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Abstract

:

We present our experimental results of two-photon laser excitation 5S1/2→5P3/2→nS1/2 of Rb atoms to Rydberg nS1/2 states with a homemade 480 nm laser in the second excitation step. In an experiment with cold Rb atoms, we excited the 42S1/2 state and detected Rydberg atoms with a selective-field-ionization (SFI) detector that provides single-atom resolution. The resonance line shapes well agreed with numerical simulations in a three-level theoretical model. We also studied the multiatom spectra of Rydberg excitation of mesoscopic atom ensembles which are of interest to quantum information processing. In the experiment with hot Rb atoms, we first excited the 30S1/2 state and observed a narrow Rydberg EIT resonance. Its line shape also agreed well with theory. Then, we performed a similar experiment with the higher 41S1/2 state and observed the Autler–Townes splitting of the EIT resonance in the presence of a microwave field, which was in resonance with the microwave transition 41S→41P3/2. This allowed us to measure the average strength of the microwave field and, thus, demonstrate the operation of a Rydberg microwave sensor. We may conclude that the developed homemade laser at 480 nm substantially extends our capabilities for further experiments on quantum information and quantum sensing with Rydberg atoms.
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1. Introduction


Highly excited Rydberg atoms with the principal quantum number n >> 1 have many unique properties compared to low-excited atoms: large electron orbit radius (~n2), large dipole moments of transitions between neighboring states (~n2), strong long-range interactions (~n4–n11), long radiative lifetimes (~n3–n5), huge polarizabilities (~n7), etc. [1]. Laser and microwave spectroscopy of Rydberg atoms can reveal these properties through observing the quantum interference, dephasing, shifts or broadenings of microwave and optical resonances in Rydberg atoms. Single Rydberg atoms can be detected using the selective field ionization (SFI) technique or optically via resonant fluorescence. The control of long-range interactions between Rydberg atoms using laser and microwave radiation, as well as using external electric and magnetic fields, forms the basis for quantum information processing with neutral trapped atoms [2,3,4,5,6]. Rydberg atoms can also be used as high-precision and compact sensors of the dc and ac electric fields using electromagnetically induced-transparency (EIT) resonances at Rydberg excitation of Rb and Cs atoms in vapor cells [7,8].



Rydberg states of alkali-metal atoms can be excited from ground state via resonant laser radiation in various ways. In Rb atoms (Figure 1a), it is possible to implement one-photon excitation on the 5S1/2→nP transitions at 297 nm [9], two-photon excitation 5S1/2→5P3/2→nS,nD with the 780 nm radiation at the first step and 480 nm at the second step [10,11,12,13,14,15,16], or three-photon excitation 5S1/2→5P3/2→6S1/2→nP1/2,3/2 with 780 nm radiation at the first step, 1367 nm at the second step, and 743 nm at the third step [17,18,19,20]. In our paper [21] we have shown theoretically that the three-photon laser excitation of Rydberg states using three different laser beams can be arranged in a starlike geometry that simultaneously eliminates the recoil effect and Doppler broadening. Compared to one- and two-photon laser excitation, this approach provides a much narrower line width and longer coherence time for both cold atom samples and hot vapors, if the intermediate one-photon resonances of the three-photon transition are detuned by more than the respective single-photon Doppler widths. This was confirmed recently in an experiment on three-photon excitation 6S1/2→6P3/2→9S1/2→423/2 in a Cs vapor cell [22], where three-photon EIT resonance was 30 times narrower than the ordinary two-photon resonance 6S1/2→6P3/2→nS,nD [23].



Therefore, in our previous experiments [17,18,19,20], we used three-photon laser excitation 5S1/2→5P3/2→6S1/2→nP1/2,3/2 of cold Rb Rydberg atoms in magneto-optical and optical dipole traps. However, due to the selection rules, it allowed us to excite only nP Rydberg states, so all our previous experiments on Rydberg interactions and microwave spectroscopy were performed with Rb(nP) atoms.



Two-photon Rydberg excitation is much simpler in experimental realization, as only two highly stable lasers are required. At large detuning of the intermediate level, it is possible to obtain narrow Rydberg excitation resonances for coherent spectroscopy of Rydberg cold atom gases [13,14] and Rabi population oscillations for the implementation of two-qubit quantum gates with single atoms in arrays of optical dipole traps [12,15,16]. Rydberg EIT resonances are widely used to study Rydberg interactions [23] and sense electric fields [7,8,22,24]. We also note that the recoil effect and Doppler shift can be partially canceled at two-photon excitation if counterpropagating laser beams at 780 and 480 nm are used [5,25].



In this paper, we report our first experimental results on the two-photon laser excitation 5S1/2→5P3/2→nS with a homemade 480 nm laser in the second excitation step, which provides the excitation of nS and nD Rydberg states in Rb atoms. We demonstrate this excitation in a Rb magneto-optical trap (MOT) with SFI detection of single Rydberg atoms and in a Rb vapor cell with electromagnetically induced transparency (EIT) detection. This substantially extends our capabilities for further experiments on quantum information and quantum sensing with Rydberg atoms. One of the novelties of MOT experiments is our ability to study multiatom Rydberg excitation spectra of mesoscopic ensembles with a definite number of atoms N = 1–5 due to single-atom resolution of our SFI detector based on a channeltron electron multiplier.




2. Theory of Two-Photon Rydberg Excitation


A three-level theoretical model for the two-photon laser excitation of Rydberg states is shown in Figure 1b. We denote the 5S1/2 ground state to be state 0, 5P3/2 intermediate state to be state 1, and the final nS or nD Rydberg state to be state 2. For each intermediate one-photon transition j = 1, 2 we specify the respective Rabi frequencies    Ω j  =  d j   E j  / ℏ   (here, dj are dipole moments of one-photon transitions and Ej are electric-field amplitudes of the linearly polarized light fields) and detunings δj. The total detuning δ = δ1 + δ2 from the two-photon transition 0→2 is supposed to be small, while δj are supposed to be large in order to not populate intermediate state 1.



In the absence of spontaneous relaxation, the Schrödinger equation gives for the time evolution of probability amplitudes aj of states j = 0–2 in the rotating wave approximation:


        a ˙  0  = − i  Ω 1   a 1   e  i  δ 1  t   / 2 ,         a ˙  1  = − i (  Ω 1   a 0   e  − i  δ 1  t   +  Ω 2   a 2   e  i  δ 2  t   ) / 2 ,         a ˙  2  = − i  Ω 2   a 1   e  − i  δ 2  t   / 2 .      



(1)







Amplitudes a0 and a2 are slowly varying variables at the two-photon Rabi frequency, while a1 is a small but rapidly oscillating value due to large detuning δ1. We can therefore make the replacement    a 1  =  α 1   e  − i  δ 1  t     in order to decompose it into a slowly varying part    α 1  → 0   and a rapidly oscillating exponent. Substituting this replacement into Equation (1) and neglecting the small term containing     α ˙  1   , we finally obtain the population of Rydberg state at two-photon laser excitation to be


       a 2     2  ≈    Ω 2     Ω 2  +   ( δ −  δ 0  )  2      1 − cos   t    Ω 2  +   ( δ −  δ 0  )  2        / 2 ,  



(2)




where   Ω =  Ω 1   Ω 2  / ( 2  δ 1  )   is the two-photon Rabi frequency, and    δ 0  = (  Ω 2 2  −  Ω 1 2  ) / ( 4  δ 1  )   is the power shift of the two-photon resonance. The power shift occurs at transitions   0 → 1   and   1 → 2   due to the interaction with the far-detuned laser radiations. Equation (2) demonstrates two important features: the presence of the power shift and the possibility of coherent Rabi population oscillations. However, the Rabi oscillations in Equation (2) occur for an infinitely long time, which is obviously not the case in real experiments. The oscillations should be depleting at least due to the spontaneous decay of the excited states 1 and 2.



We now consider a more realistic theoretical model, which takes into account the spontaneous decay of excited levels 1 and 2. In the three-level approximation of Figure 1b, this decay can be taken into account through introducing spontaneous transitions at rates γ1, γ2, γ3. Rate γ1 = 3.7 × 107 s−1 corresponds to the direct spontaneous transition in a Rb atom and is determined by the inverse lifetime of the intermediate state 5P3/2. Rate γ2 corresponds to all possible channels of the spontaneous decay of a Rydberg state to the state 5P3/2, including both a direct transition and transitions through all possible intermediate Rydberg states populated during the spontaneous decay of an initial Rydberg state and under the action of blackbody radiation [26]. Similarly, rate γ3 corresponds to all channels of spontaneous decay into the ground state 5S1/2. Since it is virtually impossible to take into account all channels of the decay of a Rydberg state in equations, we assumed that rates γ2 and γ3 are the same and equal to one half of the inverse effective lifetime of a Rydberg state τR at an ambient temperature of 300 K [26].



To calculate the excitation spectrum of Rydberg state 2 using the three-level model of Figure 1b, we should apply equations for a density matrix ρij. It is impossible to find an analytical solution for Rydberg state population ρ22 at arbitrary Rabi frequencies and detunings. Therefore, the problem should be solved numerically in the general case.



However, in our paper [17], we have shown that we can find a relatively simple solution for coherent three-photon excitation at sufficiently large detunings of the intermediate levels. It should be analogous with the solution for a two-level system with relaxation. During coherent three-photon excitation, only the ground and Rydberg states are populated, and the population at a resonance oscillates between them at three-photon Rabi frequency.



The same conclusion can be applied to the two-photon transition at sufficiently large detuning of the intermediate level. In a certain approximation, the three-level system in Figure 1b should be equivalent to the two-level system with relaxation, where the upper-level relaxation rate γ = γ2 + γ3 is the inverse lifetime of the Rydberg state. In the effective two-level system, an approximated analytical calculation of the population of excited state is possible for the cases of weak (Ω << γ) or strong (Ω >> γ) excitation. In our paper [17], we obtained the following analytical solutions:


   ρ  22   w e a k   ≈    Ω 2     γ 2  + 4  δ 2      1 +  e  − γ t   − 2  e  − γ t / 2   cos   t    Ω 2  +  δ 2        ,  



(3)






       ρ  22   s t r o n g   ≈    Ω 2    2  Ω 2  +  γ 2  + 4  δ 2      1 −  e  −   2  Ω 2  +  δ 2    4  Ω 2  +  δ 2      γ t     +                          Ω 2  / 2    Ω 2  +  δ 2       e  −   2  Ω 2  +  δ 2    4  Ω 2  +  δ 2      γ t   −  e  −   6  Ω 2  +  δ 2    4  Ω 2  +  δ 2      γ t / 2   cos   t    Ω 2  +  δ 2          .      



(4)







A comparison of Equation (4) with simpler Equation (2) for the model without relaxation shows that Equation (2) can be applied at short interaction times (γt << 1). At longer interaction times (γt >> 1), Rabi oscillations become damped and the population approaches a stationary value. A comparison of Equations (3) and (4) with the results of exact numerical calculations demonstrates that they are applicable in all cases except for Ω ~ γ and have a good accuracy at Ω < 3γ and Ω > 3γ. These formulas are useful for prompt calculations of the excitation probability, a transition spectrum, and the time evolution of population and can be used to analyze various limiting cases. For Equations (3) and (4) to be applied to an analytical description of the spectrum of coherent two-photon excitation, we should assume Ω = Ω1Ω2/(2δ1) (two-photon Rabi frequency) and γ = γ2 + γ3 (inverse lifetime of a Rydberg state) and make the substitution δ → δ − δ0 to take into account the power shift of two-photon resonance.



We have also calculated the exact analytical expression for the steady-state solution of the density matrix equations in the model of Figure 1. It is valid for any detunings and Rabi frequencies in this model. However, it is difficult to analyze this exact expression due to its complicated form. Below, we consider only two limiting cases.



In the case of weak two-photon excitation (Ω1, Ω2 << γ1), the steady-state solution is


   ρ  22   w e a k   ≈    Ω 1 2   Ω 2 2    [  δ 1 2  +  γ 1 2  / 4 ]   [   (  δ 1  +  δ 2  )  2  +   (  γ 2  +  γ 3  )  2  / 4 ]   .  



(5)







This solution is interesting as it describes the interference effect of electromagnetically induced transparency (EIT) at two-photon Rydberg excitation [27]. If we set δ2 = 0 and scan δ1 across the two-photon resonance, we will observe two superimposed Lorentz profiles—one with the width γ1 and another with the width γ2 + γ3. As in Rydberg atoms, we typically have γ1 >> γ2 + γ3; the very narrow peak with the width γ = γ2 + γ3 corresponds to Rydberg EIT peak. This peak is of great interest, as it is used in Rydberg sensors of electric fields. For example, it splits, due to the Autler–Townes effect, into two peaks in the presence of a microwave field resonant to a transition between neighboring Rydberg states, and this splitting gives a direct measure of the microwave field strength [7,8,28].



In the case of large intermediate detuning (Ω1, Ω2, γ1 << δ1), the steady-state solution is


   ρ  22   ≈    Ω 2    2  Ω 2  + 4   ( δ −  δ 0  )  2  +   [  γ 2  +  γ 3  +  γ 1  (  Ω 1 2  +  Ω 2 2  ) / ( 4  δ 1 2  ) ]  2    .  



(6)







Here, the resonance width is given not only by the radiative width γ = γ2 + γ3 of the Rydberg state, but also adds some part of γ1 due to the small population of the intermediate level and due to the power broadening on the order of Ω.



Finally, if the line widths Γ1 and Γ2 of the two lasers are nonzero, they should add to the total line width of the two-photon resonance and reduce its amplitude in Equation (6). In numerical calculations, we take the laser line widths into account through adding additional decay rates Γ1/2 or Γ2/2 to the appropriate nondiagonal elements (coherences) of the density matrix, as described in our paper [17]. This model of taking into account the laser line width is called a phase diffusion model, and it describes the case where laser radiation has random phase fluctuations but has no amplitude fluctuations [29]. We note that the laser radiation spectrum in this model has a Lorentzian shape, which is characteristic of semiconductor lasers; however, other types of lasers can have a Gaussian profile with a more rapid decrease in wings. Therefore, the excitation spectra of Rydberg states calculated in terms of this model can differ from the experimental data in resonance wings.




3. Experimental Results and Their Comparison with Theory


The key elements to implement the two-photon Rydberg excitation scheme 5S1/2→5P3/2→nS,nD are narrowband tunable laser sources at the 780 nm and 480 nm wavelengths. They should provide the line widths and frequency stabilities below 1 MHz. In addition, the blue 480 nm laser should be tunable in the range of 479–485 nm to excite various Rydberg states and should deliver enough optical power (>50 mW), since the transition probability on the second step drops as n−3 when n increases. While the 780 nm lasers are widely available from many manufacturers, the 480 nm lasers with the above parameters are currently provided only by Toptica (Germany) as the TA-SHG Pro model. The latter is rather expensive and not always available in laboratories.



Therefore, we have designed and built a homemade 480 nm laser, which provides the required tunability, line width, and power. It is based on a 960 nm master external-cavity diode laser, semiconductor tapered amplifier, intracavity second harmonic generator with LBO nonlinear crystal, output acousto-optical modulator and frequency-locking electronics to lock its frequency to an external highly stable ultralow expansion glass (ULE) resonator. More details of this laser will be published elsewhere. In the first excitation step at 780 nm, we use a Toptica DL Pro laser locked to saturation absorption resonances in a Rb vapor cell.



Below we describe our first experiments on two-photon excitation in a Rb magneto-optical trap with the SFI detection of single Rydberg atoms and in a Rb vapor cell with the EIT detection.



3.1. Experiment with Cold Rb Atoms in a Magneto-Optical Trap


The experiments were performed with cold 85Rb atoms captured into a magneto-optical trap (MOT), which is shown in Figure 2a. The atoms are cooled using three orthogonal pairs of light waves with a wavelength of 780 nm. The cooling and repumping lasers are tuned to the closed transition 5S1/2(F = 3)→5P3/2(F = 4) and the transition 5S1/2(F = 2)→5P3/2(F = 3), respectively. A cloud of ~106 cold atoms 0.5–1 mm in size with a temperature of 100–200 μK is formed at the trap center.



The cold Rb atoms were excited to a Rydberg state 42S according to the two-photon scheme 5S1/2 → 5P3/2 → 42S1/2 (Figure 2b). The radiation from the first- and second-step lasers is fed to the MOT through single-mode optical fibers. At the exit from the optical fibers, they are collimated and then focused on the cloud of cold atoms in the geometry of beams crossed at a right angle (Figure 2a) with a waist diameter of ~20 μm. The synchronized 780 nm and 480 nm laser pulses have a repetition rate of 5 kHz.



The Rydberg atoms are excited in the space between two plates of stainless steel, producing a uniform electric field (Figure 2a). The electric field is used for Stark spectroscopy and the detection of Rydberg atoms using the SFI method. The atoms are detected with a repetition rate of 5 kHz when an ionizing electric field sweep pulse with a rise time of 2–3 μm is switched on (Figure 2c). The electrons produced via SFI are accelerated by the electric field, fly through the metal grid of the upper plate, and are directed into the input horn of the VEU-6 channel electron multiplier by the deflecting electrode. The pulsed signals from its output are processed by a box-car integrator and a computer. The number of electrons detected per laser pulse is determined according to the number of Rydberg atoms in the excitation region and the total electron detection efficiency [30]. In our experiments, the detection efficiency reaches 70% [19].



Figure 2d shows a histogram of the amplitudes of VEU-6 output pulses. Several peaks corresponding to different numbers of detected Rydberg atoms, N = 1–5, can be seen on this histogram. The integrated amplitude (area) of each of the peaks is described using a Poisson distribution and depends on the mean number of detected atoms per laser pulse. After each laser pulse, the data acquisition system measured the VEU-6 output pulse amplitude, then determined the number of detected atoms from the premeasured histogram (Figure 2d), sorted the signals according to the number of atoms N, and calculated the two-photon laser excitation probability of a Rydberg state after the accumulation of data in 103–104 laser pulses.



Our experiments on two-photon Rydberg excitation spectroscopy were performed in the MOT switched off in advance for a short time. For this purpose, acousto-optic modulators were installed on all the cooling laser beams, which switched them off for 20 μs, and were switched on again after the measurement. The MOT gradient magnetic field was not switched off during our measurements, but its influence was minimized through adjusting the position of the excitation volume to the point of zero magnetic field. This was controlled via the absence of Zeeman splitting of microwave transitions between Rydberg states according to our method from Ref. [31]. This allowed us to have a high laser pulse repetition rate (5 kHz) and to trace the change in the signals from Rydberg atoms in real time on the oscilloscope screen and in the computer-based data acquisition system.



Figure 3a,b show two examples of the experimental records (blue dots) of the spectra of two-photon laser excitation 5S1/2 → 5P3/2 → 42S1/2 of Rb Rydberg atoms at t = 4 µs interaction time; the power of the 780 nm radiation P1 = 1.5 µW, and the power of the 480 nm radiation (a) P2 = 0.266 mW and (b) P2 = 0.4 mW. The frequency scale is set according to the frequency of a digital synthesizer used in the frequency locking system of the 480 nm laser. The green curves in these figures are the results of numerical simulations that best fit the experimental data. The main fitting parameters are the Rabi frequency of the second step Ω2 and the unknown number N0 = 16 of the ground-state atoms in the laser excitation volume. The other parameters correspond to the experimental ones. The model also takes into account the measured line widths of the two lasers, Γ1/(2π) = 100 kHz and Γ2/(2π) = 500 kHz, and the residual Doppler broadenings of the two transitions at the atom temperature T = 150 µK. Figure 3a,b demonstrate that theory fits the experimental line shapes of the observed two-photon resonance 5S1/2 → 5P3/2 → 42S1/2 well.



Besides the powers P2 used in Figure 3a,b, we also recorded the two-photon spectra at other powers and measured dependences of the height and full width at half maximum (FWHM) of the resonance on P2.



Figure 3c shows the measured dependence of the two-photon resonance height (open circles) on the 480 nm radiation power P2 and its comparison with numerical simulation (green solid curve). At P2 < 150 µW, the dependence is linear, while at higher power, it tends to start saturating. This figure demonstrates a very good agreement between the experiment and theory at all laser powers, thus confirming the validity of the theoretical model used.



Figure 3d shows the measured dependence of the two-photon resonance FWHM (open circles) on the 480 nm radiation power P2 and its comparison with numerical simulation (green solid curve). Here we see that, at small laser powers, the experimental line width is about 1.7 MHz, and it is close to the theoretical value 1.6 MHz. This value is contributed from the total line width of the two lasers (0.6 MHz), Fourier width of the 4 µs laser pulse (0.25 MHz), and residual Doppler broadening (~0.8 MHz). Upon increasing the power P2 in Figure 3d, the resonance broadens due to the power broadening effect and reaches the experimental width of 2.2 MHz at P2 = 0.4 mW, which corresponds to the two-photon Rabi frequency 0.18 MHz according to theory. The above width of 2.2 MHz, however, is greater than the value of 2 MHz given by theory. We attribute this minor discrepancy to the used diffusion model used to the laser line widths into account, which is not perfectly valid for the resonance wings.



It was already mentioned that, after each laser pulse, we sorted out measured channeltron signals according to the number of detected Rydberg atoms N = 1–5, according to the histogram of Figure 2d. Therefore, we were able to record multiatom laser excitation spectra of the mesoscopic ensembles with definite number of Rydberg atoms N. As it was shown in our previous papers on three-photon laser excitation [18,19], for noninteracting Rydberg atoms, measured multiatom spectra SN are given in theory by the statistical formula


   S N  = N        ρ  22   η    N      1 −  ρ  22   η      N 0  − N      N 0  !   N ! (  N 0  − N ) !    



(7)




where ρ22 is the theoretical excitation spectrum of a single atom, η is the detection efficiency of the SFI detector, and N0 is the total number of Rb atoms in the laser excitation volume. The experimental and theoretical spectra shown in Figure 3a,b are in fact given by the sum of the multiatom spectra


  S =   ∑  N = 1    N 0      S N    ,  



(8)




which corresponds to the mean number of Rydberg atoms detected per laser pulse.



In Figure 4, we present the comparison of the experimental records of multiatom two-photon laser excitation spectra SN (blue curves) with the spectra calculated from Equation (7) for non-interacting atoms at N0 ≈ 16 and η = 0.5 (green curves). Figure 4a–d correspond to the excitation spectrum of Figure 3a at P2 = 0.266 mW, and Figure 4e–h correspond to the excitation spectrum of Figure 3b at P2 = 0.4 mW. Columns N = 1 to N = 4 are excitation spectra SN for mesoscopic ensembles with a certain number of Rydberg atoms, N = 1–4. Their sum gives the total measured signals S shown in Figure 3a,b.



In Figure 4e, we see that one-atom spectrum S1 has a prominent dip in its center. This dip is a purely statistical effect: the probability of exciting and detecting more than one atom is larger than the probability of exciting and detecting a single atom. In the case of two atoms (spectrum S2), there is no prominent dip, but the resonance peak has a plateau, which is also due to the reduced probability of exciting two atoms in the resonance center. For a larger number of atoms (multi-atom spectra), the dip and plateau are absent. A weaker dip is also observed in the one-atom spectrum in Figure 4a at the lower two-photon Rabi frequency and, therefore, at lower excitation probability.



The multiatom excitation spectra of Figure 4 are an essentially new result of our study. Such spectra are of interest for quantum information processing with neutral atoms. In particular, the dipole blockade effect can be observed in mesoscopic ensembles of cold atoms excited to Rydberg states [2] if the interaction energy of Rydberg atoms exceeds the excitation resonance width (generally, the Rabi frequency). In the case of complete dipole blockade, only one atom from the entire mesoscopic ensemble can be excited to a Rydberg state, because for a larger number of atoms the collective energy levels are shifted relative to the frequency of unperturbed excitation resonance. This should lead to a radical change in the spectra presented in Figure 4: only the one-atom signal (N = 1) is retained, whereas all other multiatom resonances disappear. Their incomplete disappearance may indicate incomplete dipole blockade. The change in the resonance amplitude ratio, according to Equation (7), allows one to determine the degree of completeness of dipole blockade under specific experimental conditions. In our previous experiments on three-photon excitation we have observed such a partial dipole blockade for high Rydberg nP3/2 states [20]. In Figure 4 some differences between theory and experiments may also be caused by partial dipole blockade, but this should be a subject of our further studies.



From the results of this first experiment with cold Rb atoms we may conclude that the developed homemade laser at 480 nm mainly satisfies the requirements for its basic parameters, especially stability and line width. The observed two-photon resonance width of ~2 MHz indicates the coherence time of ~0.5 µs, which is good enough for the first experiment. However, in the future experiments on quantum information processing and two-qubit quantum gates we will need to realize high-contrast Rabi oscillations with much longer coherence time, so we have to reduce the laser line widths. Our work on this subject is in progress.




3.2. Experiment with Hot Rb Atoms in a Vapor Cell


The experiments were performed with hot 85Rb atoms in a vapor cell with natural isotope abundance and without buffer gas (Figure 5). The cell temperature is stabilized using a heater at T = 56 °C that corresponds to the number density of Rb atoms 2.5 × 1011 cm−3. The cell diameter is 3 cm and the length is 6.5 cm.



Rb atoms are excited to Rydberg nS states according to the two-photon scheme 5S1/2 → 5P3/2 → nS1/2. The radiations from the first- and second-step lasers are counterpropagating in the cell to observe the Rydberg EIT resonance on the top of the Doppler profile upon scanning the frequency of the 780 nm radiation. The frequency of the 480 nm radiation is locked to the ULE cavity. The 780 nm laser beam diameter is set by the collimator to be about 300–600 μm. This radiation was circularly polarized as we have found that this increases the EIT resonance contrast. The 480 nm beam is linearly polarized and focused by a long-focus lens to increase its intensity. The beam diameter at the Rb cell entrance is about 400 μm and at the cell exit is about 80 μm. The measured signal is the transmission of the 780 nm radiation versus the 780 nm radiation frequency.



Figure 6a shows the experimental record (blue curve) of the spectrum of EIT resonance at two-photon laser excitation 5S1/2 → 5P3/2 → 30S1/2 of Rb Rydberg atoms in a vapor cell at the power of the 780 nm radiation P1 = 54 µW and the power of the 480 nm radiation P2 = 56 mW. The detuning δ1 is the detuning of the 780 nm radiation from the closed hyperfine transition 5S1/2(F = 3)→5P3/2(F = 4) in atoms with zero velocity. The green curve is the reference record of the Doppler profile when the 480 nm radiation is switched off. The narrow EIT peak appears on the Doppler profile only in the presence of the 480 nm radiation. It is shifted by δ1 = −100 MHz from the center of the Doppler profile due to nonzero detuning δ2 = +100 MHz of this radiation from the exact resonance 5P3/2 → 30S1/2 in atoms with zero velocity.



Figure 6b shows the zoomed view of the experimental EIT resonance (blue dots). It has nearly Lorentz line shape with the FWHM of 11.2 MHz. This width is typical for the experiments on two-photon excitation in Rb cells [7,8]. The green solid line in Figure 6b is the result of a numerical simulation that best fits the experimental data. The main fitting parameters were the Rabi frequencies of the first and second steps Ω1 and Ω2, and the detuning δ2 of the second-step laser. These were found to be close to the experimental ones. The model also takes into account the measured line widths of the two lasers Γ1/(2π) = 100 kHz and Γ2/(2π) = 500 kHz.



Compared to the theoretical model for cold Rb atoms, in this numerical simulation we had to make the averaging over broad Maxwell velocity distribution of atoms in Rb vapor cell at T = 329 K (the total Doppler broadening is 600 MHz). The velocity averaging was performed for the steady-state analytical solution that we obtained initially for a frozen atom. The averaged theoretical value was the imaginary part of the density matrix element ρ01, which is proportional to the absorption coefficient of the 780 nm radiation measured in the experiment. It is seen that velocity averaging broadens the EIT resonance from ~2 MHz in cold atoms to ~10 MHz in hot atoms. Figure 6b demonstrates a very good agreement between theory and experiment for the EIT resonance line shape and width.



Finally, we have performed an experiment on sensing the microwave field with the Autler–Townes (AT) splitting of the Rydberg EIT resonance. The scheme of transitions in this experiment is shown in Figure 7a. The 41S1/2 Rydberg state is populated via two-photon laser excitation. The microwave field at 58.17 GHz is tuned in resonance with the transition 41S1/2→41P3/2. The AT splitting in the microwave field should be observed if the Rabi frequency of the microwave transition exceeds the width of the EIT resonance.



Figure 7b shows the experimental records of the EIT resonance at two-photon laser excitation 5S1/2 → 5P3/2 → 41S1/2 of Rb Rydberg atoms in a vapor cell at the power of the 780 nm radiation P1 = 68 µW and the power of the 480 nm radiation P2 = 50 mW. The blue curve is the EIT resonance without the microwave radiation. Its FWHM is 16 MHz, which is larger than 11.2 MHz for the 30S1/2 state. This is presumably due to larger intensity of the 780 nm radiation used to compensate for the decrease in the laser excitation probability of the higher 41S1/2 state. The green curve is the EIT resonance with the microwave radiation switched on at its power −8.2 dBm at the output of the generator Agilent E8257D. The actual strength of the microwave field inside Rb cell is unknown and it should be determined from the observed AT splitting Δ = 44 ± 3 MHz in Figure 7b.



In theory [28,32], the observed AT splitting Δ of the Rydberg EIT resonance is described by the formulas


  Δ =          λ 2     λ 1       Ω  MW     2 π       if    δ 1    is   scanned          Ω  MW     2 π         if    δ 2    is   scanned        



(9)




where λ1 and λ2 are wavelengths of radiations at the first and the second steps of the two-photon laser excitation, and ΩMW is the Rabi frequency of the microwave transition. In our experiment we scan δ1, so the calculated from Equation (9) microwave Rabi frequency is ΩMW/(2π) = 72 ± 5 MHz. The Rabi frequency is given by the formula


   Ω  MW   =    d  MW    E  MW    ℏ   



(10)




where dMW is the dipole moment of the microwave transition, and EMW is the amplitude of the microwave field to be measured.



The dipole moments of microwave transitions between Rydberg states can be calculated with high precision due to the quasiclassical motion of the Rydberg electron [26,33]. The numerically calculated dipole moment of the 41S→41P3/2 transition is 776 a.u. for linearly polarized microwave radiation. Then, from Equation (10), we finally obtain EMW = 7.2 ± 0.5 V/m.



Our first experiment, reported in this paper, thus confirms that Rydberg atom-based sensors can provide an absolute measurement of microwave field strength and can potentially become a new SI standard for such measurements, as proposed and demonstrated previously in Refs. [34,35]. We note, however, that in our experiment, the wavelength of the 58.17 GHz radiation is 5 mm, while the Rb cell size is several centimeters. Hence, the observed AT splitting corresponds to some average value of the microwave field strength along the laser beams in the Rb cell. This averaging reduces the heights and broadens the AT-split EIT resonances in Figure 6b. Our numerical simulations for the perfectly homogeneous microwave field have shown that the heights and widths of the split resonances should be the same as for the EIT resonance without a microwave field. This suggests that in our further experiments on Rydberg EIT sensing, we should use a miniature, millimeter-sized Rb cell to provide local measurements of the microwave field.





4. Discussion


In this paper, we presented our first experimental results on the two-photon laser excitation 5S1/2→5P3/2→nS1/2 of Rb atoms to Rydberg nS1/2 states with a homemade 480 nm laser in the second excitation step. We have demonstrated this excitation for cold Rb atoms in a magneto-optical trap with the SFI detection of single Rydberg atoms and for hot Rb atoms in a vapor cell with electromagnetically induced transparency (EIT) detection.



In the experiment with cold Rb atoms, we excited the 42S1/2 state. The two-photon resonance of the 1.7–2.2 MHz width was observed depending on the laser power at the second excitation step. The resonance line shapes agreed well with numerical simulations in a three-level theoretical model, especially for the resonance height. Theory also took into account the nonzero laser line widths and residual Doppler broadening. We note that our simplified model does not consider the magnetic sublevels of atomic states, as more complex models do [36], but it nevertheless produces a reasonable agreement within the experiment. We have also studied multiatom Rydberg excitation spectra of mesoscopic atom ensembles, measured with a selective-field-ionization detector that provides single-atom resolution. Such spectra are an essentially new result, which is of interest for quantum information processing with neutral atoms. It can reveal the presence of the full or partial dipole blockade effect at Rydberg excitation of mesoscopic atom ensembles.



In the experiment with hot Rb atoms, we first excited the 30S1/2 state and observed a narrow Rydberg EIT resonance of 11.2 MHz width on the background of a broad Doppler profile. Its line shape also agreed well with theory, which used velocity averaging. Then, we carried out a similar experiment with the higher 41S1/2 state and observed Autler–Townes splitting of the EIT resonance in the presence of a microwave field, which was in resonance with the microwave transition 41S→41P3/2. This allowed us to measure the average strength of the microwave field and, thus, demonstrate the operation of a Rydberg microwave sensor.



From the results of the above experiments, we may conclude that the developed homemade laser at 480 nm mainly satisfies the requirements for its basic parameters, especially stability and line width. This substantially extends our capabilities for further experiments on quantum information and quantum sensing with Rydberg atoms.
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Figure 1. (a) Scheme of the one-, two-, and three-photon laser excitation of Rydberg states in Rb atoms. (b) A three-level model for the two-photon laser excitation of Rydberg states from ground state 0 to Rydberg state 2 through intermediate state 1. 
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Figure 2. (a) Scheme of the experiment with cold Rydberg 85Rb atoms in a magneto-optical trap. Rydberg atoms are excited in a small volume of a cold atom cloud and detected using selective field ionization (SFI). (b) Scheme of coherent two-photon laser excitation 5S1/2 → 5P3/2 → 42S1/2 of Rb Rydberg atoms with δ1 = +200 MHz detuning at the first step. (c) Timing diagram of laser and electric pulses. (d) Histogram of the output pulses of the channel electron multiplier VEU-6, which detects electrons formed via SFI. The observed peaks correspond to N = 1–5 detected Rydberg atoms. 
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Figure 3. Examples of the experimental records (blue dots) of the spectra of two-photon laser excitation 5S1/2 → 5P3/2 → 42S1/2 of Rb Rydberg atoms at 4 µs interaction time; the power of the 780 nm radiation P1 = 1.5 µW and the power of the 480 nm radiation (a) P2 = 0.266 mW and (b) P2 = 0.4 mW. The green curves are the results of numerical simulations that best fit the experimental data. (c) Measured dependence of the two-photon resonance height (open circles) on the 480 nm radiation power P2 and its comparison with numerical simulation (green solid curve). (d) Measured dependence of the two-photon resonance FWHM (open circles) on the 480 nm radiation power P2 and its comparison with numerical simulation (green solid curve). 
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Figure 4. Comparison of the experimental records of multiatom two-photon laser excitation spectra SN for the Rydberg state 42S1/2 (blue curves) with the spectra calculated from Equation (7) for non-interacting atoms at N0 ≈ 16 and η = 0.5 (green curves): (a–d) for the excitation spectrum of Figure 3a at P2 = 0.266 mW; (e–h) for the excitation spectrum of Figure 3b at P2 = 0.4 mW. Columns N = 1 to N = 4 are excitation spectra SN for mesoscopic ensembles with a certain number of Rydberg atoms, N = 1–4. Their sum gives total measured signals S shown in Figure 3a,b. 
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Figure 5. Scheme of the experiment with hot Rydberg 85Rb atoms in a vapor cell. Rb atoms are excited to a Rydberg state nS according to the two-photon scheme 5S1/2 → 5P3/2 → nS1/2. The radiations from the first- and second-step lasers are counterpropagating in the cell to observe the Rydberg EIT resonance on the top of the Doppler profile upon scanning the frequency of the 780 nm radiation. The measured signal is the transmission of the 780 nm radiation. 
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Figure 6. (a) Experimental record (blue curve) of the spectra of EIT resonance at two-photon laser excitation 5S1/2 → 5P3/2 → 30S1/2 of Rb Rydberg atoms in a vapor cell at the power of the 780 nm radiation P1 = 54 µW and the power of the 480 nm radiation P2 = 56 mW. Detuning δ1 is the detuning of the 780 nm radiation from the closed hyperfine transition 5S1/2(F = 3)→5P3/2(F = 4). The green curve is the reference record of the Doppler profile at the 480 nm radiation switched off. (b) Zoomed view of the experimental EIT resonance (blue dots) having the FWHM of 11.2 MHz. The solid green curve is the best fit from the theoretical calculation with the parameters specified on the right. 
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Figure 7. (a) Scheme of transitions in the experiment on observing the Autler–Townes (AT) splitting of the EIT resonance in the microwave field. The 41S1/2 state is populated via two-photon laser excitation. The microwave field at 58.17 GHz is tuned in resonance with the transition 41S→41P3/2. (b) Experimental records of the EIT resonance at two-photon laser excitation 5S1/2 → 5P3/2 → 41S1/2 of Rb Rydberg atoms in a vapor cell at the power of the 780 nm radiation P1 = 68 µW and the power of the 480 nm radiation P2 = 50 mW: blue curve—without the microwave radiation; green curve—with the microwave radiation at its power −8.2 dBm at the output of the generator Agilent E8257D. The observed AT splitting is Δ = 44 ± 3 MHz. 
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