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The coherence established in a Rydberg medium through the electromagnetically induced transparency
(EIT) process is significantly modified with the inclusion of a microwave (MW) field, leading to a dramatic
change in the susceptibility. However, the majority of existing studies focus on the impact of the MW
electric field (E-field) on the absorptive properties, while little experimental progress has been made in
studying the MW-induced optical phase shift (MIOPS), a feature derived from the MW-dressed refractive
index. Here we investigate this coherent effect by measuring the MIOPS of the probe laser in a Rydberg-
EIT system in a 8’Rb vapor cell. We illustrate the optical phase shift as a function of the MW E-field
strength under various conditions and achieve a shift of 0.18 rad in the optical phase (corresponding
to a variation of 4.5 x 1077 in the refractive index) with a MW E-field strength of 8 mV/cm. More-
over, we develop a MW sensor based on MIOPS and achieve a sensitivity of 92.4 nV cm~! Hz~!/2
or 279.5 wV em~! Hz~!/2 n> when scaling the quantum number 7 of the Rydberg states. Our experi-
ment demonstrates a promising platform for studying nonlinear quantum optics in a MW-dressed Rydberg

medium and opens the avenue for developing next-generation MW electrometry.
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I. INTRODUCTION

Quantum coherence between different excitation path-
ways in an optical medium dramatically changes its macro-
scopic properties such as the susceptibility of the atomic
ensembles, leading to a modified optical response of the
medium. Chief among these coherent effects is the elec-
tromagnetically induced transparency (EIT) [1], through
which one can eliminate the susceptibility of a probe laser
at the two-photon resonance. As an emerging quantum
technology, the EIT has been applied in a wide range of
tasks, such as quantum storage devices [2—4], all-optical
switching [5], transistors [6], a velocimeter [7], and optical
magnetometry [8].

The EIT has also been proven to be a practically use-
ful technology for Rydberg atoms, where a wide range
of fancy and enticing physics can be explored thanks
to their distinguished properties. In particular, the large
electric dipole moment between Rydberg energy levels
offers an ideal interface for linking different regimes of
electromagnetic waves: the microwave (MW) and the
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optical [9]. Recent studies have shown that the inclusion
of a MW field in a Rydberg-EIT medium can significantly
change the established atomic coherence, leading to a mod-
ification in absorptive optical response [10—24]. Based on
this effect, a wide variety of applications have been put
forward, such as MW-to-optical conversion [10], terahertz
imaging [11,12], and MW sensing [13—24].

In contrast to the successes already mentioned, com-
paratively little experimental progress has been made in
investigating the MW-induced modification of the refrac-
tive index in a Rydberg medium. In this work, we study
the MW-induced optical phase shift (MIOPS) of the probe
laser in a hot Rydberg atomic ensemble with an EIT
configuration. We experimentally observe a variation of
0.18 rad in optical phase (corresponding to a variation
of 4.5 x 1077 in the refractive index) with a MW elec-
tric field (E-field) strength of 8 mV/cm. A more elaborate
study regarding the relation between the optical phase
shift and the E-field power is carried out. Building on
the MIOPS, we develop an electrometry for the detec-
tion of MW E-field strength. The frequency of the MW is
around 12.6963 GHz, which corresponds a MW transition
between Rydberg states 55Ds,, and 56P3,,. Specifically,
we achieve a sensitivity of 92.4 nV cm~! Hz™'/? or
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FIG. 1. Experimental setup. (a) Schematic of the experimental setup. The Rydberg-EIT medium is composed of a pure 8’Rb vapor

cell. The vapor cell is 5 cm in length and 1.25 cm in cross-section radius. It is positioned in a ceramic oven to maintain a stable
temperature and facilitate the interaction of MWs with Rydberg atoms. An illustration of the vapor cell and ceramic oven is presented
in the Supplemental Material [25]. The probe and reference lasers are overlapped and propagate in the opposite direction to the coupling
laser, the beams being incident on separate dichroic mirrors (DM). The MW generated by a horn, positioned approximately 35 cm
from the vapor cell, propagates perpendicularly to the direction of the lasers. All lasers and the MW exhibit identical polarization
in the z direction. Prior to entering the vapor cell, a half-wave plate (HWP) and a polarizing beam splitter (PBS) divide both the
probe and reference lasers into two distinct branches. A branch in the —x direction is identified by a photodetector (PD) designated
as PD,. The adjustable aperture (AA) and the interference filter (IF) settings prior to the PDs are employed to eliminate extraneous
light. The alternative branch in the —y direction traverses the cell and is identified by PD,. The outputs from both PDs are processed
through a bandpass filter (BPF) to eliminate the dc component of the signal. A phase shifter (PS) is employed to alter the phase
relationship between the outputs of the PDs. A down-conversion mixer is employed to obtain the intermediate frequency output, which
is subsequently sampled by a data acquisition system (DAQ) with a maximum sampling rate of 250 kHz. The phase accumulation of the
probe laser can be detected by adjusting the PS in such a device. Refer to the Supplemental Material [25] for additional information. (b)
Energy levels of the Rydberg-EIT system. The energy difference between the states |55Ds,,) and |56P5,,) in the vapor cell is measured
to be 12.6963 GHz. (c¢) Numerical and (d) experimental phase accumulation of the probe laser ¢ versus the coupling laser detuning A,
when the MW is on (blue) and off (orange). When a MW is applied, the original Rydberg state 55Ds,, undergoes a splitting into two
levels within the dressed-state framework, resulting in a dispersion curve that represents the combination of two distinct EIT dispersion
curves. The phase ¢ is defined as zero at large detuning, specifically when A./27 &~ —40 MHz. The MW employed in this context is
the resonant frequency of 12.6963 GHz, with an E-field strength of approximately 5.4 mV/cm. The curves represent the mean of 20
repeated measurements.

279.5 wV ecm~! Hz~!'/? n? when scaling the quantum num-
ber n of the Rydberg states, comparable to the state of
the art [18,20]. Our research paves the way to a promis-
ing platform for investigating Rydberg-mediated nonlinear
optics and developing new experimental technology for
MW E-field strength sensing.

II. EXPERIMENTAL SETUP AND THEORETICAL
MODEL

In a Rydberg-EIT medium, the inclusion of a MW field
dramatically alters the atomic coherence, resulting in a
change in its optical properties. Here we focus on the
modification of the optical phase induced by the MW

field. The energy levels used in this work are illustrated
in Fig. 1(a). A weak probe laser (red) and a strong cou-
pling laser (blue) couple the ground state |5S;,,) and a
Rydberg state |55Ds,,) via an intermediate excited state
[5P3,2). The inclusion of a MW field (with Rabi frequency
Quw = dimwFEmw/h and detuning A ) will efficiently shift
the Rydberg level. The whole experimental setup is shown
in Fig. 1(b). The Rydberg medium used in our experiment
is a 5-cm-long 8’Rb vapor cell. To stabilize the atom den-
sity, the cell is placed in a ceramic oven with a stabilized
temperature around 40 °C. A probe laser with a wavelength
of around 780 nm (red) and a counterpropagating strong
coupling laser with a wavelength of around 480 nm (blue)
are overlapped inside the center of the cell. A MW from
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TABLE L.

Laser parameters. The probe laser remains resonant with the corresponding levels consistently, whereas the reference laser

is detuned by 160 MHz. The term “to cell” indicates that the lasers interact with the atomic vapor cell, while “local” signifies that the
lasers do not interact with atoms and are detected directly by PD;. The vector ¢ represents the direction of laser propagation, whereas
the vector € indicates the direction of polarization. Furthermore, all lasers are stabilized to a high-finesse temperature-controlled

reference cavity to mitigate phase noise and reduce linewidth.

Lasers Power 1/€?* radius e é Coupling levels

Coupling 80 mW 500 pm y z ISP32) <> |55Ds,2)
Probe (to cell) 65 WW 500 pm -y z [5S1/2) <> [5P32)
Reference (to cell) 215 pW 500 pm -y z [5S1)2) < [5P3)2)
Probe (10031) 10 MW s —X z |5S1/2) <> |5P3/2)
Reference (local) 33 W —x z [5S1/2) <> [5P32)

a horn antenna propagates in a direction perpendicular to
that of the lasers. All the lasers and the MW have the same

polarization.
The MIOPS A¢ results from the MW-induced modifica-
tion of the refractive index: A¢ = —k,/An, where k, is the

wave number of the probe laser, / is the ensemble length,
and An is the refractive-index modification induced by
the MW. The refractive-index modification process mainly
arises from modified atomic coherence established in the
MW-dressed EIT medium resulting from the interaction of
atomic ensembles between the probe laser, the coupling
laser, and the MW E-field, which in quantum mechanical
approaches can be derived from the atomic density matrix
p. The time evolution of the density matrix p is governed
by the master equation

o = — 3 H, p1 + Lo, (1)

where H and £ denote the system Hamiltonian and super-
operator responsible for relaxation. In our approach, we
consider the steady-state solution of the density matrix,
d;p = 0, to interpret the experimental results we present.
Here, the susceptibility of the probe light, x,, is propor-
tional to the steady-state atomic coherence between states
[5S1,2) and |5P3),), leading to a refractive index, n, =
/I + xp. The modification of refractive index, An, and
therefore the MIOPS A¢, can be determined by compar-
ing the atomic coherence when the MWs are turned on and
off. (See the Supplemental Material [25] for more details
about the MIOPS simulation.)

We employ the optical heterodyne method [26] to exper-
imentally measure the optical phase of the probe light, uti-
lizing an additional reference laser [orange in Fig. 1(a,b)].
The reference light exhibits a frequency detuning of Af =
Aw/2r = 160 MHz relative to the probe laser and is
coincident with the aforementioned two lasers within the
cell. The optical heterodyne method facilitates the extrac-
tion of information regarding the optical phase shift A¢,
which is embedded in the voltage signals Upp, and Upp,
oscillating at the beat frequency Af . Upon mixing and
applying a low-pass filter (LPF), the output is expressed as

Ut =T, cos(@lgS + A¢), where 9];3 represents an adjust-
able phase and 7}, is a parameter that is proportional to the
laser intensity. Additional information regarding the lasers
is presented in Table I. Refer to the Supplemental Material
[25] for detailed information on phase estimation.

I11. RESULTS OF MIOPS

Figure 2 details the theoretical and experimental inves-
tigations of the MIOPS effect. The phase shift of the probe
laser, A¢, as a function of MW E-field strength E,,,,, with
varying MW detunings A, when A, = 0, is presented in
Fig. 2(a) for the simulation and in Fig. 2(b) for the exper-
iment. The MIOPS is theoretically zero when Ay, =0
[m2 in Fig. 2(a)]. This can be understood as follows.
In the MW dressed-state framework [27], the Rydberg
eigenstates split into |+) = (1/«/5)(|55D5/2) £ (56P3)2)),
exhibiting corresponding energy levels of AR, /2 when
Amw = 0. This means that the effective A, for levels |+)
and |—) are —Qpw/2 and +Q,w /2, respectively. The over-
all susceptibility in the MW-dressed system can be viewed
as the sum of the contributions from the two EIT processes:
|581/2) = |5P3/2) — |£), denoted as . The overall MW-
modified refractive index is expressed as the average of
the refractive indices resulting from the two processes,
givenby n = (ny +n_)/2, where ny = no(£Qmw/2), and
no(A.) represents the refraction in the absence of MW,
dependent on the detuning A.. Consequently, the over-
all optical phase shift is zero, because ny(A.) is an odd
function around A, ~ 0.

Nevertheless, the nonideal antisymmetry of the disper-
sion curve observed in our experiment [see the orange
curve in Figs. 1(c) and 1(d)] indicates that the phase shift
caused by the resonance MW is not experimentally zero
[m2 in Fig. 2(b)]. We expect this nonperfect antisymme-
try to result from a many-body interaction in the vapor
cell (such an interaction can make an asymmetric EIT line
shape when the power of lasers and temperature are high
enough [20,28-30]). As expected, the MIOPS becomes
more pronounced at an appropriate MW detuning [ml
and m3 in Figs. 2(a) and 2(b)], as this condition disrupts
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FIG. 2. Experimental results of MIOPS. (a) Theoretical sim-
ulation of the MIOPS for various Ay, with A. = 0. In this
context, m1l, m2, and m3 correspond to A,y /27 = 20, 0, and
—20 MHz, respectively. (b) Experimental (dots) and fitted (lines)
phase shift of the probe laser, A¢, as a function of MW strength
E\w for different MW detunings, under the condition that A, =
0. (c) Theoretical simulation of the MIOPS for various values
of A., with A, = 0. Here 11 to 17 correspond to A./2mw = 6,
5,2,0, =2, =5, and —6 MHz, respectively. (d) Experimental
(dots) and fitted (lines) A¢ as a function of £y, for different A,
when A, = 0. The lines in panels (b) and (d) are fitted using
the empirical formula A¢ = (aE%,, + b)/(EL, + cE2, + d) —
(b/d), with a, b, c,d representing the fitting parameters. A dis-
cussion of the formula and the fitting parameters can be found in
the Supplemental Material [25]. The error bars in both panels (b)
and (d) are the standard deviation of 15 repeated measurements
with a 0.1-s integral time.

the symmetry between the two new eigenstates. Never-
theless, a resonant MW will bring the most substantial
alterations to the Rydberg levels, and it should be adopted
to obtain the most sensitive MIOPS phenomenon. In fact,
the MIOPS can be evident with an appropriate and nonzero
A, even when A, = 0.

Figures 1(c) and 1(d) illustrate significant alterations
in the dispersion curve and a substantial phase shift with
appropriate coupling detuning (e.g., A./2w ~ 5 MHz)
when a resonant MW is activated. The results presented
in Figs. 2(c) and 2(d) indicate a significant MIOPS. For
example, 16 and 17 in Fig. 2(d) demonstrate an experimen-
tal optical phase shift of about 0.18 rad (corresponding
to a variation of 4.5 x 1077 in the refractive index) with
a MW E-field strength of merely 8 mV/cm. The phase
shift exhibits saturated behavior, indicating that further
increases in the MW E-field strength do not enhance it.
The underlying physical concept is that, when the MW is

TABLE II. Parameters of MWs used in the sensing task. The
frequency of the MWs is near the resonant frequency between
the levels [55Ds,,) and |56P3,,). The resonant frequency mea-
sures 12.6963 GHz. The direction of propagation of MWs is
denoted by e, whereas € represents the polarization direction.
The MW strength is referred to as the strength an atom can expe-
rience and is calibrated using Autler-Townes (AT) splitting (see
the Supplemental Material [25]). These two MWs are generated
by two separate MW sources. Each MW source generates a MW,
which are then combined via a MW combiner and linked to a sin-
gle horn antenna. The beat frequency Awn,y /27 = 31.111 kHz
should be lower than the response bandwidth of the Rydberg-
EIT system, which is approximately several megahertz [16]. The
polarization is selected as the same as that of the lasers to ensure
all the Rydberg levels can be coupled by the MW [14].

Local

Frequency (GHz) 12.696300000
Strength (mV/cm) 3.2 e
Coupling levels  [55Ds)3) <> |56P3,2) |55Ds,) <> |56P3)2)
ek —x —x
€ z z

Parameters Targeted

12.696331111

excessively large, the coupling laser experiences signifi-
cant detuning for the two dressed states |+), and leads
to weak coupling between levels |&) and |5P3/). Then
the Rydberg states exert little influence on the probe laser.
Ultimately, the optical phase of the probe laser becomes
independent of the MW when the MW is sufficiently
large.

IV. MICROWAVE ELECTROMETRY

The sensitive relationship between optical phase and
MW E-field strength in the MIOPS is applicable for weak
MW detection. Experimental determination of the optimal
working point is essential for maximizing the performance
of MIOPS in sensing tasks, specifically Fn, and A, at
the condition where the slope dA¢/dEy, is at its peak.
The derivative 0A¢/dEny attains a maximum value of
—36.4 mrad/(mV/cm) at A./27 = 5.0 MHz and Ey,, =
3.4 mV/cm, as indicated by the yellow star in Fig. 3(a).

Thus, we utilize a MW heterodyne technology to detect
a small MW signal [16,18] at the point of A./2w = 5.0
MHz and Eyw = 3.2 mV/cm, which is close to the opti-
mal sensitivity point. An on-resonance local MW field
Ejpce®ec is employed to bias the system to the selected
working point. A weak target MW Ej e/ @a/*% (to be mea-
sured), possessing the same polarization, is combined and
directed at the cell. The specifications of both MWs are
presented in Table II.

The total MW, which atoms can feel, can be expressed
as

Etotal(t)eiwloct ~ {Eloc + Eta COS(Amel + 9)}eiwloct:
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FIG. 3. Experimental results of the MW metrology. (a) The derivatives of the fitting lines presented in Fig. 2(d). The yellow star
[3.4 mV/cm, —36.3 mrad/(mV/cm)] represents the maximum point of the slope d¢/9En,,. Here 11 to 17 correspond to A./27 = 6,
5,2,0, =2, —5, and —6 MHz, respectively. (b) The power spectral density (PSD) P(f') of U,y as a function of frequency, with a
targeted MW power of —70 dBm. The sampling time of the DAQ is 1 s. The inset represents an enlarged view. (¢) PSD P(Awpnw/27)
as a function of the targeted MW power. Here the local and unknown MWs are both near resonance. The gray area, representing
the average of P,(Awmw/27) across 400 repeated experiments, indicates the noise baseline of our system. The red straight line is
fitted by y = ax 4+ b. The yellow star represents the intersection of the fitting line and the noise baseline, indicating the minimal
detectable MW power of —99.3 dBm. The error bars in the experimental data represent the standard deviation derived from 100
repeated measurements conducted over a consistent measuring duration of 1 s. Here, Awmy /2w = 31.111 kHz. For a voltage square

X (mV?), it can be expressed in ¥ (dBmV), with the relationship defined as ¥ = 10log,,(X /1 mV?).

where |Awny| = [@loc — 0t K wloc and Ey, K Ejoe [16].
So, the time-dependent variation of A¢(#) can be
expressed as follows:

oA
AG(D) = Adre + Ea 228

cos(Awmwt +6), (2)
8 mw 1 Ejoc

where A¢y,. denotes the phase shift in the probe laser
induced by the local MW. Equation (2) demonstrates that
the amplitude of the cosine term in A¢ (¢) is directly pro-
portional to E,, the quantity of interest for measurement.
The output signal after the LPF in the MW heterodyne con-
figuration, denoted as Uy (?), is digitally recorded by the
DAQ. It is expressed as follows:

AP

Uout(t) = Tp 9E
mw | Ejoc

Ey cos(Awmwt + 0), (3)

provided that the appropriately selected phase 6, ful-
fills the condition Ay + 0[/35 =m/2. More details
on the derivation are shown in the Supplemental
Material [25].

A fast Fourier transformation is performed on U,y (?)
to obtain the power spectral density (PSD) P(f). The
peak value of P(f) at the beat frequency P(Awnw/27)
will directly reveal the E-field strength of the target MW.
Figure 3(b) presents a typical P(f) with the MW acti-
vated (red) and deactivated (blue), where Ei, is about
1.1 wV/cm, corresponding to the peak value of the
PSD, P(Awnw/27) = —38.5 dBmV/Hz. The inset in
Fig. 3(b) indicates that the 3-dB linewidth of the peak is
under 1 Hz.

In Fig. 3(c), the experimentally obtained peak value
of the PSD, P(Awnw/27), as a function of target MW
power P, is shown. The noise base (—69.3 dBmV/Hz)
is given by the PSD at f = Awpny/27w when the tar-
geted MW deactivated, and such a PSD is denoted by
P.(Awmy/27). The yellow star in Fig. 3(c), which is
the intersection point of the noise base and the linear
fitting line, signifies a signal-to-noise ratio of 1 and rep-
resents the minimum MW power P, that we can measure
(Pmin = —99.3dBm). The minimum MW power Py, =
—99.3 dBm corresponds to a MW E-field strength Ey,,, =
92.4nV/cm, as determined through AT splitting calibra-
tion (see the Supplemental Material [25]). So we can get
a sensitivity of S = Eninv/T = 92.4 nV ecm™! Hz"'/? in
our system, with a measuring time of 7= 1 s. The dipole
moment d between states [nDs,) and |(n + 1)P3/,) scales
with the quantum number 7 as d o n’ over a broad range
of n (see the Supplemental Material [25]). This allows for
the rescaling of sensitivity to facilitate a fair comparison
with other studies employing different quantum numbers
n. The rescaled sensitivity of the system is expressed as
S, =8 xn*=279.5wVem ' Hz7 /2 12,

V. DISCUSSION

We investigate MIOPS in a Rydberg-EIT medium both
theoretically and experimentally. In particular, the relation
between the optical phase shift and the MW field is stud-
ied, and a phase shift of about 0.18 rad (4.5 x 1077 in the
refractive index) is experimentally achieved using a MW
E-field with a strength of 8 mV/cm. The phase modulation
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reported here is more efficient than the 0.003 rad with a
dc E-field strength of about 630 mV/cm reported as the
result of n = 48 in Figure 3(a) of Ref. [31]. Furthermore,
we have developed an atomic MW electrometry based
on MIOPS and achieved a sensitivity of S = Enminy/T =
92.4nV cm~! Hz"/2.

Based on our theoretical analysis, we expect to achieve
more efficient phase modulation, larger phase shift, and
better overall sensitivity in the near future. For instance,
as shown in the Supplemental Material [25], the efficiency
of the phase modulation can be significantly improved with
a high-power coupling laser (about 4.1 W), which means
we can achieve a sensitivity less than 10 nV cm™! Hz~!/?
in principle. And the MIOPS can be improved to a phase
change of 2 rad.

But in our experiment, there are some limits that stop
us from further improving the MIOPS, or sensitivity.
First, the interplay between Rydberg atoms or ions will
become more obvious when the coupling laser is higher.
Second, the coupling laser cannot easily improve to sev-
eral watts. There are some ways to solve these prob-
lems. First, we can cool down the vapor to achieve a
low atomic density and allow the probe laser to pass
through the vapor multiple times. Then we can make the
probe laser accumulate a sufficient phase while reducing
the density of atoms to avoid the influence of Rydberg
interactions. Second, the high-power laser at the wave-
length of 480 nm is hard to improve directly, but we
can build an optical cavity to enhance its power in the
cavity. So, the efficiency of phase modulation and the
MIOPS can be further improved in principle. This model
itself can be further improved by considering the Rydberg
interactions or ion collisions [20,28-30]. We expect this
improvement to be able to explain the nonperfect anti-
symmetry in Fig. 1(c) and the nonzero phase shift of m2
in Fig. 2(b).

Finally, we will examine the differences between the
two distinct MW measurement methods, i.e., optical phase
measurement and optical power measurement, along with
their respective sensitivities. They utilize the real and
imaginary parts of the refractive index of the probe
light in a Rydberg vapor cell, and the resulting expres-
sions for sensitivity are also similar. Nonetheless, focus-
ing solely on quantum noise for sensitivity is somewhat
idealistic, given that technical noise remains the pre-
dominant source of noise in our system. The inclusion
of technical noise restricts the practical applicability of
sensitivity derived solely from shot noise (refer to the
Supplemental Material [25] for further details). In prac-
tical MW measurement tasks, the system’s noise level
can be assessed to ascertain whether the primary noise
is manifested in optical power or optical phase, thus
facilitating the selection of the appropriate measurement
method.
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