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Abstract

:

We present a precise measurement of the hyperfine structure of cesium   7  S  1 / 2     excited state by employing electromagnetically induced spectroscopy (EIS) with a cesium three-level cascade (  6  S  1 / 2   − 6  P  3 / 2   − 7  S  1 / 2    ) atom in a room temperature vapor cell. A probe laser,   λ p   = 852 nm, was coupled to a transition    | 6   S  1 / 2    〉 → | 6   P  3 / 2    〉   , related frequency locked to the resonance hyperfine transition of    | 6   S  1 / 2    〉 → | 6   P  3 / 2    〉    with a Fabry–Perot (FP) cavity and an electro-optic modulator (EOM). A coupling laser,   λ c   = 1470 nm, drove the    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition with the frequency scanned over the    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition line. The hyperfine level interval was extracted to be 2183.61 ± 0.50 MHz by analyzing EIS spectroscopy. The optical–optical double-resonance (OODR) spectroscopy is also presented for comparison, with the corresponding value of the hyperfine level interval being 2183.48 MHz ± 0.04 MHz, and the measured hyperfine splitting of excited 7  S  1 / 2    state is shown to be in excellent agreement with the previous work.
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1. Introduction


With fast development of high-resolution spectroscopy and laser technique, fundamentally important atom-based precise measurements, such as electric field and basic physical constant, are receiving growing attention in the communities of quantum optics, quantum information, and atomic physics. Atom-based metrology has had a tremendous impact on science, technology, and everyday life. Seminal advances include optical atomic clocks [1,2], the Global Positioning System, and highly sensitive, position-resolved magnetometers. Atom-based measurements have clear advantages due to the invariance of atomic properties. Therefore, precise measurements of atomic hyperfine structures play an important role in better understanding the atomic structure and its characteristics. Hyperfine structures are caused by the interaction between the nuclear spin and electron angular momentum. Due to having one outermost electron that is similar to hydrogen, alkali metals are one of the most popular groups of elements to study in both theory and experiment. This feature provides theorists with tractable calculations and experimentalists access to the atom’s structure through optical and microwave sources. The study of hyperfine structures has great influences on parity non-conservation [3,4], laser cooling and trapping of atoms [5], high-resolution spectroscopy [6], and frequency reference [7,8]. Precise measurements of atomic hyperfine structure can: (i) inspect the accuracy of fundamental physics issues theoretically; and (ii) provide a more precise frequency reference experimentally.



The investigation of the hyperfine structure for alkali metal atoms is always attractive in atomic physics. Before preceding, we note that a few groups have carried out experiments on the hyperfine structure of the alkali metal atoms. Gilbert et al. [9] investigated the hyperfine structure of Cs    | 7   S  1 / 2    〉    state by laser excitation of    | 6   S  1 / 2    〉 → | 7   S  1 / 2    〉    transition within the electric field. Stalnaker et al. [10] measured the absolute frequencies and the hyperfine coupling constant of Cs atoms by using a femtosecond frequency comb. Kiran Kumar et al. [11] measured the hyperfine splitting of Cs    | 9   S  1 / 2    〉    using Doppler-free two-photon fluorescence spectroscopy. Yang et al. [12] determined the hyperfine coupling constant of Cs    | 7   S  1 / 2    〉    state by optical–optical double-resonance spectroscopy (OODR).



Different from the previous studies [9,10,11,12], we investigated the hyperfine splitting of cesium    | 7   S  1 / 2    〉    state by using electromagnetically induced spectroscopy (EIS) in the three-level cascade atomic system, consisting of    | 6   S  1 / 2    〉 , | 6   P  3 / 2    〉   , and    | 7   S  1 / 2    〉    states, where the probe laser couples the    | 6   S  1 / 2    〉 → | 6   P  3 / 2    〉    transition and coupling laser drives the    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition. We used the hyperfine level interval of    | 6   P  3 / 2    〉    state, which is well known, as a standard frequency reference to determine the    | 7   S  1 / 2    〉    hyperfine structure. Furthermore, we present the measurement by OODR spectroscopy. Both EIS and OODR are shown to be in excellent agreement with the previous measurements [10,12] and the theoretical calculations [13].




2. Experimental Setup


We considered a three-level cesium atomic system with a ladder-type level configuration, as shown in Figure 1. An 852 nm laser coupled the ground state    | 6   S  1 / 2    〉    and intermediate state    | 6   P  3 / 2    〉   , and a 1470 nm laser coupled state    | 6   P  3 / 2    〉    and an excited state    | 7   S  1 / 2    〉   . Figure 1 (right) displays the hyperfine levels and relative splittings of    | 6   S  1 / 2    〉    and    | 6   P  3 / 2    〉    referring to the work of Steck [14]. Considering the nuclear spin of Cs atom I=7/2, the    |   S  1 / 2    〉    state splits into hyperfine doublets, and the    | 6   P  3 / 2    〉    level splits into four hyperfine levels, displayed with the quantum number F. According to the selection rule, five transitions from the ground hyperfine level    | 6   S  1 / 2     ( F = 4 )  〉    are allowed, which are indicated by arrows on the right-hand side of Figure 1. For simplicity, we denote the transition by hyperfine quantum number, i.e., the transition    | 6   S  1 / 2     ( F = 4 )  〉 → | 6   P  3 / 2    (  F ′  = 3 )   〉 → | 7   S  1 / 2    (  F  ″   = 4 )   〉    is denoted as   F = 4 −  F ′  = 3 −  F  ″   = 4   or simply 4-3-4.



The experiments were performed in a room temperature cesium vapor cell with diameter 25 mm and length 75 mm. The cell is made of silica glass. The related apparatus is shown in Figure 2. Two lasers,   λ p   = 852 nm and   λ c   = 1470 nm, were used to couple the lower and upper transitions. The 852 nm laser was provided by a diode laser (DL pro, Toptica); the related frequency was locked to the first side band of an electro-optic modulator (EOM) employing PDH (Pound–Drever–Hall) method with an ultra-stable Fabry–Perot (FP) cavity of a finesse 15,000. The frequency was then tuned to the resonant hyperfine transition of    | 6   S  1 / 2     ( F )  〉 → | 6   P  3 / 2    (  F ′  )   〉    by changing the radio-frequency that was applied to an EOM, monitored with a wavelength meter (WS-U, HighFinesse GmbH). The 1470 nm laser, provided from the other DLpro diode laser, was scanned over the    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition, calibrated with a FP cavity (SA200-12B, Thorlabs). Two lasers were lined and overlapped in a counter-propagating geometry inside two separated cesium vapor cells. The purple square in Figure 2 indicates the experimental setup for an EIS measurement, while the red square denotes the setup for an OODR measurement. For the EIS measurement, the 852 nm beam probe was passed through a dichroic mirror (DM1) and detected with a photodiode (PD1). For the OODR measurement, the 1470 nm beam was detected with a balanced photodiode detector (BPD). The PD2 was employed to monitor the 1470-nm laser power.




3. Results


We measured the hyperfine splitting of    | 7   S  1 / 2    〉    state employing two different methods, EIS spectroscopy and OODR spectroscopy. The EIS displayed two typical phenomenons, i.e., electromagnetically induced transparency (EIT) and electromagnetically induced absorption (EIA), for coupling laser detuning   Δ c   (see Figure 3). EIT (EIA) is a quantum elimination (constructive) interference among excitation pathways in the three-level atom that led to a cancellation (enhancement) of absorption in the medium. The OODR spectroscopy is an optical resonant spectroscopy that is widely used to investigate the excited state [11,12]. Below, we present the EIS and OODR spectroscopy to study the hyperfine structure of cesium    | 7   S  1 / 2    〉    state.



3.1. Electromagnetically Induced Spectroscopy


In EIS experiments, a probe (coupling) laser has a power of 3  μ W (16  μ W) and a beam waist of   ω 852  ≃ 100  μ m (  ω 1470  ≃ 150  μ m). The weak power of probe (coupling) laser results in a negligible line broadening. The coupling and probe beams are linear polarized along the vertical direction. The probe transmission is detected as a function of the coupling laser detuning   Δ c  . In Figure 3, we display EIS spectra for the probe laser frequency locked to the    | 6   S  1 / 2     ( F = 4 )  〉 → | 6   P  3 / 2    (  F ′  = 3 , 4 , 5 )   〉    hyperfine transitions, while coupling laser scanned cover the    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition. The spectra demonstrate some EIT or EIA peaks corresponding to the possible transitions labeled in Figure 1. To analyze and measure the hyperfine splitting of    | 7   S  1 / 2    〉    state from EIS spectra, we defined the EIS peak of 4-5-4 as the zero-detuning point and calibrate coupling laser detuning,   Δ c  , with the space between EIS 4-5-4 and 4-4-4 peaks due to the accurate hyperfine splitting of    | 6   P  3 / 2    〉    state [14]. Considering the Doppler factor, the EIS peak distance between 4-5-4 and 4-4-4 peaks is   251.09 × ( 1 − 852 / 1470 )   = 105.56 MHz and 4-4-4 peak is located on the blue side. Besides, we calibrated the coupling laser detuning using high order side band of EOM to decrease the effect of the nonlinearity of coupling frequency during the laser scanning. Moreover, we used Lorentz function to fit each peak to extract the peak positions and further the hyperfine structure splitting of    | 7   S  1 / 2    〉    state.



Figure 3 presents the EIS spectroscopies for the probe laser locking to the indicated hyperfine transitions. Figure 3 shows that the EIS spectra present different profiles for probe frequency locked to different hyperfine transitions. Among three cases of probe frequency, only the 4-5-4 peak displays the decrease of probe absorption, i.e., EIT spectrum, because the 4-5-4 configuration constitutes the cycling transition. The 4-5-4 peak displays strong EIT signal when the probe laser resonantly interacts with the   F = 4 −  F ′  = 5   hyperfine transition (see Figure 3a) and shows decreased EIT when probe laser locked to   F = 4 −  F ′  = 4   hyperfine transition due to the detuned interaction of probe for the 4-5-4 configuration (see Figure 3b). The 4-5-4 peak displays the smallest EIT signal when the probe frequency is locked to the   F = 4 −  F ′  = 3   hyperfine transition due to larger detuning for the 4-5-4 configuration (see Figure 3c). All other EIS peaks show increase of the probe absorption, i.e., EIA spectrum, as the other four configurations are non-cycling transition and a large population leakage occurs via spontaneous emission decays from the excited state to the other ground states [15].



We take the case of probe locked to   F = 4 −  F ′  = 4   (Figure 3b) as an example to illustrate how we obtained the hyperfine splitting of excited    | 7   S  1 / 2    〉    state. The spectrum of probe locked to   F = 4 −  F ′  = 4   clearly shows the five indicated transition signals, where one of them is an EIT signal of the 4-5-4 cycling transition and the others are EIA signals of non-cycling transitions. The 4-4-4 and 4-3-4 peaks sit on the blue side originating from the hyperfine level of    | 7   S  1 / 2    (  F  ″   = 4 )   〉   , whereas 4-4-3 and 4-3-3 EIA peaks are on the red side coming from the contributions of hyperfine level of    | 7   S  1 / 2    (  F  ″   = 3 )   〉   . The positions of EIA peaks were attained by Lorentz fittings to the EIA signals, as displayed with solid lines in Figure 3. From the separation between 4-4-4 and 4-4-3 (4-3-4 and 4-3-3) peaks, we attained the hyperfine splitting of   7  S  1 / 2     of 2184.18 ± 0.26 MHz with 2 σ  error of five independent measurements. Similar analyses of the spectra in Figure 3a,c yielded the hyperfine splittings of 2183.16 ± 0.35 MHz (Figure 3a) and 2183.51 ± 0.08 MHz (Figure 3c), respectively. The average of three cases yielded the hyperfine splitting 2183.61 ± 0.50 MHz of excited    | 7   S  1 / 2    〉    state.



To investigate the line shape distortion and further the energy shift caused by quantum interference [16,17], as shown at the bottom of Figure 3a–c, we present the residuals, R, of the Lorentzian fits and spectra. The residuals demonstrate the small deviation of 4-5-4 peak in Figure 3a and the 4-4-4 peak in Figure 3b, but a larger deviation of 4-4-4 and 4-3-4 peaks in Figure 3c. We fitted the spectrum in Figure 3c with the Fano–Vogit function to analyze the line shape distortion induced by the quantum interference. The corresponding residuals of the Fano–Vogit fits and spectrum are labeled with   R  F V    at the bottom of Figure 3c. The estimated shift due to the quantum interference is ≲100 kHz.




3.2. OODR Spectroscopy


The OODR measurement is a popular technique for high-resolution spectroscopy and has been widely employed for investigating the hyperfine structure of the excited state and transitions between excited states of atoms or molecules [18,19]. The details of OODR are shown in [12]. For comparison with EIS measurements above, we also present OODR spectroscopy measurements of the hyperfine interval of    | 7   S  1 / 2    〉    state. The experimental setup of OODR measurement is indicated by the red square in Figure 2. The first step excitation comes from the 852 nm laser with a power 5  μ W before entering the vapor cell, with related waist   ω 852   ≃ 150  μ m. The first step laser power was larger than that of the EIS experiments to populate enough atoms in the intermediate   6  P  3 / 2     state. The second step excitation was driven by 1470 nm laser with power ∼16  μ W and waist   ω 1470   ≃ 400  μ m in the cell center. The 1470 nm laser passed through the dichroic mirror (DM2) and was detected with a balanced photodiode detector (BPD). To avoid the power fluctuation during the frequency scanning, the 1470 nm laser was separated into two parts, where one was measured by OODR spectroscopy and the other propagated through a similar route as the first one but without overlapping with first step beam. We used the difference of the two 1470-nm parts as the final OODR spectroscopy.



In Figure 4, we present the OODR spectroscopies for the first step excitation laser locked to    | 6   S  1 / 2     ( F = 4 )  〉 → | 6   P  3 / 2    (  F ′  = 3 , 4 , 5 )   〉    hyperfine transitions. For the first step locked to   F = 4 −  F ′  = 4   (Figure 4b) and   F = 4 −  F ′  = 3   (Figure 4c) cases, we clearly observed five double resonant peaks, corresponding to the five possible transitions in Figure 1. For the   F = 4 −  F ′  = 5   case (Figure 4a), only three double resonant peaks were attained due to the selective rule. We defined the OODR peak of 4-5-4 as the zero-detuning of second step excitation. The Lorentz fittings to the OODR peaks yielded the peak positions and the hyperfine splitting of   7  S  1 / 2     (see solid lines in Figure 4). We used a similar method to extract the hyperfine splitting of    | 7   S  1 / 2    〉    state 2183.46 ± 0.04 MHz (Figure 4a), 2183.46 ± 0.18 MHz (Figure 4b), and 2183.53 ± 0.10 (Figure 4c). The average of the three cases yielded the hyperfine splitting 2183.48 ± 0.04 MHz of excited    | 7   S  1 / 2    〉    state. Similar to EIS, we also show the residuals of the Lorentz fits and spectra at the bottom of Figure 4a–c.





4. Discussions and Conclusions


We used EIS and OODR spectra to investigate the hyperfine structure of cesium    | 7   S  1 / 2    〉    excited state. The measured hyperfine splitting is displayed in Table 1. To compare with the previous results, we also display the calculated and measured hyperfine splittings mentioned in [9,12,13,20]. The measured hyperfine splitting is 2183.61 ± 0.50 MHz by EIS and 2183.48 ± 0.04 MHz by OODR in this work, showing a good agreement with the previous experimental measurements in [9,12] and the calculation by Kheteslius [13]. We found that the two methods can obtain the same results. One can see that the EIS measurement has three obvious advantages: (i) EIS spectroscopy is a quantum effect that needs weak probe laser power; (ii) the probe frequency locking to hyperfine transition leads to the Doppler-free narrow linewidth signal; and (iii) the weak probe could decrease the atomic population at intermediate    | 6   P  3 / 2    〉    level, therefore the radiation decay effect on the EIS can be effectively compressed.



We finally discuss the error of measurements, which might be contributed by the following reasons. (i) The main reason causing the error is nonlinearity of the coupling laser frequency scanning. To measure hyperfine splitting of   7  S  1 / 2     state, the 1470 nm laser needs to scan over ≳2.3 GHz and the minor nonlinearity of frequency scanning could lead to error. (ii) The error could also come from the frequency calibration of 1470 nm laser. We used hyperfine splitting of cesium    | 6   P  3 / 2    〉    in EIS or OODR spectrum and another wavelength meter (WS-6, HighFinesse GmbH) to calibrate the 1470-nm laser. A saturated absorption spectra and the wavelength meter (WS-U, HighFinesse GmbH) were used to calibrate the 852 nm frequency. (iii) Moreover, the error could come from fitting to signal peak. We used Lorentz fittings to EIS or OODR peaks and extracted the peak position. For the EIS measurements, the fittings to the spectra would yield a systematic error (see the residuals in Figure 3). This kind of error can be further decreased by modeling the measurement using a density matrix formalism [16,17] and the corresponding accuracy is expected to be further improved. (iv) The laser power broadening and shift may also induce an error, which would be negligible due to very smaller laser power used in our study.



In summary, we measured hyperfine splitting of cesium    | 7   S  1 / 2    〉    state using EIS spectroscopy employing the   6  S  1 / 2   − 6  P  3 / 2   − 7  S  1 / 2     cascade transitions in a room temperature vapor cell. EIS spectrum was attained by detecting a weak probe laser that was locked to the lower hyperfine transition. This kind of spectra is Doppler-free and with narrow linewidth. The    | 7   S  1 / 2    〉    state hyperfine splitting we measured by electromagnetic induced spectrum is 2183.61 ± 0.50 MHz, while the OODR measurement is 2183.48 MHz ± 0.04 MHz. The measurements are in good agreements with theoretical calculations [13] and previous experiments. In the future, we will model the measured spectrum using a density matrix formalism to decrease the systematic error and use a high finesse cavity for calibrating the up transition laser to realize precise measurement of the excited state.
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Figure 1. (color online) Three-level energy scheme. An 852 nm laser couples the transition of    | 6   S  1 / 2    〉 → | 6   P  3 / 2    〉   , while 1470 nm laser drives    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition. The right panel displays the hyperfine levels. The hyperfine level intervals of the ground and intermediate state refer to Steck [14]. The arrows display possible transitions of    | 6   S  1 / 2     ( F = 4 )  〉    ground hyperfine level. 
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Figure 2. (color online) Layout of the experimental setup. The 852 and 1470 nm lasers couple the lower and upper transitions and are set to overlap in a counter-propagating geometry inside two separated 75-mm-long Cs room-temperature vapor cells. The purple square indicates the setup of the EIS measurement, where the probe power is detected with a photodiode detector (PD1) after passing through a dichroic mirror (DM1). The red square denotes the setup of the OODR measurement, where the 1470 nm beam is detected with a balanced photodiode detector (BPD) after passing through the other dichroic mirror DM2. In the setup, the probe laser power is kept fixed by using a PID (proportional integral derivative) feedback loop that controls the RF power supplied to an AOM (acousto-optic modulator). The probe frequency is locked to the first side band of an electro-optic modulator (EOM) employing PDH (Pound–Drever–Hall) method with an ultra-stable Fabry–Perot (FP) cavity of a finesse 15,000. The PD2 is used to monitor the 1470 nm laser power. 
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Figure 3. (color online) EIS spectroscopy for the probe laser locked to the transitions:   F = 4 −  F ′  = 5   (a);   F = 4 −  F ′  = 4   (b); and   F = 4 −  F ′  = 3   (c). The coupling laser scanned cover the    | 6   P  3 / 2    〉 → | 7   S  1 / 2    〉    transition. Solid lines display the Lorentz fittings to EIS spectra for extracting the position of EIS peaks and further the hyperfine splitting. The bottom curves display the residuals, R, of the Lorentzian fit and spectrum. The label   R  F V    at the bottom of (c) displays the residuals of the Fano–Vogit fit and the spectrum. 
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Figure 4. (color online) Measurements of OODR spectroscopy for first step laser locked to the hyperfine transitions:   F = 4 −  F ′  = 5   (a);   F = 4 −  F ′  = 4   (b); and   F = 4 −  F ′  = 3   (c). The spectroscopy displays five indicated double resonant peaks, labeled with arrows in Figure 1. The solid lines are Lorentz fittings to the double resonant peaks. The bottom curves show the residuals, R, of the Lorentz fits and spectra. 
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Table 1. Comparison of hyperfine splitting of    | 7   S  1 / 2    〉    excited state measured using EIS and OODR spectroscopy in this work with the previous theoretical calculations and measurements.
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	Reference
	7S Hyperfine Splitting (MHz)





	Dzuba [20]
	2246.04 (theory)



	Kheteslius [13]
	2181.92 (theory)



	Gilbert [9]
	2183.60(36) (experiment)



	Yang [12]
	2183.273(062) (experiment)



	This work by OODR
	2183.48(04)



	This work by EIS
	2183.61(50)
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