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Precise measurement of a weak radio frequency electric field
using a resonant atomic probe*
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We present a precise measurement of a weak radio frequency electric field with a frequency of < 3 GHz employing a
resonant atomic probe that is constituted with a Rydberg cascade three-level atom, including a cesium ground state |6S; /2),
an excited state |6P3 /2), and Rydberg state |nDs /2). Two radio frequency (RF) electric fields, noted as local and signal
fields, couple the nearby Rydberg transition. The two-photon resonant Rydberg electromagnetically induced transparency
(Rydberg-EIT) is employed to directly read out the weak signal field having hundreds of kHz difference between the local
and signal fields that is encoded in the resonant microwave-dressed Rydberg atoms. The minimum detectable signal fields
of Eg,,,, = 1.36£0.04 mV/m for 2.18 GHz coupling [68Ds ;) — [69P3 ) transition and 1.33 +0.02 mV/m for 1.32 GHz
coupling |80D5 /2> — |81P; /2) transition are obtained, respectively. The bandwidth dependence is also investigated by
varying the signal field frequency and corresponding —3 dB bandwidth of 3 MHz is attained. This method can be employed
to perform a rapid and precise measurement of the weak electric field, which is important for the atom-based microwave
metrology.
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1. Introduction

Precise measurements of a weak radio frequency field
with frequency less than 3 GHz play an important role in
science, communication, and everyday life. Rydberg atom-
based electric field sensor has achieved great progress in re-
cent years due to its large electric polarizability (e< n’) and
big microwave-transition dipole moments (o< n%).ll It cov-
ers the frequency range over from megahertz to terahertz, and
has a potential to outperform the traditional electrometry due
to the self-calibration characteristics. An all-optical sensing
method based-on Rydberg electromagnetically induced trans-
parency (Rydberg-EIT)*! and Autler-Townes (AT) splitting3!
has been employed to character the properties of elec-
tric fields, including the measurements of microwave fields
magnitude,*®! polarization,”8 phase,[” as well as mil-

ILI21 subwavelength

limeter waves,['9 static electric fields,|
imaging of microwave electric-field distributions,!!*!4! field
inhomogeneities,!'>!%! and nonlinearity.['” Rydberg atoms
have been also used as a radio frequency receiver for retrieving
amplitude modulated (AM) base band signals that result in the

»[18-201 apd can also be used to realize

“Rydberg atom radio
the extension of the feasibility of digital communication via a
continuously tunable radio-frequency carrier.

A few techniques have been proposed for improving the
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sensitivity of weak field measurements, for example, (i) us-
ing high fineness optical cavities to narrow the EIT linewidth
for improving the AT splitting resolution; (ii) using Mach—
Zehnder interferometer detection?!! and a frequency modu-

lation technique!??!

to increase the signal-to-noise ratio; (iii)
a Rydberg atom-based mixer has been used to realize the
weak electric-field detection with sub-Hz resolution for the
microwave field.?>>#! In this work, we present a precise mea-
surement of weak electric field in a room-temperature cesium
vapor cell, where an atomic probe is employed to directly read-
out the weak radio frequency field that is encoded in the lo-
cal microwave field. The RF field frequency of ~ 2.18 GHz
(~ 1.32 GHz) couples a nearby Rydberg transition [68Ds ) —
|69P35) (|80Ds/5) — [81P35)). The frequency of the weak
signal electric field is hundreds of kHz different from the lo-
cal field. The Rydberg-EIT is employed to directly detect the
weak signal field, the corresponding minimum detectable field
is ~ 1.36 £0.04 mV/m (1.33£0.02 mV/m) with a —3 dB
measurement bandwidth of 3 MHz.

2. Experimental setup

Experiments are implemented in a room-temperature ce-
sium cell of length 50 mm and diameter 20 mm, as shown
in Fig. 1(a), and the relevant Rydberg EIT-AT four-level di-
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agram is given in Fig. 1(b). A probe and a coupling lasers
overlap and counter-propagate through the cell. The weak
probe beam, A, = 852 nm, is produced by an external cav-
ity diode laser (Toptica DLpro) with a 1/e? waist of 100 um
at the cell center. The probe frequency is locked to the transi-
tion [6S;,F =4) — |6P3»F' = 5) using a super stable opti-
cal cavity (1.5 GHz FSR and 15000 fineness). The strong cou-
pling laser, A. = 510 nm, is originated from a commercial laser
(Toptica SHG110) witha 1/ e? waist of 172 pm at the cell cen-
ter, related frequency locked to the |[6P3 »F' = 5) — |68Ds 5)
Rydberg transition. Two radio frequency fields, denoted as

(a)
Ap =852 nm

Probe transmission/arb. units

(b)

local (E1) and weak signal (Eg) fields with hundreds of kHz
frequency difference, interact with the atoms simultaneously.
Due to the small frequency difference between the two radio
frequency fields and the small amplitude of the signal field,
the electric field that atoms experienced is considered as the
modulation of the local field,') see details below. The power
of the probe beam passing through the cell is detected with
a photodiode (PD) and recorded with an oscilloscope. Both
radio frequency electric fields have the polarization along z
axis and parallel to the polarization of the probe and coupling
beams.
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Fig. 1. (a) Schematic diagram of experiments. The coupling and probe beams, forming a Rydberg three-level system, counter-propagate
through a cesium vapor cell along the x axis. Two radio frequency fields with hundreds of kHz difference, denoted with solid and dashed arcs,
interact with the three-level system. The one radio frequency field is denoted as a local field (E1 ) and the other one as a weak signal field (Es).
The transmission of the probe is used to directly read out the signal field by a photodiode (PD) after a dichroic mirror (DM). (b) Energy level
diagram. The probe (coupling) laser is resonant with the lower [6S; ,F = 4) — |6P3,F' = 5) (up [6P3 2 F' = 5) — [68Ds 5)) transition. The
local (signal) field with the frequency ~ 2.18 GHz couples Rydberg transition |68D5 /2> — |69P3 /2>. Small frequency difference between the
two radio frequency fields results in the modulation to the local field, see text. (c) Measurements of Rydberg EIT-AT spectra as a function of the
coupling laser detuning A, with a local field £y, = 0.49 V/m. The solid lines correspond to Lorentz fittings to the EIT-AT spectra. The extracted
EIT linewidth is It = 27 x (12.54+£0.13) MHz. The coupling frequency is continuously scanned by the SC110 module of a commercial
laser Toptica SHG110 and the probe transmission spectrum is detected by a PD and recorded with an oscilloscope.

A local radio frequency field, generated with a function
generator (SRS SG384) and emitted from a horn antenna, is
applied transversely to the laser beams propagating through
the vapor cell, where it interacts with cesium Rydberg atoms.
The local field has a frequency ~ 2.18 GHz (1.32 GHz), reso-
nantly driving the |68Ds ) — [69P3 5) (|80Ds5) — [81P3/5))
Rydberg transition with Rabi frequency Qrp. A signal field
with hundreds of kHz difference in frequency from the local
field, is originated from another function generator (Keysight
N5183B) and emitted by another antenna. The local field
causes an AT splitting of the Rydberg-EIT illustrated in
Fig. 1(c) as a function of the coupling laser detuning. The

Lorentz fitting to the field-free EIT spectrum yields linewidth

It = 27 x (12.54 £0.13) MHz. An observed EIT trans-
mission splits into two peaks, EIT-AT splitting far, in the
Analysis of the Rydberg-EIT-

AT spectra reveals the Qrp value, which is proportional to

presence of local field Ep.

the radio frequency electric field. Hence, this spectroscopic
method affords an all-optical readout of the time-dependent
field strength. The extracted far is 27 x 15.89 MHz by using
multi-peak Lorentz fittings to the data (red solid line), corre-
sponding local electric field £, = 0.49 V/m. In following ex-
periments of weak signal field measurements, the local field
is set to this value. The coupling laser frequency is locked
to the up transition |6P3 ,F' = 5) — [68Ds ) (|80Ds»)) and

the Rabi frequencies of the probe and coupling beams are
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0, =21 x13.35 MHz and Q. =27 x 2.94 MHz, respectively.

3. Results and discussion

Microwave field measurement based on Rydberg EIT-
AT splitting is no longer applicable for the weak electric
field when the field induced AT splitting is less than the EIT
linewidth, far < Igrr. To detect the weak field, we encode this
weak field, considered as a signal field Es = Eg cos(wst + ¢s),
to a strong local field (Ep, = E] cos(@rf+ ¢)). Both the weak
signal and strong local fields incident on to the vapor cell si-
multaneously. Such that the radio frequency field the atoms
experienced in the path of the probe and coupling beams is
written as

Erp = EL +Es. (D

For the signal field with its polarization being parallel to
the local field and the frequency difference satisfying the con-
dition of Aw = W, — s K @, ® = “’L;ws, the scalar total
microwave electric field that the atoms feel can be expressed

as

|Ere| = \/ EP +E2 +2E| Ejcos(At +A9),  (2)

with @y, =27 f1, and ws = 27 fs, Ap = ¢, — ¢s. For the weak
signal field, E{ < E[ , equation (2) is further simplified as

|Erp| ~ E{ + Egcos(Aot +Ag). (3)

Equation (3) demonstrates that the radio frequency field the
atoms experienced is regarded as the local field that is en-
coded or modulated by a baseband signal of the modulation
frequency Aw and amplitude E{, which results in a modula-
tion of the EIT spectrum. The amplitude of the weak signal
field E{ can be directly optically read out.!"]

The probe-power transmission is P = Pyexp(—oaL), with
the probe-laser absorption coefficient & = 27Im(y)/A, and L
the vapor cell length. The ¥ is the susceptibility of the medium

seen by the probe laser. The y is written as

_ 2Nupp

xX= Eye0 P12, 4

with N the average atomic density, Uj» (p12) the dipole mo-
ment (the density matrix element) of transition |1) — [2), E,
the amplitude of the probe, and &) the vacuum permittivity. For
the four-level atoms denoted in Fig. 1(b), x(p12) displays the
EIT-AT spectrum when we scan the probe or coupling laser
frequency, as shown in Fig. 1(c). However for the case of
the two-photon resonant Rydberg-EIT, the probe transmission
The x is a
function of the radio frequency electric field |Egp|, where the

strongly depends on the radio frequency field.

corresponding probe transmission is proportional to the mag-
nitude of the radio frequency electric field. The probe trans-
mission detected by the photodiode detector is taken as

P o |Egp| ~ E| + E§cos(Awt + Ag). (5)

It is found from Eq. (5) that the detected probe transmission at
EIT resonance is varied with frequency Aw = @, — ws (differ-
ence between signal and local field frequencies), related am-
plitude proportional to the signal field E{.

In a preliminary experimental test, we set local field fre-
quency o, = 27 x 2.185740 GHz that couples the nearby Ry-
dberg transition |68Ds /) — |69P3/5). The local field results
in the AT splitting, far = 27w x 15.89 MHz, that is close to
the EIT linewidth, see Fig. 1(c). The weak signal field fre-
quency ws = 27 x 2.185780 GHz with frequency difference
Aw = 21 x 40 kHz relative to the local field. Figure 2 presents
the measured probe laser transmission for three indicated radio
frequency Eg fields under two photon resonant Rydberg-EIT.
The probe laser transmission shows a nice sinusoidal profile
with a frequency 40 kHz. We fit the spectra of Fig. 2 with
sine function to extract the amplitude E§. It is clearly shown
that the probe transmission amplitude decreases when the sig-
nal intensity Eg decreases, the corresponding signal fields are
0.08 V/m, 0.13 V/m, and 0.18 V/m, respectively. The values
of electric field can be acquired by calibrating the probe trans-
mission amplitude with an EIT-AT spectrum discussed below.

é 0.18 3 ; /{;.08 V/m
é 0_12\\/\/\\/\,/ \\/ﬁo\.\fg/v\/{
= A \
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Fig. 2. Measurements of the probe laser transmission with an indicated
weak signal field Es = 0.18 V/m (bottom), 0.13 V/m (middle), 0.08 V/m
(top) in the presence of the local field £y, = 0.49 V/m at two photon res-
onant Rydberg-EIT. The transmission shows a nice sinusoidal profile,
the related amplitude increases with the signal field Es.

When the signal field decreases further, the detected
probe transmission displays a deformed sine profile that can
not be well fitted with a sine function. To read out the ampli-
tude of weak field Eg, we employ a lock-in amplifier triggered
by the beat signal E§cos(Awr + A¢) that is obtained with a
radio frequency mixer. The output of the lock-in amplifier is
proportional to the amplitude of signal field Es. To do the test,
we decrease the signal electric field and do a series of measure-
ments, corresponding electric fields displayed with red squares
in Fig. 3(a) for wp, ~ 27 x 2.18 GHz. The inset of Fig. 3(a) dis-
plays the output of the lock-in amplifier. To calibrate the elec-
tric field value, we use the Rydberg EIT-AT spectra at strong
field range with the formula far = Qrp = UERF/%, in which
Qgrr (1) denotes the Rabi frequency (dipole matrix element)
the radio frequency field coupled and 7 is the reduced Planck
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constant. The measured strong electric field is shown with
blue circles in Fig. 3(a). The radio frequency field is propor-
tional to the square root of the output power of the function

generator!>!

Err = \/30Prrg/d,

with g the gain of the antenna and d the distance from the an-
tenna to the vapor cell. Equation (6) is plotted with a black
solid line in Fig. 3(a). The EIT-AT splittings at strong field
together with Eq. (6) are used to calibrate the measurements
of Figs. 2 and 3. The measurements of Fig. 3(a) demon-

(6)

strate a linear dependence on \/FrE, corresponding slope par-
allel to the calculation, from which the radio frequency field
is extracted. The last point in the linear line yields the de-
tectable minimum value Es_, = 1.36 £0.04 mV/m for 2.18-
GHz singal field (Fig. 3(a)), the related error bars display the
standard error of two independent measurements. To ver-
ify this method, we change the local field frequency to 1.32-
GHz that couples the [80Ds /) — [81P35) Rydberg transition
and do similar measurements, the corresponding results are
shown in Fig. 3(b). The achieved minimum detectable field of
Es =1.33£0.02 mV/m.

min
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Fig. 3. Measurements of the lock-in output of the probe transmission (red squares) and signal fields Eg (blue circles) by EIT-AT spectra
versus the square root of the output power, y/Prp, of the function generator for (a) signal field frequency ws ~ 27 x 2.18 GHz and (b)

s ~ 27 x 1.32 GHz. The black line is the calculation of equation Err = 1/30Pgrg/d. The detectable minimum of signal field Es

1.36£0.04 mV/m in (a) and 1.33 £0.02 mV/m in (b). The error bars display the standard error of two independent measurements. The inset

demonstrates the lock-in output of the probe transmission.
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Fig. 4. Measurements of signal electric field, 20log(Es/Ep), as a function
of Aw by changing the signal field frequency for two indicated signal field
values Eg = 0.39 V/m (black circles) and 0.07 V/m (red triangles), respec-
tively. Horizontal dot-dashed line displays the idea —3 dB line, related —3 dB
bandwidth of 3 MHz, depending on the photodiode used.

Finally, we measure the bandwidth of the signal field. We
change the frequency of the signal field while keep the local

field fixed and do the similar measurements of Fig. 3. Figure 4
presents the measurements of electric field, 20log(Es/Ep), as
a function of the signal field frequency for two different field
values, Es = 0.39 V/m (black circles) and 0.07 V/m (red tri-
angles), respectively. The —3 dB bandwidth is about 3 MHz,
which depends on the photodiode detector used.

4. Conclusion

In summary, we have presented a weak electric field mea-
surement for a frequency ws < 27 x 3 GHz employing a reso-
nant atomic probe. When the signal field is much weaker than
the local field, Es < Ep, the two-photon resonant Rydberg EIT
displays a sine profile with frequency difference of the local
and signal fields, Aw, and sine amplitude of E§. This sine pro-
file of the probe transmission yields a fast and direct readout
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of the signal radio frequency electric field. The measured min-
imum fields of 1.36 +0.04 mV/m and 1.33 £0.02 mV/m are
attained for two selected test RF frequencies of 2.18 GHz and
1.32 GHz, respectively. The resonant atomic probe provides
a method of fast and direct readout the field value without fur-
ther processing and the related radio frequency easily extends
to tens of GHz. Furthermore, this method can be used to mea-
sure the radio frequency electric field with signal frequency
being continuously varied, arriving at —3 dB bandwidth of
3 MHz in this work. The bandwidth can be a few MHz de-
pending on the optical detector used. The measured accuracy
could be improved by one order of magnitude by compress-
ing the laser frequency and intensity noise. Compared to the
previous field measurements, 212! the method of this work is
simple and provides a rapid and precise way to measure the
weak radio frequency electric field.
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