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Abstract—We discuss a fundamentally new approach for the

measurement of electric fields that will lead to the develop-

ment of a broadband, direct SI-traceable, compact, self-calibrating
-field probe (sensor). This approach is based on the interaction

of radio frequency (RF) fields with alkali atoms excited to Rydberg

states. The RF field causes an energy splitting of the Rydberg
states via the Autler-Townes effect and we detect the splitting

via electromagnetically induced transparency. In effect, alkali

atoms placed in a vapor cell act like an RF-to-optical transducer,
converting an RF -field strength measurement to an optical

frequency measurement. We demonstrate the broadband nature

of this approach by showing that one small vapor cell can be used
to measure -field strengths over a wide range of frequencies:

1 GHz to 500 GHz. The technique is validated by comparing

experimental data to both numerical simulations and far-field
calculations for various frequencies. We also discuss various

applications, including: a direct traceable measurement, the

ability to measure both weak and strong field strengths, compact
form factors of the probe, and sub-wavelength imaging and field

mapping.

Index Terms—Atom based metrology, Autler-Townes splitting,

broadband sensor and probe, electrical field measurements and
sensor, electromagnetically induced transparency (EIT), Rydberg

atoms, sub-wavelength imaging.

I. INTRODUCTION

T HE very core of all electromagnetic measurements (i.e.,

antenna characterization, propagation measurements, and

channel modeling and measurements) is having accurate cal-

ibrated probes and antennas. Calibrating an electric field

probe and/or measuring an -field can be challenging, and is

somewhat of a chicken-or-egg dilemma. In that to calibrate a

probe, one must place the probe (sensor) in a “known” field.

However, to know the field we need a calibrated probe. There

are various types of probes used. One example is the probe

shown in Fig. 1, which consists of a diode placed across a dipole

antenna. The output of the diode is connected to a DC volt-

meter via a high-impedance line (on the order of )
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Fig. 1. Common type of dipole probe.

[1]. When placed in an -field, the diode rectifies the electro-

magnetic (EM) field and the DC voltage is recorded. This DC

voltage increases or decreases with an increasing and decreasing

EM field strength. To use this dipole probe, it first must be cali-

brated, which involves placing the probe in a known (calculated)

field.

The probes discussed are typically used at frequencies well

below the resonant frequency of the dipole, that is, these probes

are electrically small. This is necessary tominimize perturbation

of the measured field by the probe and to avoid wide variations

in frequency response near the resonant frequency of the dipole.

The impedance of the nonresonant dipole elements along with

the characteristics of the voltage detector (diode and rectifying

circuit) can result in a relatively constant response over a wide

frequency range. This constant response is limited by the reso-

nant frequency of the dipole at the upper end and the diminished

response due to the small physical length at the lower frequen-

cies. The 5-cm length probe shown in Fig. 1 is useful as a probe

up to about 2 GHz with calibration. Probes for higher frequen-

cies (up to 40 GHz) have been constructed using much smaller

dipole elements (8 mm or less) with tapered resistive dipole ele-

ments that suppress the resonance [1]. The combination of very

small dipole antennas, and diode detector circuits connected to

resistive lines and high-impedance voltmeters, requires substan-

tial -field strength for reliable measurements. While fields can

be detected in the range of 100 mV/m the amplitude uncertain-

ties can be large. The useful sensitivity (minimum field strength)

is typically on the order of 500–1000 mV/m [2] and [3]. While

the probes can in principle be electrically small (with the caveat

that the sensitivity decreases as the probe size becomes smaller

[3]), the limiting factor on the overall size of the probe is due
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to both the electronics in the probe head and the size of dipole

antenna required to drive the current across the diode.

While this type of probe has been used for over 40 years, it

does have the following limitations: 1) it needs be to calibrated;

2) the sensitivity of the probe is governed by the dipole length;

3) the metal in the probe perturbs the field being measured; 4)

the sensitivity of the probe is limited to a minimal detectable

field strength of 100 mV/m. Besides the dipole probe shown in

Fig. 1, there are other types of probes. For example there are

probes based on nonlinear materials (e.g., lithium niobate crys-

tals), where the phase of an optical signal propagating through

this material changes when immersed in an -field. While these

types of probes can gain about one order of magnitude in sen-

sitivity , they still require calibration and will

perturb the field being measured.

In order to calibrate a probe, the probe is placed in a “known”

field. The most common way to generate a known field is to

perform a measurement in an anechoic chamber (AC) or other

type of test facility. For an AC configuration, the probe is placed

at a known distance (say , typically 1 to 3 m) from an an-

tenna (typically a horn antenna or open-ended waveguide).With

Maxwell’s equations and the dimensions of the horn antenna,

the field strength at the distance is calculated for a given input

power to the horn antenna. The probe is placed in this “known”

field and the output of the probe is recorded. Due to the un-

certainties in this approach, the “known” field is only typically

known to within 5% (or 0.5 dB) [4].

Thus, common -field probes in use today have many

shortcomings: they are not very sensitive, may perturb the field

during the measurements, may be relatively large, and require

a calibration. The calibration procedure relies on a field value

that is known to within only 5%. One promising approach to

remedy these problems is by using an -field probe based

on room-temperature Rydberg atoms. In this technique, alkali

atoms placed in a vapor cell [a glass cell with atomic vapor

inside, see Fig. 2(a)] are excited optically to Rydberg states and

the applied radio frequency (RF) field alters the resonant state

of the atoms. (Throughout this paper, the term “RF” is used to

cover the conventional RF, microwave, millimeter wave, and

sub-terahertz frequency ranges.) This approach exploits the

sensitivity of the high-lying Rydberg states to RF radiation.

This sensitivity is reflected by the large transition matrix ele-

ments ( , on the order of to , where is the electric

charge and is the Bohr radius) for RF transitions between

Rydberg states. We measure an Autler-Townes (AT) splitting

[5] of Rydberg energy levels in these atoms due the applied RF

field. This splitting is easily measured with electromagnetically

induced transparency (EIT) [6]–[8] and is directly related

to the applied -field strength, Planck’s constant , and .

A measurement of the splitting gives a measure of the field

strength. The high accuracy in this approach is because the

EIT technique reduces an amplitude measurement (the desired

quantity) to a frequency measurement (a measurement that can

be performed very accurately). It is possible to excite the atom

to a wide range of atomic states (a state that can interact with

the applied RF -field). As such, with one vapor cell, accurate

measurements of a RF -field strength over a frequency range

from 1 GHz to 500 GHz are possible.

Fig. 2. Illustration of a vapor cell and measurement setup: (a) Cylinder vapor

cell, (b) Vapor cell setup for measuring EIT, with counter-propagating probe

(red) and coupling (blue) beams. The RF is applied transverse to the optical

beam propagation in the vapor cell.

There is a push from various international metrology lab-

oratories (including the National Institute for Standards and

Technology, NIST) to make all measurements traceable to SI

units and/or traceable to fundamental physical constants. While,

a large number of various measurements are SI traceable, to

date, all methods to make an -field measurement that is SI

traceable requires a complex traceability path. The technique

discussed in this paper provides a much more direct traceability

path.

This new approach for -field measurements has the fol-

lowing benefits: 1) it yields the field strength in SI units from

a frequency measurement, fundamental constants, and known

atomic parameters; 2) it is self-calibrating due to the invariance

of the atomic parameters; 3) it will provide RF -field mea-

surements independent of current techniques; 4) since no metal

is present in the probe, the probe will cause minimal pertur-

bation of the field during the measurement; 5) it will measure

both very weak and very strong fields over a large range of fre-

quencies (field strengths as low as 0.8 mV/m have been mea-

sured, and below 0.01 mV/m may be possible [9]); 6) it allows

for the construction of small, compact probes (optical fiber and

chip-scale probes). Possible applications for this probe are nu-

merous, ranging from biomedical to sub-wavelength imaging.

Atomic measurement standards have been used for a number

of years for a wide array of measurements, most notable are

time, frequency, and length. However there are just a few

publications on the use of the atom for -field measurements

[9]–[15]. There is work on the measurement of DC -fields

[16], [17]. Recently, there has also been work in using atoms for
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power standards and magnetic field measurements [18]–[22].

These techniques utilize ground-state atomic transitions in

alkali atoms, and not the Rydberg atoms discussed in this paper.

In this paper we will present the underlying physics of the

EIT technique in a manner familiar to the EM community and

demonstrate how it is used in the development of a broadband

probe covering a frequency range of 1 GHz to 500 GHz. We

will also present calculations of the required for a specific

set of atomic states for a range of RF transitions which are

needed to determine the -field from this measured splitting.

The technique is validated by the agreement of experimental

data with both numerical simulations and far-field calculations

for various frequencies. We discuss the uncertainties in this

approach and discuss various current and potential applica-

tions, including the application of making sub-wavelength

measurements (very crucial in the field of metamaterials and

other sub-wavelength imaging applications).

II. EIT AND AT SPLITTING

In this section we present the basic concept of the measure-

ment approach, which uses a vapor of alkali atoms, contained in

a cell [see Fig. 2], as the active medium of the -field probe.We

choose atomic species that have a sufficiently high vapor pres-

sure at room temperature. In this paper, we concentrate on ru-

bidium-85 atoms, but other alkali atoms could be used.

A diagram of the measurement setup with the vapor cell

is shown in Fig. 2(b).

In general, an atom can exhibit different atomic states or en-

ergy levels (the different states are designated by , where “ ”

is a given state), see Fig. 3. The energy level of the atom can be

changed by supplying a photon with a discrete amount of en-

ergy ( , where is the angular frequency of the applied

photon).When an alkali atom ( in our case) is at the ground

state (i.e., lowest energy level), it requires a relatively large

amount of energy (i.e., optical frequencies) in order to cause the

atom to change its state to a higher energy level. In other words,

very little change in the ground state atom will occur with RF

photons. That is, a RF photon will not cause an atomic transition

to a higher energy level for a ground state alkali atom. With that

said, the amount of energy required to cause an atomic transition

decreases if the atom is in a highly excited state. In fact, if the

alkali atom is at a high enough energy level (a Rydberg state, an

alkali atom with a large principal quantum number) than a RF

photon can cause an atomic transition. Therefore, if we precon-

dition the atom (with two different color lasers), we can then

use RF photons to change the atom to a different state, and use

this effect to determine the -field strength of the applied RF

energy. In what follows is a more detail discussion on how this

technique works, in which we give a description from an atomic

physics viewpoint and then we give a description and a model

from an effective media viewpoint.

The relevant atomic states for this approach are in the four-

level atomic system depicted in Fig. 3. When the frequency

of the light (referred to as the probe laser) matches the to

atomic resonance (using for our application, this cor-

responds to a 780 nm or “red” laser), the atoms scatter light

from the incident beam and reduce the transmitted light inten-

sity measured on the detector. If a second strong (“coupling”)

Fig. 3. Four-level atomic system. Here, the atomic states are labeled as ,

, , and .

light field is applied resonant with the to transition (using

for our application, this corresponds to a 480 nm or “blue”

laser), the and states are mixed to form dressed state pairs

which are close in energy. The excitation amplitudes from

to each of these two dressed states then have opposite signs,

leading to destructive quantum interference of these excitation

pathways. As such, a transparency window is opened for the

probe (“red”) light: probe light transmission is increased. This

is the phenomenon known as EIT [6].

If the atomic states and are chosen appropriately, an

applied RF field will couple states and . A third dressed

state is then introduced between the two involved in EIT which

leads to constructive interference in the probe absorption. This

splits the EIT resonance in two, and for resonant driving fields

the new transmission maxima are split by the Rabi frequency

(defined in detail later) of the - transition [23] and

[24]. This is known as AT splitting [25] of the EIT signal, which

is related to the applied field and allows for a measurement of

the -field strength.

In order to measure the field strength (or amplitude) for dif-

ferent frequencies, different states and can be chosen.

State is selected by tuning the wavelength of the coupling

laser, and the state is selected via the RF source. In doing

this, a large range of atomic transitions can be selected, allowing

measurements of RF fields over a correspondingly wide selec-

tion of frequencies. In essence, the atoms act as highly tunable,

resonant, frequency selective RF detector. This is a significant

benefit of using Rydberg atoms as field probes. The wide range

of states selectable by the coupling laser, translates to the

broadband nature of the probe, which allows RF measurements

ranging from 1 GHz to 500 GHz.

There are various ways to analytically describe and model

this technique. One convenient approach from an EM perspec-

tive is to model the atoms in the vapor cell as an effective

medium in which the effective permittivity of the medium for

the probe laser propagating through the cell is given by

(1)

where is the susceptibility of the medium for the probe laser.

Using the results in [26] and [27], the susceptibility is given by

(2)
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where

(3)

is the atom density in the cell, and the subscripts 12, 13, and

14, correspond to the transitions of from the “i” to “1” state

(i.e., to , see the labels in Fig. 3). The parameter is

the decay rate for the various states (where “i” is 2–4,), is

the detuning of the probe laser (defined as , where

is the on-resonance angular frequency of states to and

is the angular frequency of the probe laser). The quantities

are the Rabi frequencies for the different transitions

(probe, coupling, and RF) and are given by

(4)

where is Planck’s constant, are the magnitude of

the -field of the probe laser, the coupling laser, and the RF

source, respectively. Finally, , and are the atomic

dipole moments corresponding to the probe, coupling, and RF

transitions. We should add that in general, the parameters

and would also be a function of and (the detuning

of the coupling laser and RF source), see [26]. Here, we take

the coupling laser frequency and RF to be resonant with their

respective transitions (or ) and only consider a

detuning of the probe from the to transition.

Using this susceptibility, the magnitude of the transmission

coefficient of the probe laser propagating through the cell

can be approximated by the following [28]:

(5)

where is the length of the cell and is the wavelength of the

probe laser. The intensity of the probe beam measured on the

detector is given by

(6)

where is the intensity of the probe beam at the input of the

cell.

We use this model to understand the behavior of the EIT

signal on the detector as a function of the applied RF field

strength (i.e., ). Fig. 4(a) illustrates the EIT signal (i.e.,

) as a function of for increasing [or increasing

the applied RF-field strength through (4)]. These

results were obtained with , and

(which are typical values for the

transitions discussed in this paper [29]). We see that as

increases, the splitting between the two peaks of the EIT

signal increases. To understand this from an effective material

viewpoint, it is instructive to look at the behavior of as

a function of the applied RF field, see Fig. 4(b). Once the RF

field is applied, we see that at two locations, goes to zero,

which corresponds to no absorption, and hence a large signal

on the detector (this is the location of the transparency window

which produces the EIT signal). As the RF field strength is

increased the separation in the zero locations increases, cor-

responding to an increased separation in the peaks of the EIT

signal. For a reference, we have also plotted the case with no

blue laser power (i.e., ). For this case, is max-

imum at , which implies maximum absorption and no

EIT signal. On the other hand, when and (the

line marked with crosses), we see that at

and therefore, we have no absorption (the EIT signal with no

splitting). Referring back to Fig. 4(a), the observed splitting

of the two peaks when is referred to as AT splitting

( , measured in hertz), and is related to the Rabi frequency

. In fact, it is possible to show that the separa-

tion between the two peaks in the probe spectrum is simply the

Rabi frequency associated with the RF field transition [32], or

(7)

The Rabi frequency (or ) can be measured and the

magnitude of the applied RF field can be determined by (4) or

(8)

Thus, to measure , (or ) is obtained from an op-

tical frequency measurement (that can be measured very accu-

rately), Planck’s constant is known, and the only unknown is the

dipole moment , which can be calculated using first princi-

ples as shown later.

By using the interaction of atoms in a vapor cell with two ap-

plied lasers and a RF field, it is possible to reduce an RF -field

amplitude measurement to an optical frequency measurement

(or simply measuring the frequency difference in the splitting

of an EIT signal).

We consider this type of measurement of the -field strength

a direct SI traceable measurement in that it is related to Planck’s

constant. Traceability to SI is generally considered to mean

that there is an unbroken chain of measurements linking the

final measured quantity to one or more base SI units, with

the uncertainty of each step in the chain well-characterized

and documented. In the case of the -field measurement, the

measurement is linked to Planck’s constant which has very

well-known and well-characterized uncertainties relative to the

base SI units. (In fact, the SI is in the process of being redefined

such that Planck’s constant will become one of the new base

SI defined units—this should happen within the next couple of

years.) The -field measurement does require the calculation

of the dipole moment. However, the measurement remains

traceable so long as a well-characterized and documented

uncertainty is assigned to each step in the measurement chain,

including the dipole moment calculation. Modeling/calcula-

tions are routinely included in a large number of SI-traceable

measurements. For example, the measurement of the SI second

(by a large margin the most accurate measurement of any SI

quantity) includes several modeling and calculation steps with

appropriately characterized uncertainties. As discussed in the

paper, the uncertainty of the dipole moment calculation is

considered to be less than 0.1%, so the overall traceability to

SI units has a correspondingly small uncertainty, compared to

previous -field measurement techniques.

As a side note, the EIT technique has interesting possibili-

ties from a metamaterials viewpoint. There is a great deal of

attention in the metamaterial community on developing tunable
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Fig. 4. EIT signal and for different as function of for

. (a) EIT signal (b) .

materials that can be used for slow-wave and near-zero permit-

tivity materials, see [6], [30], and [31]. This EIT technique can

in principle be used to tailor the real part of effective permit-

tivity at the probe-laser wavelength via an RF source, i.e., for a

given probe laser wavelength, an applied RF field can be used

to obtain a desired value for (e.g., ). This will be

investigated in more detail in future publications.

III. BROADBAND NATURE OF THE TECHNIQUE

A conventional dipole antenna is tuned or optimized to a par-

ticular frequency by its physical size (or dipole length). This

atom-based probe is somewhat analogous to the dipole antenna,

in that, instead of varying a length dimension (the dipole length)

we simply vary the wavelength of the coupling light to measure

a desired RF transition. That is, the coupling laser is tuned to dif-

ferent wavelengths in order to measure the field strength at dif-

Fig. 5. Four-level atomic system for : (a) 2 GHz transition, and (b) 150

GHz transition. The ”S”, “D”, and “P” indicate the angular momentum of the

atomic state [33].

ferent frequencies. The precise wavelength of the coupling laser

governs which atomic states can be used tomeasure this RF field

strength, and the energy difference between these states deter-

mines the frequency of the RF field whose strength is measured.

The significant benefit of this probe is that since the atom is a

highly tunable resonator, we use that property to excite the atom

to various states (with the coupling laser) such that it will re-

spond to a wide range of frequencies, hence a broadband probe.

In this paper, we concentrate on rubidium-85 atoms;

as such, the probe light is a 780 nm (“red”) laser and the to

atomic resonance corresponds to the transition,

see Fig. 5. To ensure that the to atomic resonance in

is an RF transition, the and transition will correspond to

a (“blue”) laser. Fig. 5 depicts two four-level atomic

systems that illustrate how two different blue wavelengths can

result in two different RF transitions. With the blue laser tuned

to 479.32 nm, it is possible to measure an RF field strength at

2.03 GHz, while a blue laser at 483.60 nm will allow an RF

measurement at 150.40 GHz. This is the basic concept for the

broadband probe. With one vapor cell, a tunable red laser, and

a tunable blue laser, it is possible to measure RF field strengths

from 1 GHz to 500 GHz (we will illustrate this with experi-

mental data later).

An atom is “rich”, in that the number of RF transitions that

can be excited is numerous. In this paper, it would be difficult to

address all the possible atomic transitions (or states) that can be

reached with an RF source. From among the many transitions

possible in , we concentrate on transitions that occur be-

tween states, where is the principal

quantum number. It is instructive to show the required blue

wavelengths needed to couple the state from the red

laser (or the state). Also, it is instructive to showwhat fre-

quencies can be measured for transitions.

These data are shown in Fig. 6. From the figure we see that if

ranges from 20 to 130, frequencies ranging from 300 GHz to

1 GHz can be measured. Also from this figure, we see that to

be able to measure this range of frequencies requires the blue

laser to be tuned from 487 nm to 479 nm. Blue lasers capable of

tuning over these wavelengths are commercially available. One

such laser is used in the experiments below. The results in Fig. 6

were obtained using the Rydberg formula and the quantum de-

fects for [36]–[38]. This illustrates the broadband nature

of this technique. While the results in this figure only show the

achievable frequencies for the transi-

tion, themeasurement of other frequencies is possible with other

atomic transitions. This will be a topic of a future publication

and is briefly discussed below.
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Fig. 6. RF transition frequency and required blue laser wavelength for the

transitions in .

A. Atomic Dipole Moment

After a measurement of the splitting, the one unknown

needed for determining the -field is the dipole moment

of the RF transition. The dipole moment is expressed as follows

([34], [35]):

(9)

where is the electric charge, is the polarization vector of

the light, and and are the wavefunctions for the initial

and final state for the RF transition. The wavefunctions are the

solution of Schrödinger’s equation for each of these states. The

expression can be written as (see [34])

(10)

where is the angular part, and is the radial part.

Here again, we only address a small subset of the possible RF

transitions. As such, we concentrate on RF transitions in

that occur between states. Furthermore,

there are various polarization states (i.e., the polarization of the

two laser fields relative to the polarization of the RF field) that

affect which values of are relevant. In this paper, we will

only discuss and show results for linearly polarized laser fields

and co-polarized RF fields. (Investigating the relative difference

of the polarizations of RF fields to the optical fields gives a pos-

sible way of measuring the full vector RF fields [10], see the

discussion at the end of Section V on this topic.) For co-linear

polarized optical and RF fields, and for

states, it can be shown that (using expressions given in [35])

. The radial part calculation requires first a

numerical solution for the radial Schrödinger’s equation for the

wavefunctions, and then a numerical evaluation of the radial in-

tegral. Using the method given in [36] (and the quantum defects

in [37] and [38]), we obtained numerical calculations of for

the states. These results are given in Fig. 7

for the scaled radial part (defined as , where is

Fig. 7. Normalized radial part of the dipole moment for the

transition in .

Fig. 8. Family of curves for the sensitivity of the -field measurement for

transitions in .

the Bohr radius). With those results, the required dipole moment

is given by

(11)

From the plot given in Fig. 7, we see that for greater than 90

(which corresponds to frequencies less than 3 GHz, see Fig. 6),

the radial part of the dipole moments is greater than 10,000, and

is larger than 1,000 for greater than 30 (frequencies less than

70 GHz). These large dipole moments reflect the sensitivity of

this type of -field measurement. With these dipole moments,

we can generate a family of curves illustrating the slope (or

) for the expression given in (8). The curves are shown

in Fig. 8. These curves not only give one an indication of the

slopes to expect in experimental data, but also give an indica-

tion of the type of sensitivity one can measure at the various

frequencies. The sensitivity is a function of the frequency that

is being measured. For example, at 1 GHz, a measured 1 MHz

for corresponds to 7.6 mV/m; and at 300 GHz, a measured

1 MHz for corresponds to 0.337 V/m.
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Fig. 9. Experimental setup for -field measurements with EIT: (a) photo of setup, and (b) block diagram.

IV. EXPERIMENTAL SETUP

A photo and a block diagram of the experimental setup used

to demonstrate this approach is shown in Fig. 9, which includes

a vapor cell, a horn antenna (and a waveguide antenna is used

for the higher frequency measurements), a lock-in amplifier, a

photo diode detector, a probe laser, and a coupling laser. We

use a cylindrical glass vapor cell of length 75 mm and diameter

25 mm containing atoms. The levels , , , and

correspond, respectively, to the ground state,

excited state, and two Rydberg states. The probe is a 780

nm laser which is scanned across the transi-

tion. The probe beam is focused to a full-width at half-max-

imum (FWHM) of , with a power of order 100 nW to

keep the intensity below the saturation intensity of the transi-

tion. Fig. 10 shows a typical transmission signal as a function

of relative probe detuning . The global shape of the curve is

the Doppler absorption spectrum of at room temperature.

To produce an EIT signal, we apply a counter-propagating cou-

pling laser (wavelength , “blue”) with a power of

22 mW, focused to a FWHM of . As an example, tuning

the coupling laser near the Rydberg transition

results in distinct EIT transmission peaks as seen in the figure.

Here we concentrate on the strongest peak at , labeled as

Fig. 10. Probe transmission as a function of for the three-level

EIT system. The peak at is the EIT signal we are

investigating.

”EIT signal”. The other smaller peaks in this figure correspond

to hyperfine sublevels and are discussed in [12].
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Fig. 11. Black curve: EIT-signal as a function of for the EIT system

. Gray curve: The level is coupled to the

level by a 104.77 GHz RF field.

In order to improve the signal-to-noise ratio, we use hetero-

dyne detection. We modulate the blue laser amplitude with a

30 kHz square wave and detect any resulting modulation of the

probe transmission with a lock-in amplifier. This removes the

Doppler background and isolates the EIT signal as shown in the

black curve of Fig. 11 (labeled as “RF off”). Here, we tune the

coupling laser near the transition (“blue” with

). Application of a RF field at 104.77 GHz to

couple states and splits the EIT peak as shown

in the gray curve (labeled as “RF on”). Using this heterodyne

detection technique in the experimental data presented below

results in measured EIT-signals on the order of 1 V.

Differential Doppler shifts between the probe and coupling

beams alter the frequency separations between EIT peaks in

the probe transmission spectrum. Splittings of hyperfine

states are scaled by , while splittings of Rydberg states

are scaled by [7]. The latter factor is relevant to measure-

ments of RF-induced splittings of EIT peaks and therefore (8) is

modified. We measure the frequency splitting of the EIT peaks

in the probe spectrum, , and determine the -field amplitude

by

(12)

Note here the use of the Doppler scaling factor, not present in

(8) for stationary atoms.

V. EXPERIMENTAL RESULTS

Using the experimental setup discussed above, we illustrate

the measurement of -field strengths for various frequencies.

Here we report on five of these: 15.59 GHz, 17.04 GHz, 18.65

GHz, 68.64 GHz, and 104.77 GHz. For the 15.59 GHz, 17.04

GHz, and 18.64 GHz measurements a horn antenna is used, and

two different open-ended waveguides are used the 68.64 GHz

and 104.77 GHz measurements.

We first perform measurements at 17.04 GHz. For this case,

the red laser power level at the input to the cell is 175 nW.A horn

Fig. 12. Experimental data for the measurement for at 17.04 GHz.

Fig. 13. Comparison of experimental data to both numerical simulations and

to far-field calculations for 15.59 GHz, 17.04 GHz, and 104.77 GHz.

antenna is used and connected to a signal generator (SG) via a

4-m cable. The horn antenna is 0.88 m from the center of the two

laser beams. During the experiments, the power level on the SG

is varied from to 10 dBm (or 0.1 mW to 10 mW).

The blue laser is tuned to to couple states

and , and the 17.04 GHz field couples ,

see Fig. 12. The power of the blue laser is 30 mW.

Fig. 12 shows the measured as a function of the square

root of the SG power (labeled as ). We see that the mea-

sured is linear with respect to (noting ),

as predicted from (12). With the measured splitting , the

absolute field strength at the location for the lasers can be ob-

tained with (12). Fig. 13 shows the calculated -field strength

as a function of . In obtaining the -field values, the re-

quired was determined from (11) and the results in Fig. 7.

As a comparison, we use a far-field calculation for the -field

radiating from a horn antenna. Taking into account the distance,

the gain of antenna, and the cable losses, the far-field -field

is calculated and the results are also shown in Fig. 13. What is
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Fig. 14. Experimental data for the measurement for at 104.77 GHz.

meant in this comparison is that for each measured (corre-

sponding to a given ) we calculate from (12). It is this

that is used in the far-field calculation. We see very good

agreement between the far-field calculation and the measured

-field.

With the same two lasers and vapor cell, it is possible to mea-

sure an RF source at much higher frequencies. To illustrate this,

we performed measurements at 104.77 GHz. For this case the

red laser power level at the input to the cell is 120 nW. AWR-10

open-ended waveguide is used [see Fig. 2(a)] as a source an-

tenna and is connected to a signal generator. The waveguide is

139 mm from the laser beams inside the cell. The output power

from the waveguide is varied from to

(or 0.072 mW to 0.86 mW). Again, we refer to this power as

. The blue laser is tuned to to couple states

and , and the 104.77 GHz field couples

, see Fig. 14. The power of the blue laser is 22 mW.

Fig. 14 shows the measured as a function of the square

root of the waveguide power (labeled as ). We see the

measured is linear with respect to as predicted from

theory. Fig. 13 shows the calculated -field strength from (12)

as a function of . For comparison, we perform a three-di-

mensional numerical simulation with HFSS (mentioning this

numerical code does not imply an endorsement, but serves to

clarify the techniques used) in order to determine the -field

from the open-ended waveguide at a distance of 139 mm. In

the simulation, we use the same used in the experiments.

This numerical simulation for is also shown in Fig. 13. Once

again, we see good agreement between the measured and simu-

lated -field, validating this technique.

We illustrate another example with the same setup by

showing a measurement at 68.64 GHz. For this case, the red

laser power level at the input to the cell was 250 nW. A WR-15

open-ended waveguide is used as a source antenna and is

connected to a SG. The blue laser is tuned to

to couple states and , and the 68.64 GHz field

couples . The power of the blue laser is

24 mW. Fig. 15 shows the EIT signal for this frequency for the

case of RF on. We show results for three different -field mea-

Fig. 15. Experimental data for -field measurements at 68.64 GHz (the

transition).

Fig. 16. Experimental data for -field measurements at 18.65 GHz.

surements in the figure, where we see well-defined splitting of

the EIT-signal. Also shown in this are the calculated -fields,

obtained from (12) and the results of Fig. 7.

The three examples in Figs. 12–15 were for the

transition. As discussed (Fig. 6), several different

frequencies can be measured for these particular transitions.

However, additional RF fields strengths can be measured with

other atomic transitions (other than ).

While we do not discuss these other transitions in detail, we will

show two examples for the purpose of illustrating the broadband

nature of the probe and for discussing the potential high-power

applications.

In the first example, we use the same setup that is used for

the 17.04 GHz measurements above to perform measurements

at 18.65 GHz, in that we use the same horn antenna with the

blue laser tuned to . This corresponds to

. In this configuration a splitting of the EIT

signal can be observed at not only 17.04 GHz (as discussed ear-

lier), but at 18.65 GHz as well. The 18.65 GHz transition cou-

ples . Fig. 16 show the measured splitting
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Fig. 17. Experimental data for the measurement for at 15.59 GHz.

Fig. 18. Illustration of splitting and peak reduction for increasing power at

15.59 GHz.

as a function of . Here again we observe a linear relation-

ship between and , as predicted by the theory.

In the last example we show results for a

transition. In this experiment, we perform measurements at

15.59 GHz. For this case, the red laser power level at the input

to the cell is 220 nW. The blue laser is tuned to nm

to couple states and , and the 15.59 GHz field

couples , see Fig. 17. The power of the blue

laser is 30 mW. In this setup, the horn antenna is 0.33 m from

the center of the two laser beams inside the cell. During the ex-

periments, the power level on the SG is varied from

to 6 dBm (or 0.016 mW to 0.39 mW). In Fig. 18 we have

superimposed the splitting of the EIT signal for different SG

power settings. The figure illustrates the increases in splitting

as the field strength at the cell increases. Fig. 17 shows as

a function of . Once again, we see a well defined linear

relationship. Fig. 13 shows results for the -field obtained

from (12) as a function of . In this plot, we have also

plotted the -field values obtained from a far-field calculation

for these antenna parameters. Once again good agreement is

demonstrated between the measured and far-field calculations.

The results in Fig. 18 show an interesting point. From this

figure we see that as the field strength is increased, the separa-

tion in the splitting not only increases, but equally important,

we see that the heights of the two peaks get smaller and become

comparable to the back ground noise signal. Here lies a poten-

tial problem. If the field strength becomes too large, the peaks

may be difficult to determine and hence it could be hard to ac-

curately measure these large field strengths. We are currently

looking at methods that will allow the measurement of very high

field strengths that will overcome this issue. One approach that

has shown promise, is to use the concept of RF “two-photon”

transitions, see [39] for details.

In this section, we have shown experimental data for the mea-

surement of -field strengths for a wide range of frequencies,

and we have shown very good agreement between these mea-

sured field strengths to both numerical simulations and far-field

calculations. The results in this section illustrate the broadband

nature of this type of measurement technique.

In the discussion and experimental results presented, we con-

sidered linearly polarized laser fields and co-polarized RF fields.

When the RF field has various vector components, the physics

of the problem becomes a bite more complicated. When mul-

tiple vector components exist, both EIT and AT pathways may

be excited, leading to an absorption spectrum that is a mixture of

these pathway resonances [10]. In such a case, a similar signal

as that shows in Figs. 4 and 11, resulting in the appearance of

two peaks off-set by a (i.e., the AT pathway). However, un-

like the signal in these figures, when other vector components

are present, there appears a peak centered at occurs (the

EIT pathway). This central peak is an indication of the present

of an EIT pathway (a Rydberg state) that is not interacting with

some component of the applied field. This is depicted in Fig. 15

by the small peaks at when RF is applied, illustrating

that the lasers and RF radiation are not perfectly polarization

matched. The relative difference between the center peak and

two off-set peaks gives information about the vector component

of the field. This was discussed in [10] and we are currently in-

vestigating this in order to develop a full-vector field character-

ization. While the vector field measurement is important, it is

beyond the scope of the paper and will be the topic of a future

publication.

VI. MEASUREMENT UNCERTAINTIES

The uncertainties in this type of measurement are still being

investigated in detail, but we can comment on some of the as-

pects. In general, the uncertainties can be grouped into two dif-

ferent categories: a) quantum based uncertainties (i.e., parame-

ters and issues related to the atomic physics aspect of the tech-

nique), and b) RF based uncertainties (i.e., parameters and is-

sues related to the RF aspect of the technique). Some of the var-

ious quantum based uncertainties have been discussed in [9].

As seen from (12), the one calculable parameter needed in this

technique is the atomic dipole moment . Using the best

available quantum defect ([37] and [38]) to perform a numer-

ical calculation of (see discussion in Section III-A ) it is

believed that can be determined to less than 0.1%. While

we are confident the dipole moment uncertainty is conservative
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(meaning the calculation is very likely closer to the actual value

than the uncertainty suggests), future direct measurements of

dipole moments confirming the accuracy and uncertainty of the

calculation method are desirable. We and other groups are cur-

rently looking at methods to obtain more accurate values for

. Meanwhile, we believe our current overall uncertainty es-

timates are correct.

With this said, it is believed that the largest source ofmeasure-

ment uncertainties in this technique is the RF based uncertainty.

This type of uncertainty results from the fact that since we are

using a glass (or dielectric) cell to hold the atoms, the RF field

interacts with the cell itself. When an RF wave is incident onto

a hollow glass cell, standing waves can develop on the inside of

the cell due to the internal reflections inside the cell. The dis-

tribution of the -fields inside the cell will vary depending on

the frequency and on the size of the cell. This may result in the

field inside the cell being different than the incident field (the

desired measured quantity). It is unclear how large of an effect

this is, and we are currently investigating this issue. With that

noted, this perturbation can be reduced by making the cell as

small as possible. If this perturbation is not reduced entirely, it

can be calculated and accounted for. We have recently manu-

factured cells on the order of 2 mm and smaller in size (see next

section), and future work will be looking at these cell-size ef-

forts on field perturbation.

VII. APPLICATIONS

The obvious applications of the type of technique include:

1) a direct SI unit link RF -field measurement; 2) the tech-

nique will be self calibrating: traced to atomic transitions; 3)

the technique will provide an RF measurement independent of

current techniques; 4) the technique will measure both very

weak and very strong fields over a large range of frequencies

( : two to three orders of magnitude improvement

over current approaches; and may be possible);

5) the probe/sensor can be used as a stand alone measurement or

it can be used to calibrate existing probes and/or test facilities.

Beside the obvious applications, the technique can open up

numerous other applications. Some of the other interesting ap-

plications include: 1) having a truly broadband probe: covering

1 GHz to 500 GHz; 2) the possibility of a compact in vitro/vivo

measurement, e.g., specific absorption rate (SAR) probe; 3) bio-

sensing and bio-imaging on a compact scale; 4) imaging sensors

and arrays of small vapor cells; 5) the abilities of field measure-

ments in small confined spaces; 6) millimeter wave and sub-ter-

ahertz wave traceable calibrations (not currently possible) [13];

7) the possibility of measurements on a small spatial scale, i.e.,

sub-wavelength imaging and field mapping over a large fre-

quency range.

Most notable of these listed applications are the sensitivity

capability, the compact nature, and sub-wavelength imaging

aspects of the technique. While in the experimental examples

shown here, we use a cell on the order of 25 mm to 75 mm, the

vapor cell can bemade smaller and hence allow a compact probe

(or sensor head). We are currently investigating this aspect,

where in we are performing experiments on 2 mm and 4 mm

cubic cells, see Fig. 19(a). While this work will be reported in

detail later, Fig. 19(b) shows initial data taken with the 4 mm

cell. The data show that for this small cell, the desired linear

Fig. 19. 4-mm vapor cell experiments. (a) 4-mm cell (b) measurement for .

Fig. 20. Hollow-core photonic bandgap fiber based vapor cell. Photo courtesy

of the DARPA’s website.

behavior is observed. Our eventual goal in this work is to use a

hollow-core photonic bandgap fiber as a vapor cell (see Fig. 20),

resulting in a probe with a spatial size on the order 100’s

and smaller. We are currently investigating such a fiber.
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Regardless of the size of the vapor cell, this technique al-

lows for sub-wavelength imaging of an RF field over a large

frequency range. This has been demonstrated in [12] where field

distributions inside a glass cell were imaged at both 17.04 GHz

and 104.77 GHz. The unique feature of this imaging approach is

that the spatial resolution is not governed by the size of the vapor

cell that holds the atoms. The RF field will only interact with the

atoms that are exposed to the two laser beams. As such, the spa-

tial resolution of this approach is based on beam widths of the

two lasers used in this experiment, which can be in principle on

the order of the diffraction limit, i.e., 10’s . The applications

of such a small spatial imaging capability are numerous. For ex-

ample, the sensing volume could be scanned over a printed-cir-

cuit-board (PCB) or a metasurface [40] in order to map their

fields, as well as other applications where -field measurements

on a small spatial resolution are desired.

VIII. DISCUSSION AND CONCLUSION

We have presented the framework for a technique using Ryd-

berg atoms place in a vapor cell for measuring -field strengths

at RF. The benefit of using atoms allows us to convert an am-

plitude measurement of the RF field strength to a frequency

measurement of an optical signal, giving both an accurate and

sensitive -field strength measurement. We have demonstrated

that this is a “truly” broadband technique. That is, with two tun-

able lasers and one vapor cell, it is possible to measure RF field

strengths over a frequency range of 1 GHz to 500 GHz.We have

validated this technique by comparing experimental data to both

numerical simulations and to far-field calculations for various

frequencies from 15 GHz to 105 GHz.

This technique has the capability of performing a direct

traceable SI measurement that does not need to be calibrated,

has drastically improved sensitivity, and can be very compact

. Besides the obvious uses, the probe can have

numerous new applications. Most notably are the sensitivity

and sub-wavelength measurement aspects. From a sensitivity

viewpoint, at least two to three orders of magnitude improve-

ment over current techniques are attainable and field strength

measurements of may be possible. This tech-

nique can also be used to perform sub-wavelength imaging

and field mapping over a large range of frequencies [12]. The

-field imaging volume is determined by the overlap of the

RF, the probe beam, and coupling beam within the vapor cell;

as such, the high spatial resolution is based on the two lasers’

beam widths, which can be on the order of to

(and possibly smaller). In future publications we will address

a detailed uncertainty analysis, present various imaging mea-

surements and applications, as well as discuss the scaling down

of the technique in order to make a compact field probe/sensor

and full vector -field measurements.
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