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Rydberg atomic receiver holds distinctive advantages of ultra-wide operating bandwidth and
inherently high sensitivity in electric fieldmeasurement1, in particular, it promises unique superiority of
miniaturization for low-frequency especially kHz-band signals,which hold pivotal value in applications
such as long-range navigation, ground-penetrating radar, and underwater communication. However,
the capability of kHz atomic receivers remains severely constrained by the shielding effects of
adsorbed alkali metal atoms. Here, we propose a conceptually new self-dressing kHz signal
measurement paradigm by converting the undesired coupling-laser-induced DC field to an atomic
dressing, and deftly building atomic superheterodyne inside the sapphire vapor cell, which is prepared
to adequately suppress the low-frequency shielding through resistivity manipulation engineering.
Further, we realize strengthened interaction between the atoms and kHz field by localized
enhancement of the incident signals, and finally achieve an ultrahigh sensitivity of 13.5 nV/cm/Hz1/2 at
100 kHz. This architecture represents a significant advance,with the potential to greatly accelerate the
practical applications of Rydberg atomic receivers in kHz-band detection, communication, and
related fields.

Quantum sensing technology has made transformative progress in the last
decade, particularly in the fields of quantum magnetometers2–5,
electrometers6–8, and gravimeters9–11. Rydberg atom-based sensors demon-
strate impressive electric field measurement capabilities, including ultra-
broadband operating range (kHz–THz), wavelength-independent detec-
tion, and traceability to SI standards12–21. One central research focus is to
improve the measurement sensitivity, and this has been highlighted by
recent experiments that the sensitivitywas enhanced to several nV/cm/Hz1/2

formicrowave fields22–24. Besides, unlike conventional antennas constrained
by the Chu limit, Rydberg atoms enable electromagnetic signal reception
using compact vapor cells (centimeter-scale). Consequently, it promises
unique superiority of miniaturization for low-frequency, especially kHz-
band, and shortwave signals25–30. This renders Rydberg atomic sensors
inherently size-friendly for the practical applications in low-frequency
domains, including remote navigation, underwater communication, and
ground-penetrating detection.

However, for low-frequency signal measurement, the shielding effects
driven from the adsorption of alkali metal atoms inside vapor cells cause
severe attenuation for the electric fields, seriously suppressing the detection
sensitivity of Rydberg atoms. There are two rational approaches to weaken
or to avoid the shielding impacts: (1) Adopting vapor cells with built-in

electrodes to directly inject the signals into the cell throughmetal plates and
operate the electric field measurement. Though a highly sensitive response
of Rydberg atoms to quasi-DC and kHz signals has been verified31,32, the
injectionmethodsmay require a supplementary receiving aperture to collect
the spatial electric field and feed signals via a current-conducted way. (2)
Preparing high-resistivity sapphire vapor cells to suppress the adsorption of
alkali metal atoms33,34. This has notably improved the atomic sensing cap-
ability, but the current optimal sensitivity is limited to a few μV/cm/Hz1/2,
indicating that developing new sensing techniques to further enhance
sensitivity is still a tricky challenge.

While DC field dressing strategies have recently shown potential for
enhancing sensitivity in kHz bands,metastable interface effects—particularly
alkali metal adsorbate-mediated negative electron affinity (NEA), exclusively
disrupt the generation of DC electric field via external drives such as the
illuminationof long-wavelength lasers35–37.High-energyLEDcansuccessfully
excite a stronger photoelectric effect to form a strengthened DC field, but it
may counterproductively exacerbate the shielding effects of the vapor cells.
Here, we demonstrate a conceptually new self-dressing kHz signal atomic
receiver based on a laser-induced DC field, achieving direct reception of
spatial kHz signals with a remarkably high sensitivity of 0.75 μV/cm/Hz1/2 at
100 kHz. This architecture leverages sapphire to modulate the adsorption
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dynamics of alkali metal atoms, thereby suppressing NEAwithin vapor cells.
Additionally, a spatial field resonant enhancement structure (RES) is intro-
duced to coordinate with the low-shielding vapor cells, extremely strength-
ening the interaction between atoms and the kHz field and achieving an
ultrahigh sensitivity of 13.5 nV/cm/Hz1/2. This architecture is expected to
significantly advance the applications of Rydberg atomic receivers in detec-
tion and communication in the kHz-band.

Results
Theory of kHz signal measurement using Rydberg atoms
We consider a three-level Rydberg atom model (Fig. 1b) (Methods). When
measuring kHz signals using the AC Stark effect, the Rydberg state j52D5=2i
undergoes a shift under the influenceof the signalfield, and itsRabi frequency
shows a corresponding relationship with the intensity of the signal field:

Ωstark ¼ �αE2
tot=2 ð1Þ

Herein, α represents the polarizability of atomic energy levels with
respect to the signal electric field, and Etot denotes the total electric field
applied to the atoms.

In the scenario of receiving time-harmonic signals, where
Etot ¼ Asig cosðωsigt þ ϕsigÞ, we can get the Rabi frequency

Ωstark ¼ �αA2
sig½cosð2ωsigt þ 2ϕsigÞ þ 1�=4. The distance of the energy

level shift exhibits a quadratic relationship with the amplitude of the electric
field. When an auxiliary DC field is introduced, E2

tot transforms into:

E2
tot ¼ ðEDC þ Esig cosðωsigt þ ϕsigÞÞ2

¼ E2
DC þ E2

sig=2þ E2
sig cosð2ωsigt þ 2ϕsigÞ=2

þ2EDCEsig cosðωsigt þ ϕsigÞ
ð2Þ

When EDC≫Esig, the formula can be simplified to:

E2
tot � E2

DC þ 2EDCEsig cosðωsigt þ ϕsigÞ ð3Þ

The corresponding Rabi frequency of the Stark shift is:

Ωstark ¼ �αE2
DC=2� αEDCEsig cosðωsigt þ ϕsigÞ

¼ Ω0 � αEDCEsig cosðωsigt þ ϕsigÞ
ð4Þ

When measuring kHz signals, the auxiliary DC field can act as an
enhancement factor to boost the Rabi frequency of energy level shifts and
convert the second-order response into a first-order linear response. After
locking the coupling laser frequency at a designated position on the spec-
trum, the Stark shift generated by atomic energy levels can be converted into
a change in optical power, thereby producing a voltage signal with the
corresponding kHz frequency at the output of the photodetector, where
~V sig ¼ β � ~Ω. Here, β represents the slope of the electromagnetically
induced transparency (EIT) spectrum at the locked frequency point of the
coupling laser, and ~Ω ¼ �αEDCEsig cosðωsigt þ ϕsigÞ denotes the AC term
in the variation of the Rabi frequency of the Stark shift.

Analysis of the induced DC field
Owing to the low-frequency shielding effect of the alkali metal vapor cell
walls, electric fields with lower frequencies are more difficult to penetrate
into the cell, so that external DC fields nearly cannot be applied to Rydberg
atoms. Currently, there are twomainmethods to apply aDC field inside the
cell. One is to construct built-in electrodes that penetrate through the cell
walls. This method can directly inject low-frequency signals into the vapor
cell, thereby verifying the response capability of Rydberg atoms to low-
frequency signals. However, when directly receiving spatial electric fields,
this method is still limited by the short-circuit effect of cell walls, severely
degrading the reception performance. The other method is to irradiate the
cell wall with short-wavelength LED light in a modest way. The given light
induces the photoelectric effect and generates charges accumulated at the
light spot, thereby creating a built-in DC field inside the cell without
modifying the cell structure.

For cesiummetal, the typical value of its work functionΦCs is 1.95 eV,
corresponding to the longest wavelength λ0 ¼ hc=ΦCs � 636nm for
inducing the photoelectric effect, where h is the Planck constant and c is the
speed of light in vacuum. When constructing a three-level system, the
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Fig. 1 | Schematic diagram of the Rydberg atom receiver based on self-dressing of
laser-induced DC field. a Overview of the experimental setup. The following
symbols are used: (1) PBS: Polarizing Beam Splitter, (2) HWP: Half-Wave Plate, (3)
DM:DichroicMirror, (4) PD: Photodetector.bLevel scheme. The probe laser excites
cesium atoms from the ground state j6S1=2i to the excited state j6P3=2i; the coupling
laser excites atoms from the excited state j6P3=2i to the Rydberg state j52D5=2i. Δp
and Δc are the detunings of the probe laser and coupling laser from the resonant
frequencies between energy levels, respectively. Under the self-dressing effect of the
laser-inducedDC field, themagnetic sublevels of the Rydberg state j52D5=2iundergo

degeneracy lifting, and the energy levels exhibit a time-dependent position ~Ω under
the action of the signal field. c Schematic of the laser-induced DC field inside the
vapor cell. When the coupling laser is incident near the cell wall, the DC field
generated by positive charge clusters excited on the cell wall via the photoelectric
effect acts on Rydberg atoms. The yellow arrows in the figure indicate the vector
direction of the DC field. d Spectral diagram of the degeneracy lifting of the Rydberg
state j52D5=2i under the self-dressing effect, by monitoring the probe laser trans-
mitted through the vapor cell while scanning the coupling laser frequency
(Methods).
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wavelength of the coupling laser used to excite cesium atoms to the Rydberg
state is 509 nm.This laser theoretically satisfies the conditions for inducing a
DC field inside the cell. However, since commonly used glass cell walls have
a significantNEA, theprocess of negative charge adsorptiongreatlyweakens
the strength of the electrostatic field37, rendering this electric field merely a
perturbation term that broadens the EIT spectrum.

In this work, sapphirematerial is employed tomodify such adsorption
dynamics, mitigating the adsorption of negative charges during the pho-
toelectric effect. This enables the generation of built-in potential induced by
the coupling laser with sufficient strength to modulate the atomic energy
levels, thereby transforming the stray electricfield—previously regardedas a
“detrimental factor”—into an energy level-dressing electric field to enhance
the receptionof kHz signals (Fig. 1c).Due to the enclosednatureof the vapor
cell, the DC electric field induced by the coupling laser inside the cell is
difficult to measure via traditional methods. Therefore, the field intensity is
obtained by analyzing theDC Stark energy level shift of the probe laser (Fig.
1d). As shown in Fig. 2, when the beam is positioned 2.4 mm below the top
wall of the cell, the relationship between the DC electric field strength and
the coupling laser power is measured. By varying the coupling laser power,
the three sublevels (mj = 1/2, 3/2, 5/2) of the 52D5/2 state exhibit significant
Stark shifts proportional to their respective polarizabilities, leading to the
lifting of degeneracy. Calculations using the Alkali Rydberg Calculator
(ARC) show that the polarizabilities αj of these sublevels are −1867
MHz cm² V⁻², −1227MHz cm² V⁻², and 101MHz cm² V⁻², respectively.
Therefore, themj = 1/2 sublevel has the largest polarizability and thus shows
the most significant Stark frequency shift under the same electric field,
making it highly suitable for kHz signal measurement (Methods). By
scanning the coupling laser frequency, the spectral distance between the
Rydberg state fine levels 52D3/2 and 52D5/2 can be used to calibrate the
abscissa of the EIT spectrum, thereby achieving an accurate frequency
reference.

Analysis of low-frequency shielding
Alkali metal vapor is typically enclosed within dielectric containers, such as
glass vapor cells fabricated from borosilicate materials. As signals traverse
the cell walls, they undergo inevitable disturbance in both amplitude and
phase.Notably, the deposition of alkali metal atoms on the inner surfaces of
the vapor cell forms a conductive layer with low sheet resistance. Charges
within this layer redistribute under the influence of external electric fields,
partially canceling the field that penetrates into the vapor cell. This phe-
nomenon severely impedes the transmission of kHz signals, giving rise to
the so-called low-frequency shielding effect. For quantitative analysis of this
effect, wemodel the cell as a spherical shell with negligible thickness. For an
external unit step electricfield signal, the resultant electricfield inside the cell
is given by EinðtÞ ¼ expð�t=1:5εR&rÞ33. The conversion of time-frequency

domain via the Fourier transform yields the transfer function Tðf Þ which
demonstrates the relationship between the internal and external electric
fields of the cell (Methods):

Tðf Þ ¼ j2πf
1=ð1:5εR&rÞ þ j2πf

ð5Þ

Due to the differences in the adsorption of alkali metal atoms for
sapphire and glass materials, the sheet resistances of cells made from these
two materials exhibit significant disparities, and thus, the amplitudes of
electric fields penetrating through the cell walls vary considerably. As the
frequency of the electric field decreases, the shielding effect becomes more
pronounced. For the kHz band, the amplitude attenuation even increases by
several orders of magnitude for normal vapor cells. With the increase of
measurement frequency, the difference of transmitted amplitudes between
sapphire and glassmaterials gets smaller (Fig. 3a). This proves that sapphire
cells have stronger coupling capability to spatial electric fields in the kHz
band. Extending this derivation to more general-shaped cells, the electric
field can be calculated as EinðtÞ ¼ expð�2γtÞ, where the coefficient 2 arises
from the quadratic response relationship of the electricfield33. The shielding
factor γ has the dimension of s�1 and reflects the response speed of charge
redistribution on the cell walls, i.e., the faster the response speed, the more
significant attenuation of the cell on signals of the same frequency. Thus, we
can obtain a more general transfer function formula (Methods):

Tðf Þ ¼ jπf
γþ jπf

¼ πfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2 þ ðπf Þ2

q � expðjarctanðγ=πf ÞÞ ð6Þ

Using atomic low-frequency superheterodyne technology, we mea-
sured the response of the Rydberg atomic sensor to electric field signals
under different coupling laser powers, while the probe laser power isfixed at
120 μW(Fig. 3b). Since thepolarizability ofRydberg atomsvariesminimally
in the kHz band, this response curve directly reflects the changes in the
amplitude of transfer function Tðf Þ. Based on the characteristics of the
amplitude curve of Tðf Þ, we fitted the shielding factor γ using orthogonal
distance regression.

When increasing the power of the coupling laser, the frequency of
shielding effect occurrences gets higher, indicating amore pronounced low-
frequency shielding phenomenon. Notably, even with lower coupling laser
power, the introduction of LED light for inducing a DC electric field
exacerbates the low-frequency shielding effect—this is likely due to LED
light exciting more free electrons on the cell wall surface.

Fig. 2 | Spectra of atomic energy levels affected by the self-dressing effect of DC
fields. aVariations in the Stark shift of the j52D5=2i sublevel induced by changing the
coupling laser power, with the laser beam fixed 2.4 mm below the upper wall of the
sapphire vapor cell.bVariations in the Stark shift of the j52D5=2i sublevel induced by
changing the position of the laser beam relative to the cell wall, with the coupling

laser power fixed at 90 mW and the laser beam positioned directly below the upper
wall of the sapphire vapor cell. c Variations in the Stark shift of the 52D5/2 sublevel
induced by changing the position of the laser beam relative to the cell wall of the glass
cell, with all other conditions identical to those in (b).
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Thus, using the self-dressing effect based on DC fields excited by
coupling laser for kHz signal reception can minimize the low-frequency
shielding effect, achieving the dual benefits in simplifying the system
architecture and optimizing the reception performance of the sensor.

Signal reception based on low-frequency atomic super-
heterodyne technology
Based on the above analysis, the primary factors influencing the measure-
ment sensitivity of kHz signals are the slope β of the EIT spectrum, the
transfer function Tðf Þ, the strength EDC of the DC electric field, and the
polarizability αj. Here, we select the sublevelmj = 1/2 for measurement and
optimize the coupling laser power to determine the optimal parameter
settings for the atomic sensor. When the signal intensity is lower than the
noise intensity Vnoise, the information contained in the signal is difficult to
extract effectively. Therefore, we define the minimum detectable signal as
Vmin ¼ Vnoise, and the sensitivity can be expressed as:

S ¼ Emin=
ffiffiffiffiffiffiffiffiffiffiffi
RBW

p ¼ �Vmin=ðjTðf ÞjαβEDC

ffiffiffiffiffiffiffiffiffiffiffi
RBW

p Þ
¼ ffiffiffiffiffiffiffiffiffiffiffiffi

PminR
p

=d
ffiffiffiffiffiffiffiffiffiffiffi
RBW

p ð7Þ

Herein, the minimum detectable electric field strength is denoted as
Emin. Pmin represents the output power of the signal source when the output
voltage of the PD isVmin. The resolution bandwidth (RBW)of the spectrum
analyzer is set to 1Hz when receiving the output signal of the PD. d is the
distance between the core plate and the floor of the TEM cell for generating
kHz spatial signal fields (Methods)38.

In this work, the sensitivity of the atomic sensor was measured at 20
and 100 kHz to verify its application in important fields such as underwater
communication and remote navigation. The probe laser power was set to
120 μW, and the coupling laser power was set to 12.4 and 50.3mW when
measuring 20 and 100 kHz signals, respectively, with the beam positioned
2.4mmbelow the upper wall of the cell. For ameasurement duration of 1 s,
theminimumdetectable electric fields at 20 kHz and 100 kHzwere 1.33 and
0.75 μV/cm, corresponding to sensitivities of 1.33 and 0.75 μV/cm/Hz1/2,
respectively. Compared with measurements using the second-order Stark
effect without aDC field, the sensitivity was enhanced by a factor of 508 and
516, respectively (Fig. 4).

Bymonitoring the phase difference between the readout signal and the
input signal, we can determine the shielding factor of the transfer function
and the direction of the induce DC field. For low-frequency signals (e.g., 10
and 20 kHz), the transfer function shows a phase advance effect with a value
of arctanðγ=πf Þ, due to the low-frequency shielding effect. Based on the
value of this advanced phase, we can calculate the amplitude of the transfer
function (Methods). It should benoted that as the signal frequency increases
(e.g., 60 and 100 kHz), limited by the atomic response speed, the phase lag
phenomenonmay gradually reduce the accuracy of this derivationmethod.
Furthermore,we can also determine the direction of the inducedDCfield by
observing the transmitted phase. When the initial electric field direction of
the input signal is vertically downward (forward-fed), the phase of the
readout signal is closer to that of the input signal, indicating that the
direction of the induced DC electric field is also vertically downward. This
allows us to indirectly infer that the charges accumulated on the cell wall are
positive charges. Conversely, for reverse-fed signals, the phase of the output
signal is inverted (Fig. 5).

Structural enhancement technology
To further enhance the coupling capability of atomic sensors to spatial
signals, this study designed a RES for kHz spatial signal manipulation. This
structure is primarily used to capture the signal and regenerate the electric
field after RES, generating a stronger signal electric field at the Rydberg
atoms and thereby improving the sensitivity of the signal reception system
(Methods).

Parallel plates with a terminating matched resistor were used to gen-
erate a spatial signal field, aiming to measure the sensitivity of the atomic
sensor with the RES loaded. Since the detectable electric field strength is
lower than the background noise level in space at this frequency band, here
themeasurement devicewas placed in a grounded shielding boxwith partial
openings to allow laser beams and feedingwires to pass through (Methods).
By adjusting the capacitance value on the structure, the operating frequency
points of the RES can be tuned to 20 kHz and 100 kHz, respectively. At a
spectrum analyzer resolution bandwidth of 1 Hz, the minimum detectable
electric fields were 44.4 and 13.5 nV/cm, with corresponding sensitivities of
44.4 and 13.5 nV/cm/Hz1/2 (Fig. 6). Compared with measurements without
the structure loaded, the sensitivity of the atomic sensor at 20 and 100 kHz
was improved by a factor of 30 and 56, respectively.

Discussion
In summary, we proposed a Rydberg atom receiver architecture based on
laser-induced DC field self-dressing. This architecture leverages sapphire to
modify the adsorptiondynamics of the inner cell walls, utilizing theDCfield
generated by coupling laser excitation to induce a self-dressing effect on
atoms, thereby suppressing the impact of low-frequency shielding effects on
the atomic receiver. By introducing structural enhancement technology, we
further improved the receiver’s coupling capability to spatial kHz signals,
providing a critical technical pathway for achieving ultra-high-sensitivity
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Fig. 3 | Relationship between the amplitude of transfer function T and frequency.
aVariationcurvesof jTðf Þjmeasuredusingaconventional glass vaporcell anda sapphire
vapor cell, respectively,with the probe laser powerfixed at 120 μWand the coupling laser
power at 20mW.Black circles in the figuremark the positions where jTðf Þj decreases by
3 dB, and vertical gray linesmark the difference value when the curves tend to be parallel
as frequency decreases. b Variation curves of jTðf Þj measured under different coupling
laser powers (Pc) and external LED illumination conditions, with the laser beam fixed
2.4mmbelow the cell wall. For external LED illumination, the illumination range covers
the region fromthe topof thevapor cell to 1mmbelow it to generate a verticallypolarized
DC field; the green LED power is 78mW, and the blue LED power is 88mW.
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atomic receivers. By improving vapor cell fabrication processes to further
reduce the adsorption of alkali metal atoms on the cell walls, the high-
sensitivity measurement frequency range can be extended to lower fre-
quencies. Combining techniques such as beam shaping, multi-atom sys-
tems, and high-angular-momentum quantum number excitation, it is
expected to further enhance the sensitivity of atomic sensors while exhi-
biting the unique advantage of miniaturization.

Methods
Experimental setup
We employ a two-photon excitation scheme to excite cesium atoms to a
Rydberg state. The probe laser, directly generated by a semiconductor laser
with awavelengthof 852 nm, excites atoms fromtheground state j6S1=2; F ¼
4i to the excited state j6P3=2; F ¼ 5i. The coupling laser of 509 nm excites
atoms from the excited state j6P3=2; F ¼ 5i to theRydberg state j52D5=2i. By
scanning the frequency of the coupling laser, the EIT spectrum is obtained by
monitoring the change inprobe lightpower via aPD.The two laser beamsare
incident collinearly and oppositely into the vapor cell tomitigate theDoppler
broadening of the EIT spectrum. Before entering the vapor cell, both beams
pass through anHWP and a PBS, which allows for convenient adjustment of
laser power and ensures that the lasers are vertically polarized at the position
of the vapor cell (Fig. 1a). We lock the frequency of the probe laser using
saturated absorption spectroscopy. Two sets of EIT spectra are excited
simultaneously: one is used to lock the frequencyof the coupling laser, and the
other is used for experimental data testing.

Three-level atomic model
Considering the rotating-wave approximation and electric dipole approx-
imation, theHamiltonian of the three-level system in the interaction picture
can be expressed as (in the basis of bare states ½j1i; j2i; j3i�T):

H ¼ ℏ
2

0 Ωp 0

Ωp �2Δp Ωc

0 Ωc �2ðΔp þ ΔcÞ

0
B@

1
CA ð8Þ

When the frequencies of theprobe laser andcoupling laser are resonant
with the corresponding energy levels, their eigenvalues are

Ed1 ¼ 0; Ed2 ¼ �ℏ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

c þΩ2
p

q
; Ed3 ¼

ℏ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ω2

c þΩ2
p

q

The corresponding three eigenstates are

jEd1i ¼ � Ωcffiffiffiffiffiffiffiffiffiffiffi
Ω2

cþΩ2
p
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Fig. 4 | First-order detection based on the self-
dressing effect and second-order detection. Sen-
sitivity results measured at 20 kHz (a) and 100 kHz
(b). Under the self-dressing effect, the signal
amplitude input from the photodetector to the
spectrum analyzer as a function of the power
injected into the TEM cell by the signal source (red
circles); red dashed lines represent the fitted trend of
the first-order linear interval. The distance between
the laser beam and the cell wall was adjusted to
minimize the splitting of the j52D5=2i energy level.
At this point, the signal amplitude monitored at the
second harmonic frequency as a function of the
power injected into the TEM cell (blue squares) was
used to evaluate the measurement capability of the
second-order Stark effect; blue dashed lines repre-
sent the fitted trend of the second-order linear
interval. Error bars in the figures represent the 1σ
standard deviation from 5 measurements.
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Herein, jEd1i consists only of the ground state j1i and Rydberg state
j3i, with a population probability of 0 in the excited state j2i, thus being
referred to as the dark state. In the dark state, the atomic vapor no longer
absorbs the probe laser, thereby generating the EIT effect.

Considering the coupling between the quantum system and factors
such as the environment, we use the Lindblad master equation method to
analyze the losses caused by interactionwith the environment, expressed as:

_ρ ¼ � j
ℏ
½H; ρ� þ LðρÞ ð10Þ

where LðρÞ is the Lindblad superoperator. The matrix representation is:

LðρÞ ¼
X
m

ðLmρLym � 1
2
ðLymLmρþ ρLymLmÞÞ ð11Þ

Here, Lm denotes the influence of a certain loss factor, and ρ is the
density matrix, expressed as:

ρ ¼
ρ11 ρ12 ρ13
ρ21 ρ22 ρ23
ρ31 ρ32 ρ33

0
B@

1
CA ð12Þ

Substituting Eqs. (11) and (12) above into Eq. (10), the corresponding
optical Bloch equations of the system can be obtained. When the system
reaches a steady state, the density matrix no longer changes, satisfying
_ρ ¼ 0. Combined with the requirement of ρ11 þ ρ22 þ ρ33 ¼ 1 in the
density matrix, the instantaneous steady-state solution of the Bloch equa-
tions can be derived.

Considering the thermalmotion of the atoms themselves, the influence
of the Doppler effect needs to be introduced into the analysis. In our
experimental setup, the probe laser and coupling laser are incident oppo-
sitely, and their detuning can be corrected as:

Δ0
p ¼ Δp � 2πv

λp

Δ0
c ¼ Δc þ 2πv

λc

ð13Þ

where v represents the motion velocity of atoms. The corrected result of the
density matrix element ρ12 after Doppler averaging is given as:

ρ12D ¼ 1ffiffiffi
π

p
vp

Z 3vp

�3vp

ρ12ðΔ0
p;Δ

0
cÞe�

v2

u2 dv ð14Þ

where vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kT=m

p
is the most probable velocity of atoms, k is the

Boltzmann constant, T is the operating temperature of the atomic vapor,
and m is the atomic mass.

Fig. 5 | Comparison of phases of time-domain
signals. Time-domain signals measured at fre-
quencies of 10 kHz (a), 20 kHz (b), 60 kHz (c), and
100 kHz (d). In the figures, solid lines represent the
monitoring signals output by the signal source (MS).
Solid scatter plots represent the time-domain signals
output by the photodetector when the TEM cell is
forward-fed (+fed). Hollow scatter plots represent
the time-domain signals output by the photo-
detector when the TEM cell is reverse-fed (−fed)
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Fig. 6 | Sensitivity of the atomic receiver based on structural enhancement
technology. The operating frequency of the resonant enhancement structure is
adjusted using a tunable capacitor, and it is placed in a shielding box for sensitivity
testing. During the test, the laser beam position and laser power are consistent with
those set in Fig. 4. In the figure, the orange dashed line and green dashed line fit the
variation trends of thefirst-order linear intervals at 20 kHz and 100 kHz, respectively.
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According to the Beer–Lambert law, the probe laser transmitted
through the atomic vapor cell can be expressed as:

P ¼ P0 expð�
4πlN0μ

2
pIm½ρ21D�

ε0ℏΩpλp
Þ ð15Þ

Since we obtain the probe laser transmission spectrumby scanning the
frequency of the coupling laser, there is no need to correct for Doppler
mismatch. However, the presence of the Doppler effects affect the broad-
ening of the EIT spectrum and may reduce the slope β of the spectrum.

Control of DC field strength
As shown in Fig. 2a, the frequency shift of the sublevel exhibits an approxi-
mately linear relationship with the coupling laser power: ΔΩj ¼ �αjkPc,

where the DC electric field EDC satisfies EDC ¼
ffiffiffiffiffiffiffiffiffi
2kPc

p
. Here, k denotes the

field generation coefficient,whose valuedependson factors such as the spatial
relationship between the laser beamand thewall, thematerial of the cell shell,
the geometric structure of the cell shell, and the density of alkali metal atoms.

When the coupling power is fixed, altering the spatial relationship
between the laser beam and the cell wall constitutes the optimal approach to
rapidly adjust the coefficient k. To ensure the DC electric field exerts the
optimal enhancement effect on kHz signal reception, the laser beam is
positioned slightly above the center of the cell, such that the direction of the
DC electric field is collinear with the polarization directions of both the
probe laser and the coupling laser. A lifting platform enables precise control
over thedistance between the cellwall and the laser beam, thereby regulating
the DC electric field strength by influencing the coefficient k. Experimental
results reveal significant differences in the DC electric fields corresponding
todifferent cellmaterials. The k coefficient of the sapphire cell is significantly
higher than that of the glass cell, allowing a stronger DC electric field to be
generated in the sapphire cell under identical experimental conditions.
Consequently, the self-dressing effect in kHz signal reception is achieved
through the interaction between the coupling laser and the internal envir-
onment of the cell.

Derivation of the transfer function formula
The transfer function describes the variation of the external electric field
after penetrating into the vapor cell in the frequency domain. Since the
transfer function only characterizes changes in the amplitude and phase of
the electric field, the amplitude and initial phase of the external electric field
can be set to arbitrary values for analysis. Considering the external electric
field as a unit step signal, the expression is given by:

EoutðtÞ ¼ uðtÞ ¼ 0; t < 0

1; t≥ 0

�
ð16Þ

The frequency-domain expression, Eoutðf Þ, is given by:

Eoutðf Þ ¼ FfuðtÞg ¼ 1=j2πf ; f > 0 ð17Þ

The frequency-domain expression of the internal signal EinðtÞ is
denoted as Einðf Þ, given by:

Einðf Þ ¼ Ffexpð�t=1:5εR&rÞg ¼ 1
1=ð1:5εR&rÞ þ j2πf

ð18Þ

By definition of the transfer function, Tðf Þ is given by:

Tðf Þ ¼ Einðf Þ
Eoutðf Þ ¼

1=ð1=ð1:5εR&rÞþj2πf Þ
1=j2πf

¼ j2πf
1=ð1:5εR&rÞþj2πf ; f > 0

ð19Þ

When extended to vapor cells of general shapes, the frequency-domain
expression of the internal electric field Einðf Þ is given by:

Einðf Þ ¼ Ffexpð�2γtÞg ¼ 1
2γþ j2πf

ð20Þ

Thus, the expression for the transfer functionTðf Þ can be expressed as:

Tðf Þ ¼ Einðf Þ
Eoutðf Þ

¼ 1=ð2γþ j2πf Þ
1=j2πf

¼ jπf
γþjπf ; f > 0 ð21Þ

The amplitude jTðf Þj of Eq. (21) is:

jTðf Þj ¼ jjπf j
jγþ jπf j ¼

πfffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2 þ ðπf Þ2

q ð22Þ

The phase ffTðf Þ of Eq. (21) is given by:

ffTðf Þ ¼ ffðjπf Þ � ffðγþ jπf Þ ¼ π
2 � arctanðπf=γÞ

¼ arctanðγ=πf Þ ð23Þ

Thus, the transfer function Tðf Þ can also be expressed as:

Tðf Þ ¼ πfffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2þðπf Þ2

p � expðjarctanðγ=πf ÞÞ; f > 0 ð24Þ

Electric field generation based on a TEM cell
As shown in Fig. 7, an open TEM cell with a characteristic resistance (R) of
50Ωwas used to generate an electric field at kHz frequencies. The design of
this TEM cell complies with the standard IEEE Std 1309™-2013. A voltage
signal was injected into one end of the TEM cell via a coaxial cable. After
passing through a tapered structure, an electric field with a calculable
strength E ¼ ffiffiffiffiffiffi

PR
p

=d is formed in the middle of the TEM cell, where P
denotes the injected power. After passing through the vapor cell, the electric
field passed through another tapered structure and was absorbed by a 50Ω
matching load at the end. The purpose of this operation was to make the
electric field at the vapor cell position as uniform as possible and to more
fully simulate the far-field propagation pattern of the kHz-frequency elec-
tric field.

Calculation of shielding factor and sheet resistance
Aftermeasuring the response curve of the Rydberg atom receiver to electric
field signals with equal amplitude but different frequencies, the coefficient γ

in the relation jTðf Þj ¼ πf =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
γ2 þ ðπf Þ2

q
is treated as an undetermined

parameter. The value of the shielding factor γ can be obtained by fitting the
variation trends of the measured data and the theoretical curve using the
orthogonal distance regression method. Another calculation approach
involves first acquiring the phase difference Δϕ between the signal received
under forward feeding and the monitored signal, then calculating the

signal

load
+ fed region

− fed region

d
50R

Fig. 7 | Standard electric field generation device of the TEM cell. The middle part
of the device is a core plate, and the upper and lower parts are ground plates. The
distance between the central part of the core plate and the ground plates is d for both.
Based on the feeding characteristics, the internal space of the structure is divided into
a− fed region in the upper half and a+ fed region in the lower half.
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shielding factor using the formula γ ¼ πftanðΔϕÞ, and further deriving the
value of jTðf Þj.

When calculating the shielding factor γ of the glass vapor cell, it is
difficult to determine γ by directly receiving kHz signals due to the sig-
nificant influence of low-frequency shielding effects. Therefore, we adopt
the spectral readout method to measure the second-order Stark shift
inducedby1–20MHzsignals, determine the electricfield strength inside the
vapor cell, and further obtain the value of γ through fitting.

For the further calculationof sheet resistance, it is necessary to establish
a sheet resistance film model consistent with the actual shape of the vapor
cell. The response amplitude is calculated using a finite element algorithm,
and optimization algorithms such as the trust region algorithm and genetic
algorithm are employed to set the sheet resistance value in the model. This
process continues until the response curve from numerical calculation is
consistent with themeasured data; the sheet resistance value set at this point
is the result of the sheet resistance obtained via numerical calculation.

kHz resonant enhancement structure design
Given the extremely longwavelengthof kHz signals, conventional half-wave
RESs are impractical to implement.We therefore use a cored coil to form the
inductive component Lc, and parallel metal plates—incorporating an
external variable capacitor Cv and a capacitive electric field coupling
structure—to form the capacitive component (Fig. 8). This configuration
creates a resonant circuit with reactance cancellation, where the parallel
metal plates regenerate the resonance-enhanced signal into a spatial electric
field for reception by Rydberg atoms. The total capacitance in the circuit is
Call ¼ Ca þ Cv þ Cs, whereCa is the capacitance introduced by the electric
field coupling structure and parallel metal plates, and Cs is the stray capa-
citance introduced by the coil. The resonance condition is

f 0 ¼ 1=2π
ffiffiffiffiffiffiffiffiffiffiffi
LcCall

p
, where f 0 denotes the optimal operating frequency. The

f 0 of the structure can be adjusted by tuning the Cv .
The coil in this work is wound using a honeycombwindingmethod to

minimize losses from stray capacitance. This coil has an inner diameter of
20mm, a height of 10mm, and 1010 turns. The magnetic core used is
cylindrical, with a length of 200mm, a diameter of 10mm, and a relative
permeability of 2200. The capacitive electric field coupling structure has a
diameter of 1mm and a single-arm length of 35mm.

Measurement of atomic receiver sensitivity based on structural
enhancement
Following the integration of the external structure, the Rydberg atomic
receiver exhibits a pronounced detectable electric field intensity even below
the ambient electromagnetic noise in the spatial environment. Therefore,
the sensitivity measurement is realized inside a shielding box to prevent
interference from external noise signals. A parallel metal plate electrode is
constructed as the signal electric field generation device (Fig. 9). Analogous
to the TEM cell described earlier, a 50Ωmatching resistor is terminated at
the end of the signal transmission path to absorb excess signal energy, with
the electric field strength expressed as E ¼ ffiffiffiffiffiffi

PR
p

=d.

Data availability
The data supporting the findings of this study are available within this
article. Additional data are available from the corresponding author on
reasonable request.
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