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Abstract

:

We measure the near field distribution of a microwave horn with a resonant atomic probe. The microwave field emitted by a standard microwave horn is investigated utilizing Rydberg electromagnetically inducted transparency (EIT), an all-optical Rydberg detection, in a room temperature caesium vapor cell. The ground   6  S  1 / 2    , excited   6  P  3 / 2    , and Rydberg   56  D  5 / 2     states constitute a three-level system, used as an atomic probe to detect microwave electric fields by analyzing microwave dressed Autler–Townes (AT) splitting. We present a measurement of the electric field distribution of the microwave horn operating at 3.99 GHz in the near field, coupling the transition   56  D  5 / 2   → 57  P  3 / 2    . The microwave dressed AT spectrum reveals information on both the strength and polarization of the field emitted from the microwave horn simultaneously. The measurements are compared with field measurements obtained using a dipole metal probe, and with simulations of the electromagnetic simulated software (EMSS). The atomic probe measurement is in better agreement with the simulations than the metal probe. The deviation from the simulation of measurements taken with the atomic probe is smaller than the metal probe, improving by 1.6 dB. The symmetry of the amplitude distribution of the measured field is studied by comparing the measurements taken on either side of the field maxima.
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1. Introduction


Precise measurements of the strength, phase, polarity, etc. of electromagnetic (EM) fields are of great importance for science, communications, and biomedicine, having prominent roles in everyday life. Microwaves—electromagnetic waves with very high frequency (300 MHz to 3000 GHz)—play a very important role. In this study, microwaves are emitted from a horn. The radiation field of such a horn can be divided into three parts: the induction near field, the radiation far field, and an intermediate zone. Measurement of the induction near field is advantageous, as these measurements are convenient, have high fidelity, and can provide a large amount of characteristic information. The electric field distribution of a microwave horn can be used to understand the propagation of the microwaves as well as the electric field distribution in the far field, which can be difficult to measure. Traditionally, measurements of the microwave electric field are made using a dipole antenna as a probe. Probes are calibrated prior to measurement [1,2,3]. The accuracy is limited by the probe geometry, material, sensitivity, etc. With the development of atomic physics and detection technology, one can improve field measurement accuracy and sensitivity with an atom-based method [4,5,6,7]. Our atom-based field measurement has clear advantages over such traditional methods because it is based on invariant atomic properties and is therefore calibration free.



Rydberg atoms, with principal quantum number   n ≳   10, are an ideal candidate for measurement of the microwave field due to their huge dc polarisability (  ∼  n 7   ) and microwave-transition dipole moments (  ∼  n 2   ). This provides Rydberg atoms with extreme sensitivities to dc and ac electric fields [8]. At a high principle quantum number, the energy difference of Rydberg levels (  ∼  n  − 3    ) approaches the microwave-frequency range, leading to even stronger interaction between Rydberg atoms and microwave fields.



When the microwave field couples two close lying Rydberg states, the coupling strength is expressed with Rabi frequency    Ω  M W   =  μ  M W   E / ℏ  , with microwave coupled dipole transition element   μ  M W   , electric field E, and reduced Planck constant ℏ. The   Ω  M W    can be large when the electric field is weak because the   μ  M W    between neighboring Rydberg states scales as   n 2  . For the caesium transition   56  D  5 / 2   → 57  P  3 / 2     used in this work, calculated   μ  M W    is ∼  4258  e  a 0   . Coupling between these two states due to the microwave electric field,   Ω  M W   , causes the electromagnetically inducted transparency (EIT) peak to split into two, known as Autler–Townes (AT) splitting [9]. The magnitude of the AT splitting,   γ  A T   , is proportional to   Ω  M W   , and so the magnitude of the splitting can be used to make an atom-based microwave field measurement. Rydberg EIT [10,11,12], a quantum coherence effect of the interaction between Rydberg atoms and lasers, will be employed to optically detect the microwave dressed AT splitting   γ  A T    induced by the microwave field [13,14,15,16,17,18,19,20,21,22,23,24,25,26,27,28,29]. Additionally, we can use this kind of resonant Rydberg transition and fluorescence to detect THz radiation [30,31].



In this work, we first investigate the microwave near field distribution produced by a standard microwave horn employing microwave dressed Rydberg EIT-AT spectroscopy in a room temperature vapor cell. A 3.99-GHz microwave field emitted by the horn couples the Rydberg transition, 56  D  5 / 2   → 57  P  3 / 2   , leading to AT splitting of the Rydberg EIT peak. The microwave EM near field distribution is extracted using measurements of the EIT-AT splitting as a function of the position of the atomic sensor in the near field of the horn. This measurement is compared to measurements taken with a traditional metal probe using a vector network analyzer (VNA). It is found that results from our Rydberg atom sensor show better agreement with electromagnetic simulation software (EMSS) simulation than measurements taken using a metal dipole probe.




2. Experimental Setup


Experiments were carried out in a caesium room-temperature vapor cell. A schematic of the experimental setup and relevant Rydberg EIT-AT four-level diagram is shown in Figure 1. The caesium ground state    | 6   S  1 / 2    , F = 4 〉   , excited state    | 6   P  3 / 2   ,  F ′   = 5 〉   , and Rydberg state    | 56   D  5 / 2    〉    are used to define a cascaded three-level EIT system, see Figure 1a. The coupling laser is resonant with the    | 6   P  3 / 2   ,  F ′   = 5 〉   →   | 56   D  5 / 2    〉    Rydberg transition. A probe laser couples the lower    | 6   S  1 / 2    , F = 4 〉   →   | 6   P  3 / 2   ,  F ′   = 5 〉    transition. The probe laser frequency is locked using polarization spectroscopy [32]. We scan the coupling laser across the transition, allowing us to obtain EIT spectroscopy without a Doppler background. A microwave electric field with a frequency ∼3.99 GHz couples the    | 56   D  5 / 2    〉   →   | 57   P  3 / 2    〉    Rydberg transition, forming microwave dressed EIT-AT spectroscopy.



Figure 1b displays the experimental scheme. A weak probe beam, with a   1 /  e 2    waist of   100  μ   m and a wavelength of   λ p   = 852 nm, and a strong coupling beam, with a   1 /  e 2    waist of   150  μ   m and wavelength of   λ c   = 510 nm, are overlapped and in a counter propagating geometry through a vapor cell with diameter 20 mm and length 50 mm. The probe and coupling beams are of the same linear polarization along z-axis. EIT microwave dressed AT splitting spectra are detected by measuring the transmission of the probe beam using a photodiode (PD) positioned after a dichroic mirror (DM). The power of probe and coupling lasers are   2.0  μ   W and 29.8 mW, respectively, which yield an EIT spectrum with a linewidth 2π × 5.08 MHz, as displayed in Figure 2a. The dominant peak at zero detuning corresponds to a double resonance,    | 6   S  1 / 2    , F = 4 〉   →   | 6   P  3 / 2   ,  F ′   = 5 〉      → | 56   D  5 / 2    〉   , while the small peak at −168 MHz results from the hyperfine structure of an intermediate state    | 6   P  3 / 2   ,  F ′   = 4 〉    resonance, that is used to calibrate the coupling laser frequency. Here, the distance between two hyperfine EIT peaks, 168 MHz, is attained by considering Doppler mismatch factor,   λ p  /  λ c   − 1 = 0.67, due to different wavelength of probe and coupling beams.



A standard gain horn with center frequency of ∼4.0 GHz is placed on a commercial one-dimensional guide rail. The rail is placed parallel to the laser beams. The cell center is located along the perpendicular bisector of the rail with the distance   d 0   = 0.3 m, as shown in Figure 1b. The vertical center of the horn is positioned in the optical plane. We change the horn position d by moving it along the rail, and detect the microwave induced EIT-AT splitting. The strength of the splitting allows us to obtain the electric field value.



A 3.99 GHz microwave electric field, produced with an analog signal generator (Agilent N5183B), is emitted by the horn. This field is incident upon the cell, transverse to the counter-propagating probe and coupling beams. The microwave field couples nearby Rydberg transition    | 56   D  5 / 2    〉   →   | 57   P  3 / 2    〉    and splits the EIT peak. For investigating the near field feature of the horn, we fix the output of the microwave source at 13 dBm. At this power, EIT splitting is observable at all horn positions,   d ∈ [ − 0.4  m , 0.4  m ]  .




3. Results and Discussion


In Figure 2b,c, we present microwave dressed AT spectra with the 3.99 GHz microwave source power fixed at 13 dBm. The horn is placed at   d = + 0.24   m and   − 0.09   m, respectively. The microwave dressed AT splitting,   γ  A T   , is defined as the peak-to-peak distance of the Rydberg EIT-AT line pair, which is extracted using the multipeak Lorentz fittings, denoted as solid lines of Figure 2b,c. The fittings to the EIT-AT spectra yield   γ  A T    = 2  π   × 55.50 MHz in Figure 2b and 2  π   × 103.52 MHz in Figure 2c. As AT splitting is proportional to the the Rabi frequency [9], the microwave dressed AT splitting is proportional to the microwave coupling,   2 π  γ  A T     =   Ω  M W   . We can then obtain the microwave electric field amplitude via the equation,


  E =  ℏ  μ  M W     Ω MW  = 2 π  ℏ  μ  M W     γ  A T   .  



(1)







The AT splittings of Figure 2b,c yield microwave electric fields of 2.1 and 3.9 V/cm, respectively. It is noted that in addition to the peaks indicative of microwave dressed AT splitting, there is an additional peak at zero-detuning. This peak is attributed to the magnetic sub-levels of   56  D  5 / 2     state that are not coupled to the   57  P  3 / 2     state in the linear polarized microwave field or the component of the microwave field that is perpendicular to the laser polarization. Our experiment is the latter case that indicates that the microwave field has a slight elliptical polarization. The magnitude of this component increases at large d, causing the central peak to reduce in size. For details see [33].



To investigate the distribution of the microwave field emitted by the horn, we perform a series of measurements at horn positions d between   d  m a x    = ±0.4 m with a step size of 0.03 m. The microwave dressed AT spectrum is displayed with a linear color scale in Figure 2d. We find that (i) the microwave dressed AT splitting is largest at d = 0. Here, atoms experience the largest microwave field. (ii) Closer inspection of the spectrum at d = 0 in Figure 2d reveals that the peak at 0-detuning (associated with polarization impurities) is small relative to Figure 2b,c, where the horn is at d = +0.24 m and −0.09 m. This demonstrates that the Rydberg atoms experience a microwave field with a relatively pure linear polarization parallel to the polarization of laser beams when the horn is at   d = 0  , and we clearly observe the two peak EIT-AT spectrum [22]. Meanwhile the AT spectrum at   | d | ≈ 0   experiences a strong ac Stark effect, and causes additional splitting of the EIT feature which can be seen on the figure at small d. The Lorentzian nature of the AT split peaks is also degraded by inhomogeneity of the microwave field across the cell. Rydberg atoms within the cell experience slightly different microwave fields, leading to a slightly different AT splittings [34]. We use multi-peak Lorentz fittings to fit all peaks, the averaged AT splitting (electric field) is considered as the microwave field at near d = 0. (iii) The microwave dressed AT splitting decreases with d, whereas the strength of 0-detuning peak increases with d, as the spectrum converges on the zero detuning case. The quality of the polarization also decreases at large d, increasing this effect.



In Figure 3a, we show measurements of microwave electric-field,   lg [ E /  E 0  ]  ⋍  lg [  γ  A T   /  γ  A T   d = 0   ]   with   E 0   (  γ  A T   d = 0   ) taken as the value the electric field (AT splitting) experienced by the atoms when the horn is positioned at d = 0. The Stark effect is largest at d = 0 and decreases with   | d |  . For comparison, in Figure 3a we also plot measurements taken with a dipole metal probe and analyzed with a vector network analyzer (VNA). The metal probe was placed at the same position as the atomic cell. Measurements with the atomic probe are consistent with the dipole metal probe over the measurement range.



To compare the measurements, we calculate the near field distribution using an EMSS based on electromagnetic theory, which is solved with Maxwell’s equations and proper boundary conditions [35,36]. The solid line of Figure 3a displays this simulation of the near field. The figure shows that both the atom- and metal-probe measurements are in agreement with the simulations. The atomic probe outperforms the metal probe; the measurements obtained therewith more accurately reproduce the simulated field. This is probably because the metal probe itself reflects the microwave field that perturbs the field under measurement. A grey box on Figure 3a highlights the data taken with our atomic probe that are in agreement with the simulations. Outside of this grey box, the field value is too small to be measured accurately. For d   ≳   ±0.25 m, the side lobes of the measured field do not vanish as rapidly as the simulations predict. Here, the measured field diverges from simulations. When   d > > 0  , the electric field experienced by the Rydberg atoms is weak, susceptible to interference from reflected microwaves and the environment. We display residuals R between experiment and simulation for the gray region in the lower panel of Figure 3a. Corresponding root mean square (RMS) values of residuals are respectively 1.1 dB and 2.7 dB for atom- and metal-probe measurements, the atom probe is, therefore a 1.6 dB improvement over measurements taken with the metal probe. Further in Figure 3b, we present the radiation pattern of the horn used here (electric field,   E /  E 0   , as a function of  θ  (  arctan [ d /  d 0  ]  )). The dot-dashed lines display the half power beam width (HPBW). The HPBW is defined as the angle between the two directions where the electric field decreases to   E 0  /  2  . Measured HPBW is (39.4   ±  3.8 ) °   for atom probe, again providing a more accurate measurement (HPBW    E M S S    = 33.6°) than the metal probe (9.2   ±  2.2 ) °  .



We then analyze the symmetry of the near field of the microwave horn. Figure 4 displays the measurements of the normalized microwave electric field,   lg [ E /  E 0  ]  , as a function of   | d |   so that the symmetry of the near field of the horn can be addressed. We also plot the simulated electric field versus d, which is the same for the sides, see black line in Figure 4. Short-dashed lines show the fittings to the experimental data using the equation   y = a + b / (  d 0 2  +  d 2  )  , with fitting parameters a and b. Parameters    a  r i g h t   = − 26.14 ± 1.10  ,    a  l e f t   = − 26.12 ± 1.88   and    b  r i g h t   = 2.42 ± 0.13  ,    b  l e f t   = 2.32 ± 0.23   are obtained. The minor difference between these parameters for both sides demonstrates some asymmetry of the near field distribution. From Figure 3 and Figure 4, it is seen that the simulated microwave electric field shows a symmetrical distribution of the near field. Measurements at larger d demonstrate some asymmetry. This is attributed to reflections of the microwave field from optics, and noise from the environment.



The microwave dressed Rydberg EIT-AT spectrum provides an optical readout of the microwave electric field that is employed to measure the near-field distribution of the horn. The microwave dressed AT spectrum reveals both the microwave field and polarization purity of the microwave horn. From Figure 3, we have well characterized the amplitude distribution and radiation pattern at the near field of a microwave horn using AT splitting of sensitive Rydberg states. From Figure 2d, we can also determine the purity of the microwave polarization by observing the presence and size of the central peak. We realize a real-time measurement and monitoring of the microwave horn field able to produce measurements of microwave fields in just seconds. Using a smaller cell would improve the spatial resolution of the measurement and so would improve the accuracy of near field measurements of more complicated fields. This technique can easily be extended to two and three dimensional field measurements, paving the way for the investigation of microwave field distributions.




4. Conclusions


Using a room temperature caesium vapor cell as an atomic probe, we have measured the near field of a microwave horn emitting microwaves at 3.99 GHz by analyzing microwave dressed EIT-AT spectra. The caesium three-level system involving Rydberg   56  D  5 / 2     is employed to provide an optical measurement of the AT splitting of a Rydberg EIT feature, due to the coupling between the    | 56   D  5 / 2    〉 → | 57   P  3 / 2    〉    transition caused by the microwave field. This Rydberg atom sensor provides information on both the amplitude and polarization of the microwave field. Furthermore, we measure the electric field distribution of the near field by changing the position of the microwave horn. A set of measurements of the same field is obtained using a standard dipole metal probe. Both sets of measurements are compared to EMSS simulations. We find that the measurement of the atom probe is a better match to the EMSS simulations than measurements taken with the dipole metal probe. Residuals of the atomic probe data are 1.6 dB smaller compared to the metal probe. This Rydberg-atom probe has applications in microwave electric field and polarization measurements, and allows accurate and precise investigation of the distribution of complex microwave fields.
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Figure 1. (Color online) (a) Energy level diagram of our caesium four-level system. A weak probe laser   λ p   is resonant with the lower transition    | 6   S  1 / 2    , F = 4 〉 → | 6   P  3 / 2   ,  F ′   = 5 〉   , and a strong coupling laser   λ c   scans over the Rydberg transition    | 6   P  3 / 2   ,  F ′   = 5 〉 → | 56   D  5 / 2    〉   . A 3.99-GHz microwave field couples the Rydberg transition    | 56   D  5 / 2    〉 → | 57   P  3 / 2    〉   , yielding microwave dressed Rydberg electromagnetically inducted transparency (EIT)-Autler–Townes (AT) spectra. (b) Schematic of the experiment. The probe and coupling lasers are overlapped in a counter propagating geometry inside an atomic probe (caesium vapor cell). The probe beam is passed through a dichroic mirror (DM) and is detected with a photodiode (PD). The distance from the center of the atom probe to the guide rail is   d 0   = 0.3 m. The horn can be translated along the rail. d is the distance between the horn and the center of the rail. Not to scale. 






Figure 1. (Color online) (a) Energy level diagram of our caesium four-level system. A weak probe laser   λ p   is resonant with the lower transition    | 6   S  1 / 2    , F = 4 〉 → | 6   P  3 / 2   ,  F ′   = 5 〉   , and a strong coupling laser   λ c   scans over the Rydberg transition    | 6   P  3 / 2   ,  F ′   = 5 〉 → | 56   D  5 / 2    〉   . A 3.99-GHz microwave field couples the Rydberg transition    | 56   D  5 / 2    〉 → | 57   P  3 / 2    〉   , yielding microwave dressed Rydberg electromagnetically inducted transparency (EIT)-Autler–Townes (AT) spectra. (b) Schematic of the experiment. The probe and coupling lasers are overlapped in a counter propagating geometry inside an atomic probe (caesium vapor cell). The probe beam is passed through a dichroic mirror (DM) and is detected with a photodiode (PD). The distance from the center of the atom probe to the guide rail is   d 0   = 0.3 m. The horn can be translated along the rail. d is the distance between the horn and the center of the rail. Not to scale.
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Figure 2. (Color online) (a)    Ω  M W   = 0   Rydberg EIT spectrum. The main peak at zero detuning corresponds to the    | 6   S  1 / 2    , F = 4 〉   →   | 6   P  3 / 2   ,  F ′   = 5 〉      → | 56   D  5 / 2    〉    cascade EIT spectrum. The small peak at −168 MHz results from the intermediate-state hyperfine level    | 6   P  3 / 2   ,  F ′   = 4 〉   , and is used to calibrate the coupling laser frequency. (b,c) Microwave dressed Rydberg EIT-AT spectra as a function of the coupling laser detuning,   Δ c  , for the horn position at d = + 0.24 m (b) and d = −0.09 m (c), respective AT splittings are    γ  A T   / 2 π   = 55.50 MHz and 103.52 MHz. AT splitting,   γ  A T   , is defined as the peak-to-peak separation of the microwave dressed AT line pair, which are extracted using the multi-peak Lorentz fittings (solid lines). The frequency of the microwave field is 3.99 GHz driving the Rydberg transition    | 56   D  5 / 2    〉 → | 57   P  3 / 2    〉   . The small peak at zero detuning originates from the component of the microwave field that is perpendicular to the laser polarization. (d) Measurements of microwave dressed EIT-AT spectra for the range of   | d | ≤   0.39 m. Microwave dressed AT line strength is displayed using a linear color scale. Two horizontal dashed lines are shown the case of (b) (red) and (c) (purple), respectively. 
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Figure 3. (Color online) (a) Electric field amplitude   lg [ E /  E 0  ]   (  E 0  , microwave field at d = 0) measured using an atomic probe (blue triangles) and a dipole metal probe (red circles). The error bars for atomic measurements display a standard error of two measurements. The solid line displays the simulation with the electromagnetic simulation software. The gray shadowed area corresponds to d = ±0.25 m. The lower panel shows the residuals R between experiment and theory within this grey area. The root mean square (RMS) values of the residuals are 1.1 dB and 2.7 dB for the atomic and metal probe, respectively. (b) Comparison of the electric field,   [ E /  E 0  ]   between measurements and electromagnetic simulated software (EMSS) simulation at near field. The major lobe of the emission is observed with measured half power beam width (HPBW) (39.4   ±  3.8 ) °   for the atom probe and (9.2   ±  2.2 ) °   for the metal probe. 
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Figure 4. (Color online) The measured electric field,   lg [ E /  E 0  ]  , as a function of distance from the center of the guide rail to the horn, d, for both directions (  d > 0   and   d < 0  ). The error bars for atomic measurements display a standard error of two measurements. Short-dashed lines are the fittings to the experimental data using an equation   y = a + b / (  d 0 2  +  d 2  )   with parameters a and b. The fitting parameters are    a  r i g h t   = − 26.14 ± 1.10  ,    b  r i g h t   = 2.42 ± 0.13   and    a  l e f t   = − 26.12 ± 1.88  ,    b  l e f t   = 2.32 ± 0.23  , respectively. The minor difference in the fitting parameters for the data describing the right and left sides of the microwave distribution is symptomatic of a small asymmetry of the near field. The thin line denotes the simulation based on EMSS. 
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