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Abstract

Rydberg atoms enable sensitive electric-field measurements by converting field-induced
changes in atomic energy levels into optically detectable signals. This work investigates
four partial discharge models using Rydberg-atom sensing, a commercial ultrahigh-
frequency (UHF) antenna, and a custom-built monopole antenna. The measured time-
domain signals and phase-resolved partial discharge (PRPD) patterns are compared to
evaluate their temporal features and phase-dependent distributions. Particular emphasis is
placed on the contribution of atomic sensing to resolving low-frequency components of dis-
charge signals, providing information complementary to conventional UHF measurements.
By linking time-domain observations with PRPD characteristics, this study explores the
potential of Rydberg-atom sensing to extend the spectral information available for partial
discharge characterization.

Keywords: Rydberg-atom sensing; partial discharge; Rydberg electrometry; UHF detection;
monopole antenna; PRPD patterns; electromagnetic signal characterization

1. Introduction

Partial discharge (PD) is an important indicator of insulation degradation in high-
voltage electrical equipment [1]. Persistent discharge activity can accelerate insulation
deterioration and may eventually lead to insulation breakdown and equipment failure [2-5].
Therefore, reliable PD measurement and characteristic analysis are important for assessing
insulation conditions and supporting the safe operation of power systems.

Based on the physical signals generated by partial discharge and the corresponding
detection principles, existing partial discharge detection methods mainly include electrical,
electromagnetic, acoustic, optical, and chemical methods [4,6,7]. Among these, the pulse
current method is a traditional and well-established approach [4,8], while electromagnetic-
radiation-based methods, such as ultrahigh-frequency (UHF) detection, have also been
widely applied to partial discharge detection and online monitoring [7,9]. For electromag-
netic detection, the transient electromagnetic signals generated by partial discharge exhibit
broadband characteristics, and their radiation and propagation properties are influenced
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by factors such as the discharge type, equipment structure, and propagation path [10,11].
Previous studies have shown that partial discharge electromagnetic radiation can extend
across broad frequency ranges, including the high-frequency (HF), very-high-frequency
(VHF), and UHF bands [12-14]. However, compared with studies covering these frequency
ranges, studies on low-frequency electromagnetic responses in the kHz range are still rel-
atively limited. Whether partial discharge exhibits detectable electromagnetic responses
in this frequency range and what characteristics such signals have remain to be further
investigated. Therefore, extending the spectral range for detecting partial discharge elec-
tromagnetic signals and exploring low-frequency electromagnetic responses in the kHz
range may provide additional insight into the electromagnetic radiation characteristics of
partial discharge.

Rydberg-atom-based quantum electric-field sensing provides a new approach for mea-
suring the transient electromagnetic signals associated with PD. Rydberg atoms exhibit
high electric-field sensitivity and a broadband response extending from DC to the tera-
hertz range [15-18]. When an external electric field interacts with highly excited Rydberg
atoms, it induces Stark shifts or Autler—Townes (AT) splitting of the atomic energy levels.
These changes can be optically detected through electromagnetically induced transparency
(EIT) spectroscopy [16], converting local electric-field variations into measurable optical
signals and enabling noninvasive electric-field measurements. The measurement can also
be traced to fundamental physical constants, reducing the reliance on calibration with
conventional antennas [16]. In recent years, Rydberg-atom sensing has attracted increasing
attention for radio-frequency and microwave electric-field measurements [19-22], and re-
cent studies have also applied it to the detection of PD signals [23-25]. Compared with
conventional electromagnetic sensing methods that primarily target specific frequency
bands, the broadband response of Rydberg atoms provides the possibility of capturing
additional frequency information from PD signals. It may therefore complement existing
UHF and high-frequency detection methods and provide additional information for the
characterization of PD electromagnetic signals.

Based on this, we use a Rydberg-atom sensor, a commercial UHF sensor, and a custom-
built monopole antenna to measure four types of PD under the same experimental condi-
tions. By comparing the time-domain signals and phase-resolved partial discharge (PRPD)
patterns [26-29] obtained with the three sensors, we characterize their responses to the
transient and phase-resolved features of different PD types. For the Rydberg-atom sensor,
the measured signals are further processed using a 100 kHz low-pass filter to examine its
response to lower-frequency information contained in PD signals. This comparison helps
assess the role of Rydberg-atom sensing in PD electromagnetic signal characterization and
its complementarity with conventional electromagnetic sensing.

2. Rydberg-Atom Sensing Principle

The Rydberg-atom sensor converts an external electric field into an optical transmission
response through a ladder-type electromagnetically induced transparency (EIT) system. We
consider a three-level atomic system consisting of the ground state |g), intermediate state |e),
and Rydberg state |r). A weak probe field couples the |g) < le) transition, while a stronger
coupling field drives the |e) < |r) transition. Under the rotating-wave approximation,
the interaction Hamiltonian is given by

g 1(° 0
%ZE Qp _2AP Qc y (1)

0 Q.  —28,+4)
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where (), and (), denote the Rabi frequencies of the probe and coupling fields, respectively,
and A, and A, are their corresponding single-photon detunings. The quantity A, + A,
represents the two-photon detuning and determines the resonance condition involving the
Rydberg state.

In the weak-probe regime, the optical response of the atomic system can be described
by the probe-transition coherence. Under steady-state conditions, the coherence p,, can be
expressed as

iQ) 02/4 -1
Pge = Tp Vge = By + Vor — i(CA/p +A) | 7 )
where 7, and 7,, are the coherence decay rates. This expression shows that the probe
response depends on the two-photon detuning. Near two-photon resonance, the coupling
field suppresses probe absorption and produces an EIT transmission feature. Therefore,
a shift of the Rydberg-state energy changes the two-photon resonance condition and can be
detected through the corresponding variation in probe transmission.

For the thermal atomic ensemble used in the experiment, the atomic velocity distri-
bution introduces Doppler broadening. Because the probe and coupling fields counter-
propagate, the velocity-dependent detunings can be written as

Ap(v) = Ap — kpv, A.(v) = A+ ko, (3)

where k, and k. denote the magnitudes of the wavevectors of the probe and coupling fields,
respectively. The corresponding two-photon detuning therefore contains a residual velocity-
dependent term (k. — kp)v. The ensemble response can be obtained by averaging the atomic
coherence over the velocity distribution,

<pge> = fj: ng(v)f(v) do, (4)

where f (v) denotes the normalized thermal velocity distribution. The probe absorption
is proportional to the imaginary part of the atomic susceptibility, which is determined by
the ensemble-averaged coherence, and the probe transmission follows from the resulting
absorption. Thus, changes in the Rydberg-state energy can be converted into measurable
variations in the transmitted probe power.

The PD electric field perturbs the Rydberg state through the Stark effect. In the
quadratic Stark regime, the energy shift of the Rydberg state can be written as

1
AW = —>aE?, (5)

where E is the external electric-field amplitude and « is the polarizability of the Rydberg
state. The corresponding angular-frequency shift is given by
2
5wStark = % = _%' (6)
The Stark shift changes the Rydberg-state resonance and consequently modifies the
two-photon detuning. With the detuning convention used in the Hamiltonian above, this
effect can be represented as

Ap + AC Ed AP + AC — 5w5tark. (7)

Therefore, the transient electric field generated by a PD event produces a time-
dependent Stark shift, which perturbs the EIT resonance and changes the probe trans-
mission. The photodetector converts this optical transmission variation into an electrical
signal. The recorded temporal response thus provides an optical readout of the transient
electric field associated with the PD event. In this way, the Rydberg-atom sensor establishes
an optical-to-electrical transduction pathway from the PD electric field to the experimentally
measured signal.
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3. Experimental Setup
3.1. Optical Setup

The experimental optical setup is shown in Figure 1. We use a ladder-type three-level
system of Cs atoms, with the 852 nm probe laser driving the 6S,,, — 6P;, transition and
the 510 nm coupling laser driving the 6P;, — 64Ds,, transition. The two laser beams
first pass through polarization beam splitters (PBSs) for polarization purification and then
through half-wave plates (HWPs) to adjust their polarization directions, giving the two
beams the same polarization state. The two beams then propagate in a counter-propagating
and collinear configuration through the atomic vapor cell. The 852 nm probe beam has
a Gaussian beam diameter of approximately 400 pm and a power of 70 uW, while the
510 nm coupling beam has a Gaussian beam diameter of approximately 450 ym and a
power of 30 mW. A small fraction of the probe light is reflected from a white glass plate
for probe-power stabilization, thereby reducing the influence of laser-power fluctuations
on the measurements. Both lasers use the Pound-Drever-Hall (PDH) technique [30]
for frequency stabilization and are locked to frequencies that satisfy the two-photon EIT
resonance condition, with locking bandwidths of 250 kHz and 700 kHz for the 852 nm
and 510 nm lasers, respectively. To reduce the effects of environmental electromagnetic
reflections, multipath effects, and spurious signals on atomic detection, the entire optical

setup and atomic vapor cell are placed inside a microwave anechoic chamber.

Figure 1. Optical setup of the Rydberg-atom sensor for partial discharge electromagnetic signal
detection. The probe and coupling lasers counter-propagate along the same optical axis through the
Cs vapor cell, with their frequencies locked to the EIT two-photon resonance. HWP: half-wave plate;
PBS: polarizing beam splitter; DM: dichroic mirror.

3.2. Partial Discharge Models

We construct four typical PD models to emulate common insulation-defect discharge
behaviors in power systems, as illustrated in Figure 2. Figure 2a shows the metal floating
discharge model, which consists of a metal wire—capacitor series structure and a metal
plate. The metal wire has a radius of approximately 500 ym, and a 100 nF capacitor is
connected in series to emulate the charge accumulation and release processes of floating
metallic components under alternating electric fields. The distance between the metal wire
and plate electrodes is approximately 0.4 mm. Figure 2b presents the surface creeping
discharge model, which adopts a needle—plate configuration with an insulating tape placed
between the needle electrode and the metal plate. The gap distance is approximately 5 mm.
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Figure 2c depicts the cable air-gap discharge model, formed by two tightly wound cables
conforming to the GB/T 19666 standard, with a copper conductor cross-sectional area of
1.5 mm?. Figure 2d shows the corona discharge model, which consists of a needle-plate
electrode configuration. The curvature radius of the needle tip is approximately 300 yum,
and the gap distance between the needle and plate electrodes is 5 mm. The PD models
are positioned at the same height as the cesium vapor cell, with a horizontal separation of
approximately 5 cm. A 50 Hz, 2.5 kV high-voltage supply is applied across the electrodes

to generate the PD signals.

Figure 2. Experimental setups of the four partial discharge models used in this study. (a) Metal floating
discharge; (b) insulation surface creeping discharge; (c) cable air-gap discharge; (d) corona discharge.

3.3. Sensors

The three sensors used in the experiment are shown in Figure 3. Figure 3a shows
the cesium vapor cell, which is a sealed cylindrical glass cell with a length of 10 cm and
a diameter of 2 cm. The cell is filled with cesium vapor, and its theoretical measurement
bandwidth can cover the DC-THz frequency range. Figure 3b shows the UHF sensor
(TWUHF-G04, Tianwei Xinyu), which has a measurement bandwidth of 0.3-1.5 GHz and a
detection sensitivity of 1 pC. Figure 3c shows the custom-built monopole antenna, with a
measurement bandwidth of approximately 0.29-3.16 GHz [31].

14.2 cm

o ——

Figure 3. Three sensors used for partial discharge electromagnetic signal detection: (a) Rydberg-atom
sensor, (b) commercial UHF sensor, and (¢) custom-built monopole antenna.

4. Results

Figure 4 shows the typical time-domain responses of four types of partial discharge
signals acquired by the Rydberg-atom sensor within a 20 ms time window. Since 20 ms
corresponds exactly to one power-frequency cycle, this time window captures the transient
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responses of the partial discharges over one complete cycle. To examine the response of
the Rydberg-atom sensor to discharge signals in the lower-frequency range, the signals
shown in the figure are processed using a 100 kHz low-pass filter. The filtered signals still
exhibit clear transient intensity variations, with differences among the four discharge types
in pulse amplitude, occurrence frequency, and temporal distribution. In particular, some
pulses from the metal floating discharge exhibit relatively large amplitudes, whereas the
pulse amplitudes of the insulation surface creeping, cable air-gap, and corona discharges
are generally at a similar level, with relatively dense pulse sequences. The Rydberg-atom
sensor can thus capture the transient responses of different types of partial discharges
under 100 kHz low-pass filtering, demonstrating its response to discharge signals in the
lower-frequency range and providing a basis for further comparison of the PD information
obtained using different sensing approaches.

PD Signal (mV)

Corona
Cable Air Gap
10 Creeping

Iy
m,
(3] ('778}

15 Floating

20

Figure 4. Typical time-domain responses of four types of partial discharge signals measured by the
Rydberg-atom sensor after 100 kHz low-pass filtering. The labels floating, creeping, cable air-gap,
and corona correspond to metal floating discharge, surface creeping discharge, cable air-gap discharge,
and corona discharge, respectively. The negative-going pulses indicate decreases in transmitted probe-
light intensity relative to the EIT peak intensity and do not directly represent the polarity of the PD
electromagnetic signals.

These results show that the Rydberg-atom sensor can convert the transient electro-
magnetic disturbances generated by partial discharges into measurable optical intensity
variations and capture discharge responses with distinct temporal characteristics. To further
examine the correspondence between the discharge pulses of the four PD types and the
phase of the applied AC voltage, 10 s of PD signals containing approximately 500 power-
frequency cycles are acquired for constructing the PRPD patterns. The signals are likewise
processed using a 100 kHz low-pass filter. The time-domain signals are first converted to
their absolute values, and the peak positions of the discharge pulses are extracted using
peak detection. The power-frequency cycle is then determined from the synchronization
signal obtained from the power supply, and the corresponding phase of each discharge
pulse is calculated. The discharge pulses are subsequently mapped onto the corresponding
phase intervals to obtain the PRPD patterns for the four PD types as shown in Figure 5.
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Figure 5. PRPD patterns of four types of partial discharge signals measured by the Rydberg-atom
sensor after 100 kHz low-pass filtering: (a) metal floating discharge, (b) insulation surface creeping
discharge, (c) cable air-gap discharge, and (d) corona discharge.

The PRPD patterns show that the discharge signals from the metal floating discharge
are mainly concentrated in the phase ranges of 90-210°, 300-360°, and 0-30°. The signals
from the insulation surface creeping and cable air-gap discharges are mainly distributed
in the phase ranges of 0-90° and 180-270°. In contrast, the corona discharge signals are
mainly concentrated in the phase ranges of 45-150° and 225-330°. It should be noted
that the discharge signals from the corona discharge in the 45-150° phase range mainly
correspond to transient discharge activity occurring during the breakdown process of the
corona discharge.

To further compare the responses of different sensing approaches to PD electromagnetic
signals, we measure the four types of PD under the same experimental conditions but
without filtering, using a commercial UHF sensor. The corresponding time-domain signals
are shown in Figure 6. Unlike the optical intensity response of the Rydberg-atom sensor,
the UHF sensor directly measures the high-frequency electromagnetic response generated
by PD, and its output signal can therefore exhibit both positive and negative variations.
The pulse amplitudes and polarity variations differ to some extent among the different PD
types, among which the metal floating discharge signal has a significantly higher amplitude
than the other discharge types. To present all discharge signals within the same vertical
scale, its amplitude is reduced by a factor of 10 in the figure.

On this basis, 10 s of UHF PD signals are acquired, and the same PRPD processing
procedure is applied to obtain the PRPD patterns of the four PD types as shown in Figure 7.
The PRPD phase distributions obtained with the UHF sensor are generally consistent with
those obtained with the Rydberg-atom sensor, with all four PD types exhibiting similar
major phase-distribution characteristics.

The time-domain signals of the four types of partial discharge measured using the
custom-built monopole antenna are shown in Figure 8. These signals are likewise acquired
without low-pass filtering. Similar to the UHF sensor, the signals measured by the monopole
antenna also exhibit both positive and negative variations. Likewise, because the amplitude
of the metal floating discharge signal is significantly higher than those of the other discharge
types, its amplitude is reduced by a factor of 10 in the figure to facilitate the presentation of
all discharge signals within the same vertical scale.
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Figure 6. Typical time-domain responses of four types of partial discharge signals measured by
the UHF sensor. The amplitude of the metal floating discharge signal is reduced by a factor of 10
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Figure 7. PRPD patterns of four types of partial discharge signals measured by the commercial UHF
sensor: (a) metal floating discharge, (b) insulation surface creeping discharge, (c) cable air-gap
discharge, and (d) corona discharge.
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Figure 8. Typical time-domain responses of four types of partial discharge signals measured by the
custom-built monopole antenna. The amplitude of the metal floating discharge signal is reduced by a
factor of 10 for display.
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The PRPD patterns obtained using the same data-processing procedure are shown in
Figure 9. The phase distributions of the four PD types are generally consistent with those
obtained using the two sensing approaches described above, although differences can be
observed in the signal density and amplitude distribution.
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Figure 9. PRPD patterns of four types of partial discharge signals measured by the custom-built
monopole antenna: (a) metal floating discharge, (b) insulation surface creeping discharge, (c) cable
air-gap discharge, and (d) corona discharge.

Taken together, all three approaches capture the four PD types under their respective
measurement conditions, with consistent PRPD phase distributions. The relative amplitude
trend is also similar across the three approaches, with the metal floating discharge exhibiting
a higher output amplitude than the other three PD types. In addition, under the same
100 kHz low-pass filtering, only the Rydberg-atom sensor retains clear transient responses.

5. Discussion

The three sensing approaches employ different physical principles and produce differ-
ent types of output signals. The Rydberg-atom sensor detects the electric field by monitoring
the EIT-induced change in transmitted probe-light intensity. The PD signal is therefore
converted into an optical intensity change, and its maximum variation is inherently bounded
by the EIT peak intensity (approximately 20 mV in our setup). In the present measurements,
the signal variation does not reach this upper bound. In contrast, the commercial UHF
sensor and the custom-built monopole antenna directly convert the PD electromagnetic
field into a voltage signal and can be further amplified. Because the three approaches have
different sensing mechanisms and detection chains, their absolute output amplitudes cannot
be directly compared quantitatively without appropriate calibration. Nevertheless, all three
approaches exhibit the same relative amplitude trend within their respective measurements,
with the metal floating discharge showing the highest amplitude among the four PD types.
For the metal floating discharge, charge accumulates on the isolated metal part until the
potential difference reaches the breakdown threshold, after which the accumulated charge
is released in a single discharge event, producing a larger transient current and stronger
electromagnetic radiation than the other discharge types [32].

The differences observed after low-pass filtering can be attributed to the distinct sensing
mechanisms and effective bandwidths of the three approaches. The commercial UHF
sensor and the custom-built monopole antenna are metal-antenna-based devices that rely
on electromagnetic coupling and resonance, and their effective bandwidths are typically
located in the high-frequency range. When a 100 kHz low-pass filter is applied, the high-
frequency components of the PD signals are largely removed, and the remaining low-
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frequency components fall outside the effective bandwidths of these antennas, leading to
no obvious discharge response. In contrast, the Rydberg-atom sensor measures the electric
field through atomic energy-level transitions and optical detection, without relying on
a metallic antenna structure. Its response is therefore not limited by antenna resonance
and can remain sensitive to low-frequency electric-field variations, which explains why
clear transient PD responses are still observed after low-pass filtering. The consistency in
the main PRPD phase distributions indicates that all three approaches capture the same
underlying PD phase characteristics, while the differences in pulse amplitude, pulse density,
and waveform reflect their different frequency responses and sensitivities. The Rydberg-
atom sensor thus provides complementary low-frequency information that is difficult to
obtain with conventional UHF and antenna-based measurements.

6. Conclusions and Outlook

In this work, Rydberg-atom sensing was applied to the characterization of partial
discharge electromagnetic signals and compared with a commercial UHF sensor and a
custom-built monopole antenna. The results show that Rydberg-atom sensing can ob-
tain phase information of partial discharge signals consistent with that obtained using
conventional electromagnetic sensing approaches. In addition, clear transient discharge
responses remain observable from the Rydberg-atom sensor after 100 kHz low-pass filter-
ing, indicating its response to lower-frequency information contained in partial discharge
signals. Therefore, Rydberg-atom sensing can complement conventional UHF and antenna
measurements and provide an additional approach for characterizing partial discharge
electromagnetic signals over different frequency components.

However, the investigation of lower-frequency information in this work is mainly based
on the low-pass-filtered results obtained with the Rydberg-atom sensor, and a direct and
quantitative comparison of the frequency responses of the three sensing approaches under
the same conditions has not yet been performed. Future work could employ controllable
electromagnetic field sources to systematically characterize the responses of the three
sensing approaches at different frequencies, and further compare their response amplitudes,
sensitivities, and noise levels. From an application perspective, Rydberg-atom sensing
relies on an atomic vapor cell and optical detection for electric-field measurement, and its
sensing element does not require a conventional metal antenna structure. Therefore, future
work could achieve a miniaturized all-optical design, which is expected to be deployed
inside enclosed equipment such as switchgear or at specific locations within gas insulated
switchgear (GIS) for online partial discharge monitoring.
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