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Abstract

In this study, we have compared different Rydberg atom-based microwave electrometry
techniques under the same experimental conditions and using the same Rydberg states
(6851 /2, 68P5 /5, and 67P;5 /). The comparison was carried out for the following techniques:
(i) auxiliary microwave field, (ii) microwave amplitude modulation, and (iii) polarization
spectroscopy. Our results indicate that all three techniques have a similar minimum
measurable microwave electric field. A slightly better result can be obtained by performing
polarization spectroscopy using a Laguerre-Gauss coupling laser beam.

Keywords: EIT; auxiliary microwave field; microwave amplitude modulation; polarization
spectroscopy; microwave electrometry

1. Introduction

Rydberg atoms, characterized by high excitation levels and a significant principal
quantum number 7 [1,2], possess remarkable properties such as enhanced sensitivity to
electromagnetic fields. Electromagnetically induced transparency (EIT) is a quantum inter-
ference effect [3,4] that creates a transparency window in a medium’s absorption spectrum,
facilitating precise and targeted detection. The synergy between Rydberg atoms and EIT
has created an exciting research domain with various applications [5-8]. In particular,
in recent years, the application of microwave field detection (MW) has been successfully
realized by numerous research teams [9-22]. Compact devices like atomic vapor cells have
achieved unprecedented sensitivity and speed in detecting microwave signals.

The Rydberg atom-based microwave electrometry involves a four-level atom ladder
configuration coupled by two laser beams (probe and coupling) and microwave radiation.
Under particular conditions, the EIT transparency spectrum presents an Autler-Townes
(AT) splitting [23-25], which is very sensitive to the strength and frequency of the MW field.
The AT splitting provides an accurate means to measure the MW electric field strength and
is also traceable to the International System of Units (SI) [9]. Although Rydberg EIT sensing
has led to notable advancements, it still faces certain challenges. The AT splitting defines the
threshold for detecting minimal MW electric fields, constrained by the EIT linewidth [10].
In observing the reduction in probe light transparency near the Rydberg EIT resonance,
the smallest MW electric field strength detected to date in vapor cells is 55 nV/cm [26]. This
approach offers high sensitivity but necessitates comparing transmittance measurements
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both with and without MW fields. Therefore, it is timely to develop techniques to measure
small MW fields.

Several techniques have been developed recently to lower the minimum detected MW
field using simple spectroscopical methods. In a recent work, Jia and coworkers developed
the auxiliary microwave field technique [27]. It consists of an extra MW field in resonance
with a nearby different Rydberg state, which is called the auxiliary field. This field intro-
duces an AT splitting that is larger than the EIT linewidth. The measurement is performed
in the target MW field, which is resonant to a different Rydberg state. The final AT splitting
depends on both fields, and the authors were able to measure a field as low as 31 uV/cm at
14.2 GHz. In another work, Liu and coworkers used MW amplitude modulation to reach
a minimum detectable electric field strength of 430 uV/cm at 14 GHz [28]. Gomes and
coworkers have investigated Rydberg atom-based microwave electrometry using polariza-
tion spectroscopy and were able to detect 870 uV/cm at 11.6 GHz [29]. By combining an
MW lens, the minimum field was improved to 310 uV/cm.

All these techniques were applied to different Rb atomic states under different ex-
perimental conditions (probe and control laser powers). Therefore, comparison is not
straightforward. In this work, we have applied all these techniques (auxiliary microwave
field [27], microwave amplitude modulation [28] and polarization spectroscopy [29]) to the
same Rydberg state under the same experimental conditions. Our results indicate that the
best technique is polarization spectroscopy [29]. The structure of this work is organized as
follows: (i) Section 2 presents the experimental setup and procedure; (ii) Section 3 provides
the experimental results; (iii) Section 4 presents the discussions; (iv) Finally, Section 5
concludes the study with a presentation of the main findings and conclusions.

2. Materials and Methods

Figure 1a shows the configuration of the five-level atomic ladder used in this work
(551/2,5P5/2,6851 /2, 67P5 5 and 68P;5 5) to measure the EIT Autler—Townes (AT) splitting to
perform microwave electrometry. Here, we will compare different experimental techniques:
(i) auxiliary microwave field [27], (ii) microwave amplitude modulation [28], (iii) and
polarization spectroscopy [29,30]. The basic common experimental setup for all techniques
is composed of probe (red line) and coupling (blue line) laser beams filtered by single-
mode optical fibers, which travel in opposite directions and are focused on the center
of an Rb cell (Figure 1b). The probe laser beam operates at a calculated Rabi frequency
Qp,/2m = 2.3 MHz and is stabilized to an optical cavity at the 3Rb 551 5(F = 3) —
5P;5(F = 4) transition [31]. The coupling laser beam has a calculated Rabi frequency
of O)./2m = 3.6 MHz, and it is stabilized to the same optical cavity. Its frequency is
scanned over the 5P; /»(F = 4) — 6851 ,(F = 3) transition by varying the electro-optical
modulator frequency (EOM) used in the optical cavity locking system [31]. The probe beam
is separated by a dichroic mirror (DM), and it passes through a half-wave liquid crystal
retarder (LCR) (Thorlabs model LCC1111-B) and a polarizing beam splitter (PBS), which
decomposes it into two orthogonal linearly polarized beams. Each beam is detected by a
photodiode (DET1 and DET?2). To detect the EIT signal for the auxiliary microwave field
and the microwave amplitude modulation techniques, the probe and the coupling laser
beams are linearly polarized in the x-direction, while the MW electric field is polarized
in the z-direction, and a single detector detects the probe laser. To detect the polarization
spectroscopy signal [29,30], both the probe and microwave fields are linearly polarized as
before, while the coupling laser beam is circularly polarized. In this case, the photodiode
signals are subtracted, resulting in a dispersive signal. The microwave (MW) is provided
by a commercial two-channel MW generator (Model SynthPRO, Windfreak Technologies).
Both channels are fed into a horn antenna (model PE9856B/SF-15 Pasternack, Irvine, CA,
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USA) using an MW combiner (model ZX10-2-183-5+, Minicircuits, Brooklyn, NY, USA),
producing a MW electric field polarized in the z axis. To ensure a plane wave on the Rb
cell, the MW horn is placed 82 cm from it. One channel is tuned to the 685, ,, — 68P;,,
transition at 11.6660 £ 0.0001 GHz and is defined as the auxiliary MW field (2 4,x). This
MW field is used in the auxiliary microwave-dressed Rydberg EIT-AT technique [27].
The other channel is tuned to the 68S1,, — 67P;/, transition at 12.4550 & 0.0001 GHz,
and it is the target MW field (Q ). To increase the signal-to-noise ratio, the coupling beam
is modulated at 1 kHz for the auxiliary microwave field [27] and polarization spectroscopy
techniques [29,30]. For the MW amplitude modulation technique, an MW switch (model
D1956, General Microwave, Jerusalem, Israel) is used to modulate the target MW field
at 1 kHz. The detected signals are processed by a lock-in amplifier. A zero-order vortex
half-wave retarder (VWR) (Thorlabs, Newton, NJ, USA, model WPV10L-405) is used to
generate the LG} mode with an efficiency of 97%. Ten spectra were acquired for each
experimental condition.

a
) b) ? DET2

68P3)p —— ?
Q A
6851/ /:)_AUX DET1 /4 Rbvapor cell
N N /A4 o
0 67Psr2 pes LCR DM

3 Y — y — 1
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551 /2 z X horn h

Figure 1. (Color online) (a) Scheme of the five-level atom. Levels 551/, and 5P;, are coupled by a
probe laser, levels 5P5 /, and 685, /, are coupled by a coupling laser. The levels 685, /, and 67P;; are
Rydberg levels connected by MW radiation ((2psy). The levels 6851/, and 68P;, are Rydberg levels

connected by auxiliary MW radiation (Q4,). (b) Experimental setup: waveplate (A/4); polarizing
beam splitter (PBS); Dichroic mirror (DM); liquid crystal retarder (LCR); vapor cell and photodetectors
(DET1 and DET2). A probe (red) and coupling (blue) laser beams counterpropagate inside a rubidium
vapor cell under the influence of an MW field generated at the MW horn antenna. The probe laser
beam is linearly polarized in the x-direction, while the MW electric field is polarized in the z-direction.
For the EIT measurement, the coupling laser beam is linearly polarized in the x-direction. For the
PSEIT measurement, the A/4 is used to make it circularly polarized. The probe beam is further
detected at DET1 and DET2.

3. Results

For a fair comparison of all techniques, we processed all signals identically. Figure 2
shows typical EIT spectra as functions of coupling laser detuning (A.) for the auxiliary
microwave field technique (Figure 2a); the microwave amplitude modulation technique
(Figure 2b); and polarization spectroscopy technique (Figure 2c). The red lines represent
the interpolation polynomials, which are used for data analysis. They are obtained in
the following way, we employed the interpid(x, y_smooth, kind="cubic") function,
from the Python 3.12 library SciPy [32], to perform the cubic spline interpolation. This
method generates a set of cubic polynomials, each of which approximates the data between
two consecutive points. The resulting interpolated curve is smooth and ensures continuity
not only of the values but also of the first and second derivatives between the data points.
By applying this technique, we obtain a smooth and continuous approximation of the
experimental data, suitable for estimating values at points that lie between the observed
measurements. Following this, we identified the positions of the peaks by finding the
minima of the interpolated polynomial using the function minimize_scalar(objective,
bounds=bounds) from the same library. This approach allowed us to accurately determine
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the critical points of the data. Here, we have used the AT splitting defined in each different
work: () Afy, from [27]; (b) Afgpo from [33] and (c) Apsgrr— AT from [29]. We must point
out that instead of using the zero crossing points of the EIT dispersion signal (Af ), used
by Liu et al. [28], we used the two symmetric peaks proposed by Hao et al. [33] (A f;,)-
According to the authors, this parameter allows the measurement of MW fields smaller
than those of the zero-crossing parameter. The experimental points are the average of
10 spectra for each experimental condition, and the error bars are their standard deviation.
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Figure 2. (Color online) Typical EIT spectra as functions of coupling laser detuning (A;) for experimen-
tal curve (black lines) and interpolation curve (red lines). We have also pointed out the AT splitting
used in each technique: (a) Afy; for the auxiliary microwave field technique [27], (b) Afp,, the mi-
crowave amplitude modulation technique [33], and (c¢) Apggir—at for the polarization spectroscopy
technique [29].

To calibrate the MW field, we have measured the AT splitting in the linear regime
as a function of the root square of the MW power. This was performed for the auxiliary
MW field (Q 4,y at the 6851/, — 68P5,; transition at 11.666 GHz) and the target MW field
(Qprwy at the 6851, — 67P5; transition at 12.455 GHz). Figure 3a shows Afy, as a function
of the amplitude of the electric field, which allows measurement of the amplitude of the
minimum MW electric field. For a low field, Af,; is constant; as the field increases, Af;; also
increases. The intersection between two linear fit functions allows the determination of the
minimum measurable MW electric field amplitude, which is 0.40 &= 0.02 mV /cm for the
auxiliary microwave field technique. Figure 3b shows Af;;, as a function of the amplitude
of the electric field, which allows us to determine the minimum measurable MW electric
field amplitude of 0.27 & 0.02 mV /cm for the microwave amplitude modulation technique.
Figure 4a,b show Apgpir— At as functions of the applied electric field using polarization
spectroscopy with the Gaussian and Laguerre-Gauss coupling laser beam, respectively.
For the Gaussian coupling beam, we have measured a minimum measurable MW electric



Atoms 2025, 13, 59

50f9

field amplitude of 0.18 = 0.02 mV /cm. For the Laguerre-Gauss coupling beam, we have
measured 0.17 & 0.02 mV /cm.
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Figure 3. (a) Af;; and (b) Afgy,, as a function of the amplitude of the electric field. The lines are
two linear fit functions, whose intersection, allows the determination of the minimum measurable
MW electric field amplitude, which is 0.40 £ 0.02 mV /cm and 0.27 £ 0.02 mV /cm for the auxiliary
microwave field technique and the microwave amplitude modulation technique, respectively. The
experimental points are an average of 10 spectra, and the error bars are their standard deviation.
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Figure 4. ApspiT— AT as functions of the applied electric field using polarization spectroscopy with
(a) Gaussian and (b) Laguerre-Gauss coupling laser beam. The minimum measurable MW electric
field amplitude is 0.18 = 0.02 mV /cm for Gaussian coupling beam and 0.17 4= 0.02 mV /cm for the
Laguerre-Gauss coupling beam. The experimental points are an average of 10 spectra, and the error
bars are their standard deviation.

4. Discussion

In our work, the polarization spectroscopy technique obtained the best results, with a
minimum measurable MW electric field amplitude of about 0.18 £ 0.02 mV/cm. The differ-
ence between the Gaussian and Laguerre-Gaussian coupling laser beams was negligible.
The only difference is that the Apsgjr— a1 value for zero-MW power was smaller for the
Laguerre-Gaussian coupling laser beam than for the Gaussian coupling laser beam. We
must point out that our results are ~4 times better than those obtained by Gomes et al. [29].
The two linear fit functions, in a linear plot, allow for a smaller minimum measurable
MW electric field amplitude than in a log-log plot. We believe this is due to the fact we
have used a smaller electric field fitting range in this work (<1 mV/cm). Our result for
the minimum measurable MW electric field amplitude using the auxiliary field technique
(0.40 £ 0.02 mV/cm) is worse than the result obtained by Jia et al. (31 uV/cm) [27]. We
should point out that a direct comparison is difficult for several reasons: (i) the authors
measured only six points in a small MW field (<1 mV/cm), (ii) the origin of the error
bars is not discussed in their work, and (iii) they did not describe the procedure used to
measure Afy,.

Our result for the minimum measurable MW electric field amplitude using the mi-
crowave amplitude modulation technique (0.27 = 0.02 mV /cm) is better than the result
obtained by Liu et al. (430 uV/cm) [28]. However, it is important to note that we have used
Afqpo [33] instead of Afapr [28]. On the other hand, our result is worse than that obtained by
Hao et al. (56 uV/cm at 9.2 GHz). Again, direct comparison is difficult for several reasons:
(i) the authors measured only a few points in a small MW field (<1 mV/cm), (ii) the origin
of the error bars is not discussed in their work, and (iii) they did not describe the procedure
used to measure Afyy,. It is important to point out that Jia and coworkers [27] used a
Ds/o — F;,5 Rydberg transition, while Liu and coworkers and Hao and coworkers [28,33]
used D5/, — P3/» Rydberg transition. Such transitions are polarization dependent as
shown in [34] and influence any comparison. On the other hand, our S;,, — P5/, Rydberg
transition is polarization-independent [35].



Atoms 2025, 13, 59 7of 9

5. Conclusions

In this work, we have compared different Rydberg atom-based microwave electrom-
etry techniques (auxiliary microwave field [27], microwave amplitude modulation [28],
and polarization spectroscopy [29,30]) for the same atomic Rydberg states and under the
same experimental conditions. Our results indicate that polarization spectroscopy allows
for the best minimum measurable MW electric field amplitude (0.18 £ 0.02 mV/cm). It
is essential to highlight that all techniques used in this work require calibration of the AT
splitting against a primary microwave electric field standard prior to their usage measuring
an unknown field. We note, however, that a detailed sensitivity comparison among the
techniques lies beyond the scope of this work and may be addressed in future investiga-
tions. Such a primary standard might be based on a superheterodyne technique [26], which
would be used to calibrate a simpler and faster secondary standard. We should also point
out that the use of a microwave lens could expand the range of applications of such a
secondary standard, as demonstrated in [29].
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