Rydberg atom-based field sensing enhancement using a split-ring resonator
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We investigate the use of a split-ring resonator (SRR) incorporated with an atomic-vapor cell to improve the
sensitivity and the minimal detectable electric (E) field of Rydberg atom-based sensors. In this approach, a
sub-wavelength SRR is placed around an atomic vapor-cell filled with cesium atoms for E-field measurements
at 1.3 GHz. The SRR provides a factor of 100 in the enhancement of the E-field measurement sensitivity.
Using electromagnetically induced transparency (EIT) with Aulter-Townes splitting, E-field measurements
down to 5 mV/m are demonstrated with the SRR, while in the absence of the SRR, the minimal detectable
field is 500 mV/m. We demonstrate that by combining EIT with a heterodyne Rydberg atom-based mixer
approach, the SRR allows for a sensitivity of 5.5 uV/ mv/Hz, which is two-orders of magnitude improvement

in sensitivity than when the SRR is not used.
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FIG. 1. Vapor cell placed inside the split-ring resonator
(SRR). The SRR is sitting on a mounting structure used in
the experiments. The insert shows the dimensions of the SRR.

In the past ten years, great progress has been made
in the development of Rydberg atom! (atoms with one
or more electrons excited to a very high principal quan-
tum number n) based radio-frequency (RF) electric (E)
field sensors. The majority of this work relies on spec-
troscopy of highly excited atoms using electromagnet-
ically induced transparency (EIT) and their interac-
tion with external electric fields in the form of Autler-
Townes (AT) splitting? . Other measurements involving
non-resonant Stark shifts have also been performed® '°.
These sensors now have the capability of measuring
the amplitude? 411714, polarization'®16, and phase'61?
of the RF field, and various applications are begin-
ning to emerge. These include E-field probes traceable
to the International System of units (SI)>%13, power-
sensors?’, spectrum analyzersm, voltage measurements
and standards®'°, angle-of-arrival detection??, and re-
ceivers for communication signals (AM/FM modulated
and digital phase modulation signals)?3 3.

A current thrust in the development of atom-based sen-
sors is geared towards improving the minimal detectable
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field and sensitivity. Using standard EIT /AT techniques,
E-field strengths down to a few V/m can routinely be
measured. Even lower fields, down to tenths of V/m,
can be measured depending on the frequency and atomic
states used®43L. One issue with using standard EIT/AT
approaches for weak field detection stems from the limi-
tations on EIT/AT based spectroscopy. Measuring a very
weak RF field requires the measurement of very small AT
splitting (or small Rabi frequency). The on-resonant AT
splitting (Af, in units of Hz) is directly related to the
Rabi frequency (Qzr) of the applied RF field®*:

AT splitting = Af, ZQTI;F = |E|% (Hz) (1)

where |E| is the magnitude of the E-field, p is the atomic
dipole moment, and h is Planck’s constant. The mea-
surement of the AT splitting and, therefore, the field
measurement, is limited by the resolution set by the EIT
linewidth, which is typically on the order of 2 MHz to
5 MHz when low laser powers are used. This makes
AT splittings smaller than this linewidth difficult to de-
termine. The primary factor driving the broadening of
the line is the Doppler mismatch of the probe and cou-
pling lasers used in this two-photon approach®!. The
EIT linewidth is one of the limiting factors that affect
the minimum detectable E-field and the sensitivity of
the Rydberg atom sensor. In fact, it is shown in Ref.3!
that reliable and accurate SI-traceable measurements are
only possible when the Qi p is greater than twice the EIT
linewidth.

There are approaches to overcome the Doppler mis-
match and hence improve minimal weak field detection.
One such approach is to use three-photon excitation
schemes to reach the Rydberg state3? 3%, While there
are groups researching the three-photon scheme, weak
field detection with this approach has not been demon-
strated yet. Here, we take an alternative approach. We
discuss the use of a split-ring resonator (SRR) structure,



see Fig. 1, to enhance the incident E-field at the loca-
tion of the atoms inside the vapor cell, hence improv-
ing the sensitivity of the Rydberg-atom sensor. The use
of metallic structures to enhance the sensitivity or for
polarization selectively have been used in the past by
either placing parallel plate structures inside the vapor
cell*® or by embedding the vapor cell inside waveguiding
structures'®. In this paper, we demonstrate that a sub-
wavelength resonator structure can be placed around a
atomic-vapor cell to improve the sensitivity of Rydberg
atom sensors by a factor of 100.

It has been shown that sub-wavelength SRRs can sub-
stantially enhance an incident field in a confined region
in the gap of the SRR and has polarization selectivity
behavior?” 4!, In particular, if the electric field is di-
rected across the gap of the SRR and/or the magnetic
field flux is orthogonal to the plane of the SRR, its re-
sponse is strong. On the other hand, if the electric field
is orthogonal to its gap and/or the magnetic field flux
is parallel to its plane, the SRR response is negligible.
To exploit this, we place a SRR around a 10.03 mm
outside-diameter vapor cell, see Fig. 1. In this type of
structure, the SRR captures the incident RF field and en-
hances it, i.e., the field induced between its gap is larger
than the incident field. Thus, when a vapor-cell is placed
in the gap, the atoms will be exposed to a field that is
larger than the incident field. The increase of the field
in the vapor cell will be the enhancement factor. The
loop size and gap separation of the SRR controls its res-
onance frequency*?. In our design we were limited to a
gap separation of 10.03 mm, because of the available size
of the vapor cell (the outside diameter of the cell). We
used HFSS*3, a commercial finite-element simulator, to
determine the loop size for a SRR to have a resonance
frequency near 1.312 GHz. This frequency corresponds
to the cesium (133Cs) Rydberg atom transition for the
states 80D5,2 and 81P3/5. The final design is shown in
Fig. 1 and is made from copper of thickness 0.41 mm and
the loop has side lengths of 15.77 mm by 16.40 mm and
width of 1.10 mm. The plates are 12 mm by 12 mm and
separated by 10.03 mm.

The experimental setup used to the measure the SRR
response is depicted in Fig. 2. It consists of a 852 nm
probe laser, a 508 nm coupling laser, a horn antenna,
two photodetectors connected to an oscilloscope, and the
vapor cell shown in Fig. 1 filled with '?3Cs atomic vapor.
The vapor cell is a cylindrical cell 14 mm long, and a
outside diameter of 10.03 mm (the thickness of the cell
walls are 1 mm). We use a three-level EIT scheme to
generate Rydberg atoms (see the insert in Fig. 2) which
correspond to the '33Cs 65, /5 ground state, 6P /5 excited
state, and a Rydberg state 80D5 5 state.

The probe laser is locked (using a high-finesse cav-
ity) to the D2 transition (65/2(F =4) — 6P3/5(F = 5)
whose wavelength is A\, = 852.35 nm?!). To produce
an EIT signal, we apply a counter-propagating cou-
pling laser with A, =~ 508 nm and scan it across the
6P3/5 — 80D5,3 Rydberg transition. We use two pho-
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FIG. 2. Experimental setup for the SRR experiment. The
SRR is sitting on the mounting structure used in the experi-
ments. The insert shows the *3Cs atomic levels used in the
EIT scheme.

todetectors in differential detection®>4® (i.e., two probe

beams are passed through the vapor cell with one over-
lapping with the coupling beam) and a lock-in amplifier
to enhance the EIT signal-to-noise ratio by modulating
the coupling laser amplitude with a 37 kHz square wave.
This removes the background and isolates the EIT sig-
nal. In these experiments, the optical beams and the RF
electric fields are co-linearly polarized. The probe laser
was focused to a full-width at half maximum (FWHM)
of 800 pm with a power of 88 uW, and the coupling
laser was focused to a FWHM of 300 ym with a power
of 31 mW. To couple to the 81P5/, state, a 1.3 GHz
RF signal generator (SG) is used with maximum possi-
ble output power of 20 dBm. The SG is connected to
the horn antenna and the output power of the SG is var-
ied during the experiments. The antenna face is 310 mm
from the vapor cell.

Fig. 3 shows three EIT signals as functions of the cou-
pling laser detuning (A.). The top curve is with no RF
field (only the probe and coupling lasers). The two differ-
ent peaks correspond to the transitions from 6.5, /5 to two
allowed 6P3/, fine-structure levels (80D5,, and 80D3/3).
The larger main peak at A./27 = 0 corresponds to the
transition 6P3/5(F=5)—80D5,5. When a 1.309 GHz RF
field is applied, this peak experiences AT splitting. The
second peak at A./2w = —129.1 MHz corresponds to the
transition 6P /o(F=5)—80D3/,. This peak separation is
used to calibrate the frequency axis, where the time axis
from the scope is converted to frequency by noting that
the peaks are 129.1 MHz apart. When a 1.309 GHz RF
field is applied, this peak will not experience AT splitting
as shown in the data sets below.

A 1.309 GHz RF source couples the two Rydberg states
80Ds5/2 and 81P5 /5. If the field strength is large enough,
this 1.309 GHz field will induce AT splitting in the main
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FIG. 3. Measured EIT signal versus coupling laser detuning
(Ac): (a) no RF field and (b) AT splitting at 1.309 GHz
without the SRR (SG power of 8 dBm) and with the SRR
(SG power of -32 dBm).

EIT line. The solid curve in Fig. 3(b) is for the case
without the SRR when the RF source is turned on with
the output of the SG set to 8 dBm. The dashed curve
in Fig. 3(b) is for the case with the SRR when the RF
source is on with the output of the SG set to -32 dBm.
Without the SRR, the 8 dBm SG output power causes
an AT splitting of 110.9 MHz, while with the SRR, the
same AT splitting is caused by a SG output power of
-32 dBm. Note that without the SRR, no AT slitting is
observed in the EIT signal for -32 dBm. Thus, 40 dB less
power is required to detect the same AT splitting (or the
same E-field inside the vapor cell). This indicates that

the SRR enhanced the field by a factor v/ 1040/10=100.
This demonstrates that the atomic sensor utilizing the
SRR can detect E-fields that are 100 times weaker than
a sensor without the SRR.

By plotting the EIT signal for different RF frequen-
cies with and without the SRR, the resonance frequency
of the SRR structure can be determined. Contour plots
for the EIT signal, when the RF frequency is varied, are
shown in Fig. 4. The contour plots are composed of sev-
eral EIT traces. Fig. 4(a) are the results with the SRR.
We see the AT splitting increases as the RF frequency is
increased and reaches a maximum at 1.309 GHz. As the
frequency is further increased, past 1.309 GHz, the AT
splitting begins to decrease. This maximum AT splitting
at 1.309 MHz is the resonance frequency of the SRR,
which is only a 0.2 % shift from the atomic resonance
for the 80Dj /o-to-81P3 /5 states of 1.312 GHz. As a com-
parison, the SRR is absent in Fig. 4(b) and we see the
usual RF-detuning behavior®. That is, the two peaks of
the EIT signal become non-symmetric (i.e., the heights
of the two peaks are not the same) and the separation
between the two AT peaks increases with RF detuning.
The off-resonance AT splitting (Af,ss) is expressed by
the generalized Rabi frequency?

Afors = V/(Afo)? + (Arr)? (2)
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FIG. 4. Contour plots of the EIT signal for RF frequency
detuning demonstrate the AT splitting: frequency response
(a) with SRR for a SG power of -14 dBm, and (b) without
the SRR for a SG power of 0 dBm. The label “Main EIT
Line” corresponds to 6P3/2 —80Ds5/2 and “Fine Structure”
corresponds to 632 — 80D3/5.

where Agp is the RF detuning.

Using the AT splittings in Fig. 4(a) and Eq. (1), the
E-field between the gap of the SRR structure is deter-
mined (where we calculate? o = 4374.13ea,, with e being
the elementary charge and a, the Bohr radius). These
measured E-field values are shown in Fig. 5. These val-
ues are for a SG power of -14 dBm, which corresponds
to an 0.2 V/m at the vapor cell (this E-field value is de-
termined with the SG power level and Eq. (3) in Ref.*%).
The uncertainties of these types of measurements are re-
lated to the EIT/AT detection scheme and are on the
order of 1 %3314 We see that the SRR structure has a
maximum measured E-field at 1.309 GHz and has a fairly
narrow frequency response, which is typical of resonant
structures. While off resonance RF frequencies can affect
these types of EIT/AT measurements*®, our low 0.2 %
shift from the atomic resonance of 1.312 GHz will have
little effect on our calculated E-field given in Fig. 5. We
demonstrate this by using Eq. (2) to correct for the RF
detuning; these results are shown in the figure (solid line
compared to x symbols). The RF Rabi frequencies used
to calculate the results in this figure are large (around
1090 MHz at the center and 180 MHz on each end) com-
pared to the RF detuning (Arr = 3 MHz at the SRR
resonance). As a result, the RF detuning has negligible
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FIG. 5. Electrical field in the gap of the SRR: (a) frequency
response, and (b) polarization response. Both results are for
a SG power of -14 dBm (or a 0.2 V/m incident E-field) and
part (b) is at 1.309 GHz.

effects on the calculated E-field near the SRR resonance,
and small effects at the end points presented in this fig-
ure.

We compare these measured field values to those ob-
tained from numerical simulations using HFSS*3. These
simulations include the dielectric mounting structure as
well as the vapor cell seen in Figs. 1 and 2. We assume
dielectric constants of 3.0 and 3.4, respectively. The nu-
merically calculated E-field values between the SRR gap
are shown in Fig. 5(a). The modeled structure has a res-
onance at 1.307 GHz. While we see a good correlation
between the model and measured data, there is a slight
shift in the simulated resonance when compared to the
measured resonator frequency of 1.309 GHz. Also, the
measured result has a slightly lower peak and is broader
in comparison to the simulated ones. The measured en-
hancement is roughly 100 compared to the simulated
result of 130. This discrepancy is likely due to losses
(metallic and dielectric) in the SRR structure and vari-
ances in the fabricated dimensions.

In addition to being frequency selective, this type of
SRR is highly polarization selective®® 4!, This design
enhances an incident plane-wave field when the E-field
is polarized in the y-direction, directly across the gap of
the SRR, and the magnetic field is polarized along the
z-axis so that its flux is perpendicular to the plane of
the SRR (see Fig. 1). Fig. 5(b) shows the measured and
simulated results as the E-field is rotated from being y-
polarized (¢ = 0°) to z-polarized (¢» = 90°). The discrep-
ancy between these results at large angles is likely due to
the alignment of the loop and gap in the fabrication of
the SRR. These results show the polarization selectivity
of the SRR structure, where the E-field enhancement is
maximum at ¢ = 0° (y-polarized) and going to zero as
the field becomes z-polarized.

Another interesting polarization selectivity is observed
in Fig. 3(b), where a small central peak at A, = 0 is seen
only when the SRR is not used. This is due to scattering
from the components on the optical table which intro-
duce unintended polarizations (other than the desired y-
polarization) into the E-field incident on the vapor cell.
Because the SRR is highly selective of fields polarized
in the y-direction, this central peak is absent when it is
present.

To further show the field enhancement (or field con-
centration) facilitated by the SRR, we measured the EIT
signal for a range of SG output power levels. Fig. 6 shows
the contour plots of the EIT signal as a function of the
SG output level with and without the SRR. Fig. 6(a) is
the case without the SRR. We see that the AT splitting
starts to appear around -3 dBm. Fig. 6(b) is the case
with the SRR. We see that the AT splitting starts to
appear around -43 dBm. Also, in both figures, we see
that the EIT line at 129.1 MHz (the 80Dg,, state, la-
beled as “Fine Structure”) does not split with increasing
SG power levels. In Fig. 6 we see that a more compli-
cated structure in the spectra is observed with the SRR
when compared to the no-SRR results. For example, in
Fig. 6(b) we see a curving upward of the lower EIT line of
about -5 dBm. This is due to the higher field that occurs
at the atoms when the SRR is present. Note that the
SG used can only output a maximum of 20 dBm. This
added structure in the atomic spectra is a result of the
much higher E-field at the location of the atoms due to
the SRR, in that the atomic spectra becomes highly non-
linear in this strong field regime. This type of feature is
observed in strong E-field spectrometry® and is a result
of state mixing and higher-order couplings. As stated in
Ref.%, these features allow for precision measurements of
strong E-field strengths. The SRR enhancement causes
the highly nonlinear features. These features are not ob-
served without the SRR because of the limited output
power of the SG, but the SRR enhances the field at the
location of atoms by a factor of 100 (or 40 dB). Without
the SRR the EIT/AT approach can detect a field level
around 500 mV/m (the point at which AT slitting can
first be observed). On the other hand, and with the SRR,
we can detect a field down to 5 mV/m, an enhancement
factor of 100 in field strength detection.

The sensitivity of the standard EIT/AT is limited by
the ability to resolve the AT splitting, which is typi-
cally a few mV/cmy/Hz3%31. Tt has been shown that a
heterodyne atom-based mixer approach can significantly
improve the sensitivity of these types of Rydberg atom-
based sensors' 1845 The details of the mixer techniques
are found in Ref.!4. To implement this approach, we
use a LO signal of 1.309 GHz+IF (where IF=10 kHz).
As discussed in Ref.', the beat-note amplitude from the
atom-mixer indicates the ability to detect a weak E-field.
Fig. 7 shows the output voltage from the lock-in ampli-
fier (the beat note from the mixer) as a function of the
incident E-field strength (related to the output power of
the SG) for the cases with and without the SRR. The
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FIG. 6. Contour plot of a series of EIT signals as a function
of the SG power and coupling detuning (A.): (a) without the
SRR and (b) with the SRR.

error bars represent the standard deviation of 5 data
sets. The two circles on the figure indicate that the
two curves are shifted along the x-axis by two orders of
magnitude, indicating an enhancement of 100. Without
the SRR, we see in Fig. 7 that a E-field of 550 xV/m
can be measured. Since we used a one-second averaging
time for these results, this corresponds to a sensitivity of
550 uV/my/Hz. When the SRR is used, we see that an
E-field of 5.5 ¢V /m can be measured, corresponding to a
sensitivity of 5.5 £V /mv/Hz (one-second averaging time).
Comparing the two sets of results in Fig. 7, we see that
the SRR case does show a field enhancement factor of
100. Consequently, the SRR can be used to substantially
improve the sensitivity of these types of Rydberg-atom
Sensors.

We have demonstrated that simple SRRs can be used
to enhance the incident E-field inside a vapor cell. This
enhancement facilitates a substantial improvement in the
detection of weak E-fields and an improvement of the sen-
sitivity of Rydberg atom-based sensors. In fact, here we
have demonstrated an enhancement factor of over 100.
SRR designs with higher quality factors would increase
this enhancement. Our SRR design was limited by the
size of the vapor cell we had available (the 10.03 mm di-
ameter cell), which limits the smallest gap we can use. A
SRR with a smaller gap separation will allow for a larger
field enhancement factor. Future work will include inves-
tigation of other resonators and cavities designs and other
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FIG. 7. Results from the Rydberg-atom mixer, plots of the
output voltage of the lock-in amplifier as functions of the in-
cident E-field.

frequencies. We will also investigate incorporating these
resonators (and cavities) with optical re-pumping*® and
optical homodyne techniques'! to further improve the
sensitivity of these types of Rydberg atom-based sensors.
Rydberg atom-based sensors are being designed for two
distinct purposes. The first is to perform SI-traceable di-
rect calibrated measurements, and the second is to design
sensors and/or receivers where the absolute field values
may not be required. The SRR is not a good choice when
one is interested in a non-invasive sensor that would have
minimal influence on the E-field (the SRR does perturb
the field being measured). The SRR sensor for this pur-
pose would require an additional calibration step for ab-
solute field measurements as compared with a bare vapor
cell. On the other hand, an SRR sensor is a good choice
for receiver applications where weak field detection is de-
sired. SRRs are a natural fit for integration with Rydberg
atom sensors, as SRRs are sub-wavelength structures for
enhancing a field strength and Rydberg atom sensors de-
tect field strength on a sub-wavelength scale.
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