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Atom-Based Sensing of Weak Radio 
Frequency Electric Fields Using 
Homodyne Readout
Santosh Kumar1, Haoquan Fan1, Harald Kübler2, Jiteng Sheng1 & James P. Shaffer1

We utilize a homodyne detection technique to achieve a new sensitivity limit for atom-based, absolute 
radio-frequency electric field sensing of 5 μV cm−1 Hz−1/2. A Mach-Zehnder interferometer is used 
for the homodyne detection. With the increased sensitivity, we investigate the dominant dephasing 
mechanisms that affect the performance of the sensor. In particular, we present data on power 
broadening, collisional broadening and transit time broadening. Our results are compared to density 
matrix calculations. We show that photon shot noise in the signal readout is currently a limiting factor. 
We suggest that new approaches with superior readout with respect to photon shot noise are needed to 
increase the sensitivity further.

Atom-based measurements have been successfully utilized for magnetometery1–4, time and frequency standards5, 
inertial force sensing6 as well as searches for local Lorentz invariance7–9 and intrinsic electric dipole moments of 
the neutron10 and electron11, amongst others. The accuracy and repeatability of atom-based measurements sig-
nificantly surpass conventional methods because the stable properties of atoms and molecules are advantageous 
for precision measurement. Recently, Rydberg atoms have been introduced to measure the amplitude of radio fre-
quency (RF) electric fields following the same rationale12. For Rydberg atom-based RF electric field sensing, elec-
tromagnetically induced transparency (EIT) is used to readout the effect of a RF electric field on atoms contained 
in a vapor cell at room temperature13,14. The possibility of performing high resolution Rydberg atom spectroscopy 
in micron sized vapor cells is an important enabler of the method15,16, particularly at higher frequencies. The 
Rydberg atom-based RF electric field measurement is promising for performing traceable measurements with 
a higher sensitivity, accuracy and stability than conventional antenna-based standards. Consequently, Rydberg 
atom-based RF electrometry has widespread applications in areas such as antenna calibration, signal detection, 
terahertz sensing and the characterization of electronics and materials in the RF spectrum.

The current sensitivity of Rydberg atom-based RF electric field sensing12 is ∼ 30 μV cm−1·Hz−1/2 . Imaging17–19 
and vector detection20 are possible. The high sensitivity of Rydberg atom-based RF electric field measurement 
is the result of the large transition dipole moments between Rydberg states, 100–10000 ea0 depending on the 
transition21. The readout method effectively prepares each participating atom as an interferometer so that the 
RF electric field induces changes in the light-matter interaction that can be detected optically. The shot noise, or 
projection noise, limited sensitivity of a collection of atoms in a vapor cell is several orders of magnitude higher, 
∼ 4, than what has been realized so far, depending on the frequency and other parameters, such as vapor cell gas 
density13.

Noise in the readout of the signal due to the EIT probe laser can be a limiting factor for the sensitivity, as well 
as fundamental processes such as photon shot noise on the associated detector. The probe laser noise is due to 
changes in power, frequency and polarization. In cases where the predominant noise is random, it is often pru-
dent to increase the power of the probe laser to increase the signal-to-noise-ratio (SNR). For Rydberg atom-based 
RF electric field sensing, it is not possible to simply turn up the probe laser power for several reasons. To effec-
tively use the large transition dipole moments of Rydberg atoms, the oscillations of the Rydberg transition dipole 
must be coherent. The population of Rydberg atoms and ground state atoms has to be low enough inside the vapor 
cell to reduce collision rates so that the coherence time of the atoms is sufficiently long to achieve the target sen-
sitivity. The long ranged interactions between Rydberg atoms yield large collision and ionization cross-sections22. 
Photoionization and blackbody radiation can also become problematic. Collision rates between Rydberg atoms 
and ground state atoms can be reduced by using lower vapor pressures but the desire to realize a spectrally narrow 
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EIT feature also pushes the measurements towards low probe Rabi frequencies. The sensitivity improves as more 
atoms participate, but at the same rate that loss of coherence time degrades the sensitivity, as both collision rates 
and atom number are proportional to the atom density. Negotiating these factors restricts the Rabi frequencies 
used for the measurement.

An optical interferometer is one option for reducing noise from the probe laser. Many experiments with 
atoms23,24, photons25–29, and electrons30 show that interferometers have the ability to perform high sensitiv-
ity measurements with the potential to reach the shot noise limit31. We use a Mach-Zehnder interferometer 
(MZI) along with a homodyne detection technique26,27,31–34 to improve the measurement sensitivity of Rydberg 
atom-based RF electric field sensing. MZIs have been widely used in various fields for precision measurement to 
achieve shot noise limited sensitivities6,34–37. In this paper, we used a free-space interferometer as proof of princi-
ple to approach photon shot noise limited performance in Rydberg atom-based RF electric field sensing. Fiber or 
chip based MZIs can be implemented for a compact RF electric field sensor38.

The MZI detects the nonlinear phase shift instead of directly measuring the transmitted probe power, in 
contrast to our prior work12,16,20,39. The noise of the probe laser is reduced by the subtraction taking place in the 
homodyne detection and the EIT signal is enhanced by the strong local oscillator (LO). We achieved a sensitivity 
of ~5 μV cm−1·Hz−1/2, which is six times better than our previously reported result12. The increased SNR provides 
an opportunity to quantitatively study factors needed to optimize the sensitivity. We study power broadening, 
collision broadening and transit time broadening.

Materials and Methods
We use the Cs 6S1/2(F =  4) ↔  6P3/2(F′  =  5) ↔  52D5/2 EIT system. The probe transition is the Cs 
6S1/2(F =  4) ↔  6P3/2(F′  =  5) transition while the coupling transition is the Cs 6P3/2(F′  =  5) ↔  52D5/2 transition. 
The RF electric field is tuned to resonance with the 52D5/2 ↔  53P3/2 Rydberg transition.

Figure 1 shows the experimental setup. A tunable diode laser is offset locked to an ultrastable Fabry-Perot 
cavity that is near resonant with the Cs 6S1/2(F =  4) ↔  6P3/2(F′  =  5) transition at ∼ 852 nm. A 4 cm long vapor cell 
filled with Cs is located in the signal arm of the MZI. The ratio of LO to signal is ∼ 20. The probe light in the sig-
nal and LO arms are recombined at a nonpolarizing beam splitting cube (NBS), NBS2 in Fig. 1, after being split 
at NBS1. The light in the two arms has the same polarization. The two output channels of the MZI are captured 
by a pair of photodectectors and the difference signal is measured. We estimate the probe laser linewidth to be 
∼ 50 kHz based on the locking error signal. The probe laser beam has a nominal size of 1.36 ±  0.01 mm unless 
otherwise stated.

The coupling laser at ~509 nm, resonant with the Cs 6P3/2(F′  =  5) ↔  52D5/2 Rydberg transition, passes through 
the signal arm turning mirror and overlaps with the probe laser in a counterpropagating geometry. The coupling 
laser is also offset locked to an ultrastable Fabry-Perot cavity. The coupling laser is intensity modulated using an 

Figure 1. This figure shows a schematic of the experimental setup. The probe laser beam is split into two 
paths in the MZI by a 50–50 NBS, NBS1. In one arm of the MZI, referred to as the signal arm, the probe laser 
beam passes through a Cs vapor cell. The coupling laser beam counterpropagates along the probe laser beam in 
the signal arm. The other arm serves as a local oscillator. The probe laser light from the two paths is overlapped 
in NBS2. The probe laser output from the two ports of NBS2, also a 50–50 NBS, is captured using a homodyne 
detection technique. A reference laser enters the MZI from the detection side of the setup and is overlapped 
with the probe laser in the MZI. The output of the reference laser is detected by a differential photodiode and is 
sent to a feedback loop to stabilize the MZI. A mirror mounted on a PZT is used to adjust the cavity length to 
stabilize the relative phase between the beams in the different arms of the MZI.
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acoustic-optical modulator. The difference signal detected at NBS2 is demodulated with a lock-in amplifier. We 
estimate the coupling laser linewidth to be ~50 kHz based on the locking error signal. The coupling beam has a 
nominal size of 0.12 ±  0.01 mm unless otherwise specified.

A horn antenna radiates a RF electric field at a frequency of 5.047 GHz to resonantly couple the Cs 
52D5/2 ↔  53P3/2 Rydberg states. The vapor cell is placed so that it can be uniformly illuminated. RF absorbing 
material is placed around the setup to minimize reflections.

A reference laser at λr =  795 nm is used to lock the phase of the interferometer. The reference laser is locked to 
a Rb saturated absorption setup. We estimate its linewidth to be ~300 kHz. The stability of the MZI is estimated 
to be ∆ s ~0.4 nm, or ∆ s/(2π ×  λr) =  8 ×  10−5. The reference laser is overlapped with the probe beam in the MZI. 
The output of the reference laser is detected by a pair of photodetectors as shown in Fig. 1. The difference signal 
is detected and used in a feedback loop to stabilize the MZI. A piezo-electric transducer (PZT) is used to adjust 
the path length of the MZI40.

To perform the experiments where the temperature was varied, a Polymethylpentene (TPX) oven was built to 
better control the temperature of the vapor cell. The size of the oven is large enough to place the vapor cell and a 
small heater inside. The vapor cell and oven have some effect on the incident RF electric field16, however, in this 
paper, we focus on characterizing the response of the sensor by measuring the RF electric field at the point where 
the probe and coupling lasers are overlapped, the interaction region. We are not concerned with perturbations of 
the RF electric field in this work.

Density matrix calculations are carried out to compare the experimental results to theory. The density matrix 
calculations take into account the three levels of the EIT system, Cs 6S1/2(F =  4) ↔  6P3/2(F′  =  5) ↔  52D5/2, and the 
fourth level that is coupled to the EIT system via the RF electric field, 52D5/2 ↔  53P3/2. Details of similar calcula-
tions can be found in refs 12, 20 and 39.

The time evolution of the density matrix operator, in the presence of decay, is obtained from the Liouville 
equation,

ρ ρ ρ= − +
d
dt

i H L[ , ] , (1)

where L is the relaxation matrix and H is the total Hamiltonian41. The sources of relaxation in our system are 
spontaneous emission of the intermediate state, 6P3/2, Γ 0 =  2π  ×  5.2 MHz, and Rydberg state spontaneous decay 
including blackbody radiation for 52D5/2, Γ 1 =  2π  ×  3.4 kHz and, Γ 2 =  2π  ×  1.6 kHz for 53P3/2 42. The parame-
ters that depend on the experimental conditions are also considered in the simulation, which include transit 
time broadening, Γ t, Rydberg-ground state atom collisional dephasing and loss, Γ col, laser dephasing, Γ l, Rydberg 
atom-Rydberg atom dephasing and loss, Γ Ryd−Ryd, and magnetic dephasing, Γ m. The calculations are Doppler 
averaged to compare to the data.

Results and Discussion
Figure 2a shows a comparison of the EIT probe transmission spectra with and without the MZI. Both measure-
ments were carried out with the same experimental parameters at room temperature. The probe Rabi frequency 
was Ω p =  2π  ×  1.8 ±  0.1 MHz while the coupling Rabi frequency was Ω c =  2π  ×  0.50 ±  0.02 MHz. As can be clearly 
seen from inspection of Fig. 2a, the SNR is substantially improved by using the MZI. The enhancement of the 
SNR is ~20.

When the RF electric field is at the mV cm−1 level, Autler-Townes (AT) splitting of the probe transmission 
spectrum due to the RF electric field can be resolved. The amplitude of the RF electric field can be determined 
directly by observing a single trace of the probe transmission spectrum because the AT splitting is proportional to 
the RF electric field amplitude12, ∆ ν AT =  μ ERF/h where μ  is the transition dipole moment and ERF is the RF electric 
field amplitude and we have assumed that the dipole moment and electric field are parallel and ignored Doppler 
effects. Figure 2b shows probe transmission spectra recorded under conditions where the RF electric field causes 
AT splitting for several different RF electric field amplitudes. The SNR obtained with the MZI shown in Fig. 2b 
demonstrates that, for these types of RF electric field amplitudes, the RF electric field can be measured in < 1 s. 
By increasing the SNR, the MZI enables the measurement to be carried out more quickly, which is important if 
the RF electric field needs to be determined over a large area, as might be the case for antenna calibration. The 
increased SNR achieved with the MZI is also promising for measurements where the vapor cell dimensions must 
be ≪λ RF, where λ RF is the wavelength of the RF radiation, to avoid perturbing the RF electric field13,16. When the 
vapor cell size decreases and the atomic density is fixed to reduce the effects of collisions, fewer atoms participate 
reducing the overall signal.

When the RF electric field is ≲ 1 mV cm−1 the AT splitting is difficult to resolve and the RF electric field ampli-
tude can be determined by measuring the amount of probe laser transmission relative to the probe laser trans-
mission in the absence of the RF electric field on resonance. The residual Doppler shift due to the wavelength 
mismatch between the coupling and probe lasers limits the spectral resolution, thus determining the conditions 
at which the AT splitting becomes unresolvable. Making an accurate measurement of the peak transmission 
amplitude change due to the RF electric field is more difficult than measuring the AT splitting because the effect 
of the weak RF electric field on the bare three-level EIT lineshape has to be determined. As a consequence, the 
lineshape must be measured precisely and SNR becomes a larger issue. The MZI is clearly advantageous for such 
measurements.

It is clear that higher spectral resolution would enable the AT splitting to be observed at lower RF electric 
field amplitudes. The high SNR demonstrated in Fig. 2a facilitates the detection of the probe transmission at 
lower probe and coupling laser power compared to the case without the MZI. Thus, power broadening can be 
reduced in the experimental setup which also can degrade the sensitivity in the AT regime. For example, the 
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full-width-half-maximum (FWHM) of the probe laser EIT spectral bandwidth for the EIT system described 
in this work is ~ 1.7 MHz at room temperature. The FWHM of the spectrum of the probe transmission window 
is smaller than that of previous setups12 because in our prior work we used higher laser powers for detection to 
optimize SNR. In a similarly motivated effort, we are currently working on a three-photon scheme for the optical 
readout that we have proposed for Cs, 6S1/2 ↔  6P1/2 ↔  9S1/2 ↔  nl, that matches the wavelengths of three lasers, so 
that the residual Doppler shift is reduced to levels that are comparable to the natural linewidths of the Rydberg 
states, ~ kHz. This scheme will improve the readout substantially and is compatible with the MZI method pre-
sented here. The relatively narrow spectral bandwidth of the probe laser transmission window achieved with the 
MZI allows us to more easily detect the dephasing effects that are important for optimizing the conditions for RF 
electric field measurements, e.g., transit time broadening and collision broadening.

In the regime of weak RF electric field amplitudes, the signal is sensitive to the probe and coupling laser 
Rabi frequencies. Figure 3 shows the effect of changing the Rabi frequencies of the probe and coupling laser on 
the change in probe laser transmission on resonance. When the RF electric field amplitude is several hundred  
μ V cm−1, the probe laser light passing through the vapor cell under the influence of the RF electric field can vary 
from increased transmission to absorption as the Rabi frequencies of the probe and coupling lasers are changed. 
The RF electric field induces increased transmission when the Rabi frequencies of the probe and coupling lasers 
are increased because the EIT window becomes broadened. The broadening of the EIT transmission window and 
the Doppler averaging can conspire to increase the probe transmission on resonance for weak RF electric field 
amplitudes12. When the EIT conditions are closer to the weak probe regime, the EIT lineshape is narrow and the 
RF electric field induces more absorption of the probe laser on resonance. The broadened case is the same effect 
observed and described in ref. 12.

The shape of the curves in Fig. 3 demonstrate that as the RF electric field amplitude is decreased it becomes 
more difficult to detect changes in the probe laser absorption. This is expected since the RF Rabi frequency is 
decreasing relative to that of the probe and coupling lasers, as well as other dephasing mechanisms, such as 
collisions. For weak RF electric field measurements, it is important to have fixed probe and coupling laser Rabi 
frequencies as well as fixed vapor cell temperature. The atomic density and laser beam size are also important for 
optimizing the RF electric field measurements.

The effect of changing the Cs atomic density is shown in Fig. 4. We vary the Cs density in the vapor cell by 
changing the temperature. The Rydberg atom density is low, so that Rydberg atom-Rydberg atom interactions 
are negligible. The density of Rydberg atoms in the gas is around ~0.1% of the ground state atomic density. The 
primary reason for a low Rydberg atom density is that only a small fraction of the atoms are in the correct veloc-
ity class so they meet the EIT condition for the laser beams. The average Rydberg atom interatomic separation 

Figure 2. (a) Shows a single trace of the Rydberg EIT probe transmission signal with and without MZI. The 
data is taken using the same Rabi frequencies for both probe and coupling laser which were 2π  ×  1.8 ±  0.1 MHz 
and 2π  ×  0.50 ±  0.02 MHz respectively. The plot shows the signal as a function of probe laser detuning. The 
experimental parameters for each signal are the same so the curves are normalized by setting the peak heights 
to 1 so that the SNR can be compared. (b) Shows single experimental traces demonstrating Autler-Townes 
splitting using the MZI for different RF electric field amplitudes for the same probe and coupling laser Rabi 
frequencies as in (a). The peaks are normalized to 1 since the peak splitting determines the RF electric field. The 
scan period is 1 sec and the integration time is 1 ms. The signal is plotted as a function of probe laser detuning. 
The phase of the MZI is set to observe the absorptive signal as in ref. 27.
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is ~ 20 μ m at room temperature. At these interatomic separations, the interactions between Rydberg atoms are 
weak and well described by Van der Waals interactions22, < 300 Hz at room temperature. Even at the highest 
densities shown in Fig. 4, the Rydberg-Rydberg interactions are ~kHz. The probe transmission peak broadening 
shown in Fig. 4a is due to collisions between Cs Rydberg and ground state atoms43,44. The two primary effects 

Figure 3. Percentage change in transmission vs RF electric field at different probe and coupling 
laser Rabi frequencies on resonance at room temperature. The black and red curves correspond to 
Ωc =  2π ×  3.3 ±  0.1 MHz while the green, blue, and magenta curves correspond to Ω c =  2π ×  2.7 ±  0.1 MHz. The 
negative values indicate that the RF electric field reduces the transmission of the probe laser while the positive 
values mean that the probe laser transmission has been enhanced. The solid curves are four-level density matrix 
calculations with the corresponding laser and RF Rabi frequencies. The calculations used Γ l =  2π ×  70 kHz, 
Γt =  2π ×  300 kHz, Γ col =  2π ×  6 kHz, and Γ m =  2π ×  50 kHz. Γ l was taken as the convolution of the probe and 
coupling laser linewidths as determined from the laser locking signals. Γ m was determined by measuring the 
magnetic field at the vapor cell position with a Gauss meter and calculating the corresponding splitting of the 
magnetic sub-states of the Rydberg levels. Γ Ryd−Ryd =  2π ×  0 kHz because the Rydberg density was kept low in 
the experiment so it is negligible compared to the other dephasing mechanisms for these experiments. The 
theoretical plots in the graph have no adjustable parameters.

Figure 4. The effect of collisional broadening in the measurement of the RF electric field. (a) The 
FWHM of the EIT probe transmission peak plotted as a function of atomic density. The inset is a typical EIT 
probe transmission peak at room temperature. The linear dependence of the linewidth on atomic density 
suggests that the observed broadening is due to collisions. The broadening rate extracted from the linear 
fit is 2.00 ±  0.13 ×  10−13 cm3 MHz. The corresponding scattering cross-section is σ =  7.2 ×  10−12 cm2. The 
density at room temperature is 3.1 ×  1010 cm−3. (b) The change in probe transmission with the coupling and 
probe laser on resonance induced by the RF electric field for different vapor cell temperatures (densities). For 
small RF electric field amplitudes, as shown in the figure, collisions can make the measurement less sensitive. 
Ωp =  2π ×  1.3 ±  0.10 MHz and Ω c =  2π ×  0.80 ±  0.02 MHz. The coupling beam size is 0.50 ±  0.005 mm. The 
change in average velocity is less than 10% for the temperatures used for the measurement. The corresponding 
change in Γ t is ∼ 5 kHz over the range of the plot.



www.nature.com/scientificreports/

6Scientific RepoRts | 7:42981 | DOI: 10.1038/srep42981

that contribute to collisional broadening are elastic and inelastic scattering of the Rydberg electrons from ground 
state perturbers. According to refs 43 and 44, the FWHM contribution to the line broadening due to these types 
of elastic collisions is

α ρ ρΓ = . = . × ×−v7 18( ) 1 2 10 cm MHz , (2)e
col

2 1/3 13 3

where α  =  402 a0
3 is the polarizability of ground state Cs, v is the mean velocity of the gas, and ρ  is the ground 

state Cs density in the vapor cell. v changes insignificantly over the temperature range shown in Fig. 4a. Likewise, 
the line broadening due to inelastic collisions between the Rydberg electrons and ground state perturbers can be 
calculated as,
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where as =  − 16.6 a0  is the s-wave scattering length45 for an electron scattering from a ground state Cs atom 
averaged over the singlet and triplet channels and n* is the effective quantum number of the Rydberg state. These 
collisional broadening rates are sufficient to explain our observations, however, at lower n* there are oscillations 
in these rates that cannot be explained using only these formulas21. These dephasing mechanisms are related to 
ultra-long range Cs Rydberg molecules46,47. The overall collision rate in this picture is Γ col =  Γ ecol +  Γ icol. For Cs 
52D5/2 as the upper state of the EIT system, Γ col/ρ  =  1.7 ×  10−13 cm3 MHz which is in reasonable agreement with 
the experimentally determined slope of 2.00 ±  0.13 ×  10−13 cm3 MHz shown in Fig. 4a. Using Γ col =  σ vρ , we can 
report a cross-section for Cs 52D5/2 self-broadening of σ  =  7.2 ×  10−12 cm2. σ  is similar to other alkali Rydberg- 
ground state atom cross-sections that are reported in ref. 21. The discrepancy between the measured and calcu-
lated collisional broadening rates could be attributed to the uncertainty in as due to uncertainty in the singlet 
and triplet scattering lengths, the uncertainty in the ground state distribution of atomic hyperfine states due to 
optical pumping and stray magnetic fields and the effects of higher order, p-wave, scattering resonances that are 
prominent for Cs(6S1/2)-electron scattering48.

One interesting consequence of the preceding results is that it is further evidence that superradiance is not 
playing a significant role in our experiments, consistent with our prior work39, despite the fact that λ RF is much 
larger than the spacing between Rydberg atoms. The prevalence of Rydberg atom-ground state atom collisions 
is important in many vapor cell experiments. Perhaps, Rydberg molecule formation, self-broadening and their 
interplay can partially explain why superradiance is difficult to observe in Rydberg atom vapor cell experiments.

Figure 4b shows how the RF electric field measurement depends on the density of atoms in the vapor cell. It 
becomes more difficult to determine the changes in probe transmission due to the incident RF electric field as 
collisions dephase the atomic dipoles at rates similar to the RF Rabi frequencies. The slope, which determines the 
accuracy with which the RF electric field can be measured, decreases as the Cs atomic number density increases. 
The shape of the curves in Figs 4b and 3 are similar because a similar effect is happening in both plots. As the 
RF Rabi frequency decreases, other effects such as collisions begin to overwhelm the effect of the RF electric 
field making lineshape changes more difficult to detect. The theory curves in the figures show that the relation-
ship between probe and coupling Rabi frequency and dephasing rates are well described by the density matrix 
equations.

In a similar fashion, the laser beam sizes matter because transit time broadening rates can be similar in mag-
nitude to the collision rates and RF Rabi frequencies. The laser beam size also determines the required laser 
powers needed to achieve a particular Rabi frequency and, for large RF frequencies, the laser beam sizes are lim-
ited by the requirement that the vapor cell dimensions be much smaller than λ RF. The transit time broadening,  
∆ ν , is determined by the diameter of the laser beam, d, and the average velocity of the atoms, v, ∆ ν  =  2  v/d. 
Figure 5 shows the effect of the beam size on the RF electric field measurement at room temperature. As the tran-
sit time broadening rate increases, the slope of the curve at weak RF electric field amplitudes decreases, making 
the measurement less sensitive, in a similar fashion to Figs 4b and 3. Reducing transit time broadening increases 
the sensitivity. The experimental results are consistent with the numerical results as shown in Fig. 5.

The weak RF electric field data in Figs 3, 4b and 5 allows us to estimate the sensitivity from the measurements 
presented here as ~ 5 μ V cm−1Hz−1/2. Each data point corresponds to a ~ 1 Hz bandwidth when averaging, sweep 
rate, and filtering are taken into consideration. The error bars at small electric fields reflect the sensitivity of the 
measurements using the MZI. The results are ~ 6 times better than our prior results12.

The sensitivity achieved with the MZI is around three orders of magnitude worse than the shot noise, or 
projection noise, limit of the atoms in the vapor cell. The shot noise limited sensitivity in a 1 Hz bandwidth of the 
atoms used for the RF electric field sensor can be calculated as13

µ
=

E
Hz

h
T N

,
(4)

min

2

where N is the effective number of participating Rydberg atom and T2 is the dephasing time. For the room 
temperature measurements presented in this work, the shot noise limited sensitivity is ~ 9 nV cm−1Hz−1/2. The 
interaction volume is determined by the 1 mm beam diameter and 4 cm vapor cell length. For this calculation 
we took μ  =  1745 ea0 and T2 =  5 μ s, consistent with Γ t =  2π  ×  27 kHz, Γ c =  2π  ×  6 kHz, Γ m =  2π  ×  50 kHz, and  
Γ l =  2π  ×  70 kHz.

The shot noise of the atoms in the vapor cell is not limiting the sensitivity. There are several other sources of 
noise in the experimental setup. For example, the amplitude- modulation of the coupling laser creates noise that can 
reduce the sensitivity. Phase noise in the MZI can also degrade the sensitivity. However, a straightforward analysis 
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of the photon shot noise on the photodetector implies that improvements in the coupling laser noise and inter-
ferometer stability will only be incremental. The SNR of a photon shot noise limited detector is (2η e2Ps∆ f/hν)1/2,  
where η  is the quantum efficiency, ∆ f is the detection bandwidth, Ps is the power falling on the detector, and ν  is 
the frequency of the light49. For our detector, with ~10 μ W of probe power falling on the detector in a 1 Hz band-
width, consistent with the experiments, the shot noise limited SNR is ~ 3 ×  106. The signals shown in Figs 4b and 5 
are <  0.1% of the EIT signal while the overall EIT signal without the RF electric field is measured to be ~0.1% of 
the absorption signal. These estimates lead us to conclude that photon shot noise on the photodetector is limiting 
the sensitivity. Our estimates were confirmed by Doppler averaged density matrix calculations.

The three photon readout we introduced earlier has the potential to improve the sensitivity and accuracy of 
the method by expanding the AT regime. In the AT regime, the peak splitting is linear to first order in the RF 
electric field and is easier to determine than a change in peak amplitude. Figure 6 shows calculations of the three 
photon readout for the Cs 6S1/2 ↔  6P1/2 ↔  9S1/2 ↔  53P3/2 system. The first two steps of the excitation are detuned 
from 6P1/2 by 2π  ×  500 MHz so that 6P1/2 is effectively adiabatically eliminated. The 6S1/2 ↔  6P1/2 (~ 895 nm) light 
is detected as the probe. The probe Rabi frequency can be large, in order to mitigate photon shot noise, but still 
have an effectively narrow transmission window. The price is that the power of ~ 895 nm light must increase and 
the peaks can be become asymmetric due to light shifts and the Doppler effect. The three photon readout can 
increase the sensitivity by around one order of magnitude. The sensitivity is higher but remains photon shot noise 
limited. For our example, the atom shot noise limit decreases by ~ 5 for the parameters used in Fig. 6 because the 
dephasing time has increased and the increase in beam size partially compensates the decrease in Rydberg atom 
number due to the reduced effective Rabi frequencies. The photon shot noise limited SNR also increases with the 
beam size. Taking into account our current signal levels, the photon shot noise limited SNR, and our calculations 
of the three photon readout, we conservatively estimate that a 1% change in the signal is resolvable. This corre-
sponds to a ~ 1 kHz RF electric field Rabi frequency which, for the Cs 52D5/2 ↔  53P3/2 transition, corresponds to 
a sensitivity of ~ 500 nV cm−1 Hz−1/2 for a peak splitting measurement and ~ 200 nV cm−1 Hz−1/2 for an amplitude 
measurement, Fig. 6. Details of the three photon calculations will be the subject of a forthcoming paper.

The three photon calculations imply that further improvements in the sensitivity needed to achieve the atom 
shot noise limit require a more sophisticated approach. Photon shot noise is a serious challenge for Rydberg 
atom-based RF electric field sensing. One approach that can work is to use squeezed light for the probe transition 
because it can reduce the photon shot noise. Although using squeezed light is challenging, it is worth the effort. 
Projection noise limited performance would make it possible, for example, to make absolute electric field meas-
urements of thermal background radiation which is fundamentally interesting and would open up new opportu-
nities in precision measurement, for example, studies of blackbody radiation.

Conclusion
In conclusion, we used a MZI to cancel read-out noise of the probe laser for atom-based RF electric field sensing. 
We achieved a new sensitivity limit for the absolute measurement of RF electric fields, ~ 5 μ V cm−1Hz−1/2, which 
was ~6 times better than our previous work. We showed the effects of key dephasing mechanisms on the meas-
urements. Transit time broadening, collision broadening, and power broadening were addressed. Our sensitivity 
is around three orders of magnitude worse than the shot noise limit of the atomic sensor. By considering the 

Figure 5. The effect of transit time broadening in the measurement of the RF electric field. The percentage 
change in the probe transmission vs. RF electric field amplitude with the probe and coupling lasers on resonance 
is plotted for three different transit time broadening rates. The transit time broadening rate is varied by 
changing the coupling laser beam size, the smaller of the two laser beams. The three coupling laser beam sizes 
are 0.320 ±  0.005 mm, 0.500 ±  0.005 mm and 1.100 ±  0.005 mm, corresponding to transit time broadening of 
2π ×  94 kHz (black), 2π ×  60 kHz (red) and 2π ×  27 kHz (blue), respectively. The dots are the measurement data 
and the lines are the numerical results. Ω p =  2π ×  1.7 ±  0.1 MHz and Ω c =  2π ×  0.70 ±  0.02 MHz. The coupling 
laser power is changed so that its Rabi frequency is constant for different coupling laser beam sizes.
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mechanisms for the additional noise, we conclude that photon shot noise on the photodetector is currently a lim-
iting factor. We suggested a three photon method for reading out the RF electric field. This approach can make it 
possible to use the AT splitting to determine weak RF electric fields. We predict that the three photon readout will 
increase the sensitivity by an order of magnitude, but will still result in photon shot noise limited performance in 
many cases. Using squeezed light for the probe laser may lead to better sensitivity. Although we demonstrated our 
approach with a free space MZI, it is possible to miniaturize the MZI for RF electric field measurement. A chip 
based, integrated MZI38 or fiber MZI is possible to realize and are likely to be the most useful approaches for RF 
electric field sensing. Our results also show that it is possible to play off power broadening against sensitivity to 
increase the signal acquisition rate.
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