Chin. Phys. B Vol. 27, No. 3(2018) 033201

RAPID COMMUNICATION

Vapor cell geometry effect on Rydberg atom-based microwave
electric field measurement”

Linjie Zhang(5K!

fi5)" 27, Jiasheng Liu(XIZ )", Yue Jia(3731)' 2, Hao Zhang(#4P)'2,

Zhenfei Song(R % )3, and Suotang Jia(Bi4i%)!2

1Institute of Laser Spectroscopy, State Key Laboratory of Quantum Optics and Quantum Optics Devices, Shanxi University, Taiyuan 030006, China

Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
3 National Institute of Metrology, Beijing 100029, China

(Received 17 November 2017; revised manuscript received 1 January 2018; published online 13 February 2018)

The geometry effect of a vapor cell on the metrology of a microwave electric field is investigated. Based on the
splitting of the electromagnetically induced transparency spectra of cesium Rydberg atoms in a vapor cell, high-resolution
spatial distribution of the microwave electric field strength is achieved for both a cubic cell and a cylinder cell. The
spatial distribution of the microwave field strength in two dimensions is measured with sub-wavelength resolution. The
experimental results show that the shape of a vapor cell has a significant influence on the abnormal spatial distribution
because of the Fabry—Pérot effect inside a vapor cell. A theoretical simulation is obtained for different vapor cell wall
thicknesses and shows that a restricted wall thickness results in a measurement fluctuation smaller than 3% at the center of

the vapor cell.
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1. Introduction

The measurement of magnetic and electric fields us-
ing atoms and molecules has significant advantages of be-
ing linked to precision measurements of fundamental con-
stants and atomic or molecular properties.!!-%! Precision mea-
surement of microwave electric field (E-field) strength is
important for wireless communications, remote sensing and

antenna calibration.[®7)

The sensitivity of microwave E-
field strength using classical dipole antennas is limited to
1 mV-cm~'-Hz /2 with an accuracy of 5%-20% and the tra-
ditional method cannot provide a traceable precise measure-
ment of weak microwave E-fields. Rydberg atoms have been
considered as a competitive option because the large-transition
dipole moment between the energetically adjacent Rydberg
states can be coupled by a microwave E-field. Many studies on
microwave E-field measurement using the electromagnetically
induced transparency (EIT) spectroscopy of Rydberg atoms

5-13] Novel measurement methods have

have been performed.!
demonstrated high sensitivity,>%%! the high resolution of E-
field spatial distributions,!'®~'3 and the vector measurement
of the RF E-field.['* A new sensitivity of 5 uV-cm~!-Hz~1/2
was achieved using a homodyne detection technique.'8! The
atomic vapor cell as a microwave E-field sensor plays a de-
termining role for precise measurements. Compared to the

conventional metal antenna, the dielectric atomic vapor cell
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introduces a weaker disturbance. The effect of the size of a
cubic vapor cell was investigated in Ref. [15] and it was found
that a cell size far smaller than the wavelength of microwave
E-field (AMw) eliminated the Fabry—Pérot (FP) effect of the
vapor cell and improved the measurement accuracy. In this
study, the geometry effect of different vapor cell shapes on the
measurement of microwave E-fields was investigated through
the high resolution spatial distribution measurement of the mi-
crowave E-field inside vapor cells. A two-dimensional distri-
bution of microwave E-fields was present. The experimental
results showed that the FP effect inside a cylinder-shaped va-
por cell was not greater than that of a cubic-shaped vapor cell
when the size of vapor cells was greater than Ayw/10. The
simulation of the E-field distribution in vapor cells with differ-
ent wall thicknesses indicates that a thinner cell wall performs
well for precise metrology.

2. Experimental approach

Figure 1(a) shows the atomic energy level scheme of
our experiments. The cascade four-level system included a
ground state 6S,/,, F = 4(|1)), an intermediate state 6Ps 5,
F"=5(|2)), and Rydberg states 47Ds ,(|3)) and 48P 5(|4)).
The transition frequency between the two Rydberg states was
6.946 GHz. A sketch of the experimental setup is shown in
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Fig. 1(b). The probe light provided by an extended cavity
diode laser (DL100, TOPTICA) with a wavelength of 852 nm
was locked to a high-finesse glass ultra-stable cavity using the
PDH technique. The estimated linewidth of the probe light
was smaller than 30 kHz according to the cavity locking error
signal of the reflective spectrum and the probe light frequency
was tuned to the resonance transition of 6S;, F =4 —
OP3)5, F " = 5 with an acoustic-optic modulator. The coupling
light resonant with a transition of 6Pz, F "'=5 — 47Ds 2
was provided by a double-frequency laser system (TA-SHG
pro, TOPTICA). The probe (coupling)-beam waist was 90 pm
(100 um) and power of 5.5 uW (25 mW). The probe laser was
divided into two parallel beams and crossed the vapor cell to
a differential photoelectric detector. One of the probe beams
and the coupling beam with the same linear polarization were
counter-propagated and coincided with each other inside the
vapor cell. The atomic density was about 3.6 x 10! cm™3
in the room-temperature vapor cell. The power of both lasers
was stabilized using a feedback loop to acousto-optic mod-
ulators. The microwave E-field was produced with a signal
generator (N5183B, Agilent) and fed to an atomic vapor cell
with a standard-gain horn antenna (LB-180400-KF, A-INFO).
The horn antenna was placed at a distance to the vapor cell to
satisfy the far-field condition. The 6.946 GHz frequency mi-
crowave E-field coupled two nearby Rydberg state transitions
of 47Ds; <»48P3 ;. The transmission of the probe laser was
detected by a fast differential photodetector and recorded us-
ing an oscilloscope when the frequency of the coupling laser
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Fig. 1. (color online) Energy level scheme of Rydberg EIT with microwave
E-field, (b) schematic of experimental setup. (WP:A/2 wave plate, DM:
dichroic mirrors). The specified coordinate system is shown in this figure.
The propagation direction of microwave E-field is defined as the x-axis.

was scanned. To avoid reflections of the microwave E-field
from the experimental apparatus, microwave absorbers were
placed around the vapor cell.

3. Results and discussion

The transmission signal and effect of the microwave E-
field are shown in Fig. 2(a). The black solid line is a typi-
cal three-level EIT signature. The red dashed line shows the
Aulter—Towns (AT) splitting signal effect on the microwave E-
field. The microwave E-field strength Enw is proportional to
the Rabi frequency Quw between 47Ds ), and 48P3 ), of the
RF E-field and the frequency separation Afp of the splitting
peaks and is calculated as

h h

where gmw is  the transition dipole moment of
47Ds/, <»48P3), and h is Planck’s constant.['?l The AT
splitting separations Afp were measured to represent the mi-
crowave E-field strength at the laser beam position. Here we
used two typical atomic vapor cells with a saturated vapor
pressure of '33Cs one with a 30 x 30 x 30 mm? cubic cell with
0.5 mm wall thickness and the other a cylinder cell 40 mm in
length and 20 mm in diameter with 1.5-mm wall thickness.
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Fig. 2. (color online) (a) Transmission signal of probe laser (black solid
line: without microwave E-field, red dashed line: with microwave E-
field, Afp is the AT splitting separation), (b) dependence of AT-splitting
separation on the square of power of microwave signal generator in two
different vapor cells (black square: cubic cell, red circle: cylinder cell,
solid lines: linear fitting results).
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When the probe light and coupling light crossed the center of
the square surface of the cubic cell and the axis of the cylin-
der cell, the dependence of Afp on the square of the power of
the signal generator in different vapor cells was obtained as
shown in Fig. 2(b). The solid lines in Fig. 2(b) are the linear
fitting results. Taking into account the gain of the horn antenna
and the insert loss of the cable, the microwave E-field strength
was proportional to the square of the power of the signal gen-
erator. Figure 2(b) shows the linear relationship between the
AT splitting separations and the microwave E-field strength.
There was a slight difference in the measurement results in the
center of the cubic- and cylindrical-shaped cells as shown in
Fig. 2(b).

To clarify the effect of the geometry of a vapor cell, the
microwave E-field distribution in two dimensions, parallel (x-
axis) and perpendicular (y-axis) to the E-field propagation,
was measured. The vapor cells were mounted on a three-
dimensional translation stage with a 10-mm travel range. The
position of the vapor cells to the laser beams was scannable
with a precision of 0.01 mm. The spatial distribution of the
microwave E-field strength was achieved by varying the posi-
tion of the laser beam. The distribution of the microwave E-
field strength for different x and y values is presented in Fig. 3.
In Figs. 3(a) and 3(b), the E-field strength on the x-axis for
y =13, 0, and —3 mm are shown for the cylinder cell and cubic
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cell. The distribution of the E-field strength on the x-axis had
similar features for small variations of y values. The monotone
decay of the E-field strength in the cylinder cell was different
than that of the cubic cell. The red solid lines in Figs. 3(a) and
3(b) are the simulation results for y = 0. Figures 3(c) and 3(d)
show the E-field strength distribution on the y-axis for x = —3,
0, 3 mm that describe the wavefront plane of the microwave
E-field. In the cylindrical cell, the E-field distribution in the
wavefront plane fluctuated. The average E-field strength on
the wavefront became smaller as the distance to the horn an-
tenna increased. The strength distribution in the wavefront of
the microwave E-field inside the cubic cell was very diverse.
Taking into account the size of the vapor cell,['] the ratio of
the cell size to the microwave E-field wavelength was 0.69 for
the cubic cell and 0.46 for the cylindrical cell. The symmet-
rical geometry of the cubic cell easily induced an FP effect in
the x- and y-axis direction simultaneously.

The absorption of the vapor cell with a wall thickness d
is described as!!>!

2x [ 6d
B=1-—exp |:_m (2)], )

which determines the absorption of the vapor cell to an E-field
with a fixed wavelength. Here tan(8) =0.005 for the Pyrex
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Fig. 3. (color online) Distribution of microwave E-field strength for (a) y = 3, 0, —3 mm at the x axis in the cylinder cell; (b) y =3, 0,
—3 mm at the x axis in the cubic cell; (c) x = 3, 0, —3 mm at the y axis in the cylinder cell; (d) x = 3, 0, —3 mm at the y axis in the
cubic cell. The red solid lines are the theoretical simulation taking account of the thickness of vapor cell.
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material.['%! For a 6.946-GHz microwave E-field, the absorp-
tion ratio of a 0.5-, 1-, and 1.5-mm vapor cell Pyrex wall is
0.018%, 0.036% and 0.055%, respectively. We used finite el-
ement analysis software to simulate the E-field strength dis-
tribution on the x-axis inside the vapor cells with wall thick-
nesses of 0.5, 1 and 1.5 mm as shown in Fig. 4. The green-star
line in Fig. 4 is the E-field distribution without the vapor cell
in accordance with the far-field feature of the microwave field
Enmw o< 1/R (R is the distance between the laser beam and the
horn antenna). As shown a thinner wall has a weaker effect on
the E-field strength at the center of the two vapor cells (x = 0).
The cubic cell caused a smaller disturbance of the E-field dis-
tribution than the cylindrical cell at the x-axis. The vapor cell
disturbance of the microwave E-field can be attributed to the
reflection of the cell wall and the FP effect inside the cell. The
thicker wall of the vapor cell resulted in a greater reflection of

4. Conclusion

In this study, we investigated the geometry effect of a va-
por cell on the metrology of a microwave E-field by splitting
the EIT spectra of Rydberg atoms in a room-temperature ce-
sium vapor cell. Two-dimensional high-resolution spatial dis-
tribution of the microwave E-field strength was achieved in-
side a cubic cell and a cylindrical cell. The spatial distribution
on both the propagation direction and the wavefront of the mi-
crowave E-field was measured in different vapor cells. The
experimental results show that vapor cell shape significantly
influences the inhomogeneous spatial distribution because of
the FP effect inside the vapor cell. Furthermore, the effect of
vapor cell wall thickness on the precise measurement of mi-
crowave E-fields was considered. The theoretical simulation
shows that a restricted wall thickness results in a measurement
error smaller than 3% at the center of a vapor cell.
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