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We demonstrated a tuned dipole interaction between Rydberg atoms by employing a controllable electric field in a cold cesium ensemble. The |nP3/2⟩ (n = 38–40) Rydberg pairs are prepared with a three-photon scheme and detected via the state-selective field ionization technique. A weak DC electric field is used to tune the Rydberg pair interaction from the van der Waals interaction regime to the dipole–dipole interaction regime. The Förster resonant interaction and an adiabatic resonance energy transfer between the nP and nS Rydberg states are attained by precisely tuning the electric field. Rydberg excitation blockade with and without the electric field is investigated by changing the excitation pulse duration, which demonstrates that the dipole interaction–induced blockade effect is stronger than the van der Waals interaction–induced blockade effect. The precise control of the Rydberg interaction is of great significance to the coherent interaction in many-body systems and non-radiative collision processes.
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1 INTRODUCTION
Rydberg atom, one electron placed in a highly energetic excited state is a kind of exotic atom that has attracted more and more attention in atomic and molecular physics in recent years. A Rydberg atom has a huge orbital radius ( ∝ n2, n is the principal quantum number), a large polarizability (∝ n7), a strong interaction between Rydberg atoms (∝ n11) [1], and so on. Due to these properties, the Rydberg atom is very popular both for investigation of the blockade effect and single photon source [2,3] and single photon transistor [4] and for the microwave field measurement and the field sensor [5–10].
In addition, Rydberg levels can be tuned by the external field to the Förster resonant regime, where the Rydberg atoms display strong dipole–dipole interaction and dipole blockade [11,12]. At the Förster resonance, the non-radiative redistribution of the electronic state between two particles coupled by the dipole–dipole interaction is of great importance for a variety of phenomena. For the Rydberg pair state, the initial prepared Rydberg atom can adiabatically transfer to a nearby state without a change in the kinetic energy, which is called the resonance energy transfer (RET). The dipole interaction and the RET play a very important role in atomic and molecular dynamics and multi-body interactions [13]. This kind of resonant interaction has been studied extensively, for example, the strong interaction between Rydberg atoms under an electric field [14–17], the exploration, and analysis of the multi-body [13] and the few-body interaction [18,19], an optical nonlinearity in cold atom systems [20], and an atomic interference [21]. In recent years, the resonant dipole interaction between neutral pairs of atoms, particularly the dipole interaction between Rydberg atoms, has been used to investigate quantum gates [22–24], quantum simulation, and computing [25,26].
In this work, we prepared the |nP3/2⟩ (n = 38–40) Rydberg pair with the three-photon scheme in the cold cesium atoms. A weak DC electric field is used to tune the Rydberg pair interaction from the van der Waals interaction regime to the dipole–dipole interaction regime. At the Förster resonance, we achieved an adiabatic resonance energy transfer between the nP and nS Rydberg states by means of controlling the dipolar interaction tuned by an electric field. Rydberg excitation with and without the DC field and the blockade effect are investigated by changing the excitation pulse duration, which demonstrates that the dipole interaction–induced blockade effect is stronger than the van der Waals interaction–induced blockade effect.
2 INTERACTIONS BETWEEN RYDBERG ATOMS
As mentioned earlier, the Rydberg atom has a strong long-range interaction and a large dipole transition matrix element because of its huge polarizability. Considering a pair of Rydberg atoms, the Hamiltonian can be expressed as,
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where, H0 = HA + HB is the Hamiltonian of the bare atoms A and B, [image: image] is the interaction potential between atoms. The interaction potential can be written as a Laurent series with the atomic distance R,
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with Cn as the dispersion coefficient. We assumed that two atoms are initially in the same Rydberg state |2⟩, as shown in Figure 1A. The state |2⟩ can transition to the state |1⟩ (|3⟩) by emitting (absorbing) a photon. The energy level is Ei (i = 1,2,3), and the energy defect of the atomic pair is defined as ΔE = 2E2 − (E1 + E3). We take the pair state of {|2⟩|2⟩} (|nP⟩|nP⟩) and {|1⟩|3⟩} (|nS⟩|n′S⟩) as our basis vectors and further diagonalize the Hamiltonian to obtain the eigen energy,
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where [image: image] [image: image] represents the transition dipole moment of |2⟩ → |1⟩ (|2⟩ → |3⟩). Usually, 1) when |ΔE|≫|μ1μ2/R3|, the Rydberg pair mainly displays the van der Waals interaction, and the related interaction potential is VvdW = C6/R6 (C6 ∼ n11)(Figure 1A). 2) When |ΔE|≪|μ1μ2/R3|, the Rydberg pair shows the strong dipole–dipole interaction, and the interaction potential is Vdd = C3/R3 (Figure 1B). For |38P3/2, mj = 3/2 (1/2)⟩ state used in this work, the calculated C3 = 0.56 (0.37) GHz ⋅ μm3 and the mean of C6 in all directions are 1.62 (1.40) GHz ⋅ μm3, respectively. Both the van der Waals and the dipole–dipole interaction of Rydberg atoms can block further excitation of the nearby atom, resulting in the blockade effect. Under the condition of ΔE = 0 (E3 − E2 = E2 − E1), one initial atom in |2⟩ state can transfer to |3⟩ state by absorbing a photon that is emitted by the |2⟩ → |1⟩ transition of the other atom, which is called the resonance energy transfer (RET).
[image: Figure 1]FIGURE 1 | (color online). (A) Scheme of the van der Waals interaction between Rydberg atomic pairs. Two atoms initially prepared in the same Rydberg state |2⟩, |1⟩, and |3⟩ are the dipole allowed near states. ΔE indicates the energy defect between |3⟩ − |2⟩ and |2⟩ − |1⟩. For the case of ΔE ≠ 0, the Rydberg pair displays the van der Waals interaction, which scales as R−6. (B) Scheme of the dipole–dipole interaction. The weak DC electric field is used to tune the Rydberg level to the Förster resonance. For the case of ΔE = 0, the Rydberg pair displays the dipole–dipole interaction, which scales as R−3.
In view of Rydberg wave functions and parity conservation, the selection rules of Δl = ±1 (l, the orbital quantum number) and Δmj = 0, ±1 (mj, the total angular momentum quantum number) for the electric dipole moment operator are considered. For a cesium atom in this work, we chose the initial |nP3/2⟩ state excited by the three-photon excitation; the form of resonance energy transfer is usually expressed as
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Based on the Stark shift and splitting of the Rydberg state, we tuned the Rydberg level by applying the external DC electric field to obtain ΔE = 0 and the RET condition. Following Zimmerman’s method [27], we numerically resolved the radial equation of the cesium atom and obtained the Stark map of the cesium Rydberg atom. From the Stark map, we extracted the Stark shift of |nS1/2⟩ and |nP3/2⟩ levels and obtained the energy defect of the Rydberg pair and, further, the Förster resonant electric field. For details, refer Section 4.
3 EXPERIMENT SCHEME AND SETUP
Our experiment is performed in a standard magneto-optical trap (MOT), where a cold cloud of Cs atoms is trapped in the center of a metal MOT with a density of 1010 cm−3. The |nP3/2⟩ Rydberg state is excited by the three-photon excitation scheme. The experimental setup and three-photon excitation are displayed in Figure 2. Three photons at 852 nm, 1,470 nm and 780 nm lasers are used to realize the Rydberg transition of |6S1/2⟩ → |6P3/2⟩ → |7S1/2⟩ → |nP3/2⟩. The first photon couples the lower transition of |6S1/2(F = 4)⟩ → |6P3/2(F′ = 5)⟩ with the detuning of δ = +110 MHz and the Rabi frequency of Ω852 = 2π × 45 MHz; the second photon drives the intermediate transition of |6P3/2(F′ = 5)⟩ → |7S1/2(F′′ = 4)⟩ with the Rabi frequency of Ω1470 = 2π × 80 MHz, while the third photon achieves the Rydberg transition of |7S1/2⟩ → |nP3/2⟩ with the Rabi frequency of Ω780 = 2π × 10 MHz.
[image: Figure 2]FIGURE 2 | (color online). (A) Three-photon excitation diagram of the Rydberg state. The first photon from the 852 nm (red) laser drives the lower transition |6S1/2⟩ → |6P3/2⟩, whose frequency is blue detuned δ from the intermediate state. The second photon, 1,470-nm (dark purple) laser couples the intermediate transition of |6P3/2⟩ → |7S1/2⟩. The third photon, 780-nm (dark red) laser achieves the Rydberg state via the up transition |7S1/2⟩ → |nP3/2⟩. Yellow and blue balls represent the ground and Rydberg state atoms, respectively. (B) Schematic diagram of the experiment. Three excitation lasers cross through the MOT center. The ions of Rydberg atoms are detected with a MCP detector, analyzed with a boxcar, and recorded by a computer. The ramp (DC) electric field is applied to the grids located in the z direction for the field ionization (the manipulation of the Rydberg interaction). Other grids in x − and y − directions are not shown here. (C) Timing sequence. After switching off the MOT beam, the Rydberg excitation pulse with duration of 6 μs is switched on for preparing Rydberg atoms. During the Rydberg excitation, a weak DC electric field is applied to tune the interaction between Rydberg atoms. After the Rydberg excitation, a ramp electric field is applied that is used to selectively ionize the Rydberg atoms. DM: dichroic mirror.
The experimental setup is shown in Figure 2B. Cesium atoms are trapped in the center of a metal MOT via the laser cooling and trap technique. The MOT density is measured with the shadow image. The first photon, 852 nm, and the third photon, 780 nm, lasers with a waist of ∼ 80 μm are co-propagated through the MOT center along the x-axis after being combined by a dichroic mirror (DM), whereas, the second photon 1,470 nm lasers with a beam waist of 800 μm is crossed with the first photon laser at the center of the atom cloud, forming the cylindrical excitation region. Three pairs of girds (only one pair of grid is shown in Figure 2) are placed on either side of the MOT along three directions, which are used to apply the electric field for the state-selective field ionization of Rydberg atoms and compensate for the stray electric field. The resultant Rydberg ions are accelerated to the microchannel plate (MCP) detector. The Rydberg signal the MCP detects is analyzed with a boxcar and recorded with a computer.
The experiment is performed within 100 μs, during which the cooling light is turned off, see the timing sequence of Figure 2C. During the Rydberg excitation, we apply a weak DC electric field to tune the Rydberg level and further the interaction between Rydberg atoms. After the Rydberg excitation, we apply a ramp electric field for the state selective field, ionizing the initial prepared Rydberg atoms and the production due to the RET process.
4 EXPERIMENTAL RESULTS
In the experiment, we used the three-photon scheme to excite the |nP3/2⟩ Rydberg state; refer Figure 2A. The frequencies of the first (852 nm) and the second (1,470 nm) lasers are locked with a method of a saturated absorption spectrum (SAS) and an optical-optical double-resonance spectrum (OODRS), respectively. The frequency of the third (780 nm) laser is scanned at a speed of 4 mHz. In Figure 3, we present the time of flight (TOF) spectra of the |38P3/2⟩ state without (Figure 3A) and with (Figure 3B) an electric field of 1.74 V/cm. The peak at 0.5 μs comes from the initially excited |38P3/2⟩ state, which is marked with the blue gate. In Figure 3B, we clearly observed that the small peak appears at later time, marked with the yellow gate, which mainly comes from the |38S1/2⟩ state. The |38S1/2⟩ state is produced due to the RET process as the |38S1/2⟩ state can only be populated at an external field of ∼ 1.74 V/cm, where the energy defect is ΔE ≈ 0. It should be noted that |39S1/2⟩ would accompany the |38S1/2⟩ state during the RET process and appear before the blue gate. However, in Figure 3B, we can see the variation of the front wing of the TOF spectrum but not a clear |39S1/2⟩ signal due to our ramp electric field with a fast ramp time. In addition, it is also seen that in the presence of the electric field, the signal of the |38P3/2⟩ state in the blue gate is about 50% of the field free signal; we attribute the decrease of the signal of the |38P3/2⟩ state to the dipole blockade effect due to the strong dipole interaction at the Förster resonance. It is noted that the small peaks before the blue gate may be attributed to auto-ionization during the Rydberg excitation and the high angular momentum Rydberg states, which are beyond the scope of this work.
[image: Figure 3]FIGURE 3 | (color online). Time of flight spectrum of the |38P3/2⟩ state with a DC field of 0 V/cm (A) and 1.74 V/cm (B). The blue and yellow shadows mark the positions of the |38P3/2⟩ and |38S1/2⟩ states, respectively. The initial |38P3/2⟩ atoms transfer to |38S1/2⟩ due to the Förster resonant dipole interaction within the electric field of 1.74 V/cm.
To better understand the RET process and qualitative analysis of the observed signals, in Figure 4A, we present the Stark map near n = 34, 35 manifolds including |38P3/2⟩, |38S1/2⟩, |39S1/2⟩ states for |mj| = 1/2 (red solid line) and 3/2 (blue solid line). The vertical dashed lines mark the Förster resonance electric fields, 1.60 V/cm for mj = 1/2 and 1.74 V/cm for mj = 3/2, where the energy defect ΔE ≃ 0. Therefore, although the dipole interaction can couple |38P3/2⟩ to a bunch of states, the Förster resonance process occurs only for the specific pair of states under the specific electric field value. The signal of |38S1/2⟩ in the yellow gate of Figure 3B is generated from the |38P3/2⟩ Förster resonant transfer. We conducted a series of measurements and recorded the |38S1/2⟩ signal in the yellow gate by changing the frequency of the 780 nm laser and DC electric fields. In Figure 4B, we present a contour plot of the |38S1/2⟩ state transferred from |38P3/2⟩ as a function of the DC electric field and the 780 nm laser detuning Δ780. It is shown that the |38S1/2⟩ signal is very small and reaches maximum only at the field of ∼ 1.58 ± 0.01 V/cm and 1.74 ± 0.01 V/cm, showing good agreement with the calculations with a deviation of less than 2%.
[image: Figure 4]FIGURE 4 | (color online). (A) Calculations of the Stark map near n = 34 and 35 manifolds. In the electric field, the |38P3/2⟩ state shifts and splits into two Stark lines, forming two Förster resonant points at the electric field 1.60 V/cm and 1.74 V/cm, respectively, as shown with the black square. The inset shows the enlargement of the square marked region. (B) Contour plot of the |38S1/2⟩ state transferred from the initial |38P3/2⟩ state as a function of the DC electric field and the 780-nm laser detuning Δ780. The signal of the |38S1/2⟩ state can be observed at the electric fields of 1.58 ± 0.01 V/cm and 1.74 ± 0.01 V/cm, respectively.
As mentioned earlier, the strong interaction between Rydberg atoms can block further excitation of nearby atoms. In the following experiment, we will investigate the blockade effect with and without the electric field. The blockade effect is attained by varying the laser power [11,28] or the excitation pulse duration. In contrast to the previous literature, we changed the duration of the excitation pulse in this work. To observe the blockade effect, we recorded all the signals, including the signals in the blue and yellow gates. In Figure 5, we present the measured Rydberg ions of the |40P3/2⟩ state as a function of the excitation pulse duration with (red circles) and without (blue squares) the DC electric field. The dashed line displays the Rydberg signal that linearly increases with the excitation duration without any blockade effect.
[image: Figure 5]FIGURE 5 | (color online). Measured field ionization signal of |40P3/2⟩ Rydberg state as a function of the excitation duration with (red circles) and without (blue squares) the DC electric field. The black dashed line displays the linear increasing with the excitation duration without any blockade effect. It is seen that blockade behavior is stronger due to the dipole interaction than that due to the van der Waals interaction.
Close inspection of Figure 5 reveals that the Rydberg excitation process can be divided into three regions. I) The first linear region for the excitation duration tdur < 3μs, where the excited Rydberg signals are almost same and lie in the dashed line, displaying linear increase with the excitation duration for both cases. II) The second region for the excitation duration of 3μs ≲ tdur ≲ 7μs, where the measured Rydberg signal without the DC field still lies in the dashed line, displaying the linear increase, but the Rydberg signal with the DC field begins to deviate from the dashed line when tdur > 3μs, and the difference between the signal with and without the DC field increases with the excitation duration. This behavior proves that the dipole interaction (1/R3)–induced blockade effect is much larger than the van der Waals interaction (1/R6)–induced blockade effect. III) The third blockade region for the excitation duration tdur ≳ 7μs, where the Rydberg signal in the absence of the DC field also begins to deviate from the dashed line, showing the blockade effect. In this region, the difference between the signals with and without the DC field does not change much when we increase the excitation duration further because they are both in the blockade region.
Due to the large polarizability, the energy level of the Rydberg state is easily tuned with the external electric field to the Förster resonance, where Rydberg atoms display the strong dipole interaction. The electric field tuned dipole interaction has lots of applications in the non-radiative energy exchange [29], the collective effect [30], the engineering quantum states of matter [31], and so on. The tuning of coherent interactions in many-body systems with an external field has been a promising method. The cold Rydberg gases provide an ideal platform for the quantum simulation of complex many-body problems due to their controllable interactions.
5 CONCLUSION
To conclude, in this work, we have investigated the interaction between |nP3/2⟩ (n = 38–40) Rydberg pairs, excited by the three-photon scheme in the cold cesium atoms. The Rydberg level is tuned by the weak DC field and the resonant energy transfer spectrum due to the Förster resonance is observed. The |38S1/2⟩ state due to the resonant energy transfer as a function of the excitation frequency and the electric field has been obtained and the extracted Förster electric field for |38P3/2⟩ Rydberg atom agrees with the calculated field value. Finally, the blockade effects induced by the van der Waals interaction and the dipole interaction between Rydberg pairs have been studied by changing the excitation duration, which demonstrates that the dipole interaction–induced blockade effect is stronger than the van der Waals interaction–induced blockade effect. Considering the flexible and controllable nature of the electric field, the field tuned dipole interaction plays an important role in the coherent interactions in many-body systems and non-radiative collision processes and collective effects and engineering quantum states of matter.
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