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Extending bandwidth sensitivity of Rydberg-atom-based microwave electrometry
using an auxiliary microwave field
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We demonstrate the use of an auxiliary microwave field to extend the bandwidth sensitivity of Rydberg-
atom-based microwave electrometry. Electromagnetically induced transparency (EIT) and Autler-Townes (AT)
splitting in Rydberg atom microwave electrometry provide advantageous sensitivity for the resonant detection of
microwave (MW) fields because the Stark shift of the target Rydberg state takes the linear form of AT splitting.
However, the sensitivity is reduced by several orders of magnitude for detuned MW fields because the Stark
shift of the target Rydberg state depends on a weak nonlinear effect. We show that the auxiliary microwave field
with appropriate Rabi frequency or detuning could shift the atomic energy levels to bring a particular Rydberg-
Rydberg transition of interest for microwave sensing into resonance with the target microwave field. Using the
atomic superheterodyne method, we verified the general method that regulates Rydberg energy levels using an
auxiliary microwave field. The experimental results of this study confirm that this technique works efficiently
for detecting microwave fields detuned by up to 100 MHz from resonance with the field-free Rydberg-Rydberg
transition used for sensing. The measurement sensitivity of the detuned target field is increased by a factor of 10

compared with that achieved without the application of the auxiliary dressing field.
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I. INTRODUCTION

Quantum sensors [1] are based on a theoretical framework
of quantum mechanics. By exploiting the quantum effects in
atoms and photons to perform precise measurements of var-
ious physical quantities [2—11], the measurement results can
be traced back to basic physical constants to achieve improved
measurement sensitivity and precision compared to those of
conventional sensors [2,10-18].
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The advent of quantum sensors more than 100 years
after the invention of the conventional dipole antenna has
transformed microwave electric-field measurements [19].
Room-temperature quantum sensors for microwave electric
fields have great potential for microwave (MW) communica-
tions, sensing, and metrology [1,20-24]. In particular, unlike
conventional antennas, the frequency bandwidth of a Ryd-
berg atomic microwave electric field sensor is not limited
by antenna geometry [19]. A measurable finite-frequency
broadband [19,25,26] covering MHz to THz frequencies can
be achieved by (a) choosing Rydberg states with different
principal quantum numbers n and (b) by exploiting the lin-
ear proportionality between the electromagnetically induced
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transparency (EIT)-Autler-Townes (AT) splitting interval and
the microwave electric field strength [27]. Although poten-
tially hundreds of resonance transitions between Rydberg
energy levels exist, linear measurement can only be achieved
within several MHz around a single resonance transition.
Achieving electric field measurements across a continu-
ous frequency range requires multiple resonance transitions,
which impose stringent demands on the laser system [25]
and make it difficult to realize continuous broadband Rydberg
atomic sensors in microwave electric fields. Expanding the
linear response range of each available Rydberg-level transi-
tion in Rydberg sensors is a key requirement for obtaining
reliable linear responses in continuous-frequency broadband
microwave electric field measurements.

To expand the bandwidth of Rydberg atomic microwave
electric field sensors to measure MW fields across a wider
frequency range, various external fields have been added to
produce energy-level shifting effects on the target energy level
[28-33]. By adding a static magnetic field of 0-50 G, the
Rydberg EIT system produces energy level shifts from the lin-
ear Zeeman effect to the quadratic Zeeman and Paschen-Back
effects, causing a complex spectral structure [29] and making
the MW measurement more difficult. The Rydberg energy
level can be changed through the Stark effect in the system,
induced by applying a static electric field. The second-order
Stark shift in the low-angular momentum Rydberg state al-
lows frequencies in nonresonant regions to be measured such
that a wide microwave field spectral range from a few MHz
to 1 GHz can be detected simultaneously [30]. However, ap-
plying a static electric or magnetic field to the system changes
all atomic energy levels [29,30], causing significant theoret-
ical and experimental difficulties. The detuned field can be
detected, and the lower limit of measurement can be extended
using two-photon resonance AT splitting, which is caused by
an auxiliary microwave field that is nearly resonant with the
adjacent Rydberg transition [32]. A different approach for
achieving highly sensitive measurements in the nonresonant
region is to introduce a local (LO) microwave field with a
frequency close to that of the signal (SIG) microwave field
using a nonresonant heterodyne technique so that frequency
mixing of the two microwave fields occurs [25]. This approach
can be applied over a wide frequency range of 0-20 GHz.
However, when the microwave frequency was detuned, the
system’s response changed from a sensitive linear response
to an insensitive nonlinear response. Owing to the limitations
of the nonresonant second-order Stark effect, the sensitivity
at detuning is 20 dB lower than that at resonance, and the
sensitivity in the nonresonant region is much smaller than
that at the resonant region. Recently, Hu er al. improved the
measurement sensitivity by applying a strong far-off-resonant
local field to generate a Stark shift in the Rydberg atomic
energy level and achieved broadband measurement from O to
5 GHz using a single Rydberg state [33]. This method requires
a suitable Rydberg level to be selected and the laser frequency
to be varied when measuring the intensity of the microwave
electric field at different frequencies. By adding a local field
that resonates with the Rydberg transition, Yao et al. used the
far-detuned sub-GHz signal field to shift the AT splitting peak
generated by the local field [34]. Compared to the conven-
tional AC Stark shift measurement method in this frequency
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FIG. 1. Five-level scheme of Rydberg EIT-AT splitting with aux-
iliary microwave dressed. The detailed energy level diagram in the
purple frame is the specific scheme applied to the atomic super-
heterodyne experiment.

band, the sensitivity increased by up to 29 times. However,
this highly sensitive measurement technique requires stringent
selection of the Rydberg energy level and is only applicable
to sub-GHz far-detuned fields. For reference with microwave
field regulation, Berweger et al. reviewed various schemes for
microwave field to regulate the Rydberg energy level and state
the advantages of microwave field to tune the Rydberg energy
level [35]. The limitations of these previous studies show
that a widely applicable and easily implemented measurement
method for MW fields across continuous frequency ranges is
urgently required.

Based on our previous work [31] and Simons’ work [32]
on the use of an auxiliary microwave electric field to reg-
ulate the Rydberg energy level, we designed and realized a
regulation scheme to reconstruct the linear measurement of a
detuned field using an auxiliary microwave. The sensitivity of
the detuned field measurement was improved by 10 times at
most, basically approaching the sensitivity at resonance. The
auxiliary field is independent of the energy levels that cause
EIT, indicating that the EIT laser frequencies are fixed.

The remainder of this paper is organized as follows. In
Sec. II we theoretically study the effects of the auxiliary
microwave electric field on the EIT-AT splitting spectrum. We
introduce the experimental system and methods in Sec. III. In
Sec. IV we investigate the effects of the auxiliary microwave
electric field on the EIT-AT splitting spectrum and its regula-
tion on the Rydberg level. Subsequently, we demonstrate the
application of this method to atomic superheterodyne mea-
surements to improve the measurement sensitivity of detuning
fields. Finally, we provide a summary in Sec. V.

II. THEORETICAL MODEL

We consider a five-level model, as shown in Fig. 1 where
|3), |14), and |5) are the Rydberg levels with large principal
quantum numbers n. The EIT quantum interference effect is
achieved by utilizing the energy-level transition from |1) to
|2), which resonates with the frequency w), of the probe light,
and that from |2) to |3), which resonates with the frequency
w, of the coupling light. Additionally, a target microwave field
is applied, which has a frequency @, and resonates with the
energy-level transition from |4) to |3). When the amplitude of
the target microwave field E; is sufficiently strong, symmetric
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AT splitting is observed based on the EIT spectral signal. The
interval of the EIT-AT splitting A f; is positively correlated
with the Rabi frequency of the target microwave field €2;.
Considering the Doppler effect at room temperature, the Rabi
frequency is given by 2, = DAf;, where D is the residual
Doppler parameter. D = 1 and D = A,/A. correspond to the
scanning frequencies of the coupling and probe lights, respec-
tively. E; and €2, are linearly related by |E;| = dﬂ/Qt, where 7
is the reduced Planck’s constant, and d; is the dipole moment
of the target microwave atomic transition.

The linear relationship [27,36] between Af; and E, is
given by

|E:| = "q = hDAf (D
l_dt l_dt t-

The target microwave electric field intensity is traditionally
measured through EIT-AT splitting at the target microwave
resonance, where the magnitude of the EIT-AT splitting is
given by Af; = Q,/D. The interval between the two EIT-AT
splitting peaks increased with target microwave detuning. The
interval of the EIT-AT splitting A f5 with the target microwave

J

detuning A, [37] is given by

d 2
Afs = \/ (A2 + (EE) . 2)

In this case, the detuning increases, the height of the two
EIT-AT splitting peaks becomes more asymmetric until the
weak peak becomes indiscernible, which limits the applica-
tion of EIT-AT splitting in large detuning. It can also be
observed from Eq. (2), Afs; and E; no longer exhibit a linear
relationship.

An auxiliary microwave field with angular frequency w,
coupled with levels |5) to |4) is applied to regulate the level
|4) such that the resonance is restored between the target mi-
crowave field and the dressed Rydberg energy-level transition
(Fig. 1). We constructed a five-level model using the Atomic
Density Matrix package [38—41] to study the regulation of
detuned energy levels using an auxiliary microwave field. The
system Hamiltonian under the rotating-wave approximation
can be expressed as

0o Q 0 0 0
S 24, Q. 0 0
H= 5 0 Q, _Z(Ap + Al) Q Qo mw s 3)
0 0 Q —2(A,+ A — A) Q,
0 0 QZXMW Qa _2(Ap + Ac - Al - Aa)

where €2; and w; are the Rabi frequency and frequency of
the ith optical field, respectively; A; = w; — wjg is the detun-
ing; and wjp is the frequency of the atomic-level resonance
transition. Subscript i indicates the optical field, where i = p
denotes the probe light, i = ¢ denotes the coupling light,
i =t denotes the target microwave electric field, and i = a
denotes the auxiliary microwave electric field. The effects of
the two-photon transition are introduced using the perturba-
tion method [42], where the two-photon Rabi frequency is
approximated as Qo yw X 212,/2A, where 2 and 2, are
the single-photon Rabi frequencies, and A is the detuning of
the microwave frequency from the intermediate state [42].
In our model, the detuning of the two microwave fields is
dependent on the dressed effect of the other microwave fields
on the atomic energy level; that is, A = % + % The fit-
ting parameter s is used to characterize the two-photon Rabi
frequency Qoxyw = SQSZ“BSIZ, [31,42], which can be obtained
through theoretical calculation or fitting by experimental data;
here the s parameter was determined by experimental data
fitting and then calculated the data shown in Fig. 2.

The expression for the density matrix element p,; was
obtained from the Hamiltonian in Eq. (3). The detected light
transmittance T = exp(—zA—’;' Im[E]) was then used for the

numerical calculations. Here E = é—]\i‘g p21p is the susceptibil-
»

ity, where Np is the atomic number density and p,ip is the
Doppler average of the density matrix element p,;.

Figure 2 shows the numerical simulation results for
the regulation effect of the auxiliary microwave field at a

(

target microwave field detuning of A, = 27 x10 MHz. The
optical field parameters used for the calculation were set to
Q, = 27 x0.4 MHz and 2, = 27 x3.5 MHz, similar in mag-
nitude to their values in typical experiments. s was set to
0.01 to model the effect of two-photon transitions. Figure 2(a)
shows the evolution of the EIT-AT splitting in the detuned
target microwave field as the Rabi frequency of the auxiliary
microwave field is varied. As the Rabi frequency of the aux-
iliary microwave field €2, gradually increased from 0 MHz
to 2w x21.3 MHz, the initial asymmetrical splitting of the
two AT peaks became increasingly symmetrical. The splitting
is perfectly symmetrical at 2, = 27 x21.3 MHz, at which
the detuned target microwave field is again resonant with
the target Rydberg level transition. Further increases in €,
causes the splitting of the two AT peaks to become asymmet-
rical in the opposite direction.

A more detailed comparison is shown in Fig. 2(b), in
which the EIT without the microwave field, EIT-AT splitting
before and after target microwave field detuning, and EIT-
AT splitting with symmetry restored under the regulation of
the auxiliary microwave field are plotted together. The black
solid curve is the EIT signal generated by the system when
no microwave field exists, and the red dotted curve is the
EIT-AT splitting signal generated by a target microwave field
with resonant frequency. The blue dotted curve is the EIT-AT
splitting signal generated by a target microwave field with a
detuning of A, = 27 x10 MHz. The two AT splitting peaks
in this curve are asymmetrical because of the nonresonant
frequency. The purple dotted curve shows that adding an
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FIG. 2. Spectral images of theoretical numerical calculation.
(a) When the detuning of the target microwave field is A; =
27 x 10 MHz and the detuning of the auxiliary field is A, = 0 MHz,
spectral regulating effect of different auxiliary microwave electric
field Rabi frequency €2,. The EIT-AT splitting is symmetric again
when Q, = 27 x21.3 MHz. (b) EIT-AT splitting spectral images
of theoretical numerical calculation before and after auxiliary mi-
crowave electric field dressed.

auxiliary microwave field with 2, = 27 x21.3 MHz provides
the most optimal regulation of the target energy level, and the
two AT splitting peaks become symmetrical. This implies that
the target microwave field, after detuning, is again resonant
with the target Rydberg-level transition frequency after the
target Rydberg level is dressed by the auxiliary microwave
field.

As shown in Fig. 2(b), the EIT-AT splitting interval at this
resonance is smaller than the initial resonance. This effect can
be explained by the relationship in Eq. (1). Energy level |4)
produces two new lines with a spacing width of €2, after it is
dressed by the auxiliary field. For both positive and negative
detuning of the target microwave field, the transition from one
of these two lines to level |4) can resonate with the target
microwave field again by changing €2,. The squared modulus
of d, is proportional to transition probability. Because the
transition probability is partially shifted by the presence of
the other new line, d; of the new resonance is smaller than
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FIG. 3. Experimental setup of Rydberg energy level regulation
using an auxiliary microwave.

that of the initial resonance. Conversely, because the intensity
|E;| of the target microwave to be measured and the Doppler
parameter D remains unchanged, the reduction in d; leads to
a corresponding reduction in €2, and A f;.

III. EXPERIMENTAL SETUP AND METHODS

We performed an experiment with an 3’Rb vapor cell at
room temperature to demonstrate the regulation of the tar-
get energy level by an auxiliary field. In the experiment,
the 581 2(F = 2), 5P;5(F = 3),61D5,,(F = 4), 62P3)5(F =
3), and 625 ,2(F = 2) levels of 87Rb were used as (1), 12),
[3), |14), and |5) levels of the theoretical model, respectively.
Figure 3 shows the experimental setup.

A. Laser system

We used a tunable external-cavity semiconductor laser
(DL100, Toptica) to generate the probe light (A ~ 780 nm)
and a frequency-doubled semiconductor laser (TA-SHG-Pro,
Toptica) to generate the coupling light (A ~ 480 nm). The two
laser beams were fired from opposite directions in the 8’Rb
vapor cell. The diameters of the probe and coupling lights are
approximately 800 um and 900 um, respectively, and their
light powers ~60 uW and 40 mW, respectively. The probe
light excited the atoms from 58 ,,(F = 2) to 5P3,(F = 3).
An acousto-optic modulator (AOM) was used to scan the
frequency across a range of +25 MHz around the resonant
transition frequency within 250 ms. The coupling light excited
the atoms from 5P; 2 (F = 3) to 61Ds;,(F = 4) and the laser
frequency was locked to the resonant frequency of the transi-
tion through Zeeman modulation [39].

B. Signal processing

The intensity of the coupling light was modulated by a
30 kHz sine signal for lock-in detection to improve the signal-
to-noise ratio of the EIT-AT spectra [40]. After the probe light
interacted with the coupling light, microwaves, and atoms in
the 8’Rb vapor cell, a photodetector (PDA36A2, Thorlabs)
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recorded the probe light intensity and sent it to a lock-in
amplifier (LI5640, NF Corporation).

C. Mixer

Two signal sources (E8257D, Keysight Technologies;
8340B, HP Corporation) were connected to two horn an-
tennas in the microwave dark room to generate microwave
electric fields at the resonance frequency (~9.23 GHz) of
the 62P3),(F = 3) to 61Ds5,>(F = 4) Rydberg transition as
the signal and local fields in the experiment, respectively.
Only the signal source of the LO field was turned on in the
EIT-AT splitting experiment. Meanwhile, in the nonresonant
heterodyne mixing experiment, we further opened the SIG
field to form a beat signal. An appropriate beat signal with
a frequency of 1 kHz was generated by adjusting the intensity
of the two microwave fields.

The response of the Rydberg sensor to MW frequency can
be intuitively explained as follows [25]. The Stark shift of the
target Rydberg state takes the linear form of AT splitting in
the near-resonance region as follows:

Slonres = |Et|dt/h (4)

In the far-detuned region away from resonance, the Stark shift
is induced by a weak nonlinear effect,

Qoff res = _%05|Et|27 &)

where o denotes atomic polarizability.

The signal field is given by Egig cos[(w + Speat)?], and
the LO field is given by Ey g cos(wt — ¢o). Assuming that
w > Opear and w are less than the instantaneous bandwidth,
the detected light intensity is reflected in the total field. Away
from resonance, the total field can be approximated using a
nonlinear relation [25,43]:

Tprobe 08 (Elot)r ~ [(ESZIG + EI%O)/2

12
+ EsigELo ¢0s (Sveat + $L0)] 26

In the near-resonance case, which is the AT regime, the fol-
lowing approximate linear relationship holds when Ej o>>Esig
[25,43]:

Eio  Esig

Tprobc O((Etol>r ~ T + T COos (3beatt + ¢LO)' (7)

D. Level regulation

We connected a horn antenna in a microwave dark room to
a third signal source (8340 B, HP Corporation) and generated
a microwave electric field corresponding to the resonant fre-
quency (~15.598 GHz) of the 625/, (F=2) to 62P3,,(F=3)
Rydberg transition as an auxiliary field for energy level regu-
lation. By changing the output power of the microwave source
and subsequently the Rabi frequency of the auxiliary field, the
target energy level was correspondingly regulated.

IV. RESULTS AND DISCUSSION

A. EIT-AT splitting experiment results

We first discuss the experimental results for the modi-
fication of the EIT-AT splitting spectra using an auxiliary

1
0 —— Without MW
= =E ,=12.11 mV/em, A ;=0 MHz, without Auxiliary MW
gL <E 5=12.11 mV/em, A; ;=21x14.6 MHz, without Auxiliary MW

— - E ,=12.11 mV/em, A ;=21x14.6 MHz, with Auxiliary MW

T, (arb. units)

A,/2m (MHz)

FIG. 4. Spectral images of EIT-AT splitting experiment before
and after auxiliary microwave electric field dressed. Black solid
curve: EIT signal generated by the system when there is no mi-
crowave field. Red dotted curve: symmetrical EIT-AT splitting at
resonance. Blue dotted curve: asymmetric EIT-AT splitting at detun-
ing Ao = 2w x14.6 MHz. Purple dotted curve: the again symmetric
EIT-AT splitting after auxiliary field dressed. The EIT-AT splitting is
again symmetrical. This indicates that the detuned local microwave
field and the target Rydberg-level transition frequency dressed by the
auxiliary microwave field is resonated again. Experimental parame-
ters of lock-in amplifier: sensitivity 5 mV, time constant 1 ms.

microwave field. Figure 4 shows the signal spectra gener-
ated by the local microwave field in the EIT-AT splitting
spectrum experiment before and after the application of the
auxiliary microwave electric field. The black solid curve rep-
resents the basic EIT spectral signal generated by the system
without a microwave field. When the local microwave field
frequency is resonant with the transition frequency, the de-
tuning Aro = 27 X(fro — fo) = 0 MHz, which corresponds
to fLo = fo = 9.2328 GHz, and the original single EIT peak
split and forms two symmetrical EIT-AT splitting peaks, as
shown by the red dotted curve in Fig. 4. When the fre-
quency of the local microwave field was detuned to Ajp =
2w X (fLo — fo) = 2w x14.6 MHz, the microwave frequency
was nonresonant, and the heights of the two EIT-AT splitting
peaks were asymmetric, as shown by the blue dotted curve in
Fig. 4. After applying an auxiliary microwave field resonant
with the transition frequency fj = 15.598 GHz of the |4) and
|5) Rydberg levels in the energy-level model shown in Fig. 1,
the heights of the two EIT-AT splitting peaks were symmet-
rical again, as shown by the purple dotted curve in Fig. 4.
This means that the detuned local microwave field was again
resonant with the target Rydberg-level transition frequency
after the latter was dressed by the auxiliary microwave field.
Additionally, the system’s response to the Rabi frequency
of the microwave field changed from the original nonres-
onant second-order nonlinear effect to the first-order linear
effect.

The results show that the spectral data are very smooth
when there is no microwave field or applied only one mi-
crowave field. When we applied both microwave fields to the
system, there was a weak oscillation in the EIT-AT spectra
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FIG. 5. The best matching curve of the generalized Rabi fre-
quency of the auxiliary microwave field to the local microwave
field detuning. Red square dotted line: The demand degree relation
of generalized Rabi frequency 2 for achieving the best response
effect of Rydberg energy level by changing Rabi frequency €2, of
auxiliary field. Blue circle dotted line: The demand degree relation of
generalized Rabi frequency €2 for achieving the best response effect
of Rydberg energy level by changing detuning A, of auxiliary field.
Their generally consistent trend degree reflects their equivalence.
The demand degree refers to the extent to which we need the €2,
or A, to achieve the best regulation effect.

(pink curve in Fig. 4). These oscillations were caused by the
combination of the auxiliary microwave field (~15.6 GHz)
and local field (~9.2 GHz). Because the amplitudes of these
oscillations are far smaller than the intensity of the EIT-AT
spectra we are interested in, and its phase is stable, it will not
affect our experimental results and analysis.

The visible difference between the magnitudes of the EIT-
AT splitting in the red and purple curves implies that the linear
relationship of the Rabi frequency response of the system
also changed because of the change in the transition dipole
moment dyw. This result was consistent with the theoretical
predictions presented in Sec. II.

B. Regulation effect of the auxiliary field

Next, we discuss the regulating effect of the power and
frequency of the auxiliary microwave electric field at the
target Rydberg level. The experimental results are shown in
Fig. 5. By varying the output power of the microwave source
for the auxiliary field to change the Rabi frequency €2, or
varying the auxiliary field detuning A, = 27 x(f, — f;), the
generalized Rabi frequency can be set to Q2 = v/ A% + Q.2
[31,37]. For each given value of the local microwave field
detuning Ao, there is a best-matching combination of the
Q, and A, parameters for the auxiliary field that causes the
detuned local microwave field to become resonant. For exper-
imental and application convenience, we change one of €2, or
A, separately to achieve the best match.

A, was first set to a fixed value of 0 MHz. The resultant
generalized Rabi frequency €2 corresponding to the best-
matching Rabi frequency €2, was plotted as a function of Az

in the red square dotted line in Fig. 5. This line intuitively
shows the Rabi frequency of the auxiliary field required to
achieve the best regulating effect for the Rydberg energy level.
Similarly, the output power of the microwave source was fixed
at 5 dBm, which was equivalent to a fixed Rabi frequency of
Q, = 2w x12.4502 MHz. The generalized Rabi frequency 2
corresponding to the best-matching auxiliary field detuning
A, is plotted against Ay in a line composed of blue circles
in Fig. 5. A comparison of the curves obtained by varying the
two parameters 2, and A, indicates that the Rydberg level
can be equivalently regulated through either the strength or
frequency of the auxiliary microwave field.

The larger the detuning Ap o of the local microwave field,
the better the effect of changing the Rabi frequency €2, of the
auxiliary microwave than that of changing the detuning A,.
This is because, as the detuning of the auxiliary microwave
field increased, the height of the EIT-AT splitting bimodal
became more asymmetrical. That is, changing A, reduced
the population of dressed energy level states far away from
the resonance level. Therefore, the spectral peak intensity was
far from the resonance center, as shown in the right EIT-AT
splitting peak on the blue curve in Fig. 4. Hence, we set €2,
to the resonant frequency fj = 15.598 GHz and regulated
the Rydberg energy level by changing €2,. The maximum
detuning range of the controllable local microwave field in
this approach was limited by the maximum output power of
the microwave source for the auxiliary field.

C. Nonresonant heterodyne mixing experiment

Based on the above results, we combined the energy-level
regulation method with the atomic heterodyne technique to
improve the measurement sensitivity for detuned microwave
electric fields and further demonstrate the feasibility of this
scheme. We used a mixer to obtain a beat signal of Speyr =
27 X (fsic — fLo) = 2m x 1 kHz for atomic heterodyne mea-
surements of the microwave electric field. The frequency
difference between the signal and local microwave fields of
the beat signal formed by the mixer was 1 kHz, which is much
smaller than the frequency magnitude of the detuning. There-
fore, the detuning of the signal field could be approximated as
Aro in the experiment to use the beat signal to characterize
the response to the microwave field signal.

When the signal field was resonant, the beat signal am-
plitude was at its maximum, as indicated by the black solid
line in Fig. 6. The red dotted line in Fig. 6 shows a specific
example of frequency detuning of Arg = —27x16 MHz.
Compared with the beat signal amplitude of 2.443 V at the res-
onance point, the beat signal amplitude at the —27 x16 MHz
detuning point was 0.277 V. Therefore, the beat amplitude
at the resonance point is approximately 8.82 times that at
the —27 x 16 MHz detuning point. An auxiliary field with a
frequency of f, = f; = 15.598 GHz was subsequently added,
and the output power of the microwave source was adjusted to
—11 dBm to achieve the best match, as discussed in Sec. IV B.
As shown by the blue dotted line in Fig. 6, the beat signal
amplitude under the action of the auxiliary field significantly
increased to 0.883 V, which is 3.2 times that of the amplitude
under detuning and without the auxiliary field.
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FIG. 6. The influence of auxiliary microwave electric field on
beat signal under heterodyne method. The black solid line is the
beat signal of the resonance point, the red dotted line is the beat
signal of the A p = —27 x16 MHz detuning point, and the blue
dotted line is the beat signal after the intervention of the best matched
auxiliary field of the A o = —27 x 16 MHz detuning point. The beat
amplitude is significantly enhanced after the auxiliary field inter-
vention, and the response of the beat amplitude to the microwave
field strength returns to the most sensitive linear effect in resonance.
Experimental parameters of lock-in amplifier: sensitivity 2 mV, time
constant 100 ps.

Based on this, we conducted an experimental study on
the effect of the auxiliary microwave field on the beat signal
amplitude within the detuning frequency range of Ay /27 =
—100-0 MHz. Figure 7 shows the detailed measurement re-
sults, in which the beat signal amplitudes with and without
the auxiliary field are plotted against Ay . The lower panel of
Fig. 7 shows corresponding optimal matching €2,, the maxi-
mum €2, is limitted by the maximum output power 13.5 dBm
of our microwave source. The amplitudes of the beat signal
were obtained based on the existing 1 kHz beat signal and
by gradually increasing the detuning in the negative direction
starting from the resonance point of Ay /2w = 0 MHz until
Aro/2m = —100 MHz. These signals are shown by the line
composed of black squares in Fig. 7, which provides an in-
tuitive reflection of the beat signal amplitude response to the
detuning Ay /27 in the conventional nonresonant heterodyne
method within a detuning frequency range of —100-0 MHz.
The beat signal amplitude was the largest at resonance, de-
creased rapidly as the detuning A| o increased in the negative
direction, and reached its minimum value at approximately
—27 x 16 MHz before rising slowly. The slowly rising stage
may be attributed to 61D3/5, 62P; >, or other similar Rydberg
levels.

After the auxiliary microwave field was applied, the best-
matching Rabi frequency for regulating the Rydberg energy
level was set at each detuning point. The corresponding beat
amplitudes are indicated by red dotted circles in Fig. 7. The
results intuitively reflect the response of the beat signal am-
plitude to the detuning amount across the frequency detuning
range of —100-0 MHz in the nonresonant heterodyne method

2.0+ o Without auxiliary MW

—~ O With auxiliary MW &0
E/ %%)@ o =2 =]
15F © <
O e O ©
o o o
2
=
=
<
=
(5]
m
TV . R
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FIG. 7. Response curve of beat frequency signal amplitude
before and after auxiliary microwave field intervention under nonres-
onant heterodyne method within the frequency detuning range from
0 to —100 MHz. Black square dotted line: the response relationship
between the beat signal amplitude of the ordinary nonresonant het-
erodyne method and the detuning A /27 . Red circle dotted line: the
response relationship between the amplitude of nonresonant hetero-
dyne beat signal and the detuning Ao /27 under the intervention of
auxiliary field. The intervention of auxiliary field provides a wide and
high-sensitivity linear response frequency range of 100 MHz. Lower
panel: the height of histogram and color bar correspond to optimal
matching auxiliary field Rabi frequency and mark the upper limit of
our microwave source power with “Power-Max.” Experimental pa-
rameters of lock-in amplifier: sensitivity 5 mV, time constant 100 ps.

under the intervention of the auxiliary field. The beat sig-
nal amplitude was significantly improved compared with that
without auxiliary field intervention. At the detuning point
of Arp = —2m x22 MHz, the amplitude of the beat signal
was increased by 4.3 times through the intervention of the
auxiliary field. By comparing the lines composed of black
squares and red circles in Fig. 7, the auxiliary field not only
transformed the nonresonant effect of detuning into a reso-
nant effect in the frequency detuning range of —100-0 MHz
but also significantly improved the broadband measurement
sensitivity of the detuned point. That is, the width of the
detuning interval from 0 to —100 MHz can completely cover
the effective interval for the nonlinear response of a single
62P;,, Rydberg energy level, which is highly significant for
filling the potential nonlinear response interval between hun-
dreds of Rydberg energy levels that are greater than 100 MHz
and far from resonance. The width of this effective detuning
interval is larger if no interference from 61D3/,, 62P), or
other similar Rydberg levels occurs.

D. Analysis of sensitivity enhancement

We now discuss the effect of the auxiliary microwave field
on the beat amplitude in atomic superheterodyne measure-
ments, and the minimum measurable value at a given detuning
point. Figure 8 shows the measurement results for the ordi-
nary heterodyne method with detuning A;p of 0 MHz and
—27 x22 MHz and the results for auxiliary field intervention
with a detuning Ap o of —27 x22 MHz. The line comprising
black squares corresponds to the Apg =0 MHz resonance
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FIG. 8. The relationship between the beat signal amplitude and
the microwave electric field strength to be measured at the reso-
nance point of Ao =0 MHz and the detuning point of Ajp =
—2m x22 MHz by the heterodyne method before and after the aux-
iliary microwave field intervention. Black square dotted line: at the
resonance point, the minimum measurable value is 18 uV/cm. Blue
triangle dot line: at the detuning point, the minimum measurable
value is 180 uV/cm. Red circle dotted line: at the detuning point,
with the auxiliary microwave field intervention, the minimum mea-
surable value is 18 uV/cm. The heterodyne method of auxiliary
field intervention can basically reach the measurement limit value
at resonance. Panel (b) is a detailed drawing within the scope of
panel (a) Esig < 0.1 mV/cm. Experimental parameters of lock-in
amplifier: sensitivity 2 mV, time constant 100 ps.

point. The amplitude of the beat signal varied linearly with
the microwave electric field strength and was measured within
the field strength range of 0-1.5 mV /cm. The solid black line
represents a linear fit based on Eq. (7). This is consistent
with results reported in the literature [43,44]. In our setup,
the minimum electric-field intensity that could be measured
at the resonance point using the ordinary atom heterodyne
method was 18 uV/cm. The blue triangles correspond to the
Aro = —2m x22 MHz detuning point, where the beat signal

varied with the microwave electric field strength to be mea-
sured, and the minimum measurable electric field strength
was 180 uV/cm. The solid blue line is a nonlinear curve fit
obtained based on Eq. (6). The line composed of red circles
corresponds to the A g = —2m x22 MHz detuning point un-
der the intervention of the best matching auxiliary field. From
the corresponding linear fit shown by the red solid line, it can
be observed that the amplitude of the beat signal retained a
good linear relationship with the electric field strength, and
the minimum measured value reached 18 uV/cm. This value
is the measurement limit at resonance. It is 10 times higher
than the minimum measurement limit of the ordinary hetero-
dyne method at the Ajp = —27x22 MHz detuning point.
From the fitting results in Fig. 8(a), we can see the linear
and nonlinear relationship between beat amplitude and Egg.
When Ajpp = 0 MHz, the beat amplitude has a good linear
relationship with Egig, as shown by the black solid line in
Fig. 8(a). When it becomes nonresonant, the beat amplitude
has a nonlinear relationship with Egjg, as shown by blue solid
line in Fig. 8(a). At this time, the beat amplitude is insensitive
to Esig, which is not conducive to the measurement of Egg.
Interestingly, under the effect of the auxiliary microwave elec-
tric field, the nonresonance relationship at the time of detuning
becomes linear again, as shown in the red circle dotted line in
Fig. 8(a). Therefore, the nonlinear response of the mixer to the
microwave field strength of the detuned target will become
a linear response with the addition of auxiliary field. The
results indicate that the auxiliary microwave field not only
retained a linear relationship between the amplitude of the
beat signal and the electric field strength but also improved
the measurement sensitivity, which could approximately reach
that at the resonance point.

Finally, we examined the improvement in the measurement
sensitivity at the best-matching auxiliary microwave Rabi fre-
quency in the frequency detuning range of —100-0 MHz.
Figure 9 shows the results of the minimum measurement
limit with and without an auxiliary microwave electric field.
The line composed of black squares shows the relation-
ship between the minimum measurement limit and detuning
Aro/2m without the intervention of the auxiliary field. The
line composed of red circles shows the relationship between
the minimum measurement limit and detuning A /27 under
optimal auxiliary field intervention. Across the entire detuning
range, the intervention of the auxiliary field resulted in better
measurement sensitivity, which was reflected in the smaller
measurement limit. The lower panel of Fig. 9 shows corre-
sponding optimal matching €2,, the maximum €2, is limitted
by the maximum output power 13.5 dBm of our microwave
source. Therefore, from the experimental results, the auxiliary
field resulted in a significantly improved measurement sensi-
tivity of up to 20 dB in the frequency detuning range of O to
—100 MHz. Because the electric field strength is proportional
to the arithmetic square root of the power, the measurement
sensitivity improved by a factor of approximately 10. The re-
sults indicate that our method can increase the linear response
interval of Rydberg-level transitions by at least 100 MHz. This
essentially covers the energy-level intervals of typical hyper-
fine structures and achieves a higher measurement sensitivity
in the extended linear response interval.
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FIG. 9. Comparison diagram of measurement sensitivity with
and without auxiliary microwave electric field in the frequency de-
tuning range from 0 to —100 MHz. Black square dotted line: the
relationship curve between the minimum measurement limit and the
detuning Apo/27 without the intervention of auxiliary field. Red
circle dot line: the curve of the relationship between the minimum
measurement limit and the detuning A;o/2m under the optimal
matching auxiliary field intervention. The lower panel: the height of
histogram and color bar correspond to optimal matching auxiliary
field Rabi frequency, and mark the upper limit of our microwave
source power with “Power-Max.” In the experimental detuning in-
terval, the intervention of auxiliary field can basically achieve better
measurement sensitivity. Experimental parameters of lock-in ampli-
fier: sensitivity 2 mV, time constant 100 us.

The factor of 10 is limited by our modest experimental
setup. As shown in Fig. 9, the black square dotted line shows
the sensitivity results obtained by the atomic superheterodyne
method without the auxiliary microwave field when the target
MW field is detuning from O to —100 MHz. We can observe
that the sensitivity can be improved to a better level within the
range of —20 to —100 MHz than that at resonance, similar to a
recent article that discussed the enhancement of the sensitivity
by detuning the frequency of the local microwave [18]. Inter-
estingly, the sensitivity of the atomic superheterodyne method
is improved over the detuning range of —100-0 MHz by the
auxiliary microwave field, as shown by the red dotted circle
in Fig. 9, and better sensitivity can be achieved in the —20 to
—100 MHz range than at resonance.

In addition, we have built a simple five-level model for a
theoretical explanation to improve the sensitivity when the
frequency of the microwave electric field is detuning. Si-
multaneously, if the Rydberg energy levels are sufficiently
dense, the role of multiple energy levels should be consid-
ered. However, most of them are in the sensitive resonance
region, and good sensitivity can be obtained without using an
auxiliary microwave electric field to regulate Rydberg energy
levels. Another thing we need to explicate about is the ab-
solute calibration loss of the signal microwave electric field
in our scheme. The difficulty is the accurate calculation of
the dipole transition matrix elements dressed by the auxiliary

microwave electric field. So even if we know the parameters of
the auxiliary field, it is still difficult to reproduce the absolute
calibration of the signal field with our method, and absolute
calibration is not the aim of this article.

V. CONCLUSION

In summary, we theoretically and experimentally demon-
strated the use of an auxiliary microwave field to regulate
the target Rydberg energy levels so that resonance is re-
stored between the detuned target microwave field and the
Rydberg-Rydberg transition used for sensing. When the target
microwave field is detuned, the target Rydberg energy levels
can be regulated without affecting other energy levels. This
can be achieved by changing the power or detuning of the
auxiliary microwave field so that the symmetry of the two AT
splitting peaks in the EIT-AT splitting spectrum is restored.
Our method can be widely applied to various Rydberg en-
ergy levels and is widely applicable for other technologies,
which shows advantages in the application for atomic super-
heterodyne technology. The addition of the auxiliary field can
changed the nonlinear response of the mixer to the detuned
target microwave field strength to a linear response and the
maximum beat frequency amplitude occurred when resonance
was restored. The maximum measurement sensitivity can be
increased by 20 dB, equivalent to an increase in the conven-
tional atomic superheterodyne technology by approximately
10 times. Such high-sensitivity measurements can be realized
within a frequency range of 100 MHz. Our method allows
the use of auxiliary fields to only regulate the target Rydberg
energy levels, which can be implemented without changing
the EIT laser frequency and overcome the disadvantages of
other external fields affecting all energy levels. A specific aux-
iliary field parameter can be found to achieve high bandwidth
sensitivity measurement as long as the specific energy levels
and the detuning of target fields are determined. It has high
application value in engineering without changing the laser
frequencies during regulation, as confirmed by the experimen-
tal results applied to the atomic superheterodyne method.
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