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The Rydberg electromagnetically induced transparency (EIT)-Autler Townes (AT) splitting proportional to the
target microwave electric field strength is an atom-based primary traceable standard in microwave electrometry.
The minimum detected microwave electric field is limited when the EIT-AT splitting is indistinguishable.
We design a method for auxiliary microwave-dressed Rydberg atoms that extends the electrometric span. We
theoretically and experimentally show that the low bound of the direct SI-traceable microwave electric field is
extended by two orders of magnitude, which is from several mV/cm to ©V/cm in a room-temperate Rb cell

with a modest setup.
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I. INTRODUCTION

Quantum sensors [ 1] employ quantum-mechanical systems
for measuring various physical quantities, ranging from time
and frequency [2,3] to magnetic and electric fields [4-6],
temperature, and pressure [7]. Quantum sensors have become
a distinct and rapidly growing branch of research in quantum
science and engineering in recent decades. An ideal quan-
tum sensor is expected to provide a strong response only
to the target physical quantity, and the observed signal has
a monotonic relationship with the target physical quantity
[1]. Owing to advantages such as reproducibility, accuracy,
and stability, many quantum-system-based measurement tech-
niques are adopted as direct International System of Units (SI)
traceability paths. A setup of Rydberg atoms in a vapor cell
with bright resonance has attracted steady research interest as
a candidate for a primary traceable standard for microwave
electrometry [8]. The Rydberg electromagnetically induced
transparency (EIT) Autler-Townes (AT) splitting is propor-
tional to the target microwave electric field strength in the
AT regime [8—10]. The detection of weak microwave fields
is important for many practical applications. The lower limit
of the AT regime corresponds to the lower bound of the direct
SI-traceable microwave electric field, which has been reported
previously as approximately 5 mV/cm in room-temperate
vapor cells [8—10]. Simons et al. varied the microwave (MW)
frequency from resonance to detuning to extend the interval
of EIT-AT splitting under the same MW electric field strength

[11] as Af,, = /(uw)? + (Afy)?, where Sy is the MW
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detuning and A fj is the separation of the two peaks with no rf
detuning (or when 8w = 0). Their MW detuning approach
is able to measure an MW electric field strength with a fac-
tor of 2 smaller than the MW resonance method. The lower
bound of the AT regime was improved from approximately
5 mV/cm to 100 ©V/cm by utilizing cold atoms to reduce
the residual Doppler effect [12]. Below the AT regime where
the EIT-AT splitting is indistinguishable, the MW field can
be characterized by a reduction in the transparency of the
probe light near the Rydberg EIT resonance [8]; however, it
is not intuitive. Moreover, large uncertainties arise from tem-
perature fluctuations, atomic density, and laser intensity. In
addition, rf-dressed Rydberg atoms have exhibited enhanced
DC electric field sensitivities [13]. Several rf-dressed methods
have been developed to improve the limit of the minimum
value of measurement below the AT regime. A heterodyne
detection scenario with two electric fields of equal frequencies
has been used on a cesium vapor cell to achieve a minimum
detected field of 460 nV/cm [14]. Moreover, Rb vapor cells
have been used to achieve fields of hundreds of pV/cm by the
Rydberg-atom superheterodyne receiver based on microwave-
dressed Rydberg [15]. However, such approaches require long
detection times of approximately 5000 s [15] and are not
intuitive.

In this work we demonstrate an auxiliary microwave field
applied to Rydberg atoms that can be utilized to significantly
extend the AT regime and improve the lower bound of the
direct SI-traceable microwave electric field strength by two
orders of magnitude in a room-temperate Rb cell with a mod-
est setup. Contrary to a previous work of heterodyne detection
[14,15], the frequency of the auxiliary microwave field is dif-
ferent from that of the target field by approximately 1.4 GHz.
The primary objective of this study was shifting the sensor’s
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FIG. 1. Atomic energy level scheme of an auxiliary microwave-
dressed Rydberg EIT and AT splitting.

span to a more sensitive area, which considerably improves
the performance of quantum microwave electrometry.

II. THEORETICAL METHOD

The AT splitting of a Rydberg line under the presence of an
auxiliary microwave field is employed to measure the ampli-
tude of the signal microwave field. An auxiliary microwave
field is employed to extend the range over which the mi-
crowave field can be measured to lower values. Figure 1 shows
the atomic energy levels of the auxiliary microwave-dressed
Rydberg EIT and AT splitting. The advance here appears to
be mostly arising from a splitting the Rydberg line by a strong
auxiliary field. The two “new” lines that arise are then detuned
from the auxiliary-field-free transition by several MHz. The
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where €2; is the Rabi frequency, wj; is the angular frequency of
the light field, and w is the angular frequency corresponding
to the atomic resonance transition, detuning A; = w; — wjp.
Here, i can be p, c, t, or a, which denote the probe light,
coupling light, target, and auxiliary microwave electric field,
respectively. Anderson et al. investigated the two-photon AT
Splittil’lg of I’lS]/z-(I’l-l-l)S]/z and nDS/z‘(n+1)D5/2 in 85Rb
atoms in a room-temperature vapor cell and estimated the
two-photon Rabi frequency as Q2. pyw o 212,/2A, where
Q) and 2, are the single-photon Rabi frequencies, and A
is the detuning of the microwave frequency from the inter-
mediate state [20]. In our case, the detuning amount of each
microwave field is caused by the dressed of the atomic en-
ergy level by another microwave field, that is, A = % + %
Therefore we proposed the two-photon Rabi frequency with
a fitting parameter s as Qo xyw = s% in the H following
Ref. [20]. Then the transmittance of the probe light is T =

—2(A,+ A — Ay)

two new lines then respond to the signal weak field in a way
that is similar to a usual AC shift, in which the AC shift of
the two “new lines” goes opposite ways as shown in Fig. 1.
Then the EIT-AT splitting enlarged by signal microwave field
is used to measure the strength of signal of the microwave
field. We will explain this process from two aspects: numerical
simulation and simple analytical derivation.

A. Numerical simulation

When the amplitude of the microwave field Eyw is suffi-
ciently strong, the so-called AT regime, the Rydberg EIT and
AT splitting A f,, has a linear relationship with Ej;y [8—10],

h h
|[Eyw| = ——Quw = ——DAf,, )]
Mmw Mmw

where Q2w is the Rabi frequency for the microwave transi-
tion, 7 is Planck’s constant, iy is the dipole moment of the
microwave atomic transition, D = A, /A, is called the residual
Doppler parameter for the Doppler mismatch of A,, and A,
and A, are the wavelengths of the probe and coupling lasers,
respectively. The Doppler factor D in Eq. (1) only applies
when the probe light is scanned. The linear relationship in
Eq. (1) does not hold when A f,, becomes smaller than g,y
[10].

We improve the theoretical model in the ATOMICDENSI-
TYMATRIX package (e.g., [16,17]) to calculate the Rydberg
EIT-AT [18,19], and we introduce the two-photon Rabi
frequency Q,xyw by the perturbation method [20]. The
Hamiltonian of the system under the rotating-wave approxi-
mation is given by

0 0
0 0
Q, Q, , 2

Qoxmw

Qoxmw —2(Ap+ A+ Ay)

(

exp(—%’lm[E]), where the susceptibility & = %pzw, No
is the atomic number density, and the subscript D represents
the Doppler average of p,; [10].

Figure 2 shows the simulation results of Rydberg EIT-AT
splitting A f,, and €2, with several typical auxiliary microwave
electric field Rabi frequencies 2, ~ 0, 0.5, 1, 2xT'g;7. The
data are calculated with Q, =0.4x27 MHz and Q. =
3.5x2m MHz, which are typical parameters in the calcula-
tions and experiments [10], and s =2 is chosen to exhibit
two-photon resonance transition. The result with 2, =0
shows that Af,, no longer satisfies the linear relationship
when Q; < I'gjr, and Af,, is indistinguishable when 2, <
0.5xTg;r. When Q, ~ I'g;r or Q, > I'grr, it can be seen
that the EIT-AT splitting always exists, and A f,, maintains a
monotonic relationship with €2,. The method extends the AT
regime, and A f,, can be utilized to characterize weak E,.
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FIG. 2. Simulation results of Rydberg EIT-AT splitting A f,, and
2, with different auxiliary microwave electric field Rabi frequencies.
Note that the linewidth of the Rydberg EIT is I'g;r = 3.5x27 MHz
at gas temperature 300 K.

B. Simple analytical model

Considering only the 3x3 submatrix with two microwave
fields in H, the relationship between the EIT-AT splitting
Af, and Rabi frequency of the two microwave fields can
be described by an analytic expressionas A, = A, = A, =0
(211,

2
P NCALANE ]
D" D 3

X [cos8 — cos(6 + 27 /3)], 3)

Afm =

- SRay
24825 Qu+;

J AR+ 28 )3 )

The results of this analytical expression are in good agree-
ment with those of the simulation. The relation between A f,,
and €2; show a nonlinearity relationship, especially at the very
low field. The explanation is as follows: when two microwave
fields act on the system, the EIT-AT split is not only related
to the Rabi frequency of each microwave field but also Rabi
frequencies of both microwave fields. When one takes the
two-microwave photon interaction Qs yw = 0, Eq. (3) yields
familiar results [21], as A f,,(Qoxpw — 0) = 5/ Q7 + Q2,
which is responsible for the nonlinearity relationship. When
Q, = 0, Eq. (3) attains the most common results A f,, = ,%Qt,
as shown in Eq. (1). Moreover, the two-photon Rabi frequency
Q.mw, Which is proportional to the product of the Rabi fre-
quencies of the two microwave fields, makes the nonlinearity
more complicated.

where 6 = % arccos(

III. EXPERIMENTAL SETUP AND METHODS

We experimentally demonstrated the above advantages
in a room-temperature vapor cell of ’Rb. The energy lev-
els of 87Rb, 5S]/2(F 22), 5P3/2(F :3), 53D5/2(F =4),
and 54P3 ), (F = 3), 52F7,,(F = 5) correspond to |1), |2), |3),
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FIG. 3. Scheme of the assisted microwave-dressed Rydberg EIT-
AT splitting.

|4),15) in the theoretical model, respectively. Figure 3
shows a diagram of the experimental setup. The probe light
(Ap ~ 780 nm) is generated by a tunable diode laser (DL100,
Toptica). The frequency of the laser can be scanned around
the resonance transition of ’Rb 55, p(F =2)to5P3)»(F =3)
with £25MHz by an acousto-optic modulator (AOM) [19]
in 250 ms for each measurement. The coupling light of
(A. ~ 480 nm) is generated by a frequency-doubled diode
laser (TA-SHG-Pro, Toptica), and its frequency is locked at
the resonance transition of *’Rb 5P52(F = 3) to 53 Ds o (F =
4) by the Zeeman modulation method [18]. The diameter
of the probe light and the coupling light is approximately
800 um and 900 pm, respectively. The intensity of the probe
light and the coupling light is 60 uW and 40 mW, respec-
tively. The intensity of the coupling light can be modulated
by the AOM with a modulation frequency of 30 kHz to im-
prove the signal-to-noise ratio of the EIT-AT spectra. The
intensity of the probe light is recorded by a photodetector
(PDA36A2, Thorlabs) after interaction with coupling light
and microwaves in the Rb cell and then sent to a lock-in
amplifier (LI5640, NF Corporation).

The two microwave fields correspond to the Rydberg
transitions at 53 Ds > (F = 4) to 54 P;»(F = 3) (~14.2 GHz)
and 53 D5 (F = 4)to 52 F;7o(F = 5)(~ 15.6 GHz). They are
provided by the two signal sources (E8257D and 8340B,
Keysight Technologies) and then irradiated to the Rb cell
through two rectangular horn antennas. The horn antennas are
placed far from the atom cell to meet the far-field conditions of
microwave field transmission. The probe light, coupling light,
and microwave fields are vertical linear polarizations (along
the z axis), and the propagation of the microwave fields is
perpendicular to the coupling beam and the probe beam. Note
that the Rydberg EIT-AT splitting in the linear AT regime
is used to calibrate E; or E,, and then a calibrated linear
attenuator is used to obtain weak E; or E, [8-10].

The effect of the interference of two microwave fields can
be ignored in our work for the following reasons. (1) The
frequency of the difference frequency term in the interference
is about 1.4 GHz. There is no related energy-level transi-
tion starting from the three Rydberg states involved in the
system. Then the microwave field caused by the difference
frequency term in the interference has a huge amount of
detuning for the atomic energy levels in the system, and the
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FIG. 4. An experimental example of Rydberg EIT and AT split-
ting spectra by an auxiliary microwave field. Black line: The Rydberg
EIT signal without microwave electric field. Red line: When the
target microwave electric field is too weak to generate the EIT-AT
splitting. Blue line: When only the auxiliary microwave electric field
is turned on, a clear EIT-AT is observed. Dark yellow line: When
both the auxiliary and target microwave electric fields are turned on,
the EIT-AT splitting becomes larger than those of the blue line.

influence of the difference frequency term can be ignored.
And the frequency of the sum frequency term corresponds
to the transitions of state |4) to |5), but the difference in
the orbital angular momentum of |4) and |5) is 2, which
belongs to the dipole-forbidden transition, and the probability
of single-photon transition is very small and can be ignored.
(2) Reference [11] reported a Rydberg-atom-based mixer to
measure the phase of a radio frequency wave. Their work
showed that the beat signal is almost undetectable when the
frequencies of the two microwaves differ by 2.5 MHz. The
frequency difference of the two microwaves in our case is
about 1.4 GHz. Therefore the influence of interference be-
tween two microwave fields on the experiment can be ignored
in our work.

IV. RESULTS

Figure 4 shows an experimental example of the Rydberg
EIT and EIT-AT splitting spectra by an auxiliary microwave
field. The Rabi frequency of the auxiliary microwave electric
field is directly measured through Eq. (1). The black line is a
typical Rydberg EIT spectrum. When the target microwave
electric field is too weak to generate EIT-AT splitting, the
linewidth of the Rydberg EIT widens with a decrease in the
transmittance at the resonance, shown as a red line in Fig. 4.
When only the auxiliary microwave electric field is switched
on, the EIT-AT splitting is observed as the blue line shown in
Fig. 4. When adding the same target microwave electric field
as the red line on the basis of the auxiliary microwave electric
field, the EIT-AT splitting becomes larger than that of the blue
line. By using this enlarged EIT-AT splitting, the intensity of

the weak target microwave electric field E, can be measured
more conveniently and accurately.

The line shape of the green peaks shows asymmetry in
Fig. 4, and the theoretical calculations show that the asym-
metry of the EIT-AT spectrum should be that the positions of
|4) and |5) are asymmetrical to |3). This causes the spectrum
obtained by scanning the probe light from low frequency to
high frequency to be asymmetrical with the spectrum obtained
from scanning from high frequency to low frequency. But the
interval of EIT-AT in the two cases are same. We get the value
of the microwave electric field from the interval of EIT-AT
splitting; therefore the asymmetry of the EIT-AT spectrum
does not have much influence on the experimental results and
conclusions. The depression between the blue line and the
dark yellow line is not located at A, = 0. Owing to this, A, or
A, are not strictly equal to O in the experiments. The experi-
mental results show that the small detuning does not affect the
relationship between Af,, and @, when A;, A, <« ,. This
indicates that our method is more robust against perturbations
in the experimental parameters.

The linewidth of our EIT is about 5 MHz, but this is not
the reason that limits our experimental measurement of A f,,.
When there is only one microwave field, whether the EIT-AT
splitting can be observed is limited by the EIT linewidth,
which is also the lower limit of the traditional method to
measure the microwave electric field intensity using EIT-AT
splitting. But our method is to use an auxiliary microwave
field to generate the EIT-AT splitting first. At this time, the
signal microwave field is to make the EIT-AT larger, and the
measurement accuracy of this larger is no longer limited by
the EIT linewidth. It is limited by the scanning step of probe
frequency, laser linewidth, stationary atom EIT linewidth, and
so on. In our experiment, the scanning step of the probe light
frequency is set to about 1 kHz, which is determined by the
AOM, which is the main limitation of accuracy limit of Af,,.

The Af,, corresponding to E; are measured with Q, =
8.4x2mw MHz, and the results are shown in Fig. 5. The results
without the auxiliary microwave field are indicated by the
black hollow squares in Fig. 5, and the red line is calculated by
Eq. (1). The results show that A f;, is indistinguishable when
E; is smaller than 3 mV/cm, and it cannot be used to char-
acterize E;, which is similar to that reported in Refs. [9,10].
The experimental results show that A f,, exhibits a monotonic
relationship with E; with the auxiliary microwave field, even
when E, is very small, as shown by the dark hollow yel-
low circle in Fig. 5. The dark yellow line is calculated with
Eq. (3) by fitting s = 2.3, which is in good agreement with
the experimental results. The minimum microwave electric
field intensity measured and characterized by Af, can be
as small as 31 & 15V /cm. The green data approach the
auxiliary-field-induced EIT-AT splitting (5.2 MHz here) in a
quadratic fashion in the weak microwave filed, which makes
the readings sensitive to noise effects in measuring the split-
ting. In addition, any small noise can move the broad peaks
in Fig. 4 by a small fraction of their linewidth. Considering
this fact and the error bars in Fig. 5, and some disagreement
between the calculation, the confidence level on the splitting
is about 30 kHz at best in the experiment, which would set the
field sensitivity at 31 £ 15 'V /cm in our method. If a spectral
resolution accuracy of 1 Hz can be achieved by narrowing
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FIG. 5. Af,, corresponding to E, are measured with different €2,,.
The error is smaller than the icon. The inset shows an example to
compare the experimental results with the calculation of Eq. (3).

the laser linewidth and reducing the laser frequency scanning
step, the minimum corresponding microwave electric field can
be 200 nV /cm, as predicted by our method.

V. CONCLUSION

In conclusion, we demonstrate, both theoretically and ex-
perimentally, that the EIT-AT regime and the lower bound of
the direct SI-traceable electric field strength can be extended
down to two orders of magnitudes lower at room temperature
with a simple setup of auxiliary microwave-dressed Rydberg
EIT-AT systems. The proposed method is more accurate, intu-
itive, and convenient than the method involving measurement
of the change of probe light transmittance. Our method will
greatly improve the process of quantum microwave electrom-
etry. Furthermore, the method of first placing the sensor in the
sensitive area and then measuring weak signals is suitable for
extending the detection limit of other quantum sensors.
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