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A Rydberg Atom Electric Field Sensor 
W911NF1110179 – 60181PHDRP 

James P. Shaffer 
The Homer L. Dodge Department of Physics and Astronomy, 

The University of Oklahoma, 440 W. Brooks St., Norman OK 73019 
 

Forward: The overarching goal of this work was to demonstrate the advantages and possibilities of 
Rydberg atom-based sensors for radio-frequency electric fields. By exploiting the exaggerated and 
tunable properties of highly excited Rydberg atoms and Rydberg atom electromagnetically induced 
transparency (EIT), we were able to show that Rydberg atoms can be used as absolute, self-calibrated 
sensors for radio-frequency electric fields in the 1-1000 GHz regime. Our results were obtained with 
systems that can conform to compact, portable packages based on thermal vapor cells. We demonstrated 
that Rydberg atom-based sensors are the most accurate and sensitive absolute sensors for radio frequency 
electric fields yet developed and the only ones that can be used for frequencies above ~100 GHz. We 
showed that our approach can be used for near field imaging and vector detection of radio frequency 
electric fields. We also showed that the sensitivity of the sensor is limited by photon shot noise on the 
probe laser detector. We reported on the ultimate limitations of the sensor.  In addition, we investigated 
the effect that the vapor cell has on the detected field and the effect of the walls on the Rydberg atoms. 

Table of Contents: 

I. Statement of Problem Studied 
II. Summary of Most Important Results 

a. First Demonstration of Method 
b. First Demonstration of Vector Electrometry 
c. First Demonstration of Sub-Wavelength Imaging 
d. Analysis of the Method’s Fundamental Limitations 
e. Interferometric Read-Out 
f. Frequency Modulated Read-Out 
g. Vapor Cell Size Effects 
h. Atom-Surface Interaction Effects 

III. Conclusion 
IV. Bibliography 
V. Appendix I – List of Papers and Presentations 
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b. Presentations 
c. Colloquia 
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I. Statement of Problem Studied: For this grant, we studied the use of Rydberg atoms for absolute, self-
calibrated radio-frequency electric field sensing. We measured detection sensitivities, the possibility of 
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vector detection, and imaging of radio-frequency electric fields. We studied the limitations and 
optimization of the method, including the effects of the vapor cell. 

II. Summary of Most Important Results: We showed during the period of this project that atoms can be 
used to accurately measure radio frequency electric fields [1]. EIT is used to readout the effect of a radio 
frequency electric field on atoms contained in a vapor cell at room temperature, acting as an radio to 
optical frequency transducer [2, 3]. The possibility of performing high resolution Rydberg atom 
spectroscopy in micron sized vapor cells is an important enabler of the method [4, 5], particularly at 
higher radio frequencies. The Rydberg atom-based radio frequency electric field measurement is 
promising for performing traceable measurements with a higher sensitivity, accuracy and stability than 
conventional antenna-based standards. There are a number of applications for which Rydberg atom 
electric field sensing holds considerable promise, because of its accuracy, sensitivity, and dielectric 
construction. Rydberg atom-based radio frequency electrometry has widespread applications in areas such 
as antenna calibration, antenna validation and design, signal detection, terahertz sensing and the 
characterization of electronics and materials in the radio frequency part of the spectrum. 

Rydberg atom electrometry uses light fields to set up each atom in a thermal vapor as an interferometer 
whose optical response is perturbed in a known way by an incident microwave field resonantly interacting 
via a Rydberg transition. The measurement of the electric field is then linked to the properties of the atom, 
which can be established through precision measurements carried out in specialized labs, and physical 
constants. The current sensitivity of Rydberg atom-based radio frequency electric field sensing that was 
set during the performance period of this project by us is ~3 µV cm−1·Hz−1/2 [1]. Imaging [6-8] and vector 
detection [9] were also demonstrated by our group first and validated by others. The high sensitivity of 
Rydberg atom-based radio frequency electric field measurement is the result of the large transition dipole 
moments between Rydberg states, 100-10000 ea0 depending on the transition [10]. The shot noise, or 
projection noise, limited sensitivity of a collection of atoms in a vapor cell is several orders of magnitude 
higher, ~3, than what has been realized so far, depending on the frequency and other parameters, such as 
vapor cell gas density [2]. The sensor is currently limited by photon shot noise from the EIT probe laser 
that is present in the detection process [11-12].  

Key Findings: 

a. Demonstration of Method: In ref. [1], we demonstrated the basic method for measuring radio 
frequency electric fields using akali atoms contained in a thermal vapor cell based on EIT. In this 
work, we were able to show that we could achieve sensitivities of 30 µV cm-1 Hz-1/2 and 
accuracies of ~1%. We investigated two different regimes. In the first regime, the Autler-Townes 
splitting due to the interaction of radio frequency electric field was measured directly. In the low 
radio frequency electric field regime, we showed that the radio frequency electric field could be 
determined using the amplitude of the EIT transmission peak. Basic limitations and external 
perturbations were outlined. How to use the method in both the Autler-Townes regime and in the 
transmission amplitude detection regime were described. Ref. [1] is the seminal paper in the field 
upon which all other works have been based. 
 

b. Demonstration of Vector Electrometry: In ref. [9] we showed that one could use the hyperfine 
sub-states of the EIT system to determine the vector direction of the RF electric field. In this 
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approach, optical pumping is used to create two different systems within the atom. One system is 
a four-level EIT level structure and the other system is a three-level EIT structure. The vector 
orientation of the RF electric field can be determined by examining how much signal comes from 
the three-level vs. the four-level system. An angular resolution of ~0.5 degrees was shown in the 
report. The sensitivities and accuracies were comparable to those found in ref. [1]. 
 

c. Demonstration of Sub-Wavelength Imaging: During the course of this project we also 
demonstrated sub-wavelength radio frequency electric field imaging. We achieved λ/650 above a 
strip line and in a vapor cell inserted into a radio frequency electric field standing wave. The 
accuracy and sensitivities obtained were similar to ref. [1].  The resolution of the method was set 
by the imaging apparatus used for the experiments, namely the spatial resolution of the imaging 
system. 
 

d. Analysis of the Fundamental Limitations of the Method: In ref. [2], we analyzed the Rydberg 
atom-based sensor and determined some of the fundamental limitations affecting the ultimate 
sensitivity. These were the number of atoms participating and the integration time for the 
measurement. The major constraints influencing the interaction time were collisions between the 
atoms in the vapor cell, particularly atoms in Rydberg states [13], and the natural lifetime of the 
Rydberg states. We also addressed transit time broadening and wall collisions. The number of 
participating atoms is affected by the collision rates and transit time broadening, through the laser 
beam sizes. Ultimately, we found that the projection noise limit (limit set by the atomic sample), 
depending on state and parameters, such as density, can be in the pV cm-1 Hz-1/2 range. The 
accuracy is determined by the knowledge of atomic structure, particularly the transition dipole 
moments. The accuracy of the transition dipole moments are currently ~ 1%, although this is a 
conservative figure. The vapor cell can affect the accuracy as well since there is some scattering 
of the incident radio frequency electric field, but this can be limited by choosing a small vapor 
cell size compared to the wavelength of the radio frequency radiation. The vapor cell can be made 
so as to enable an accuracy of better than 1% depending on the size and composition of the vapor 
cell.  The Doppler mismatch between the coupling and probe lasers needed for the two-photon 
EIT process was also addressed. 
 

e. Interferometric Read-Out: We used a Mach-Zehnder interferometer to increase the signal to 
noise ratio of the probe read-out [11]. Using the interferometric setup, we increased the sensitivity 
in anticipation of having to utilize smaller vapor cells (less optical depth). We achieved a 
sensitivity of 3 µV cm-1 Hz-1/2. More importantly, in this work, the optimized signal was photon 
shot noise limited. This observation is important because the probe laser power is limited by the 
desire to decrease collision rates due to Rydberg atom collisions as described in ref. [2].  
 

f. Frequency Modulated Read-Out: In order to achieve better signal to noise ratio, we used 
stabilized frequency modulated (FM) spectroscopy to reach the photon shot noise limited 
sensitivity [12]. Using FM spectroscopy, we achieved a sensitivity limit of ~5 µV cm−1 Hz−1/2. 
These results are similar to those we have obtained using the homodyne, interferometric 
technique described in (5.), because we also reached the photon shot noise limit of the probe laser 
detection [11]. The homodyne and FM measurements mutually support this conclusion. We also 
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proposed a new read-out scheme that, in principle, can achieve better spectral resolution, ~kHz, 
by using the Cs 6S1/2 ↔ 6P1/2 ↔ 9S1/2 ↔ nl three-photon transition for readout. This three photon 
process cancels out residual Doppler shifts that limit the spectral resolution to ~1.7 MHz for the 
two photon readout [1].  The three photon readout has the potential to improve the sensitivity and 
accuracy of the method by expanding the Autler-Townes regime. For the three photon readout, 
we theoretically analyzed the technique and showed that it can allow the sensitivity to improve by 
at least one order of magnitude under practical conditions. 
 

g. Vapor Cell Size Effects: We examined the effect of the vapor cell on the radio frequency electric 
field measured at different positions inside the vapor cell [5]. The probe and coupling laser beams 
determined the position. The vapor cell was scanned so the lasers probed different sections of the 
vapor cell. We found that the if the vapor cell was ~10 times smaller than the wavelength of the 
radiation that the radio frequency electric field was uniform across the extent of the vapor cell to 
the level of the signal to noise, ~1%. The primary effect of the vapor cell was to setup a Fabry-
Perot cavity for the radio frequency radiation. Cells with both sharp and rounded edges were 
investigated. 
  

h. Atom-Surface Interaction Effects: In ref. [14], we explored the affect of adsorbates on Rydberg 
atoms held < 1mm away from a single crystal quartz surface. The adsorbates were Rb as were the 
Rydberg atoms. This work used the EIT method to detect constant electric fields from the 
adsorbates above the surface of the quartz and uncovered an interesting effect where slow 
electrons are captured in surface states on the quartz due to their image potential in the dielectric 
and the Rb doping of the surface. The Rb doping causes the vacuum level for the electrons 
outside the surface to shift into the band gap of the quartz. This induces negative electron affinity 
at the surface resulting in a repulsive wall for the electrons at the quartz-vacuum interface. The 
electrons float above the surface and cancel the field from the Rb adsorbates similar to the 
physics that can happen on the surface of superfluid helium. Effects like these will happen in 
small vapor cells. There is already some evidence for this effect occurring in vapor cells as 
presented in ref. [4]. 
 

III. Conclusion: During the course of this project, we invented the field of Rydberg atom-based radio 
frequency electric field sensing. There are many research groups now around the world as well as 
government labs like the Army Research Lab and NIST now participating in the field. In addition, there 
are at least four companies, including Honeywell, interested in the commercialization of this technology 
for various applications. By any measure, we can claim that the project was a great success.  

During the QUASAR program, we demonstrated a sensitivity of 3 µV cm-1 Hz-1/2 with an accuracy of 
~1% for detection of radio frequency electric fields using our Rydberg atom-based method. The 
measurement is self-calibrated so it is able to make absolute measurements of the radio frequency electric 
fields. The sensor head is dielectric so it only minimally perturbs the radio frequency electric field. We 
investigated the extent of the perturbation caused by the vapor cell and were able to set out design 
principles to minimize the effect of the vapor cell on the measurements. At this point, we set the 
sensitivity limit which is determined by photon shot noise on the probe laser detector. We demonstrated 
vector detection and sub-wavelength imaging. Various read-out methods were explored. A formalism for 
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setting the physical detection limits was developed and reported. The projection noise limited sensitivity 
was determined to be ~pV cm-1 Hz-1/2. 
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