. Fluorescence E-field images utilizing resonant Autler-
Townes splitting. (a) Measured (top) and simulated (bottom) field
distributions of standing waves from a 17.041 GHz tone applied
from the bottom left. (b) Field distribution of standing waves from
a 39.385 GHz tone applied from the top. The simulations assume
an incident plane wave as modeling the horn geometry is computa-
tionally intractable.

50D5 2= 51P; /2 transition, and at 39.385 GHz, resonant with
the 50D5,, — 52P; , transition in Fig. 3.

Strong magnetic fields can also be measured with fluores-
cence light-sheet imaging of EIT by their induced Zeeman shift
on the Rydberg states. While this method is not as sensitive

as other atomic magnetometry techniques [26,27], it can be
used with the same setup described above to measure fields on
the order of mT. The shape of EIT spectra for Rydberg states
in the presence of magnetic fields is described in Ref. [28].
The spectrum is predominantly composed of m; = +5/2, which
shifts in the spectrum in opposite directions at a rate of p. 5=
20.4 MHz/mT. By measuring the shift of the m; = +5/2 levels,
we can then deduce the magnitude of the field. Vector informa-
tion can be gained by considering the distribution of m; levels.
Magnetic fields at the mT level are strong enough to set the
preferred quantization axis [28], meaning the optical light will
appear to have different polarizations depending on this projec-
tion. To make use of this, we use circularly polarized ¢~ light in
the z axis, such that if the magnetic field is in the +z direction
it will preferentially populate the m; = —5/2 state, and the mag-
netic field is in the —z direction it will preferentially populate
the m; = +5/2 state. When the magnetic field is perpendicular
to the probe, the +5/2 and —5/2 states will be equally popu-
lated. Thus, from the ratio of these two states on the spectrum,
we can get the projection of the field onto the z-axis indepen-
dently from the magnitude of the field. These two thus give the
magnitude and sign of the z component of the field, and the mag-
nitude of the orthogonal component of the field (in 2D, this is
the x-component). The sign of the x-component cannot be de-
termined from this measurement. To demonstrate magnetic field
imaging, we placed two permanent bar magnets 85 mm apart
with their magnetic north poles facing each other in the x-axis
such that they generate a quadrupole field. We then performed
fluorescence imaging with an 11x 11x 45 mm rectangular vapor
cell in the center of the quadrupole. The results are shown in
Fig. 4. At each point, we fit the normalized fluorescence spec-
trum to a sum of two Gaussians representing the two dominant
my states:

0 (Af.+p ffB)2
— 2 c
AFpg 4 = cCos (E) exp (72023
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Fig. 4. Fluorescence B-field image utilizing Zeeman splitting. (a) Diagram of the setup. (b) Measured (top) and theoretical (bottom, Eq. (6))
magnetic field magnitude and vector. Because the direction of the x-component (vertical component) of the magnetic field is ambiguous, they
are plotted pointing upwards. (c) Spectra and fits of the fluorescence at three different field directions.

.2 0 (Afc_iueffB)z
+ sin (2 ) exp ( 752 ) , (5)
where B is the applied magnetic field and 6 is the angle of the
magnetic field from the z-axis. The results are consistent with
an ideal magnetic quadrupole, which takes the form:

3u magnet 0

quadrupole = 4 ((z=29)2 = (x=x0)X), (6)
magnet

where (xg,zq) is the center of the quadrupole, ry,gne is the
distance from this point to one of the magnets, f is the perme-
ability of free space, and f1,,0n¢¢ is the magnetic dipole moment
of each magnet, measured using a calibrated magnetometer to
be 0.494+0.001 A-m? (see Supplement 1).

Spatial resolution of this imaging technique is fundamen-
tally limited by thermal motion of the atoms causing a distance
between the absorption and re-emission of the probe photons,
providing a blurring of the spectral image of 5 um at room tem-
perature. In practice, our resolution was limited to 160 um by
the projected pixel size of our imaging system, and the spatial
averaging we performed to achieve a good signal-to-noise ratio
(SNR). The minimum detectable field is set by the requirement
that the fields need to shift or split the spectrum by order of
one linewidth to be resolved, limiting AC stark detection to the
order of V/cm, Autler-Townes to the order of 5mV/cm, and Zee-
man shifts to the order of mT. The time resolution is severely
limited by the integration time required to achieve SNR. We
scanned the coupling laser over 250 MHz with a scan period of
10s and record images at a framerate of 100 Hz, resulting in a
spectral resolution of 250 kHz. We average the increasing- and
decreasing-frequency scans, resulting in a total measurement
time of 20 s per image. The time and optical resolution could be
improved by using a larger focusing lens and moving the cam-
era closer, allowing less spatial and temporal averaging to reach
SNR.
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