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Rydberg atoms have highly controllable exotic properties such as strong inter-atomic interaction, high polarizability, and long lifetimes which enabled unprecedented progress in Rydberg atom-based quantum Technologies. We present a brief review of recent progress in the development of quantum technologies using Rydberg atoms. We highlight the recent advances in the various regimes of quantum technologies such as quantum Information processing, quantum sensing, quantum simulation of many-body physics and single-photon sources for quantum communications.
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1 INTRODUCTION
Rydberg atoms have the outer electron excited to a high-lying energy level imparting exaggerated properties to the Rydberg atoms such as large interatomic interaction such as Van der Waals and dipole-dipole interaction, large polarisabilities and long lifetimes. These exotic properties of Rydberg atoms are highly controllable and make Rydberg atoms a versatile platform for a wide range of quantum technology applications Adams et al. (2019) such as quantum information processing Saffman et al. (2010), quantum sensing Buhmann et al. (2021), Meyer et al. (2021), quantum simulation of many-body physics Scholl et al. (2021) and single-photon sources for quantum communication Ripka et al. (2018), Müller et al. (2013).
2 QUANTUM INFORMATION PROCESSING WITH RYDBERG ATOMS
Quantum Information processing is a complex phenomena which involves both quantum computing and quantum simulation that focuses on solving various difficult problems like simulating many body systems, factorization of large numbers, and understanding condensed matter systems which are impossible for today’s classical computers Wu et al. (2021). Control and manipulation of ultra-cold Rydberg atoms offer a promising avenue for quantum information processing Saffman et al. (2010). Quantum computing is performed via quantum gate operations. The fundamental requirement for such quantum gate operations is to develop the platform of scalable and high-fidelity qubit system which can perform long algorithms operations efficiently as per DiVincenzo criteria DiVincenzo (2000).
Rydberg atoms with high principal quantum numbers n have extraordinary properties such as long-range dipole-dipole interactions scaling as [image: image] and large radiative lifetimes in the Rydberg states scaling as [image: image] which enable implementation of quantum gates using Rydberg atoms for quantum computing Saffman (2016). The long-range dipole-dipole interaction between Rydberg atoms can be coherently controlled thereby forming the basis for the realisation of quantum entanglement with Rydberg atoms.
Quantum Entanglement is an important phenomenon in quantum mechanics in which two or more particles are generated or interact in such a way that their quantum states are correlated and cannot be described independently even though the individual particles may be separated spatially. The correlations exhibited by entangled states have no classical analogue. Quantum entanglement has important applications in emerging quantum technologies such as quantum information Processing Isenhower et al. (2010), quantum cryptography and teleportation.
Atoms in highly excited Rydberg states with large principal quantum numbers Silpa et al. (2022) exhibit interesting characteristic features such as large dipole moments. This makes the Rydberg atoms highly polarisable with static polarisability scaling as [image: image] and hence very sensitive to DC or AC electric fields. Such large dipole moment possessed by Rydberg atoms gives rise to large interaction between them via dipole-dipole coupling which scales as [image: image] where [image: image] is the inter-atomic distance. The interaction energy between two Rydberg atoms exhibits a strong dependence on the principal quantum number [image: image] and can be tuned from the van der Waals [image: image] regime to the dipolar [image: image] regime by using an electric field or by varying the inter-atomic distance. Rydberg interactions between ultra-cold Rydberg atoms can enable the generation of entangled states and lead to quantum information processing via the realisation of fast quantum gates Jaksch et al. (2000).
2.1 Entanglement via Rydberg blockade
The generation of entanglement between Rydberg atoms can be done using the mechanism of Rydberg blockade as shown in Figure 1. To understand the mechanism of the Rydberg blockade, let us consider two atoms [image: image] and [image: image] separated by a distance R between them. Each atom can be considered as a two-level system with ground state [image: image] and Rydberg state [image: image]. The energy spectrum of the two-atom system consists of four states, namely, [image: image], [image: image], [image: image] and [image: image]. Due to the large electric dipole moment when both the atoms are in the Rydberg state [image: image], atoms A and B interact strongly when they are close enough resulting in the doubly-excited state [image: image] getting shifted by an energy [image: image]. Hence, a laser field tuned on resonance for the excitation of one atom to the Rydberg state cannot cause the excitation of the other atom to the Rydberg state provided the line width of the excitation laser is smaller than [image: image]. This is the Rydberg blockade regime where the excitation of one atom to the Rydberg state prevents the excitation of the other.
[image: Figure 1]FIGURE 1 | Principle of Rydberg blockade between two atoms in the Van der Waals interaction regime.
When the two atoms are excited by the same laser field, then as a consequence of the Rydberg blockade, the two-atom system is prepared in a superposition of having one atom or the other atom in the excited Rydberg state resulting in an entangled state given by:
[image: image]
Entanglement between two individual atoms was obtained using Rydberg blockade in Wilk et al. (2010). Demonstration of CNOT gate between two individually addressed neutral atoms Knoernschild et al. (2010) using Rydberg blockade was reported in Isenhower et al. (2010).
Individual Rydberg atoms in arrays of optical tweezers have become a powerful platform for scalable quantum computing Saffman (2016) with Rydberg atomic qubits. Atom by atom assembly in a 3D atomic structure is reported in Barredo et al. (2018). A 51 atom quantum simulator in an array of Rydberg atoms was demonstrated in Bernien et al. (2017). A photon-photon quantum gate was reported in Tiarks et al. (2019). Schrodinger cat states were generated using Rydberg atom arrays in Omran et al. (2019). A 256-atom programmable quantum simulator was demonstrated in Ebadi et al. (2021). A quantum processor based on coherent transport of entangled atom arrays was reported in Bluvstein et al. (2022). Multi-qubit entanglement and algorithms on a Rydberg atom quantum computer were demonstrated in Graham et al. (2022). Quantum optimization of maximum independent sets using Rydberg atom arrays was presented in Ebadi et al. (2021). High-fidelity parallel entangling gates on a Rydberg atom quantum computer was demonstrated in Evered et al. (2023). Hardware-Efficient, Fault-Tolerant quantum Computation with Rydberg Atoms was presented in Cong et al. (2022).
3 HARNESSING RYDBERG ATOMS FOR QUANTUM SENSING
3.1 Quantum sensing
Quantum sensing Degen et al. (2017) stands at the forefront of precision measurement, offering unparalleled sensitivity and accuracy across diverse fields. From atomic-scale sensors to solid-state systems, quantum sensing techniques promise transformative applications in science and technology. Examples include quantum magnetometers for precise magnetic field detection, quantum gyroscopes enabling accurate navigation, and quantum gravimeters for high-precision gravity measurements Adams et al. (2019), Degen et al. (2017).
3.2 Atomic sensing: Quantum sensing using Rydberg atoms
Among the myriad approaches to quantum sensing, the utilization of Rydberg atoms presents unique opportunities. Rydberg atoms possess high dipole moments[image: image] and polarizability[image: image], making them exceptionally sensitive to external fields and ideal candidates for sensing applications. Gallagher (1994). Rydberg atoms exhibit remarkable sensitivity to microwave and terahertz radiation due to the energy difference between their highly excited states, which falls within these frequency ranges. This property enables high-resolution sensing of microwave and terahertz signals with exceptional precision.
Recent advances have enabled hot-atom vapour cell systems to sense microwave (MW) fields with exceptional sensitivity in Rydberg atoms. Initially, sensors split an electromagnetically induced transparency (EIT) line due to the MW-induced Autler-Townes (A-T) effect, lacking phase information. Treating atoms as a MW mixer Simons et al. (2019) with optical output significantly enhanced sensitivity, eliminating the need for a MW local oscillator (LO) and making the receiver entirely optical. This optical-bias detection method offers advantages like stealthy electric field measurement and improved sensitivity. With phase-stable laser fields and optimized setups, further enhancements in sensitivity and spectral resolution are achievable, enabling tunable detection of a wide bandwidth of MW and mm-wave frequencies Borówka et al. (2024). Cold atom quantum sensing, particularly utilizing Rydberg atoms, marks a significant leap in precision measurement capabilities. By leveraging techniques such as Magneto-Optical Traps and polarization gradient cooling, researchers can capture and cool Rubidium atoms to ultra-low temperatures, approaching absolute zero. Advanced data acquisition techniques, including multi-carrier modulation and frequency detuning, can be applicable in cold atoms as well, These developments open new avenues for quantum sensing and metrology, promising breakthroughs in fundamental research and practical applications alike.
Optical tweezers provide precise control over the position and motion of individual atoms, allowing for highly localized sensing. This enables sensitive detection of weak microwave signals with improved signal-to-noise ratios. By confining atoms in optical tweezers as shown in Figure 2, they are effectively shielded from external disturbances, such as stray electromagnetic fields or thermal fluctuations. This isolation enhances the stability and reliability of microwave sensing measurements. Quantum sensing with single atoms enables unprecedented precision in detecting and characterizing microwave fields Facon et al. (2016). This level of resolution is particularly valuable for probing localized microwave phenomena or studying quantum effects at the single-atom level. Circular states, such as circular Rydberg states, indeed have unique properties that can make them advantageous for certain quantum sensing applications compared to non-circular states. Circular Rydberg states are characterized by their high angular momentum and unique geometric properties, which can lead to enhanced sensitivity to external fields. One advantage of circular Rydberg states is their long lifetime, which is often orders of magnitude longer than non-circular states. This longer lifetime can result in increased coherence time, allowing for more precise measurements and reducing decoherence effects.
[image: Figure 2]FIGURE 2 | Schematic of the optical tweezer setup for trapping single atom. The wavelength of the tweezer is 850 nm and the probe is 780 nm for trapping 87Rb with a horn antenna placed in the far-field limit.
Additionally, circular Rydberg states have strong electric dipole moments, making them highly sensitive to electric fields. This sensitivity can be leveraged in electric field sensing applications, where even weak electric fields can induce measurable changes in the state of the atom. The utilization of Rydberg atoms in quantum sensing represents a significant advancement, offering unparalleled sensitivity and resolution across a broad range of frequencies. From room temperature vapour cell sensors to cold atom platforms, Rydberg atom-based sensing techniques continue to push the boundaries of quantum metrology. By leveraging the unique properties of Rydberg atoms and incorporating advanced measurement techniques, researchers are poised to unlock new frontiers in quantum sensing with profound implications for science and technology.
4 QUANTUM SIMULATION OF MANY-BODY PHYSICS WITH RYDBERG ATOMS
Many-body physics explores the quantum behaviour of systems composed of many interacting particles, revealing emergent phenomena such as superconductivity and magnetism. It delves into the complex interplay of quantum mechanics, statistical mechanics, and computational methods to understand how these systems behave collectively.
Due to the extended lifetime of Rydberg states, which scales in the [image: image]s order as [image: image] and their manifestation of substantial dipole moments between states with opposite parity, scaling as [image: image], significant interaction strengths are generated. As a result, ensembles of Rydberg atoms inherently lend themselves to implementing spin models. Theoretical descriptions of these systems, such as the quantum Ising model, are feasible, particularly through the creation of arrays of optical tweezers. By combining Rydberg excitation to induce controllable interactions between atoms, this approach offers an almost ideal platform for realizing quantum spin models and address open questions in quantum magnetism.
4.1 Many-body physics using Rydberg atoms in arrays of optical tweezers: bottom-up approach
Emerging more recently, this approach traps single laser-cooled atoms in tightly focused dipole traps or optical tweezers. It offers a bottom-up method for creating arrays of individual atoms, providing unique opportunities for controlled manipulation and study Browaeys and Lahaye (2020). An optical dipole trap with a tight focus of about 1[image: image]m is immersed in a magneto-optical trap (MOT). Random motion causes atoms from the MOT cloud to enter the optical tweezers and get trapped. Continuous scattering of fluorescence light signals the presence of an atom in the tweezers. Fast light-assisted collisions lead to the immediate loss of both atoms when a second atom enters the trap, resulting in either zero or one atom in the microtrap. Although non-deterministic, the occupation probability is approximately [image: image].
The next step involves creating arrays of microtraps. One method utilizes a spatial light modulator (SLM) to imprint an appropriate phase pattern on the trapping beam before focusing, allowing for the realization of almost arbitrary arrays of traps in the focal plane of the objective. Alternatively, arrays of microlenses or interference techniques can be employed. However, stochastic loading of microtraps initially limited the platform to a few atoms due to the probability of having all [image: image] traps simultaneously filled decreasing as [image: image]. Solution to this problem was devised. Large arrays with [image: image] traps are randomly loaded with approximately [image: image] atoms, imaged, and then sorted into an ordered configuration. This sorting process involves two methods: dynamically moving loaded tweezers using acousto-optic deflectors to assemble one-dimensional, two-dimensional, and three-dimensional arrays, or moving atoms one at a time within a fixed two-dimensional array produced by an SLM or microlenses. Recent advancements have extended the latter technique to the assembly of three-dimensional arrays, offering a fast repetition rate, high filling fractions, and flexibility in geometry.
4.2 Exploring ising model in array of Rydberg atoms
In optical lattices with large spacing between sites, Rydberg atoms exhibit strong dipole-dipole interactions, even over micrometer distances. These interactions give rise to energy shifts in the pair states, akin to van der Waals forces. By mapping ground and Rydberg states onto a spin-1/2 model, researchers construct Hamiltonians describing ensembles of atoms prepared in the same state and driven by coherent lasers
[image: image]
for dipole coupled states [image: image] = [image: image] where [image: image] is Pauli spin operator and [image: image] interaction of microwave radiation with the spin states of the system
[image: image]
One method involves suddenly changing a parameter in the Hamiltonian and observing the resulting dynamics of the closed many-body system. Another approach is to prepare the ground state by adiabatically varying the parameters of the Hamiltonian and studying its properties. Experiments in the Ising model regime have utilized both approaches. The generic phase diagram of the quantum Ising model, particular attention is given to the case of nearest-neighbor couplings and the emergence of paramagnetic and antiferromagnetic phases. By controlling parameters like detuning and Rabi frequency, researchers can explore the phase diagram of this model. Experimental implementations involve quenching, where the Rydberg excitation laser is suddenly applied after preparing the atoms in their ground state and measuring relevant quantities such as average magnetization and spin-spin correlation function. Adiabatic ground state preparation, initially demonstrated in specific regimes, allows controlled excitations separated by specific distances in one and two dimensions the study of quantum phase transitions, and the investigation of revivals in system dynamics, offering insights into the behavior of many-body systems. The potential of Rydberg dressing in observing interaction-driven dynamics is also demonstrated, although challenges remain in scaling up the system size.
Quantum simulation of 2D Ferromagnets with hundreds of Rydberg atoms was demonstrated in Scholl et al. (2021). Quantum many-body dynamics in driven Rydberg array was demonstrated in Bluvstein et al. (2021). Continuous symmetry breaking in a two-dimensional Rydberg array was reported in Chen et al. (2023). Hardware-Efficient, Fault-Tolerant quantum computation with Rydberg Atoms was demonstrated in Cong et al. (2022).
5 SINGLE-PHOTON SOURCE FOR QUANTUM COMMUNICATION USING RYDBERG ATOMS
In Quantum communication, it is important to securely and efficiently send as well as receive signals with minimum losses. Rydberg atoms with their highly controllable dipolar interactions can be used as a highly efficient and deterministic single-photon source for quantum communications. In the presence of strong dipole-dipole interaction between Rydberg atoms, an atomic ensemble behaves like a single superatom with collective photon coupling. A cavity-enhanced deterministic single-photon source using such Rydberg superatom was demonstrated in Sun et al. (2022). An efficient approach was demonstrated for multi-photon generation via a Rydberg superatom using Rydberg blockade in Yang et al. (2022). A room-temperature on-demand single photon source via four-wave mixing was demonstrated in Ripka et al. (2018). Deterministic time-Bin entanglement between a single Photon and a Rydberg atomic Ensemble was reported in Sun et al. (2022).
6 DISCUSSION
Ultra-cold individual Rydberg atoms trapped in arrays of optical tweezers have recently been established as one of the most promising and versatile candidates which can serve as the fundamental building blocks for emerging quantum technologies. The high degree of controllability in cold Rydberg atomic systems such as inter-atomic interaction, spin-states, temperatures and dimensionality combined with the availability of appropriate lasers for excitation to highly excited Rydberg states makes cold Rydberg atoms a versatile system for exploring various regimes of quantum technologies. The unique and exotic properties of Rydberg atoms such as strong long-ranged inter-atomic interaction, large dipole moments and long lifetimes make Rydberg atoms ideally suited for scalable quantum information processing, quantum sensing, quantum simulation of many-body physics and single-photon sources for quantum communications due to its high degree of controllability.
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