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Fig. 1. The energy level diagram for the four-level system used for microwave (MW) measurements (a) and experi-

mental set-up (b). Inset of (a): the top curve shows an EIT spectrum in the ladder three-level system without MW
electric field, the bottom is an EIT-AT spectrum with MW field [14].
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Fig. 2. (a) Comparison of the Rydberg EIT signal with and without Mach-Zehnder interferometer (MZI); (b) mea-
surements of A-T splitting spectra using the MZI for different RF electric field amplitudes (17,
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Fig. 3. (a) Calculations of the microwave frequency coupling the transition of nDg,, — (n + k)P3/2 as a function of the

principal quantum number n (a) and corresponding transition dipole moments (b) for Cs
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Fig. 4. (a) The schematic of the experimental setup for RF measurements, where RF is radio-frequency

source, PD is photodiode detector; (b) the energy level scheme. An applied electric field with angular

27]

frequency wm generates a ladder Floquet state separated by integer multiples of wm (271,
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Fig. 8. Experimental data (symbols) and calculations
(line) for the line-strength ratio A = (A1 — A2)/(Al+
A2) as a function of the polarization angle 6. Inset:
measured EIT spectra for § = 60° and 8 = 30°, re-
spectively. Al and A2 denote the fitted area of the
EIT spectrum [33],
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Abstract

Significant progress has been made in atom-based measurements of length, time, gravity and electromagnetic fields
in recently years. Rydberg atom-based microwave electric field measurement, using electromagnetically induced trans-
parency (EIT) in room temperature alkali-metal vapors, has been extensively investigated and aroused the broad interest.
This approach may establish a new standard for the measurements of microwave (MW) and radio frequency (RF) electric
fields.

In this review, we describe the work on a new method of measuring electric fields based on quantum interference
by using either cesium or rubidium atoms contained in a dielectric vapor cell. Rydberg atoms with principal quantum
number n > 1 have large direct current (DC) polarizabilities and microwave transition dipole moments, thereby mak-
ing them extremely sensitive to external electric fields. Using the Rydberg three-level EIT to detect the level splitting
and shift that is induced by the external field, we can realize a rapid and robust self-calibration method of measuring
the electric field in a frequency range from 0.01 GHz to 1000 GHz. For the MW electric field (frequency range > 1
GHz), the MW field causes the Rydberg states to split, known as an Autler-Townes splitting (A-T) effect when the
applied microwave can resonate with adjacent Rydberg states. The MW coupled A-T splitting is proportional to the
applied electric field strength, from which the field strength is measured. Using the EIT window, a high sensitivity of
3 uV-cm™'-Hz~'/? and small electric field of 1 uV/cm are expected to be achieved with a modest setup, and the limita-
tions of the sensitivity are also addressed in the review. For the RF field at frequency < 1 GHz, the RF field modulates
the Rydberg level, causing AC Stark shifts and RF modulation sidebands. The RF modulated Rydberg spectra exhibit
special structure that includes a series of exact crossings formed with the different-m; EIT lines, and avoided crossings
formed with the fine-structure levels of equal m; and different J’s, which is used to calibrate and measure the RF field
amplitude. On the other hand, the dependence of the EIT-line strength on the RF field polarization provides a fast and
robust polarization measurement of RF fields based on matching experimental data with a theoretical simulation. The
measurements of minimum strengths and sensitivity of RF fields based on Rydberg atoms are one order magnitude below
the values obtained by traditional antenna methods. The atom-based field measurement paves the way for determining
fields through calibration-free, invariable atomic properties and miniaturization. We also propose its various potential

applications in the future.

Keywords: Rydberg atoms, MW /RF electrometry, quantum coherent effect
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