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Abstract: An electromagnetically induced transparency (EIT) of a cascade-three-level atom involving
Rydberg level in a room-temperature cell, formed with a cesium 651 /,-6P;/,-6651 /2 scheme, is
employed to detect the Autler-Townes (AT) splitting resulted with a 15.21-GHz microwave field
coupling the 665 ,,—65P; /, transition. Microwave field induced AT splitting, f4r, is characterized
by the distance of peak-to-peak of an EIT-AT spectrum. The f4r dependence on the microwave Rabi
frequency, Oy, demonstrates two regions, the strong-coupling linear region, for ~ Qpw and the
weak-coupling nonlinear region, far S Quw. The far dependencies on the probe and coupling
Rabi frequency are also investigated. Using small probe- and coupling-laser, the Rabi frequency is
found to enlarge the linear regime and decrease the uncertainty of the microwave field measurements.
The measurements agree with the calculations based on a four-level atomic model.
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1. Introduction

Atom-based measurements are receiving increasing attention, such as time [1], gravity [2]
and electromagnetic fields [3-5], due to their invariable level structures that can be used as self
calibrating criterions for measurements of these quantities. Atoms have also been successfully used
for magnetometry due to their sensitivity to magnetic field [6,7]. Rydberg atom, highly excited
atom with principal quantum number n > 10, has a large electric polarizability (x #”) and a big
microwave-transition dipole moments (x 72) [8], which make it a good candidate for measuring
external electric fields [9-15]. Rydberg electromagnetically induced transparency (EIT) [16,17],
providing a nondestructive detection of Rydberg states, has been investigated in recent years.
Rydberg EIT can be used to measure a large dynamic range of the electric fields of electromagnetic
radiation, including microwave fields [10-12], millimeter waves [13], static electric fields [14,15] and
subwavelength imaging of microwave electric-field distributions [18,19] and field inhomogeneities [20].

Measurement of the microwave field for frequency larger than 1 GHz is mainly based on
an Autler-Townes (AT) effect [21] that is induced by the microwave field coupling nearby Rydberg
levels [10]. Rydberg-EIT is employed to measure the AT splitting (f47) that is proportional to the
microwave electric field, i.e., far = Quw = £ M E, with Qpw the Rabi frequency of microwave field,
umw the dipole matrix element microwave field coupled and 7 reduced Planck constant. The Rydberg
EIT-AT spectrum leads to a direct International System of Units (SI) traceable, self-calibration and
broadband measurement of microwave electric fields, that has the capability to realize measurements
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on a fine spatial resolution. The approach of EIT/AT-based electric-field measurement is recently
investigated by several groups around the world [9-13]. However, the AT splitting shows the
nonlinear dependence on the coupling Oy at a weak electric-field range, which yield a large
deviation of the microwave electric-field measurement. Here, we present the measurements of f4r,
induced by a 15.21-GHz microwave field coupling the 66S; /,-65P; /; Rydberg transition in a cesium
room-temperature vapor cell. We investigate the dependences of the f41 on the Q) and the coupling
(probe) Rabi frequency €).(,). The results are in accord with the theoretical simulation of the density
matrix theory.

2. Experimental Setup

A schematic of an experimental setup and relevant Rydberg EIT-AT four-level ladder diagram
are shown in Figure 1a,b. A weak probe beam, with 1/ % waist 90 pm and wavelength A, = 852 nm,
and a strong coupling laser, with 1/e? waist 135 pm and wavelength A, = 510 nm, are overlapped
and counter-propagated through a room-temperature cylindrical cesium vapor cell. Both length
and diameter of the cell are 25 mm. Cesium ground state |6S1,,F = 4), excited state |6P;,F' = 5),
and Rydberg state [66S1 5) consist of a three-level EIT system. The coupling laser couples the transition,
|6P;/oF' = 5) — |6651,2). The probe laser is frequency-locked to the transition [6S;/,F = 4) —
|6P;,oF' = 5) using a polarization spectrum method. The microwave electric field with a frequency
~15.21 GHz is emitted from an antenna that is placed at a distance of 86 cm from the vapor cell,
see Figure la. The microwave field couples the Rydberg transition |66S;,,) — |65P; 5), yielding
a Rydberg EIT-AT spectrum.
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230 68,,(F=4) —— 1>

Figure 1. (color online) (a) Sketch of an experimental setup. The coupling, A, = 510 nm, and probe,
Ap =852 nm, lasers counter-propagate through a cesium room-temperature vapor cell along the y-axis.
The horn antenna, placed 86 cm far from the cell (not scaled), emits the microwave electric field with the
frequency ~ 15.21 GHz coupling Rydberg transition, producing an EIT-AT spectrum. The polarization
of the microwave field is set to parallel to the polarization of probe and coupling beams. The probe
beam is passed through a dichroic mirror (DM) and is detected with a photodiode detector (PD). PBS:
polarized beam splitter; (b) Energy level diagram of cesium cascade four-level system. The probe
laser is resonant with the lower transition, |6S1/,F = 4) — |6P3/,,F’ = 5), and the coupling laser is
scanned through the Rydberg transitions, [6P; 2 F' = 5) — 6651 7). Ac is the coupling laser detuning.
The applied microwave electric field couples the transition, |66S1 /) — |65P; /»), that forms Rydberg
EIT-AT spectrum.
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The probe and coupling lasers have the same linear polarization along z-axis. The antenna
is set such that the polarization of microwave field is paralleled to the laser-beam polarizations.
This configuration leads to the two-peak EIT-AT spectral profile. The Rydberg EIT-AT signal is observed
by measuring the transmission of the probe laser using a photodiode detector (PD) after a dichroic
mirror (DM).

The Rabi frequency of probe (coupling) laser is expressed as, (3, = u,;l@ nif;” (CZEO, with probe
p(e)

(coupling) laser power P, beam waist w), (), permittivity in vacuum &g and light speed c. )

c
is the transition dipole moment Corresponii(i;g to the probe (coupling) laser coupled transition,
which can be calculated accurately [22]. We change the laser Rabi frequency by varying the laser
power with a A/2 plate that is placed in front of a polarized beam splitter (PBS). Microwave field
Epmw = +/30Pywg/d [23], with Py power of the microwave source, ¢ gain of the antenna and d
distance to the cell. The microwave field is in far-field regime, the distance d is set to 86-cm far from

cell, which is larger than the far-field condition, dg = 65 cm here.

3. Results and Discussion

In Figure 2, we present the measurements of four-time averaged Rydberg EIT-AT spectra with
an up level 6657, Rydberg state, and a 15.21-GHz microwave electric field coupling |66S;,,) —
|65P; /5) transition. The Rabi frequencies for the probe and coupling beams are (), = 27t x 4.00 MHz
and Q) =27 x 4.11 MHz, respectively. The black curve in Figure 2 shows a field-free Rydberg EIT
spectrum. EIT linewidth 27t x (5.83 & 0.2) MHz (close to the natural linewidth 27t x 5.2 MHz of
intermediate state) is extracted by Lorentz fitting to the EIT spectrum. EIT spectrum is calibrated
with the hyperfine level |6P; ,F' = 4) Rydberg EIT signal, not shown in here, see ref [14]. It is noted
that the observed hyperfine EIT interval of 6P/, (F' = 5) and (F’ = 4) is 7x 251 MHz = 168 MHz,
here 17 = A, /A.— 1is the Doppler factor. The EIT line splits into two-peak spectra, known as AT effect,
when we apply a microwave electric field that couples [66S;,,) — |65P; ;) transition. AT splitting, far,
defined as the peak-to-peak separation of the line pair, is extracted using the multipeak Lorentz fittings
to the spectrum, as denoted with the solid lines in Figure 2. The measured f4r are 27t x 12.90 MHz
and 27t x 39.26 MHz for microwave power of 0.63 mW and 5.01 mW, respectively. The measured AT
splitting, f4r, shows increasing with the microwave electric field.

For further investigating the dependence of EIT-AT splitting f4r on the microwave field, we do
a series of measurements by varying the microwave power. Figure 3 demonstrates f4r dependence
on the microwave Rabi frequency Qpw with probe ), = 27t x 4.00 MHz and two coupling Rabi
frequency Q)1 =27 x 4.11 MHz (red circles) and Q) = 271 x 2.06 MHz (blue squares). It is seen that
far = Qpw and linearly increases with microwave at the region Qyy 2 271 x 17 MHz, in a strong
field region, for both cases. According to far ~ Qpw and Qpw = L ‘th E, the microwave electric field
E can be measured [10]. However, in a weak region, measured far is less than Qi and denotes
a nonlinear dependence, see the inset of Figure 3. The nonlinear behavior is attributed to the EIT effect
when probe and coupling fields interact with atoms at a weak-coupling region [24,25].

It is found, from Figure 3’s inset, that the nonlinearity of f47 strongly depends on the microwave-free
Rydberg EIT condition, i.e., the EIT linewidth. ygr is expressed as (Q2 + Qf,) /Teg with Teg
the spontaneous decay rate of intermediate state. EIT linewidth depends on the probe and
coupling laser Rabi frequency. For the case ();; = 2w x 4.11 MHz in the inset of Figure 3,
the ypiT =271 X 5.83 MHz, the fu7 begins to show the nonlinear effect at Qpw 2 271 x 17 MHz,
that is ~3ygr, and demonstrate the highly nonlinear behavior at Qyw < ygrr. For the smaller
coupling Rabi frequency, (0 =271 x 2.06 MHz and yg;7 = 271 x 4.35 MHz, we see the nonlinear
effect appear at ()1 2 27t x 12.0 MHz («3ygjT). At a weak-field region, the AT peaks are artificially
pulled closer together for simultaneously that leads to far < Qpw. The phenomenon about nonlinear
dependence are similar with the theoretical simulation in Ref. [12]. At a nonlinear region, far < Qumw,
yielding large uncertainty and prevents the precise measurement of the microwave field.
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Figure 2. (color online) Measurements of Rydberg EIT-AT spectra as a function of the coupling laser
detuning A with the probe/coupling Rabi frequency Q) =27t x 4.00 MHz and Q) =27t X 4.11 MHz and
the indicated microwave power P = 0.22 mW (blue), 0.63 mW (green) and 5.01 mW (red). The frequency
of microwave field is set to 15.21 GHz coupling Rydberg transition|6657 /) — |65P; /2). The microwave
induced AT splitting, far, is extracted with the multipeak Lorentz fittings to the EIT-AT spectra
(solid lines). The microwave-free EIT signal (black) is obtained with 65; /,-6P5S3,,-6651 /, three-level
scheme, corresponding EIT linewidth yg;7 = 27T x (5.83 & 0.2) MHz.
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Figure 3. (color online) Measurements (hollow) and calculations (solid) of f4r as a function of
microwave Rabi frequency Qs for the probe Rabi frequency () = 27t x 4.00 MHz and two different
coupling Rabi frequency Q. =27 x 4.11 MHz (red circles) and Q) =27t x 2.06 MHz (blue squares).
far shows linear increase as microwave field, and f47 ~ Qpw in a strong microwave coupling range,
when Qw 2 27t X 17 MHz for the case Q¢1 and 2 27t x 10 MHz for the case Q; whereas far < Quw,
demonstrating the nonlinear dependence on the microwave field. Inset: a room-in of nonlinear region
indicated by the gray rectangle. The black thin line indicates the reference far = Qpy.
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To explain the experimental results in Figure 3, we numerically solve the master equation,

i

p=—5lHel+2 0

where H is the Hamiltonian of the four-level atomic system in Figure 1b, and £ is the Lindblad operator
that accounts for the decay processes of the atom, the details of the decay are described in Refs. [12,24].

0 Q, 0 0

i Q, —2A Q) 0
H=>| "7 P ¢ , 2
2 0 O —2(A,+A) Quw @

where Ay, Ac, Ay are the detunings of the probe laser, couple laser, and the MW field, respectively.
Lindblad operator, £, is denoted as

02, —7Y12P12 —7Y13013 —714P14

o= | T2 [3033 — 2022 —723023 Y0 | 3)
—Y31031 —Y32032 Typgq —T3033 —Y34034
—Y41P41 — V42042 — V43043 —T'4pas

where 7;; =(I'; + T) /2 and Fi(]-) is the spontaneous decay rate. We find the steady-state solution
for various values of Q)¢, (), and Qpy by setting ¢ = 0 and obtain the matrix element pq; that is
proportional to the absorption coefficient of the probe laser [25]. The Beer’s absorption coefficient for
the probe is & = 277 I";—(X), with x the susceptibility of the medium seen by the probe laser. Considering
atomic velocity distribution at temperature T, x is written as x (v)d(v) « p12 N(v)d(v), and N(v)
is the Maxwellian velocity distribution function at T. In Figure 3, we also present calculated far
with filled circles (().1) and squares ({)2). We note that the calculations show agreement well with
measurements at a large () region for two coupling Rabi frequency cases; whereas at a weak Q
region, the calculated far display a nonlinear dependence, but measurements for the small Rabi
frequency ()) is closer to the calculations than the large (€)1) case. Furthermore, the calculated far
is almost the same at an interested (), range for two Q). cases, this is attributed to the coupling-laser
induced EIT line broadening that is not taken into account in our calculations.

To verify the assumption of EIT line broadening, we keep microwave Qs fixed and vary the
probe/coupling laser Rabi frequency and do a series of measurements of f4r. In Figure 4, we display
the f4r dependence on (), in Figure 4a and )¢ in Figure 4b with Qg = 271 x 7.61 MHz (corresponding
to Eprw = 0.46 V/m) and Qppy = 27tx 9.48 MHz (Epyy = 0.57 V/m). It is seen that the f4r shows
different value as Q). or (), varies. For the range (); and (), we used in Figure 4, microwave-free
EIT linewidth g7 < 271 X 6.5 MHz. The f,r is located in the nonlinear region due to microwave
Qpw =27 x 7.61 MHz (9.48 MHz) that is smaller than 37, which result in f4r less than Q.
The error bars in Figure 4 display the standard error of four times measurements. The error bar of
Figure 4a is less than £0.18 for Qp /27 < 4 MHz, and increases with Qp, this is because the large
probe Rabi frequency leads to an EIT linewidth that approaches to Qp . The fa7 fluctuation below
/27 =4 MHz may due to the inhomogeneous of the microwave field in the cell. In Figure 4b,
the error bar decrease with coupling Rabi frequency, which is attributed to the large Q). yielding
enhanced EIT-AT spectrum. The deviations coming from the nonlinear behavior for the cases in
Figures 3 and 4 would result in a measurement uncertainty.

In order to investigate how the probe/coupling laser affect the microwave electric field
measurement for f4r at a linear and nonlinear regions, we do the measurements and analysis the
field-measurements uncertainty. In Figure 5, we present four-time averaged EIT-AT spectra for the
far at a linear region with Qpmw = 27t x 30.71 MHz (Figure 5a,b) and a nonlinear region with
Qpw =27 x 7.73 MHz (Figure 5c—e) and indicated coupling (). For comparison, we also plot the
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calculations based on the four-level model, see solid lines in Figure 5. The microwave Rabi frequency
Qpw used in calculations are same as f 47 for linear regime in Figure 5a,b, the calculations reproduce
the EIT-AT spectra well. The small difference at shoulder of the AT peak is due to the inhomogeneous of
MW field in the cell that yields the AT line broaden [23]. In Figure 5c—e, the microwave Rabi frequency
Qpw in calculations has a tiny difference with the measured f4r. Below we analysis the relative
deviation, Dg,,, that is defined as the ratio (far — Qnw)/Qpmw. In the linear region, the measured
far = Qpw and independent of the coupling Rabi frequency. The extracted D, is —0.52% and 0.88%,
see Figure 5a,b, which are smaller than 1%. However, in the nonlinear region, for the same microwave
field the measured far display different value and varies with the coupling laser Rabi frequency
leading to large deviations of field measurements. The resultant uncertainty Dp,, in Figure 5c—e are
—11.38%, 0.52% and 9.31% for Q). /27 = 3.56 MHz, 2.06 MHz and 1.13 MHz, respectively. The results
of Figures 4 and 5 provide experimental evidence for the theoretical simulations in Ref. [12].

From the results of Figures 3-5, it is seen that the f47 shows two regions, the strong microwave
Qpw linear region and the weak field nonlinear region. At the linear region, far ~ Qpmy, which can
be used to measure precisely the microwave electric field with uncertainty less than 1%, see Figure 5a,b,
one orders of magnitude better than the conventional microwave field measurements. At the nonlinear
region, f4r strongly depends on the microwave-free EIT linewidth, relying on the probe and coupling
laser Rabi frequency. From Figures 3 and 5c—e, the smaller the coupling () is, the narrower the
microwave-free EIT linewidth is and the smaller the f4 can be separated, see Figure 5c,d. However,
when the coupling (). is further decreased, the EIT-AT spectrum shows good two-peak profile but
with low signal-noise ratio, which also leads to the large measurement uncertainty in Figure 5c. For the
electric field measurement using EIT-AT, the narrow EIT linewidth is expected to obtain a large far
linear region and precise microwave field measurements.

From Figure 3, we note that this nonlinear behavior also leads to a critical value for ).,; before
AT splitting occurs. The critical value corresponds to the minimum splitting that can be detected
and is given by the locations where the curves cross the x-axis, (), see the short-dashed arrow in
Figure 3. For Qpw < Qri, the microwave electric field cannot be measured with this EIT-AT method.
The Q) is relative to the EIT linewidth, ygrr. The narrower the gyt is, the smaller Q),; is. The narrow
linewidth EIT spectrum can be obtained with a weak coupling(probe) laser beam (small Rabi frequency).
However, this strategy to reduce EIT linewidth has a limitation that is limited by the Doppler broadening.
For reducing the EIT linewidth further, it need to lower the temperature of the atomic vapor and using
the laser trapped atoms. In other hand, using weak probe(coupling) laser Rabi frequency will increase
the background noise and reducing the sensitivity, see Figure 5c.
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8 = ] = Q. /2n= .61 MHz
s Q,,, 2t=7.61 MHz I v ]
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Figure 4. (color online) Measurements of f4r as a function of probe Rabi frequency Q; (a) and
coupling Rabi frequency Q). (b) for fixed microwave electric field Oy /27T =7.61 MHz and 9.48 MHz,
corresponding to electric field E = 0.46 V/m and 0.57 V/m, respectively. The error bars show the
standard error of four times measurements.
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Figure 5. (color online) Measurements (symbols) and calculations (solid lines) of Rydberg EIT-AT
spectra as a function of the coupling laser detuning A, and indicated coupling Rabi frequencies for fixed
probe Q) =27t x 4.00 MHz and two microwave field Qpw = 271 x 30.71 MHz (a,b) and 27t x 7.73 MHz
(c—e). The black dashed lines display multipeak Lorentz fittings to the EIT-AT spectra for extracting f4r.
The deviation Dg,, is defined as the ratio (far — Qpw)/ Qpw- In (a,b), faT locates in the linear region
where the measured microwave electric field is independent on the coupling laser, corresponding Dg,.,
is smaller than 1%. In (c—e), fT is in the nonlinear region where measured microwave electric field
strongly dependent on the coupling laser Q).

4. Conclusions

In conclusion, we have investigated Rydberg EIT-AT spectra employing cesium ladder four-level
system involving Rydberg [66S ,), where a 15.21-GHz microwave field coupling the transition of
|66S1/2) — |65P; /7). Microwave induced AT splitting f4r is proportional to coupled Rabi frequency
Q= H4Y E providing a self-calibrated and broadband measurement of microwave electric field [10].
The far dependence on QO at a weak microwave field region shows a nonlinear effect, far < Q.
We find that the nonlinear region depends on the microwave-free EIT linewidth. When Qw2 37ErT,
the measured far displays a good linear behavior, the uncertainty of the measured microwave
field is less than 1%, while Opw S 379Err, far enter the nonlinear region, yielding the large
measurement uncertainty using this technology. When Qpqw < vEr7, it shows a highly nonlinear
effect, corresponding uncertainty even up to 40%. Figures 4 and 5 demonstrate that using the weak

probe and coupling laser beams, forming the narrow linewidth EIT spectrum, can enlarge the linear
region and decrease the measurement uncertainty. The narrow linewidth EIT spectrum also can be
obtained with a three-photon EIT scheme [26]. To observe a narrow EIT linewidth, one must decrease
the probe and coupling laser power. This will increase the background noise as in Figure 5c. We need
to balance the linewidth and spectrum sensitivity in experiments. It is noted that this kind of nonlinear
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presented in this work and Ref. [12] is inevitable result of the quantum effect, when the Qv decrease
to the critical value, the system become the quantum interference region, as discussed in our previous
work [24]. In future work, the modulation and demodulation technique will be used to improve the
Rydberg-atom-based field measurements.
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