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A new approach to detect absolute radio-frequency (RF) electric fields (E-fields) that uses Ryd-
berg atoms at room temperature in vapor cells has recently been demonstrated. The large transition
dipole moments between energetically adjacent Rydberg states enable this technique to make trace-
able E-field measurements with high sensitivity over a large frequency range, from 1 GHz to 1 THz.
In this paper, we experimentally investigate how the vapor cell geometry affects the accuracy of
the measurements. We find that the effects of the vapor cell on the measured RF E-field can be
minimized by making the vapor cell size small compared to the wavelength of the RF E-field.

I. INTRODUCTION

Precision measurements using atoms and molecules are
exceptionally useful as standards of time and length.
Measurement of magnetic and electric fields [1-4], can
also be improved with atom-based methods. Atom-based
standards have the advantages of being linked to preci-
sion measurements of fundamental constants and atomic,
or molecular, properties [5].

Radio-frequency (RF) fields are the basis of modern
communications [6], remote sensing [7] and many other
applications [8]. In contrast to progress on measuring
time, frequency, and magnetic fields; RF electric field
(E-field) measurement has changed little since the dipole
antenna was developed [9]. The sensitivity of current
RF E-field standards is ~ lmVem ™ 'Hz~'/? with an ac-
curacy of 5% ~ 20% depending on the frequency range.
Recently, work on atom-based E-field measurements has
surpassed these limits [10-15] due to advances in coher-
ent sub-Doppler spectroscopy of Rydberg atoms using
electromagnetically induced transparency (EIT) [16-18].
The method uses EIT [19] to perform the RF E-field
measurement using alkali atoms placed in a vapor cell
at room temperature. The atoms are partially excited
to Rydberg states to determine the amplitude of a RF
E-field. Compared to previous atomic microwave power
standards [20-23], this method measures the RF E-field
using Rydberg states rather than ground state atoms.
Using this approach, RF E-fields can be measured with
high sensitivity, ~ 30pVem™'Hz~%/2 [10], over a large
frequency range, 1 GHz ~ 1 THz, due to the large tran-
sition dipole moments between Rydberg states, reaching
values several thousand times larger than the Doy tran-
sitions of alkali atoms [24]. Of course, the sensitivity is
not the same over this entire frequency range. Some of
the most salient effects influencing the sensitivity in dif-
ferent frequency regimes are described in [25]. Recently,
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RF E-field spatial distributions were mapped using this
approach with high resolution, ~ Agr /650 [12, 15], where
Arr is the wavelength of the RF E-field. It has also been
shown that the method can be used to sense the vector
RF E-field [11]. As a result, Rydberg atom-based RF E-
field sensing is a promising candidate for a new standard
for RF E-fields. RF E-fields can also be used to manipu-
late Rydberg atoms in micron-sized vapor cells [26, 27].
RF E-fields and how they can be used to coherently con-
trol atoms can also be important for quantum informa-
tion science and other sensing applications, significantly
broadening the scientific interest in the interaction be-

tween RF E-fields and vapor cells.
To apply Rydberg atom-based RF E-field detection in

practice, the accuracy of the method needs to be studied.
The vapor cell is one of the factors that determines the
accuracy. The atoms are confined in a vapor cell which
is typically made of pyrex or quartz. RF E-fields can
be absorbed or reflected by the walls of the vapor cells.
Although the reflection and absorption can be made to
be small by choosing suitable materials, variation of the
RF E-field can arise from the Fabry-Perot (FP) effect,
absorption by the vapor cell surface as the RF E-field
passes through to interact with the atoms, and polariza-
tion of the vapor cell resulting from the E-field interact-
ing with the dielectric material. The FP effect occurs
because when a RF wave is incident onto a hollow glass
vapor cell, standing waves can develop inside the vapor
cell due to reflections from the glass walls, forming a RF
FP cavity. The distribution of the E-field inside the va-
por cell will vary depending on the frequency of the RF
E-field and on the size of the vapor cell. The FP effect
can result in the measured E-field being different from
the incident field, the desired quantity. The corners and
imperfections of a vapor cell can also re-scatter and re-
radiate the RF E-field and cause the measured RF E-field
to be different from the incident E-field signal.

In this paper, we show the accuracy of RF E-field mea-
surement depends on the geometry of the vapor cell. The
accuracy is dependent on the ratio of vapor cell size, D,
of the cubic pyrex vapor cells used for the measurements



to the RF E-field wavelength, Agr, i.e. D/Agr. By mak-
ing the ratio of vapor cell size to wavelength small, we
show experimentally that the accuracy is greater than
current methods in the frequency range, 10-30 GHz,
and is not limited by the vapor cell geometry provided
D/Arr < 0.1.

II. EXPERIMENT

Our method utilizes EIT to measure the RF E-field.
Changes in the probe laser absorption as a function of
the probe laser frequency are measured. A counter-
propagating coupling laser excites the atoms to a Ry-
dberg state to generate a transmission window for the
probe laser. The transmission window is the result of
EIT [19]. A RF E-field resonant with a transition from
the upper state of the EIT system to another Rydberg
state can cause the EIT window to split into two peaks
with proper selection of laser polarization. This is called
Autler-Townes (AT) splitting [28]. The AT splitting is
proportional to the amplitude of the RF E-field [10]. The
AT frequency splitting, A, is

Ac irrE

where A, and A, are the wavelengths of the probe and
coupling lasers, respectively. ugrr is the transition dipole
moment, E is the amplitude of the RF E-field, and h is
Planck’s constant. We assume the probe laser is scanned
to observe the AT splitting here. The wavelength mis-
match of the counter-propagating lasers with the Doppler
effect accounts for the factor of Ac/Ap in Eq. (1) [10, 16].
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FIG. 1. (color online) Setup and energy level diagram for the
experiments. (a) The experimental setup. The probe and
coupling lasers are overlapped inside the vapor cell and the
RF horn antenna is placed in the far field limit. (b) The
energy level diagram. The 852 nm and 508 — 510 nm lasers
are the EIT probe and coupling lasers, respectively. The RF
E-field couples to the nDs,5 <+ (n + 1)Ps/5 transitions.

Fig. 1(a) shows the experimental setup and Fig. 1(b)
shows the energy level diagram for Cesium (Cs) as used in

the experiments. The frequency of the probe laser, ~ 852
nm, is set to the Cs 65 2(F = 4) to 6P3/5(F = 5) tran-
sition. The frequency of the coupling laser, ~ 508 — 510
nm, is set to excite the upper transition of the cascade
system, corresponding to the Cs 6Ps/5(F = 5) > nD5 5
transition shown in Fig. 1(b). Both lasers are locked to
a high-finesse FP cavity and shaped as Gaussian beams
using optical fibers. The beam radii are 156 pum for the
probe laser and 210 pm for the coupling laser. The lasers
counter-propagate in an overlapping geometry inside the
vapor cell with beam waist at the center of the vapor
cell. The linewidths of both lasers are < 100 kHz. An
RF signal generator drives the horn antenna to generate
RF E-field. The horn antenna is placed in the far field
and coupled to the nDs/5 <+ (n+ 1) Py/5 transition. The
transitions between Rydberg states involved in our ex-
periment correspond to n = 32,34, 35,39, 44, 48,61, and
69, which have RF frequencies of 23.91 GHz, 19.64 GHz,
17.84 GHz, 12.06 GHz, 8.57 GHz, 6.49 GHz, 3.06 GHz,
and 2.08 GHz, respectively.
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FIG. 2. (color online) The vapor cells used in the experiment.
(a) The vapor cell with 8 mm inner diameter and 1 mm wall
thickness. (b) The vapor cell with 9 mm inner diameter and
1.25 mm wall thickness.

The vapor cells used in the experiments are cubic and
made of pyrex as shown in Fig. 2. Fig. 2(a) shows an
8 mm vapor cell, with a wall thickness of 1 mm, giv-
ing size to wavelength ratios, D/Agr, of 0.64, 0.52, 0.48,
0.34, 0.23, 0.17, 0.08, and 0.05. The size of the other
vapor cell, as shown in Fig. 2(b), is 9 mm with 1.25
mm wall thickness, yielding size to wavelength ratios of
0.72, 0.59, 0.53, 0.36, 0.26, 0.19, 0.09, and 0.06. We
chose this range of D/Agry ratios because the wavelengths
vary from, 1.25 cm, around the size of the vapor cells
to 14.42 cm, around an order of magnitude more than
the size of the vapor cell. The vapor cell size is defined
to be the inner diameter of the vapor cell. The vapor
cells are placed on a translation stage and mounted on a
teflon block. This allows the cross-section of vapor cell
to be scanned across the lasers in order to map the field
variability and distribution inside the vapor cell, similar
to the experimental setups used in [12, 15]. The posi-
tion of the vapor cells relative to the laser beams can be
scanned at a precision of 0.01 mm. To avoid the effect of
RF E-field reflections from the apparatus, we placed RF
absorbers around the interaction area.

To obtain high signal-to-noise ratio, the coupling laser
is amplitude-modulated with an acoustic-optical mod-



ulator at 50 kHz. The transmitted probe signal is
recorded by a photodiode and demodulated using a lock-
in-amplifier. The demodulated signal from the lock-in
amplifier is recorded on a digital oscilloscope.
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FIG. 3. (color online) Experimental data for RF E-field am-
plitude with a cubic vapor cell with 8 mm inner diameter
as a function of the square-root of power at the RF signal
generator. The inset shows raw data for 2.08 GHz.

To demonstrate that the AT splitting, A, is linearly
dependent on RF E-field amplitude, E, we took data
varying the power of the RF signal generator at the dif-
ferent RF E-field frequencies used for the vapor cell ge-
ometry experiments. Fig. 3 shows the square root of
the RF power, Psg, versus the measured RF E-field am-
plitudes which are derived from Eq. (1). Pgg of the
RF E-field is directly taken from the RF signal genera-
tor and the amplitudes of the RF E-fields are determined
by the AT splitting. We calculated transition dipole mo-
ments used for the analysis to be: prr = 3221.5 e a,
for the 69D5/5 <> T0P3/5 transition at 2.08 GHz where
a, is Bohr radius, and e is the electric charge, upr =
1508.9 e a, for the 48Ds5,5 <« 49P;/; transition at
6.49 GHz , prr = 971.2 € a, for the 39D5,5 <+ 40P5/o
transition at 12.60 GHz, and purrp = 770.0 e a, for the
35D5 /5 <+ 3635 transition at 17.84 GHz. The transi-
tion dipole moments include both the angular and radial
parts. The angular part is 0.49 for a nDs /o > (n+1) P35
transition, while the radial part can be calculated by nu-
merically solving Schrédinger equation using a model po-
tential fit to several experimentally determined energy
levels [29]. The linear fit shows the RF E-field ampli-
tudes are proportional to the square root of Pgg. This
validates our method for measuring the RF E-field in the
vapor cell.

IIT. RESULTS

The interaction between the RF E-field and a dielectric
material can be described by the complex permittivity of
the dielectric material [30],

e=¢ +ig”, (2)

where ¢ is the relative permittivity, and &', €’ are the
real and imaginary parts of complex permittivity, respec-
tively. The RF E-field dispersion can be described by the
real part, ¢/, while the absorption is proportional to the
imaginary part, €”. The loss tangent,

€

Tan(d) = o (3)
determines the absorption at a fixed wavelength. As a
rule of thumb, for a good absorber, Tan(d) > 0.1, while
those with Tan(d) < 0.01 can be considered transparent
to RF E-fields. The real dielectric constant for pyrex,
¢’, is ~ 4.6 and the imaginary part, ”, is ~ 0.023 in the
GHz RF frequency range. These yield Tan(d) = 0.005
for pyrex [31]. The RF E-field decay with propagation
distance, d, in a dielectric material is determined by,

E— EOExp[— A% (%dﬂ (4)

where Eg, and E are the incident and transmitted RF
E-field amplitudes, respectively. For a RF E-field at 12.6
GHz, the absorption by 1 mm of pyrex is 0.066%. Thus,
the absorption effects are small and can be ignored in
this work.

Fig. 4. shows the variation of the RF E-field inside the
vapor cells for different D/Agrp ratios. We observe that
the RF E-field variation decreases when the D/Agp ra-
tio becomes smaller. This is consistent with the theory of
a FP cavity as discussed in the introduction. When the
wavelength of the RF E-field is comparable to, or smaller
than, the size of the vapor cells, it produces interference.
When D is smaller than ~ Arp/4, the interference inside
the vapor cell is greatly reduced because the vapor cell
cannot support a resonance. The cross section for scat-
tering also decreases as the vapor cell size becomes small
compared to Agr. To quantify the effect, we fit the data
using a quadratic equation. The Taylor expansion of the
RF E-field should be constant if there is no effect from the
vapor cell walls and we assumed the incident RF E-field is
a plane wave. Higher order terms indicate variation of the
RF E-field in the vapor cell. For example, the quadratic
term shows the curvature of the RF E-field. The fits
show that when the D/Arp ratio is smaller than 0.1, the
field variation is ~ 1%. The 1% variation is mostly due
to measurement uncertainty. For example, if we fit the
data for D/Agr = 0.09 in Fig.4, the average value of the
AT splitting is 20.51 MHz and the standard variation is
+0.14 MHz. This gives a variation of < 40.7%. The
average linear variation is ~ 1% of the constant term
across the vapor cell while the average quadratic varia-
tion across the vapor cell is ~ 0.3% of the constant term.
These results indicate that under these conditions the RF
E-field is approximately constant. High order terms than
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FIG. 4. (color online) Data generated by scanning the position of the EIT detection beams through the vapor cells at different
D/Xrr ratios where D is the size of the vapor cells and Arr is the wavelength of RF E-field. The experiment involves two
vapor cells both of which show the same effect. (a) The black dots represent the 8 mm inner diameter vapor cell. (b) The
hollow circles represent the 9 mm inner diameter vapor cell. The red lines are a quadratic fit. The variation becomes smaller
as D/ Arr decreases. The distance is measured from the vapor cell wall where the RF E-field is incident, while the vertical
axis is the AT splitting caused by RF E-field. The data does not cover the same range of distances because the quality of the
windows for the conventionally constructed vapor cell is not optically flat at the edges, see Fig. 2.

the quadratic one are smaller yet also indicating that un-
der these conditions the RF E-fields are not significantly
perturbed by the vapor cell compared to the statistical
measurement error. It is difficult to distinguish changes
of the RF E-field at the level of the statistical uncertainty
of the measurement, ~ 1%.
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FIG. 5. (color online) 1D model results for the E-field variabil-
ity between two 1 mm thick pyrex walls separated by 8 mm
for different dielectric constants at 23.93 GHz. The incident
E-field is 1Vm™'.

To further support our experimental results, we used
two different theoretical models. When a RF E-field is
incident onto a glass vapor cell there are two effects to
understand. One is the RF FP effect and the other is
polarization of the vapor cell which can also scatter RF
energy, particularly at the corners of a vapor cell. We
show that the FP effect is the most important one using
both a full 3-dimensional (3D) finite element (FE) model
of the vapor cell and a simple analytic 1-dimensional (1D)
5-layer material model. Since the FE method is a full

3D model, the geometry of the vapor cell used in the
experiment can be modeled to determine the fields inside
the vapor cell, including both the FP cavity effect and
the effects of the corners.

The 1D 5-layer model is more straightforward and can
be used to isolate the RF FP cavity effects. In the 5-layer
model, the field variability inside the vapor cell can be ap-
proximated with five different regions: the region inside
the vapor cell, the two pyrex walls and the surrounding
free-space. In this model we assume that the pyrex walls
are 1 mm thick. The vapor cell walls extend to infinity
and the RF E-field is normally incident. The two pyrex
walls are separated by a distance D effectively forming a
planar FP cavity. This model has no corners and the E-
field variation between the two pyrex walls can be easily
determined analytically with a layered media approach
[32].

Fig. 5 shows calculations of the spatial variation of the
RF E-field inside the vapor cells for different vapor cell
wall dielectric constants for the 1D model. The experi-
mental data for the 32D5 /5 <> 33 P35 transition at 23.93
GHz is also shown in Fig. 5. The separation between the
walls is D=8 mm. Fig. 6 shows the RF E-field variation
for pyrex at different frequencies. We simulate the results
for dielectric constant € = 3.0 — 5.0 at different RF E-
field frequencies because the dielectric constant can vary
from the manufacturing process. The overall thickness of
the vapor cell and its walls make it difficult to determine
¢ from the simulations. The results for the different ¢ are
qualitatively the same as shown in Fig. 6. The results
of the 1D model show the same type of FP resonances
observed in the experimental data. The comparison of
the 1D model results and the experimental data suggest
that the variation of the RF E-field is primarily due to
the FP effect and can be reduced by using smaller values
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FIG. 6. (color online) 1D model results for the E-field variabil-
ity between two 1 mm thick pyrex walls separated by 8 mm
for different frequencies for a 1 Vm™" incident E-field.
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FIG. 7. (color online) RF E-field pattern in the cubic vapor
cell with 8 mm inner diameter and 1 mm wall thickness. (a)
The results of the 3D FE model for a 1V m™ incident E-field.
(b) The experimental results.

The 3D FE model takes into account both the FP ef-
fect and the polarization of the vapor cell due to the
scattering. The more detailed model allows for better
comparison to the experimental data. Fig. 7 shows a
comparison between the FE model calculations and the
experimental data for the RF E-field inside the vapor cell
at different frequencies. The 3D FE results are similar
to those obtained with the 1D 5-layer analytic model as

shown in Fig. 6, again, indicating that the dominate ef-
fect causing the E-field variation is due to the FP cavity
effect as opposed to scattering from the corners. Fig.7
also shows qualitative agreement with the experimental
results.

The main difference between the experiment and the
3D calculation is a result of surface variations of the va-
por cells. During manufacture of the vapor cells, the
surface can be distorted when the vapor cell is fused at
high temperature. The imperfections that are created
can be eliminated by using a better fabrication process,
like anodic bonding to seal the vapor cell [33, 34].

Upon comparing the results from the 1D model, the
FE model, and the experimental data, it is shown that
the E-field variation inside the vapor cell is dominated by
the FP cavity resonances. The variation can affect the
accuracy of an atom-based E-field measurement. How-
ever, the results show that this E-field variation can be
reduced dramatically by making the vapor cell dimension
small compared to Agr, D/Arr < 1. When the vapor
cell is designed to eliminate FP resonances, the E-field
variation is less than the statistical accuracy of current
measurements. It is also possible to reduce the size of
the vapor cell to further reduce the effects of the vapor
cell on the RF E-field measurement.

IV. CONCLUSION

Our results show that the D/Arp ratio and the di-
electric constant of the vapor cell affects the accuracy of
Rydberg atom-based RF E-field measurements. In fact,
the variation inside the vapor cell and absorption by the
vapor cell walls can ultimately affect the over-all uncer-
tainty of a vapor cell Rydberg atom-based E-field mea-
surement. The variation of the E-field is smaller than
+0.7% when the D/Arp ratio is less than 0.08. This
value leads to £0.03 dB uncertainties in the magnitude
of RF E-field. By selecting a proper D/Arr value and
vapor cell material, the uncertainty due to the vapor cell
can be controlled and reduced to less than current RF
E-field measurement uncertainties. Vapor cells with low
relative dielectric constant, as close to 1 as possible are
best as long as they can maintain vacuum [25]. Tt is also
important to consider how the signal scales with size as
considered in [25]. The accuracy of Rydberg atom-based
RF E-field measurements are currently not limited, in
principle, by the vapor cell or its geometry. This work
also shows that RF E-fields are promising for quantum
manipulation of Rydberg atoms contained in small vapor
cells [26, 27]. Considering the high sensitivity, large fre-
quency range, high spatial resolution, and high accuracy
of Rydberg atom-based E-field sensing, the technique is
promising to become the next generation of standard for
RF E-fields.
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