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Abstract
This review summarizes experimental works performed over the last decade by several groups
on the manipulation of a few individual interacting Rydberg atoms. These studies establish
arrays of single Rydberg atoms as a promising platform for quantum-state engineering, with
potential applications to quantum metrology, quantum simulation and quantum information.
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1. Introduction Then, after a theoretical reminder about interactions between
Rydberg atoms, we introduce the basic experimental techni-

Rydberg atom§1] are highly excited atoms, where a valencgues used to manipulate individual Rydberg atoms. We then
electron has a large principal quantum number 1. They review experiments that demonstrated the Rydberg blockade,
have exaggerated properties, and in particular they intergeantum gates and entanglement of two atoms, and the direct
very strongly with each other via the dipsdgpole interac- measurements of the interactions between Rydberg atoms in
tion. This is the basis for th®ydberg blockadei.e. the various regimes. Finally, we discuss the current efforts aimed
inhibition of the excitation of ground-state atoms to tha&t extending those studies to larger numbers of atoms.
Rydberg state by the presence of a nearby Rydberg atom.

Over the last decade, theoretical propo$als3] sug-
gesting the use of the blockade to create entangled states Qfiotivation: individual Rydberg atoms for
_neutral ato_m_s and quantum gates trlg_gered a lot of eXPliantum-state engineering
imental activity to observe the blockade in ensembles of laser-
CQOqu atomg4]. The - eld i$ ”°".V evolving ?'0”9 manYZ.l. Review of single-particle Rydberg physics
directions, from quantum optics, with the promise of realizing
single-photon nonlinearitiefs], to many-body physics in We-erst brie y recall some basic properties of Rydberg states
large ensemble§6, 7]. This paper reviews recent experand their scaling with the principal quantum numbesee
imental work on the Rydberg blockade and its application table 1). A comprehensive review of the single-particle phy-
the entanglement of two atoms as well as on the measurensé# of Rydberg states can be foundllih short overviews are
of interactions between Rydberg atoms. We focus on smallailable in[6, 10]. As all the experiments performed to date
well-controlled systems of a few individual atoms trapped using individual atoms use rubidium or cesium, our discus-
arrays of addressable optical tweezEss We will only sion is restricted to alkali atoms.
brie y mention recent works based on individual atoms held Rydberg atoms are in states with a principal quantum
in optical lattices that use quantum gas microscffles numbern 1 This corresponds classically to a very large

This review is organized as follows. West recall the electron orbit, and the effect of the nucleus and remaining
motivation behind those studies, and in particular the prinelectrongthe ionic corgis essentially that of an elementary
ples of the quantum gates based on the blockade mechanssitive point charge: thus the properties of Rydberg atoms
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Table 1. Properties of Rydberg states. (@) (b) £ 2 atoms
Property n scaling Value foB0S,/, of Rb | >
) —

Binding energyE, n 2 +500GHz | E| et [Uvaw > hQ2
Level spacingg, 1 E, n 3 13 GHz E 1 atom
Size of wavefunctiorir § n? 500 nm
Lifetime » n’ 200 s ) —— —t—lgr), Irg)
Polarizability! n’ 1.8 GHZ/( M cn)? Q Q
van der Waals coef ntt 4THz - Nnf R Lnfie

cientCg |g) |gg>

Figure 1. Principle of the Rydberg blockad@) A resonant laser
couples, with strength, the Rydberg state §&and the ground state
are very close to the ones of hydrogen. In particular, thlyeof an atom.(b) For two nearby atoms, the van der Waals

energy of a staten, |, |, m; §s given by interactionU,qy shift the doubly-excited state § preventing the
Ry double excitation of the atomic pair whepw T e
Enlj =3 @
n B

) atoms, the double excitation is thus energetically forbidden:
where Ry  13.6 eV is the Rydberg constant, and thepjs js the Rydberg blockale

quantum defects f are species-dependent corrections |ngroducing the two  collective  states Z, §
accounting for t.he effects of thenite size of the ionic core (gr§ org )2 we observe that the collective ground state
(for heavy alkali atomsE. 5 x 0). . §s not coupled toZ §while its coupling to Z §s+/2 8.
N ITh?n_té%'?gltﬁgir%f;:‘gﬁglecm%rgf Wai\ﬁf#engg]r; ];g:jﬁjzt nce rr 8s shifted out of resonance by the blockade condi-
Tr'1is' ]s’izej reaches hundredsag’f nanoerz(()aters for the valueé gon, we end up with a two-level system comprisggsand

§ coupled by acollectively enhancedRabi frequency

used in experimenigypically fromn _ 20to 100, and is at . . :
the origin of the exaggerated properties of Rydberg states: ﬁ\ 2. Starting fromgg §and applying the laser for a duration
8.2) thus prepares the entangled states.

electric dipole matrix element between two neighboring stat .
The above arguments extend t 2 atoms if all

scales asn®, while the energy spacing between adjacent ' '°© . ST
Rydberg levels, which scales as®, corresponds to milli- P&irwise interactions meet the blockade criterion, i.e. if all the

meter-wave transitions. This gives the Rydberg atoms a IGgms are ~con}%ned_ within ‘#lockade spheteof radius
lifetime U_ n3, and a very strong sensitivity to electrields: o [Ce/( "8)]7/" (this blockade radius can reach several
the polarizability scales a¥. This means that two nearbyMicrons for typical experimental paramefer®ne gets a
Rydberg atoms undergo very strong digdigole interac- collectively enhanced Rabi oscillation at frequen8yN

tions, that can reach tens of MHz for the separation of sevetgiween the collective ground stagggy §and the entan-

microns between the atoms. gled W-state
The effects of RydbetdRydberg interactions were 1

experimentally observed in 19811], at a time when Ryd- WS W( 9gy8 oggysy 9y §) (2

berg atoms were used as a test bed for the study of:hdybin

interactions[12]. The interest in interacting Rydberg atom#here a single Rydberg excitation is delocalized over all the

was renewed at the end of the nineties, due to the no@&ms.

possibilities offered by the availability of laser-cooled sam- The Rydberg blockade was proposefidhas a means of

ples in which the atomic motion is negligible on relevaffiplementing fast quantum gates with neutral atoms. The

experimental timescales, thus realizingfmzen Rydberg Principle is shown in gure2. The qubits are encoded in two

gas [13, 14]. These pioneering studies motivated theoretid@ng-lived hyperne levels0 Sand 1 Sof the ground state of

proposald2, 3] suggesting the use of the Rydberg blockad®ch atom, which can be separately addressed by lasers that

for quantum information processilﬁgsl_ COUple statel §o the Rydberg State g‘ gureZ(a)). The two
atoms are close enough so that the Rydberg blockade prevents

2.2. Early proposals: Rydberg blockade and quantum gates ~ the excitation ofrr § When applying the pulse sequence
shown ine gure2(b), if any of the qubits is initially prepared

The principle underlying the Rydberg blockade is shown jf 1 §then the blockade makes one of the lasers off-resonant,

« gurel. Consider the ground state$f an atom coupled to a one and only one of the atoms undergo&sQrotation, and

Rydberg stater Swith a resonant laser with a Rabi frequencihe wavefunction of the system gets a minus sign at the end of

« . In the case of two atoms, the collective ground sgatg§s

still resonantly coupled to the statgs&nd rg &ontaining a * in the case of an incoherent excitation with a laser of linewiditthe

single Rydberg excitation. However, the doubly-excited stdfeckade condition readqy ~ "H

is shif fr nan h rong van r Waal trictly speaking, if; andr, denote the positions of atoms 1 and 2, the
r §is shifted out of resonance by the strong van de a%n%angled state Z §reads (€<"1rg§ é<"2gr §V2, where k is the

interaction Uv_dW between the two at_oms. In the Iimit\/vavevector of the lasereld couplingg &o r . For simplicity, we will omit
Uvaw =8, i.e. for a small enough distance between thigese phase factors in this review, except in cases where they are important.
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Figure 3. Various types of interactions between two Rydberg atoms.
(8 Van der Waals regiméb) F rster resonancec) Resonant
dipoletdipole interaction between two different Rydberg staBss

Figure 2. Principle of a two-qubit quantum gate based on the and C8

Rydberg blockadgd) Involved levels and lasergb) Pulse

sequence(c) Truth table of the phase gate. spin Hamiltonians, such as the Ising model or the XY model,

where the spin states are encoded in different atomic levels.

the sequence. If both qubits are initiallyGr§the laser pulses
have no effect. This leads to the truth table shown in
e gure 2(c), which implements a controlled-phase géteat
can be turned into a controlled-nENOT) gate using 3: Interaction between Rydberg atoms
additional single-qubit gatesOne appealing feature of the
Rydberg gates lies in its short duration, set by the interactinthis section, we briey describe various regimes of inter-
energy of the two atoms: as it can be as large as 10MHz, gedions between two Rydberg atoms. We restrict ourselves to
gate can operate on a sub-microsecond time scale. This i@ Rerturbative approach, and only outline the main features of
contrast with entangling operations using e.g. much weald@@ problem for the simple case of alkali atoms. For details
ground-state interactiofil6], which operate over a muchabout actual numerical calculations, we refer for instance
longer time. Another strong advantage of this protocol is tHat[28]-
it is largely insensitive to the exact value of the inter-atomic
interaction.

Further theoretical studies proposed to use the Rydbg

blockade in atomic ensembl¢3, 17] in order to generate we consider two atoms, labeled 1 and 2, located at positions
non-classical states of light, or encode collective qubif3. andR,, and we denote bR R, R their separation.
These early proposals were then followed by detailed thegshenR w R is much larger than the size of the electronic
etical analyses of the various sources of possible experime@i@lefunction, the interaction Hamiltonian is obtained by the

imperfectionq15, 18], that showed promising prospects fomultipolar expansion, and the dominant term is the dipole
the realization of highdelity gates. After the rst demon- dipole interaction

stration of the blockade between two atof®se sectiorb),
new schemes were proposed for quantum gEi6s 20], 1 dh-dp 3(ch-n(d-n

rb Perturbation of pair states by the dipoletdipole interactions

Vydi 3
including a generalized CNOT gate where one atom controls o 4Qd RS 3
the state of many othef&1], or for the preparation of multi-
partite entangled stat¢22]. withn  R/R, andd; the electric dipole operator of atdm

Let us denote byB§ C§ yhe eigenstates of a single
atom, with corresponding eigenenergiss E¢y (! sum-
marizes the quantum numbersl, j, m;). In the absence of

Building a useful, general-purpose quantum computer isl%gractlon, the eigenstates of the twp-atom system are the

date an extremely challenging task, due to the very Ia(;%@r states B& w BS « @th energieEgc E 5 Ec.

number of qubits and higheelity gates that are required2t’ 90al is to calculate the effect of the perturbagignon

[23. A seemingly more realistic goal is to realigeantum these pqwstates; depending on the situation, three regimes can

simulators[24, 25], in particular analog ones, i.e. Well-con-be obtainedsee- gure 3).

trolled quantum systems that can be used to realize physi-

cally, in the laboratory, a complex, many-body Hamiltonia:g

of interest in othes elds, e.g. in condensed-matter physics

[2€]. Interesting properties of the Hamiltonian, that are iWe «rst assume that the two atoms are prepared in the same

practice impossible to obtain from theoretical or numericstate B§In general, the pair stat® Bjs not degenerate with

studies, can then be directly measured in the simulatatd/ other pair staté gure 3(a)), the typical splittings being

system. several GHz. We thus use non-degenerate perturbation the-
Rydberg atoms are attractive candidates for the realipay. To ¢ rst order, there is no energy shift, as the average

tion of quantum simulatof®7]. In particular, as we shall seevalue ofVyg in B Bvanishes due to the fact thdhtis an odd-

in the next section, the interactions between Rydberg atopasity operator and that the atomic statB§have denite

naturally implement analog simulations of various types périty. The energy shift is thus given by second-order

2.3. Quantum simulation

2. Van der Waals regime
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perturbation theory 3.3. Ferster resonance: tuning the interaction with an electric
i field
0 BB CH# )
Eee (4 For some values of, the pair stateB Bran be degenerate or

E Ech' : : ; ; e
CH BB cH guasi-degenerate with another pair st&ddwith which it is

coupled by the dipofadipole interactior(s gure 3(b)). In this
where the sum extends to all states that are dipole-coupleddse, one neglects the other, non-resonant coupling, keeping
B§Being second-order Mg, the shift scales d5'R° and is  two coupled degenerate states. Then, the eigenstates in the
simply the van der Waals interaction. As the numeratf#)in presence of\ys are 08 ( BB§ o C)&/2, and the
is proportional to a dipole moment to the fourth power, digenenergiesE, 0 C3/R8, where C; R3" C Ny BB
scales as®; the denominator, being the difference in energghe interaction is now resonant and scale$/&8 [1, 37].
between adjacent pair states, scales1s®. The Cs Such resonances have been called F rster resongfaes
coe cient thus increases dramatically withasn'*. 35, due to the analogy with the F rster resonance energy
For a system oN 2 atoms, the effects of van defiransfer[36, 37] at work in photochemistry.
Waals interactions are pairwise additifexcept in excep- Such degeneracies of pair states are in general only
tional cases, in particular when one considers the van dgproximate, with a difference in energ¢ Egg E cn
Waals interaction between e.g. different states of the safwetled theFerster defedt between the two quasi-degenerate
parity [29)). Therefore, the interaction Hamiltonian fidr pair states of a few or a few tens of MHz. Howev@§ C8§
atoms reads and H8have in general different polarizabilities, making it
possible, by applying moderate electrields, to Stark-tune
Hyaw (%ni n (5) the relative positiqns of3 @nd_ C §n order to get _to exact
i j Ry resonance. Experimentally, this allows one to switch, on fast
timescales and almost at will, betwegtrong resonant and

wheren,  r§7, is the projector on the Rydberg state o eal) non-resonanfvan der Waalsinteractions between the

interest of atom number If one introduces pseudo-spin2l atoms.

states m § g, Where g 8is the atomic ground state anq Due to the Zeeman substructure of the involved Rydberg
3§ r Salong with the corresponding spin operatarg, evels, there are in general several resonances between dif-

one can writen, (1 T*)/2 When one adds a coheren{)erem channels corresponding to the various possible com-
. ‘ e ) i inati f th lues. Th lightly diff
laser driving on the transitiog § j r 8with a Rabi frequency inations of them values ey occur at slightly different

. d a detuni the total Hamiltoniar(in th tati values of the electrieeld, and have a different angular
and a detuning, the total Hamiltoniar(in the rotating dependence due to the anisotropy of the dipolar interaction

frame of the lasgiis [38+40].
~8 . . i Ca i For aexed, non-zero F rster defect,, one observes a
Hising ey CETX .de E B) T ' % 2% T(6) transition between the F rster regime at short distances, and
! ! R the van der Waals regime at large distances. The crossover
between the two regimes occurs at a distance
with B 0@Cq/R’. In the language of spin Hamiltoniansr, _ (C/ %*/3. Away from quasi-degeneraciég, scales as
(6) describes an Ising quantum magnet with a transvegise n7/3 with the principal quantum numbar
r 8, a longitudinak eld r "E Bj, and a spitispin coupling
decaying ad/R® with the distance® between the spins. 34, Resonant dipoletdipole interactions: ‘spin-exchange’
For Rydberg states with an orbital angular momentum yamiltonian
each atom ha®) 1degeneratéor almost degenerate in the o . .
presence of a moderate magnetild) Zeeman sub-levels AnOther possibility to observe resonant digaigole inter-
(here,J Lo 1/2 is the total angular momentymiThis actions is to use two distinct, dipole-coupled Rydberg states,

; ; - ; - . ing the pair inB @ where for instancé is anS
means that instead of having to consider a single isolated joreparing ; '
state B B3 one has to deal with a manifold consisting of ydberg state, anélan & state(withn n ). The pair state

B G being degenerate withC B and the dipoledipole

) . ;
(23~ 1)° states. They are not dlrectly.coupled W't.h eaﬁﬂamiltonian@) coupling these two stateg, reduces tdin
other by (3), but second-order perturbation theory gives FRe basi§ BG CB

effective Hamiltonian that acts within the manifold, with a
globall/R® scaling and couplings that depend on the afgle
between the quantization axis and the internuclear axis. In the
blockade regime, it is possible toethe an effective van der
Waals shift, given by a suitably weighted average of thghere the coefcientCs is the product of two matrix elements
eigenvalues of the effective Hamiltonig0]. This allows of the dipole operator betweeB&nd Cg&nd therefore scales
one to keep a simpl@ut approximatetwo-level description asn®.

of each atom, keeping the size of the Hilbert space eqa¥l to From the point of view of quantum simulation, if one
for N atoms[31]. The validity of such approximations willencodes pseudo-spin statés§ nin§ B§ C8he resonant
depend on the exact experimental settings. dipoletdipole interaction directly implements the XY spin

Vi %(B@%:B €B),BC )
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shows a typical result of such a calculation, showing that at
distances of a few micrometers, many molecular states, with
an energy varying very rapidly with the distarigecross the

line %€ 0 corresponding to non-interacting atoms. This
might give the impression that the blockade breaks down at
short distances. However, these states are actually very
weakly laser-coupled to the ground sté&ee« gure 4(b)),
which preserves the quality of the blockddee alsd46]).

4. Experimental considerations: trapping and
Rydberg excitation of individual atoms

In this section, we describe the main experimental tools used
in recent experiments where arrays of single Rydberg atoms
are exploited for quantum simulation and quantum informa-
tion processing applications. Most experiments so far were
performed by the University of WisconsidSA) group, the
Figure 4. A part of the spectrum of a system of tWdCsatoms ~ Sandia National Laboratory gro@flbuquerque, USH and

isnetgf‘;?ttieoi (23;] g‘ gfiset%r(‘fﬁié‘ ;rr‘lg mgzs}g;‘fel%ggitgiiﬂfg%‘ye the Institut dOptique group(Palaiseau, Frangesing similar
numerical diagonalizatiora) Full plot of the spectrum(b) The methods. We summarize here these e).(perlmental_te(_:h_nlques
same aga) but with the darkness of the lines weighted by for the preparation, detection, and manipulation of individual
the oscillator strength to the ground state. Reprintrde with Rydberg atoms.
permission fron{75]. Copyright(2014 by the American Physical
Society.
y 4.1. Trapping individual atoms in ‘optical tweezers'
Hamiltonian Neutral atoms can be comed in space by the conservative
potential of a far-off resonance optical dipole tfapg]. An
Hyy 033(-|+ T Ty (@) optical dipole trap is formed by focusing a laser beam tuned
i :]- EE] far away from the atomic resonance frequency. Red-detuned

light induces an electric dipole moment in the atoms and
with spin couplings decaying agR8. Here, T, o i J ©€Xerts a force towards regions of maximal intensity. This
Such long-ranged spin Hamiltonians have been predictecfigates  effective  potentials ~ with  typical  depths
display anomalous properties compared to their short-rakyd® X 0.1 1 mK To load the atoms in the traps a stan-
counterpart§41, 42], making them attractive from the pointdard method is to pre-cool the atoms in a Magneto Optical
of view of quantum simulation. They have been the subject b@P (MOT). Loading is achieved by spatially overlapping
experimental studies using ultracold polar molecules pini8§ dipole trap with the atomic reservoir created by the MOT,

in optical lattices[43] or dipolar BoseEinstein conden- leading to mesoscopic ensembles of atoms with temper-
sateq44]. ature _10 NK.

Single-atom trapping needs further requirements, and
different approaches have been followed. One possibility is to
prepare an exactly known number of ato(®430) in the
MOT by setting its parameters to the limgsg. using a large
The discussions above give simple expressions for the effeatgynetic eld gradient[48], before transferring the atoms to
of interactions on a pair of atoms. However, for accuratge dipole trap[49]. This technique has been successfully
comparison with experiments, it is necessary to resort to a dblied to the generation of arrays of single atoms in 1D
numerical calculation of the energy spectrum of the pair, @stical latticeq50].
the large number of closely-spaced Rydberg states forriarge A second possibility is to use a high-numerical-aperture
leads to deviations from the simple van der Waals interactieptical system, such as custom-made objectigép or an
even for shifts as small as a few tens of MHz. For this pugspherical leng52], to reduce the volume of the dipole trap to
pose, one needs to evaluate numerically (theia) dipole a size of _1 Nrf. This conr guration of a tightly focused
matrix elements between different Rydberg wavefunctionfipole trap is nametbptical tweezets In such a small trap,
and thus, the wavefunctions themselves. This can the dynamics of the atoms is governed by fast inelastic light-
accomplished by solving the radial Schr dinger equatiassisted collisiongvith rates of _10* Nm®s %) induced by the
using the Numerov methdd5]. The(truncateyl Hamiltonian near-resonant MOT lighs3], and is dominated by two-body
comprising the single-atom part and the dipdipole inter- losses[8, 54]. As a consequence, there exists a regime of
action (3) is then diagonalized numerical(jypically a few densities of the cold-atom cloud where the loading is sub-
hundred or a few thousand states are retqiriéidure4(a) Poissonian and at most one atom is trapped at a time. In this

3.5. Beyond perturbation theory: numerical diagonalization of
the Hamiltonian
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Table 2. Representative values for single-atom trapping in the
experiments at Institut @ptique (Palaiseauusing®'Rb.

Quantity Typical value
Trap wavelength 852 nm
Trap power 4 mW

Trap beam waistintensity,1/e€?) 1.1 Nm

Trap depthU /kg 1 mK
Longitudinal trap frequency 2Qq 15 kHz
Radial trap frequency 2Qq 90 kHz
MOT temperature 100 NK
Single-atom temperature 30 N

collisions in the tweezers, and led to loading probabilities
of p _0.90

4.2. Arrays of microtraps
Figure 5. Loading and imaging single atoms in a dipole tr@p.

Atoms initially trapped in a MOT are loaded in a dipole trap forme@nce the trapping of individual atoms in a trap has been
by focusing a red-detuned laser beam with a high-numerical-apergéenonstrated, the next step in view (etalably quantum

aspheric lengNA  0.5) under vacuuni52]. The uorescence of ; ; At ;
thepatoms is$separate(3 from the dipcr)TIie ﬂap light with a dichroic engineering applications IS. t'o Creatg cpptrolled arrays of such
mirror and imaged on an EMCCD cameffa) Single-atom traps, each of them containing an individual atom.

uorescence signal with twaiorescence levels, corresponding to A ¢ Ist, natural approach consists of using optical lattices,
one or zero atoms in the trap. i.e. periodic optical dipole potentials obtained by the inter-
ference of several laser beams. One can use large-period
optical latticegwith a lattice spacing in the order of a few
regime, aerst atom of the cloud enters the tweezers andrscrons, obtained by using interfering beams that make a
slowed down thanks to the cooling lasers. When a secasmdall angle with each otheiand load in a sparse way single
atom enters the tweezers, a two-body inelastic collision catems in the resulting array of microtrafi)]. Single-site
alyzed by the light results in the rapid loss of the two atonimaging is relatively easy for such large-period lattices, and
The con guration using a tight dipole trap presents theoherent single-site manipulations of individual atoms in such
advantage of being easily combined with an imaging systesettings can also be achieved, even in 3D sett[tds
with micrometer resolution, as represented gare 5(a). In  Another approach consists of using usual, short-pé¢i660
this way, a real-time imaging system can be used to recordting optical lattices, and loading ultracold atoms in a single
uorescence of the atoms when they are illuminated wD plane. There, single-site resolution requires the use of
near-resonant laser ligitgure5(b)): the uorescence signal advanced high-numerical-aperture objectives, realizing a so-
toggles at random between periods of low values corresplledquantum gas microscofdé?2, 63]. One of the advan-
onding to an empty trap, and periods of high valueecting tages of such an approach, despite its high technical com-
the presence of an atom. It is thus possible to determpiexity, is the possibility of using a Mott insulator to achieve
exactly when an atom has entered the trap and to use #iigle-atome lling with probabilities in excess of 90% per
information to trigger single-atom experiments with typicallsite. Single-atom addressing, using techniques developed in
<1s duty cycles. Tabl@ gives typical parameters for anthe context of 3D optical latticeg4, 65], can also be
individual atom trapped in a pair of optical tweezers. achieved in these settings6]. A drawback of the latter
This method to prepare individual atoms is therefore naspproach is that for a large variety of Rydberg experiments,
deterministic, with e lling probability of one tweezers of small lattice constants limit the range of coupling strengths
p _ 0.5 This makes its extension to large arrays of tweezéhsit one can use.
(see sectiont.?) dife cult: the probability ofe nding a con- A second approach, which allows for morexible
e guration whereN tweezers arelled at the same time geometries, consists of optically creating seve@ies of a
decreases likp™. This triggered investigations on how tamicrotrap, thus realizing arrays of microtraps. For this, one
improve the loading etiency of optical tweezers. Twocan use holographic methofis7, 68] (seee gure 6(a)), dif-
methods have been demonstrated so far.<Ffheone, pro- fractive opticd69], or microfabricated optical elemerfit&]].
posed and demonstrated by the Wisconsin gfdup 55|, Holographic optical tweezers offer a versatile solution
uses the Rydberg blockade in a small atomic ensemble tnaggrarding accessible geometries. Using a programmable
ped in a tight dipole trap and achieveellbing probability of spatial-light modulator to imprint an arbitrary phase on a
p 0.62. The second method, demonstrated in Otiggee beam prior to focusing, it is possible to replicate a single
58] and at JILA[59] relies on a tailoring of the light-assistednicrotrap into hundreds of traps in arbitrary geometries
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(a) (b) (a)
E A J=3/2 I _I 5 |’n,D3/2>
474nm
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795nm | Op

F=29 _ = 15S1/2)
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Figure 6. Generating arrays of microtrafa) Averaged uorescence -4 -
images of single atoms trapped in microtrap arrays generated usir(gﬁ

spatial-light modulator(b) Array of 8! 8 blue-detuned Gaussian
beams created by diffractive optical elements, resulting!in77 I—;
trapping sites. Figures adapted with permission ffe8n73).
Copyright 2013 and 2014 by the American Physical Society.

A

[67, 68]. Fast, single-site addressing can be achieved by 00 Gy ar 6 8 107 1on
adding an extra beam controlled by acousto-optie@ders to Pulse area Q7 (rad)
add light-shifts on targeted sitg&l]. The number of traps can o
be massively increased, at the expense of samibility on  "'9re 7- (3) Two-photon excitation schemens » Rydberg states
geometry, by making use of microfabrication techniques, ! FE)leuSs;shdeagrl)nusrtllctju;tg)gpgquessﬁ 'pF" lar'zzeg;gsgr&ggg:eeédby
pioneered by the group of G. BirkI0]. More than 10 high- ¢ ical pumping with the termodiate SR, F 2,m 8
numerical-aperture microlenses caretted on an area of 1 yith a detuning% 2 Qq 740 MHz In the second excitation step a
mn?, while allowing for micrometer size trafa?)]. T-polarized 474 nm beam populates the Rydberg state

For experiments that rely on Rydberg excitation, how-8 nDs/2, my  3/2§ (b) Typical single-atom Rabi oscillations
ever, red-detuned traps have some limitations. The trapp‘ﬂ‘?@Neen the ground 8and Rydberg state §

light reduces the lifetime of the Rydberg states via photo-
ionization, and produces position-dependent differential light . 1\MHz. Note that single-photon transitions do not allow

shifts between the ground and Rydberg states. To avoid thggecancellation of the Doppler effect, and that, due to electric
problems, the traps are generally turned off during Rydbq{@me selection rule%. o 1), such schemes limit Ryd-
excitation, increasing atom losses. A solution to this probleggrg excitation to P-states.

has been investigated by Saffman and co-workess74]. Most of the experiments using individual alkali atoms
They showed that for certain Rydberg states, it is possibledg; jnstead on two-photon transitions. In rubidium, the most
*nd trap wavelength¢called quasimagic wavelengihfor  gequently used scheme is the combination of &) nm
which the ground and excited states are shifted by the safg 474480 nm photons off-resonant from the intermediate
amount. For alkali atoms, it implies the need for blue-detunggd; 5P, (5Ps2) [10, 76:78. The ‘inverted scheme
light, which they. used to c'reate 2D arrays of dark traps B¢ gp nS B with 420 and 1016 nm light is also pos-
weakly overlapping Gaussian beafsee- gure 6(b)). The sipje, but has not been used so far with individual rubidium
geometry of the obtained arrays is, however, more CQipms. This inverted schemgS 7P ng B) was
strained than in the case of arrays of red-detuned optigahlemented with individual cesium atoms combining 459

tweezers. and 1038nm laselg9].
o In the limit of a large detuning with respect to the
4.3. Laser excitation to Rydberg states intermediate state& 8, & (with 8, 8 the red and blue

For alkali atoms, optical transitions between a given grouﬁ&lb' frequencies, respectivglshe three-levell system shown
state and Rydberg states with principal quantum numbgls” 9Ure 7(a) can be reduced to an equivalent two-level
n = 40+£200 lie in the UV domain, with wavelengths in theyStem, where the ground _stag@couples o the Rydb_erg
range 23@320 nm. Direct, coherent optical excitation Witf?tater Swith an effective Rabi frequendiert and an effective

CW lasers has recently been demonstrated for single cesguerwnmg B given by

atoms|[75], requiring a powerful UV laser. The Rabi oscil- & & g * 8g2 852, 9
X an E.— .
lations between the stat&S ,,, F 4, m § (prepared Beft 2% et t4% 4%} 9

by optical pumpinyand 84P;,,, m 3/ Zhad a frequency



J. Phys. B: At. Mol. Opt. Phys. 49 (2016) 152001 Topical Review

If this condition does not hold, spontaneous emission v{@)

the intermediate state is not negligible on the excitation E A my =32
timescale and leads to a loss of coherence in the excitation.
The spontaneous scattering rgtg can be estimated pertur- 62D3,2) » +
batively from the average population in the intermediate state
and its decay raté as 9.1 GHz, Srw
T8 8% b v
(eff ( °€ 7 % ,f (10) |05P1/2> —tn my =1/2

In addition to a low scattering rate, coherent couplingbz
between the ground state and the Rydberg state requires, % # ; % k7
effective Rabi frequencies higher than the linewidth of the | IR IPENA
Rydberg statde.g. _2Qq 1.5 kHz for 62D3,, in Rb), and A
suf ciently narrow laser linewidths. As an example, in the ¢
experiment at Institut'@ptique, typical effective Rabi fre-
quencies 8 _2Qql 10MHz can be obtained with
between 100W and 10 mW of laser power at 795 nnfigure 8. (a) A microwave(MW) «eld couples th&2Ds,, and
(focused to a beam waist of 120m) and « 100 mW at 63P2 Rydberg states in Rb. The MW polarization is a combination
474 nm(for a beam waist of 20m). Both excitation lasers Of ! a’;_d 'I(S’O's_rfitzatt;]on; at the poskitilon C;f thetf;l]totms.lAtG.GlG |

H magnetice eld shiIfts the Zeeman sub-levels SO that on WO levels
are frequency locked to an ultra-stable, iglesse ultra-low remgain resonant with the Meld. (b) Rabi oscillation be%/ween the
gxpaljsmr(ULE) cawty(l 2_000(), providing oyerall Iaser two Rydberg states. Figure adapted frigf].
linewidths <10 kHz. With this setup, we routinely obtain
Rabi oscillations with small damping rates and visibilities

exceeding 90%see+ gure 7(b)). Using similar techniques, aioms at a F rster resonance, by matching the resonance
comparable Rabi frequencies and visibilities are obtained Ry qition in a given time window, as will be shown in
the Wisconsin group, either using cesium or rubidi$@e gactions .2

also the work at Chofu universifyg]).

4r  8r  12r  16r  20m  24m 287 32¢
Pulse area Q7 (rad)

4.4. Electric fields 4.5. Microwave manipulation in the Rydberg manifold

The huge polarizabilityB r n” of Rydberg atoms, arising Rydberg states are coupled to other Rydberg states by electric
from their large transition dipole moments, makes them V&fipole transitions in the microwa¢®W) domain. Due to the
sensitive to electrie elds. For the Rydberg states of alkaljipole moment between nearby states scaling’?asven a
atoms accessible by laser excitation from the ground state,dRgl amount of MW power is enough to drive the transition
angular momentum is lof 1 3) and, as a consequence ofyith a high Rabi frequency. This feature has established
the quantum defects, the Stark effect is quadratic in I@¥dberg atoms as very sensitive probes with subwavelenth
electrice elds. As an example, for a rubidium atom, a residugdsolution that can be potentially used as calibration standards
electric «eld of _150mVcm * is enough to shift the j, pw-imaging[80, 81], and it is also a very convenient tool
53,2, My 3/ Fstate by 4.5MHz. It is therefore impor-or the manipulation of Rydberg states. From an optically

tant to accurately control the electrostatic environment of %B?Cited Rydberg state, other nearby Rydberg states can be
atoms to prevent unwanted shifts. In experiments stray elSEéessed with modera,te MW power.

tric «elds are reduced by grounding most of the surfaces | |nstitut dOoptique group has demonstrated the
surrounding the atoms. This includes the aspheric lenses ysgth ant coupling between 168D, Sand 63P;,, Rydberg

to foc_us th(_a tweezers beam at InstitUDptique and by the states, as shown ingure8 [82]. A 9.1 GHz drivings eld is
Sandia National Laboratory group, locae210 mm away gppjied with a 5 mm electric dipole antenna placed outside the
from the plane of the atoms, tha; are coated with a 200 yayum chamber, 20 cm away from an atom trapped in a pair
thin layer of |nQ|um tin oxidgITO)". The Institut dethue of optical tweezers. The transition dipole element between
team also actively cancels any residual B€ld in three iha two states62D3,, M 3/28 63P M 1B

directions by a set of eight electrodes in an octopole gon 285%a,, and _40 NW of MW power are enough to drive
uration that can be addressed independdaty. The+eld Rapi oscillations at a frequency @& 2Qq 4.6 MHz

plates are also used to appiyely controlled pulseelelds, o \ye||-contrasted oscillations, with almost no damping over

Stark-tune the Rydberg state energies. This allows, fQferal microseconds, are only observed if the underlying

example, switching on dipateipole interactions between thgeyg| structure resembles a two-level system. To achieve this,
we apply a 6.6 G magnetieeld that lifts the Zeeman

® However, as noted if75], UV light can produce surface charging of thedegeneracy and ensures that Only two levels are addressed

ITO layer close to the atoms via the photoelectric effect, with detrimen¥¥ith the M\_N' eld, even if its polarization at the position of
effects in the manipulation of Rydberg states. the atoms is not well controllg@ gure 8).
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4.6. Detection of Rydberg states (@)

Positive detection of Rydberg states is generally accom-
plished viae eld ionization and subsequent detection of the
electrortions with over 90% efciency[1, 10]. This method
has been traditionally used for Rydberg detection in cold-
atom clouds. For the separation of a few microns attained in
optical tweezers-based setups, site-selective detection via
multichannel plates is challenging, and would probably
require the use of a tip-imaging probe close to the afé6js
Single-atom trapping in arrays of optical tweezers,
however, naturally provides another detection method based
on atom losses. The dipole trap laser operating arou(id)
850950 nm induces a small positive light-shift o1 MHz
(for a 20 MHz trap depth for ground-state atdifios Rydberg
states with principal quantum numbers 50. Therefore,
Rydberg atoms cannot be trapped in the dipole traps, and due
to theire nite temperature, they have ample time to escape the
trapping region within their lifetime. For typical experimental
parameters used by the Wisconsin, Sandia and Institut
d' Optique groups, the probability for a Rydberg atom to
remain in the trapping region after 58 is below 10%. This
detection method therefore maps an excitation to a Rydberg
state onto a loss of the atoms following the excitation. As an
example, the Institut' @ptique reported an efiency of this

0 1 I 0,
metho?hofl 97 /0[?4]t’ Whl(.:h mfzns Ehat |n_toply ?A) 0; tSEFi ure 9. Observation of the blockade between two atoms by the
cases the loss or atoms Is not due to exciaton 1o a Ry p at the University of Wisconsi@) The two traps are separated

state. _ . . by R 10 Nn and the two atoms can be excited separately from
This detection technique can be made Rydberg-stadaeh other by independent laser beaimsRabi oscillation on the
dependent, allowing for the discrimination between stat@gget atom without or with the control atom in the Rydberg state.

with different parities. This was illustrated [82], by com- Here.Pq 'ﬁ the dpr?bﬁbillity that the target ?]tor;; iijti" in the gEm“r?g

. : - . _ . state at the end of the laser excitation to the Rydberg state. Each data
bm_mg MW and optical excitatiofsee= gure 8): after exci point is an average over many realizations of the experiment in order
tation to annD state, the MW pulse transfers part of thg, measure the probabilities. Reprinted by permission from

population to a nearhyR state. The remaining fractiolD is  Macmillan Publishers LtdNature[85], copyright 2009.
mapped down to the ground state, where its presence is

inferred by a uorescence measurement. An atom loss is NOW ckade in 2008 and used it to demonstrate in 2009 the

the signature of a transfer of the atom toriRestate, which is entanglement of two atonfstitut dOptiqug and a CNOT
not coupled back to the ground state. : . ! )
X . : ate (Wisconsin. The group at Sandia National Laboratory
The obvious drawback of this method is that any.
.. . ined the effort a few years later and was able to observe the
unwanted loss(e.g. collisions with the background gas .
_ e . - “blockade and to entangle two atoms using a dressed Rydberg
mimics a Rydberg excitation. A way around this consists 0 :
- ; Interaction.
removing all ground-state atoms with a resonant laser pulse
while the other atoms are in a Rydberg state, before de-
exciting the Rydberg atoms via stimulated emission to thd. Rydberg blockade: the Wisconsin experiment[85]

intermediate state and detecting therescence. The Ryd-In his experiment. the aroun of M. Saffman at the Universit
berg detection now relies on a positive detection. This meth P ’ group ' y

was implemented for atoms in optical lattidé$, with a o Wisconsin (USA) trapped wo rubidium atoms in two

. . . dipole traps separated by a distanceRofk 10 m, see
0,
detection efuency limited to_80% so far. equr 9( ; Here, h at | xcited ind | tIy,

one atom being considered as the control atom, the other as

the target atom. After preparing the atoms in the hyper
5. Demonstration of the Rydberg blockade and ground stateg8 5S,,, F 2, m @ the teamerst
entanglement with two atoms excited the target atom to the Rydberg state§

NDs,, M 5/28 (n=79 or 90 using a two-photon
The experimental effort aimed at observing the Rydberansition. As they varied the duration of the excitation, they
blockade between two atoms started at the University aifserved the characteristic Rabi oscillations between the
Wisconsin shortly after the initial proposals. It was backed btatesg §&and r §seee gure 9(b)).
an in-depth theoretical analysis in 20pE5]. The Institut In order to demonstrate the blockade, the authors started
d' Optique team started in 2008. Both groups observed theexciting the control atom to the Rydberg state by applying

9
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1.0 respectively and the positions,, andrg of the atoms. The
] positions of the atoms arexed during a single realization of
2 0.8 the experiment but vary from one realization to another,
E o 6_' leading to a shot-to-shot variation of the phiasy more than
g 2 Q Strictly speaking, the experiment therefore produces a
g 0.4 statistical mixture of state€ ( G§
‘é i
= 0.2 . 5.3. Rydberg blockade: the Sandia experiment[75]
1 =
0.0 : . . . . . ——— The team at Sandia National Laboratory used two cesium
0 40 80 120 160 200 240 280 320 atoms trapped in two tweezers separated by 66 The
Duration of the excitation (ns) Rydberg excitation connects the hypee ground state

Figure 10. Observation of the blockade and of the collective 98 63, F 4 m @ to the Rydberg stater §
excitation of two atoms by the Institut@ptique group. Here, the 84P;,»,, m 3/ B by a single-step process at 319 nm. The
two traps are separated by #. The excitation lasers do not addreskaser does not address a speatom and the group observed

the atoms independently, as their size is much larger than the infREs same signatures as in the Palaiseau experiment: a
atomic distance. The atoms are excited by a two-photon trans'tgrﬂrppression of the probability to excite the two atoms at the

Red disks: probability to excite atom A alone when trap B is empty. ) . .
Black squares: probability to excite the two atoms. Blue squaressame time and the’2 enhancement of the collective Rabi

probability to excite one and only one of the two atoms. Each d&sacillation.
point is an average of 100 realizations of the experiment, in order to

calculate the probabilities. Figure frdgg].
5.4. Demonstration of a CNOT gate and entanglement

o between two atoms
a' pulse. They then sent the excitation laser on the target

atom and observed that the probability to excite it to tHéie immediate step after the demonstration of the Rydberg
Rydberg state was strongly suppressed as shown biackade for the three groups was the demonstration of
« gure9(b). This is the signature of the Rydberg blockade arhtangling operations. The three groups followed three dif-
the proof that the Rydberg excitation of the target atom feyent approaches.

controlled by the state of the control atom. Note that in this The Institut dOptique group started from the collective
addressable version of the Rydberg blockade, the atomssi#éée Z ( B8 (rg § €Sgr /2 produced as a con-
not entangled at the end of the sequence. sequence of the blockade and mapped the Rydbergrsgate

the hyperne ground statega8 5S,,, F 1, m 18§
using a second red laser close to 795 nm. In doing so, the
phase factolf is erased[87], provided the atoms do not

In the Institut dOptique experiment, the two atorAsandB  move during the excitation and mapping pulses. Thal
were trapped in two dipole traps separated by a distance aftdte should then be close to the Bell state§

m. There, the Rydberg excitation laser does not addressgagy § gg )#-82. This state also presents the advantage of
spect c atom. being trapped in the tweezers and being long-lived. The team
The grouperst measured a Rabi oscillation with onlymeasured thedelity ~: :,8? of the state prepared in the

atomA present, the second trap being empty: it observed teriment :.,,8by applying a global rotation using Raman
Rabi oscillations between stage§  5S,,, F 2, 3 lasers coupling the two statgsfand g a §hey could extract
andr § 58D3,,,m 3/ 28 as shown by the red disks intwo types of delities. The rst one corresponds to thdelity

* gure10. The experiment is then repeated when the two trapih which the state: §is prepared in the experiment, and
contain one atom each. The group measured the probabdityounts to 0.46. However, there is a 61% probability to lose
P, to excite the two atomlack squargsand the probability at least one of the two atoms during the entangling sequence,
Ry Ry to excite only one of the two atonfslue squargs which leads to adelity of the remaining pairs of 0.75, larger
The probability of exciting the two atoms at the same timetigan the 0.5 threshold to claim entanglen{&g}. A detailed
indeed suppressed, as it should be for two atoms in #alysis of the experiment was performedde].

blockade regime. However, the probability to excite one The Wisconsin group demonstrated a CNOT gatg,

of the two atoms does oscillate, and the oscillation frequengénks to their ability to perform local addressing of
is larger than when only one atom is present. The ratio @fch atom. To do so, they used two types of sequences
the two measured Rabi frequencies is 1.38, in Vefiyvolving respectively 5 and 7 pulses, segure 11(a)) to
good agreement with the expectéd factor. This enhance- implement a variant of the original propog|l. This two-bit
ment of the oscillation frequency is the signature of thgite involves two hypene ground states of the rubidium
collective excitation of the two atoms: in the blockadgiom, labeled § 55,,F 1,m= @Gandl§ 55,
regime, the laser couples the two collective stajg8and F 2 m- @, and the Rydberg stater § 95,5,
Z(®8 (rg§& €Cgr ¥V2. Here, the phase factorm 5/28 as an intermediate state in the sequence. The
G (kr kg) - (ra rp) is imposed by the geometry of theRydberg blockade is the underlying mechanism, which allows
red and blue excitation lasefsiave vectorskr and kg, or disallows the ipping of the state of the target atom

5.2. Rydberg blockade: the Palaiseau experiment[86]

10
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Figure 11. Demonstration of a CNOT gate by the University of
Wisconsin group(a) Sequences of pulses used to implement the
gates. The two sequences lead to a CNOT ghYdExperimental
truth table for the AS CNOT sequence. Reprintgdres with
permission fron{90]. Copyright 2010 by the American Physical
Society.

depending on the state of the control atom. The Wiscon|5_i|n

. gure 12. Demonstration of a dressed Rydberg interaction by the
group reported adelity of the gate truth table of 0.130] Sandia National Laboratory grou@) Two-atom spectrum in the

(e gure11(b)). presence of the dressing laser coupling the ground 8tttz the

They also used the gate to demonstrate the preparatioRyfberg state §  64P3/2,my 3/ 2. (b) Measurement of the
the four entangled Bell states. Starting from the control ateitessed interaction for two different sety 8f %. (c) Collective
prepared in the superpositi(@§ 1 5/\/—2’ and the target Rabi oscillations between statés Sand(018 10 82 The
state in0 Sthe action of the CNOT gate leads to il two- IS 2 2ot o B T i hen only
atom statg 00§ 11 §/*/_2 The - delity of th? entangleq one ato:n is used. Reprinted by permission from Macmillan
states was reported to be around 0.48. As in the Palaispgdlishers LtdNature[92], copyright 2015.
experiment, atom losses during the sequence lead to a prob-
ability of having the two atoms at the end of the sequence of
83%. The correcteedelity is therefore 0.58. A few months[94] in 2010. The principle of the Rydberg-dressed interaction
later, the group reported an improvedelity of 0.58 of the is the following[95]: a laser couples the ground stgtg§o the
entanglement without accounting for the loss and 0.71 whepdberg state §with a Rabi frequency and a detuning .
correcting for the atom lossgs1]. The non-corrected loss isThis laser admixes the two atomic states, giving to the ground
therefore already higher than the threshold for entanglemstatte a part of the Rydberg characteristics, therefore allowing
at 0.5. Finally, the group recently implemented the originato atoms in the ground state to interact.
proposal of[2] between two next-nearest-neighbor cesium It can be shown that for two atoms located within
atoms trapped in an array of 49 traps separated by .6 a blockade radiug,, the effect of the dressing is to shift
The « delity of preparation of thé008 11§/ 2 state is the two-atom ground stategg§ by an amountJ

0.73 including the losses and 0.79 after corredtitsh. E[% sg B % 28 % & which is

independent of the inter-atomic distamcas long as R,.
Applying this idea to an atom with two hypere
states 08 and 18 with the state 08§ coupled to the
The Sandia team also used the Rydberg blockade to entaftyldberg stater § the two-atom spectrum restricted to the
two atoms. However, they did it while keeping the atoms basis { 00§ (01 § 10)8J/ 2, 11 §s anharmonic (see
their hypefne ground states, in contrast to the Institutgure12(a)). A pair of Raman laser®r an MW eld) tuned

d Optique experiment. The protocol uses a Rydberg-dressethe 08 1 §ransition cannot excite two atoms initially in
interaction proposed initially by | Bouchoule and K Moelmestate 00 §o the statell § This is the exact equivalent of the
[93] in 2002, further expanded by G Pupillo and co-worketdockade experiment at Institut@ptique, but in the ground-

5.5. Demonstration of two-atom entanglement using a dressed
Rydberg interaction [92]
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state manifold. The Sandia group implemented this idea by

using two moving traps, each containing one cesium atom.

They initially prepared each atom in the sta@e8§

6S,2, F 4, m 8, while separated by a distance of

6.6 m. Then, they approached the two atoms at a distance of

3 m to enhance their interaction, while applying a pair of

Raman beams to drive th@§ 1 §ransition with the dres-

sing beam at 319 nm on at the same time. By scanning the

frequency of the Raman laser, they could measure the dressed

interaction energysees gure12(b)). Working in the Rydberg

blockade conguration(Raman laser tuned on resonance with

the Q1 transition they could observe the characterisfiz

enhancement of the Rabi frequen@ge-gure 12(c)) and Figure 13. Measurement of the van der Waals interaction between

generate the entangled st 8 10 §/\/—2 with a+delity two Rydberg atomga) ProbabilityR, of exciting the two atoms to

of 0.81. However, there is still a 40% probability of losing de Rydberg stat82Ds, as a function of the area@Uof the

least one atom during the sequence. excitation pulse, for decreasing distanRémtween the atorr(from
This experiment is therst demonstration of Rydberg-tOp to bottomR 15, 10, 8.8, 4Nm). The lines are ts by the

d d int fi Kev to th h splution of a four-level model witb,qy as the only adjustable
ressed interactions. Key 1o the success was the use meter(b) The interaction obtained from suets, as a function

single-step excitation at 319 nm, which is not plagued by t8€r for three different Rydberg states. The solid lines are the results
spontaneous emission from an intermediate level, as is ¢hab initio calculations without any adjustable paramettrs

case for two-photon excitation. The group also analyzedsh@ded areas represent uncertainty in the calibratig) éigure
scheme for implementing a controlled-Z gate using ttfidapted froniog].
approach 96].

5.6. Conclusion on the blockade and entanglement

. 8 _ Uyw- In this case, the dynamics of the system depends
experiments —

on both the Rabi frequeney and the interactiotd, 4y, which

In the early demonstrations at Wisconsin, Instit@mtique allows one to determine the latter.

and Sandia, the quality of the blockade was not perfect, The two atoms are initially prepared in the ground state,
usually featuring probabilities of double excitation as high asd then illuminated by Rydberg excitation lasers with Rabi
159%+20%. This plagued thedelities of the entangled stategrequency for a timee. Figure13(a) shows the dynamics of
prepared and of the CNOT gate. Detailed theoretical invéise population of the doubly-excited state§with n= 62),
tigations of the measuredielities[79, 97] seem to indicate for decreasing distanc&between the atoms. The top panel
that the limitations are mainly teChnicaI, and therefore COLHHOWS the almost non-interacting case at |nghere ide-

be overcome. This triggered the construction of a new gefty B,  sirf(8/ 2 (the product of two independent Rabi
eration of dedicated experimental setups, including in pagkcillation3. The bottom panel corresponds to a small enough
icular control of the electrieelds. These experiments argy guch that the Rydberg blockade is effective and thus
starting. to'produce rggglts, and excellent blockade with d%— 0. For intermediate cases, however, the dynamics is
ble-excitation probabilities as low as a few percent has b‘?ﬁgre involved, R, (U showing a beating between incom-

observed for two_ and three ator(see sectiorv). At the mensurate frequencies that depend on botdU,qy,. The
moment, the quality of the blockade should not be the main,. , . . X
N . . . solid lines areets to the solution of the optical Bloch
limitation in thee delity of entangling operations.

equations for the four-state systdngg§ gr ,8rg, §r }, §
whereU,qw is left as an adjustable parameter.

Figure 13(b) shows the obtained interaction energies,
when the experiment is repeated for various distaRcasd
then for different principal quantum number®©ne observes
1/R® scaling of the van der Waals interaction. The

th
In this section, we review a set of experiments performs . s . . : .
! . . reement witlab initio calculations of the interactiqsolid
between 2013 and 2015 at InstituiOgtique, on the mea- lineg is very good d

surement and control of the interaction between two indivi- The same technique was subsequently useiB4nto

dual ®Rb atoms held at well-d@ed positions, in the three _ e the anqular dependence of the van der Waals inter
regimes introduced in sectidn e_asu € the angular dependence of the van der Waals inter-
action between twmS /, or nD3,, states(seee gure 17(a),

_ _ (b)). While in thee rst case the interaction is isotropic, the van
6.1. Van der Waals interaction [98] der Waals interaction betwe@nstates shows a clear aniso-
The basic idea to measure directly the interaction energy 4€°RY, varying by a factor 3 when the angle between the
function of the distanc® between two atomsin§ nD3/, § duantization axis and the internuclear axis varies fRm0
consists of working in thpartial blockaderegime, i.e. when to R Q2.

6. Measurement of the interaction energy between
two Rydberg atoms
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Figure 14. Observation of a F rster resonance with two atofasCalculated Stark map of the two pair statiekS8and pf §see text in the

absence of dipolar couplin@otted line} and when the coupling is includésblid lineg, giving an avoided crossin¢b) Experimental

observation of the avoided crossing by laser spectros¢gp®scillations in the probability for the atom pair to be in back to the std&

after staying for a tim@ at resonance, for two distande®etween the atoms. Solid lines ate by damped sines to extract the oscillation

frequency(d) Variation of thes tted oscillation frequencies with the distafiterhe solid line is at by a power law, giving an exponent
3.0(1). Figure adapted frorfd9].

6.2. Ferster resonance [99] positions makes it possible to study directly the spatial

. . dependence of the interaction and to observe its coherent
In the context of Rydberg physics, thest observation of the chpracter

resonant excitation transfer between two locations, induce A subsequent experimert0] measured the angular

by the dipoledipole interaction at a F riser resonance, Wagsnendence of the dipolar interaction at resonance, observing
performed with two elongated atomic ensemlES]. In e characteristic variatidn 3 cog Rof the interaction with

[99], we used our ability to apply arbitrary electields with  the anglevbetween the internuclear axis and the quantization
electrodes to tune the pair stadd§  59D;/2, 5932 BN zyis (sees gure 17(c)).

resonance withpf § 61PR,/,, 57/, § using exactly two
atoms. First, we performed a spectroscopic measurement to _ ) _ _
determine the exact value of the electiétd giving rise to the ©-3- Résonant dipoletdipole interaction [82]

avoided crossing between the two pair stdtggire 148, |n order to observe the resonant digaligole interaction
(b)). In a second step, we studied the interaction in the tijgscribed in sectioB.4, a system of two atoms separated by a
domain, by preparing rst the system indd§ and then gistanceR was prepared in the statpd § where p §
switching abruptlywith a risetime of about 10 hthe electric 63P,2,m 1/Bandd§ 62D3p,m 328 This was
+eld to resonance, for an adjustable tilneA «nal optical achieved by(i) applying a light-shift on atom 1, using an
readout pulse then allowed us to measure the probability f@ldressing beanfi71], while using a global, two-photon,
the pair of atoms to be idd §showing coherent oscillationsresonant Rydberg excitation pulse to bring atom 21 &(ii)
between the two coupled pair stafegure 14(c)). The fre- applying a microwave pulse at about 9.1 GHsgee
quency of these oscillations scalesl 28® with the distance section4.5) which brings atom 2 top § and (iii) exciting
between the aton(s gure14(d)). Compared to earlier studiesatom 1 tod 8vith a resonant laser puléatom 2, inp §is not

of F rster resonances in disordered ensembles comprisingffected by the Rydberg pujse

large number of atom&ee[6] and references thergirthis The pair of atoms thus prepared i 8s left to evolve
clean system consisting of only two atoms at controllédr an adjustable tim@ before the state of the system is
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Figure 15. Resonant dipotedipole exchange between two ator{®.Probabilities for the atomic pair to be pd 8and dp §see textas a
function of time, for two atoms separated Ry 30 Nn. (b) Oscillation frequency as a function Bf The solid line is arab initio
calculation, without adjustable parametie shaded area arises from uncertainty in the calibrati®) &figure adapted frorf82].

readout by sending a Rydberg pulse which de-excitesl e
state back to the ground state, wheSremains unaffected.
Figure15(a) shows coherent oscillations of the populations of
the pd 8and dp 8states as a function @f. The oscillation
frequency varies as/R3 (» gure 15(b)), as expected for this
dipolar-induced excitation exchange.

6.4. Conclusion on the measurement of interactions between
Rydberg states

This series of experiments allowed us to explore in detail the

spatial dependence of the various types of interactions

between Rydberg atoms, both as a function of distance

(*gure 16), and as a function of the anglegure 17). The

very good agreement between theory and experiment sheygre 16. Summary of the measurements of the interactions
that the experimental control of small systems of single atopgween Rydberg atoms versus distance, in various regimes,
excited to Rydberg states is good enough for such studiepedormed at Institut'@ptique. The atoms are separated by a

be extended to a |arger number Of atomsy as we Sha” desc‘#iﬁ@ncd?, the internuclear aXiS be|ng allgned W|ththe quantization
in the next section axis. The disks are the measured values, and solid lines the

theoretical interaction without any adjustable parameter.

7. Towards a larger number of atoms opportunities anisotropic interactions might bring, the group
excited the atoms to th82D3,,, m 3/ B Rydberg state.
The direct measurement and control of the interaction@r atoms separated by it and a driving Rabi frequency
between Rydberg atoms in electric and magnetids shown ©0f 2Qq 0.8 MHz, the van der Waals blockade is only partial,
above enables the quantum simulation of complex synthétc the atom pairs exhibit effective interaction energies
quantum systems in arbitrary geometries. Indeed, besides(¥e V23 Vi3 hqg (0.9, 1.1, 2MHz. The experiment
demonstration of a CNOT gate between two atoms in an arfégfted by initializing the system to the state m. fr&en,
of microtraps mentioned in sectidn4 [79], two groups applylng the excitation laser for a variable time, shal Spin
recently performed experiments where more than two atopite was measured. The result is showrgire18(a), where
interact with each other. Both engineer and simulate sfi¢ angular dependence uly becomes apparent in the
Hamiltonians, as described in sectidnBeyond proof-of- dynamics.
principle demonstrations, these experiments allowed us to The probability to excite the staté m 3galmost totally

capture the main technical imperfections and quantify th&Ppressed, while itis appreciable for bétt? me@gd m 3 3§
effects on the spin dynamics. which show very similar dynamics. Increasing the Rabi fre-

quency t®2 Qq 1.6 MHz partially overcomes the blockade of
triple excitations(e gure 18(b)), but the asymmetry in the
curves for double excitations due to anisotropic interactions
As aerst example, the Institut @ptique group implementedcan still be observed. Solid lines represent the predicted
the Ising-like Hamiltonian6) for a system of three spinsdynamics of the two-level system evolving under the
arranged in an equilateral triangl84]. To highlight the Hamiltonian (6), with no adjustable parameters. The

7.1. Ising dynamics in three-atom systems [84]
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Figure 18. Simulating a quantum Ising magnet with three Rydberg
atoms.(a) Probability distribution®s s ;,Ps ,Pms andPsssaveraged
over 100 realizations of the experiment for a Rabi frequency

8 2Qg 0.8 MHz The atoms are separated by<I# and
arranged in an equilateral triangle with one side aligned with the
quantization axig. (b) Populations for8 2Qq 1.6 MHz Figure
adapted fronj84].

n
=
. . 9]
Figure 17. Angular dependence of the interactions between two 2
Rydberg atoms. The internuclear axis and the quantization axis arefat
&
[t

an angle . The van der Waals interaction between two atoms in
nDs,» 8hows a signicant anisotropya), while it is isotropic for
nS,, Sstateg(b). (c) At a F rster resonance, the interaction shows
the characteristic angular patter(@ 3 cog R of the dipole
dipole interactior(solid line. Figure adapted frorft0, 84].

simulation includes the independently measured Rabi fre-
quencies and damping rates for a single atom in each site.
The small damping rates observed are mainly due to off-

resonant spontaneous emission through the intermediate 0 ; . ; : ;
state 5P, /» § In addition, the numerical results account for 0 1 2 3 4 5 6 7
the effect of _5% atom losses in the populations. The Interaction time 7 (us)

agreement is very good and demonstrates the promise of cold i o : : :
ure 19. Coherent excitation hopping in a spin chain. Dynamics

. . . Fi
Rydperg . atoms to perform quantum simulations of IS”?Q? a system initially prepared in the statem rargl evolving under
Hamiltonians. the Hamiltonian(8). The atoms are separated by-2@ and aligned
with the quantization axis. The disks are experimental data points
averaged over 100 realizations. Curves represent the predicted
7.2. XY Hamiltonian dynamics in chain of three atoms[82] dynamics taking into account experimental imperfections, without

. . . any adjustable parameter. Figure adapted fi&th
In a second experiment, the InstituOgptique group used

resonant dipotedipole interactions to engineer the XY

Hamiltonian(8) for a chain of three Rydberg atoms aligneturthermost atoms. As a consequence, when the system is
along the quantization ax{82]. In this con guration, two initialized in the state3 m pit&e eigenvalues of the Hamil-
different pairwise interaction strengths are at play. Owing tenian are incommensurate and the dynamics is expected to
thel/Re scaling of the dipoledipole interaction, the coupling show aperiodic oscillations in the populations 6fm m §
is eight times as large for nearest neighbors as for the twrad m m. 3§
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Figure 20. Rydberg atoms in optical lattice® A high-resolution microscope objective allows the observation of individual atoms in 2D.
Reprinted by permission from Macmillan Publishers INdture[63], copyright 2010(b) The compilation of many single-shot images of
Rydberg states results in spatially ordered strucfle#)y in good agreement with the theoretical predic{raght). Reprinted by permission
from Macmillan Publishers LtdNature[107], copyright 2012(c) Observed/N enhancement of the coupling of the atoms with the light

* eld. Reprinted by permission from Macmillan Publishers Nature[9], copyright 2012.

This is qualitatively observed in the experimental datdoms prepared in 2D optical lattices, that have been
shown ine gure19, which exhibit collapse and revivals in theperformed in Munich since 2012. In these experiments,
dynamics due to the long-range coupling. There, solid lingich also implement the Ising-like Hamiltoni&), single
are the result of a numerical simulation of the XY Hamiltastoms are trapped in 2D arrays of10 q 10 sites
nian (8), including « nite preparation delities, atomic temp- created by optical potentials, and imaged using a high-
erature effects, and detection errors. Here, also, the agreemaijution microscope objective, as depicted gare 20(a).

with the experimental data is very good and shows that {3 this experiment, the distance between the atoms is
system can be effectively reduced to a three-particle two-lege; 500 nm.

model. Moreover, since there are no apparent fundamental By shining the excitation laser on all the atoms at the

limitations to reduce 'Fr_le effect of imperfections, this resgléme time, the group demonstrated the Rydberg blockade in
s_trengthens t_he ambition to perform larger-scale quantym; system by observing spatially ordered structures
simulations with Rydberg atoms. (e gure 20(b)) [9]. For this particular demonstration, the fact
that the atoms are arranged in a 2D periodic structure is
irrelevant, as each blockade sphere contains many atoms
Although not directly the focus of this review, weR, _ 10a). However, the high-resolution microscope pro-
brie y mention a series of experiments involving Rydbengdes a spatial detection of the Rydberg excitation, which is

7.3. Blockade in optical lattices
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challenging to achieve in a cold atomic ensemble with ran{8g]
dom positions of the atonj&01].

The group also coherently manipulated a collective statcig]
composed of up to 185 individual atoms, ande-comed the
expected /N enhancement of the Rabi frequency
(e gure 20(c)) [107 (this effect was also observed in cold
ensembles with random atom positiofs5, 103 104). [10
Recently, the same group succeeded in the preparation of a
state close to a Rydberg crystal with a precise nhumber of
excitations via adiabatic sweeps of the laser paranfé@#s  [1

8. Conclusion [12]
Systems of individually addressed Rydberg atoms enter an
exciting time. After the recent demonstration of elementar{)?'s]
building blocks, they should provide in the coming years an

ideal platform to study many-body physics in the laboratory; 4]
with many possible applications in quantum simulation and

guantum information processing. 15
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