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Abstract

Rydberg blockade at very high n, n ~ 300, is examined using strontium n 'F3 Rydberg atoms
excited in an atomic beam in a small volume defined by two tightly-focused crossed laser beams.
The observation of blockade for such states is challenging due to their extreme sensitivity to stray
fields and the many magnetic sublevels associated with F' states which results in a high local
density of states. Nonetheless, with a careful choice of laser polarization to selectively excite only
a limited number of these sublevels, sizable blockade effects are observed on an ~ 0.1 mm length
scale extending blockade measurements into the near-macroscopic regime and enabling study of
the dynamics of strongly-coupled many-body high-n Rydberg systems under carefully controlled

conditions.



The strong interactions between Rydberg atoms can lead to formation of strongly-
correlated many-body systems [1, 2] and have enabled the generation of entanglement be-
tween neighboring atoms [3-5], the realization of quantum gates [6, 7], and the observation
of many-body Rabi oscillations [8]. Detailed study of Rydberg atom-Rydberg atom inter-
actions requires the production of Rydberg atoms with well defined initial separations and
control of their interactions by manipulating their states [9] or their separations [10]. High
n, n ~ 300-500, atoms provide new opportunities to form unusually strongly interacting
Rydberg systems far from the ground state and to study their time-dependent collective
electron wavepacket dynamics.

Key to production of single Rydberg atoms in well-defined regions in space is the dipole
blockade [11-21] which prevents resonant excitation of nearby atoms due to the level shift
afforded by the Rydberg atom already formed. This results in the formation of “super
atoms” by entangling those atoms within the blockade radius. Since the strength of Rydberg-
Rydberg interactions scales strongly with n [22-26], for example, the coefficient of the van der
Waals (vdW) interaction, cg/ RS, scales as cg &~ n'!, blockade radii also increase rapidly with
n. Previous studies of Rydberg blockade typically involved atoms with quantum numbers
n ~ 40 to 100 resulting in blockade radii S 10um [14, 27]. Here we extend Rydberg
blockade measurements to much larger values of n and into the macroscopic regime. Order
of magnitude estimates suggest that for n ~ 300 blockade radii should be 2 0.1 mm. In
this paper we present the first experimental evidence and scaled quantum simulations of
strong blockade at such length (and energy) scales. This promises to enable the quantum
entanglement of near macroscopic atomic states. The long time scales characteristic of high
n states (~ 4 ns at n=300) permits time-resolved measurements of the electron motion [9, 28]
that could lead to a deeper understanding of the dynamics of Rydberg-Rydberg interactions
and quantum to classical crossover in Rydberg pair interactions.

The principal challenge in preparing and manipulating high-n atoms is to achieve precise
control of stray and applied fields at the level of ~ 10V cm™!. This we have accomplished
in an apparatus that utilizes a low-density, ~ 10° cm™ strontium atom beam [29] rather
than a trapped cold atomic gas. In the current work, strongly focused laser beams create an
excitation volume whose size, ~ 50 x 50 x 70um, is comparable to the blockade radius. Given
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the present typical beam velocities, ~ 4-5 x 10? m s~!, any Rydberg atom created moves

quickly out of the excitation volume requiring that, if blockade effects are to be observed,



experiments be completed on time scales of S 100 ns. High single-atom photoexcitation
rates are therefore required which, as demonstrated here, can be realized when creating n ! F;
states. The nF states have a small quantum defect, ~ 0.089, [26] and vdW interactions are
relatively strong due to the small energy separation between an nF' state and its neighboring
nG state. However nF states have 2L + 1 = 7 magnetic sublevels and a pair of such atoms
have 49 possible sublevels whose degeneracy is removed by the vdW interaction leading to
energy shifts both to the blue and the red. In this regime, all sublevels of an atom pair
are strongly coupled and the oscillator strength is distributed between many eigenstates
with a wide range of energies, suppressing the probability for excitation of multiple atoms.
Quantum calculations suggest that with a proper combination of laser polarizations such
blockade effects can be pronounced.

The present apparatus (Fig. 1) is a modified version of that used in earlier experiments
in this laboratory [28-30]. Strontium atoms in a tightly-collimated beam are excited to
selected high-n nF' states at the center of an interaction region defined by three pairs of
copper electrodes. The three-photon excitation scheme employed, shown as an inset, utilizes
the 5s5p P and 5s5d ' Dy intermediate states and radiation at 461, 767, and 893 nm [31].
This radiation is provided by diode laser systems whose output wavelengths are stabilized
using Fabry-Perot transfer cavities locked to a polarization-stabilized He-Ne laser. The 461
and 893 nm beams are linearly polarized along the z axis indicated, the 767 nm beam is
polarized along the y axis leading to creation of nF' states with M = 4+1. The crossed 767
and 893 nm beams are focused to 1/e? diameters of ~ 50 and 70um, respectively, resulting
in a strongly localized excitation volume of ~ 1.3 x 107 cm? that typically contains tens to
hundreds of ground state atoms. The 461 nm laser is not focused. Both the 461 and 767 nm
lasers are tuned on resonance.

Measurements are conducted in a pulsed mode. The output of the 461 nm laser is chopped
into a series of ~ 130 ns-long pulses with a pulse repetition frequency of ~ 20 kHz using
an acousto-optic modulator. The other laser beams remain on at all times. Following ex-
citation, the number of Rydberg atoms created is determined by selective field ionization
by generating a slowly increasing (rise time ~ 3us) electric field in the excitation volume.
Product electrons exit the interaction region through a series of two fine ~ 80%-transparent
grids then enter a cylindrical lens that defocuses them before passing through a further grid

to be detected using a microchannel plate (MCP) . Data are accumulated following many



laser pulses to build up the electron number distribution. The probability that zero elec-
trons are detected is determined by summing the number of events in which one, or more,
electrons are detected and subtracting this sum from the total number of laser pulses used
to acquire the data. The overall electron detection efficiency, n, could not be directly deter-
mined but was inferred from the known grid transparencies and published MCP detection
efficiencies [31]. With the MCP operating with sufficient gain to saturate the count rate,
the detection efficiency is estimated to be n ~ 0.51.

The energy shift due to Rydberg atom interactions is calculated within the Born-
Oppenheimer approximation. Each strontium atom is represented by a two-active-electron
(TAE) Hamiltonian H, (a = A, B) [29]. At large internuclear distance, R, the interaction
between two atoms can be approximated to leading order by the dipole-dipole interaction
with 5(1 as the total dipole moment of the atom «a. Accordingly, the Hamiltonian operator
of the Rydberg pair is given by

D -
H=Hj,+Hp+ 7 -3 7 (1)

(atomic units used throughout, unless otherwise noted.) We checked that contributions
from higher-order multipoles are negligible for the present data. Eigenenergies of Eq (1)
are calculated by numerically diagonalizing the Hamiltonian in a truncated basis expansion
generated from products of atomic TAE states |ng, La, M,) with L, <5 and |M,| < L,. In
the current study, both the Rydberg-Rydberg interaction and the oscillator strength from an
intermediate 5shHd state have to be accurately evaluated. Since the electron-electron inter-
action plays an important role in determining the oscillator strength, the calculations need
to be performed at the the TAE level. However, since computing the TAE wavefunctions
for n ~ 300 requires a great amount of computer time and memory, the numerical simula-
tions are performed, instead, for n ~ 50 and extrapolated to n ~ 300 using the Coulomb
scaling [30]. For the Rydberg-Rydberg interaction, similarly, we apply the Coulomb scaling
to the TAE calculations for n ~ 50 to compare to the (high-n) experimental data. Specif-
ically, since characteristic energy spacings in Rydberg atoms scale as AE ~ n=3, the vdW
interaction, Viqw o n''/RS is transformed to Viqw o n *Viqw by rescaling R = n'¥/SR
with Viaqw = R. The validity of this scaling was confirmed by independently checking
directly the Rydberg-Rydberg interactions for n ~ 300 using a single-active electron (SAE)

model. Note that the accuracy of scaling is improved when the scaling is undertaken using
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the effective quantum number n* = n — § rather than n [26]. (For F-states the difference
is quite small.) Unlike for Rydberg-Rydberg interaction, the SAE model is not sufficient to
accurately calculate the dipole transition from the low-lying 5s5d state to the Rydberg man-
ifold requiring the use of the TAE model. While the scaling assumes that the potential is a
homogeneous function in R, the contributions from higher-order multipoles introduce terms
with different powers of R in the potential and each term has to be scaled differently. The
SAE calculations, however, also revealed that interactions involving higher-order multipoles
are quite small for n = 50 and become even less important with increasing n. Therefore,
the energy diagram for n ~ 300 is best approximated by scaling that obtained for n = 50
when neglecting all but the dipole-dipole interaction. Figure 2 shows the scaled energy shift
n3AFE for a pair of 50F atoms with the internuclear axis, R, aligned with the z axis and
total molecular magnetic quantum number, A = M4 + Mp = 0, as a function of the scaled
distance R. Axes scaled to n = 310 and expressed in natural units are also included for
comparison to experimental data. The vdW interaction yields both red and blue shifted

14/6 ‘je., ~ 0.12 mm for n = 310. For smaller values of R

states for separations R > 3.5n
the intrashell coupling with nG pairs dominates and all eigenenergies are red-shifted.

The oscillator strengths for excitation of the different eigenstates are laser-polarization
dependent as these polarizations determine which pairs of M, levels of the individual atoms
are excited. For the present experimental configuration, the intermediate atomic 5s5d state
is the superposition |5D, M, = 1) + |5D, M, = —1), and the final product Rydberg state
is [nF, M, = 1) + |[nF, M, = —1). Figure 3a shows the relative excitation strength for
creation of Rydberg atoms from a 5D-nF' pair convoluted with a Gaussian profile of width
0.002n=3 (~ 0.5 MHz for n = 310). This line width, more than 10 times smaller than the
experimental value, is chosen in order to resolve small energy shifts. The product Rydberg
atom pair can have quantum numbers A for the projection of the total angular momentum
onto the internuclear axis of 0, 2 corresponding to molecular 3 or A states. The excitation
strength summed over all substates (Fig. 3a) is normalized in the limit R — oo to the
blockade-free probability of single atom excitation, Pr. For values of R < Rp = 3n'4/6
(~ 0.1 mm for n = 310) the excitation strength is dramatically reduced indicating the
onset of dipole blockade. For an atom pair aligned along the z axis (Fig. 3b) excitation of

the eigenstate with the smallest vdW shift dominates and the effective blockade radius is

reduced. (Results for atom pairs aligned along the y axis are similar to those in Fig. 3a.)



Figure 3¢ presents the excitation spectrum integrated over all orientations of R assuming
an isotropic distribution of atomic pairs. Below the blockade radius Rp the excitation
strength is distributed over many energy-shifted eigenstates. As R decreases the excitation
strength integrated over the experimental laser line width also decreases falling by ~ 70%
at R = Rg = 0.1 mm and by over 90% at R = 70um suggesting that, given the size of the
present excitation volume (~ 50 x 50 x 70um), sizable blockade effects should be observed.
The mean number of Rydberg atoms, (/Ng), excited as a function of the 893 nm IR laser
power for n = 310 and several different oven operating temperatures, i.e., beam densities,
is shown in Fig. 4(a) and clearly deviates from the linear scaling expected in the absence
of Rydberg blockade effects. At the lowest beam density where (Ng) is small, (Ng) <
0.15, and hence blockade effects minimal, the number of Rydberg atoms created is directly
proportional to the IR laser power. At the higher beam densities marked departures from
linearity are observed as (Ng) approaches ~ 0.5 The onset of blockade can be quantified by
the Mandel @) parameter [Fig. 4(b)]
(NR) — (Nr)®
(NR)

For uncorrelated excitation with small excitation probability, i.e., (Ng)/N < 1, where N

Q= -1 2)

is the number of atoms in the excitation volume, Ng should follow a Poisson distribution
and () should be near zero. With the onset of correlations in the excitation processes, i.e.,
of blockade effects, @) decreases tending to —1 [32] in the limit of complete blockade, which
corresponds to the creation of one and only one Rydberg atom within the blockade radius,
i.e., Ngp = (Ng), for each laser shot.

The dependence of () on laser power can be simulated by a Monte-Carlo approach em-
ploying the calculated angular dependent excitation strength (Fig. 3). Since the interaction
time is limited to ~ 130 ns and much shorter than the Rabi period (> 2.5us) for the 5s5d to
HSsnf transition, excitation probabilities are estimated based on Fermi’s golden rule rather
than by solving the optical Bloch equation. Indeed, the measured (Ng) as a function of
pulse duration (not shown) shows a linear increase at low density. Considering the motion
of atoms (i.e., each entering the excitation volume at different times and with slowly vary-
ing internuclear distances), the excitation dynamics is considered to be incoherent. This is
indicated in the inset of Fig. 4(a). The mean Rydberg number (Ng) at a given laser in-

tensity is proportional to density implying no sign of collective (cooperative) excitation. In
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the simulations, the probability P for exciting Nz Rydberg atoms from N atoms randomly
placed within the interaction volume, V., is calculated. The motion of atoms is not con-
sidered by assuming that the atom distribution in the excitation volume is always uniform.
The excitation of multiple atoms is assumed to be sequential since the probability for the
simultaneous excitation of multiple atoms is very small in the current setup. In practice, the
probability P depends on the state of the N particle ensemble at the site of excitation. If
no prior excitation has occurred, P = Pg and Ny = PN where Py is the single-Rydberg-
atom excitation probability. If one or more atoms in the ensemble are already excited,
the excitation probability becomes P = PrP, where P is determined by the normalized
angle- and distance-dependent pair excitation strength (similar to Fig. 3) using the overall
transform-limited effective experimental laser line width of ~ 8 MHz. For Ny > 2, the exci-
tation probability of N atoms depends on the sequence in which the Ny atoms are created.
Therefore, this sequence as well as the combination of Ni atoms has to be randomized. The
Rydberg number distribution is obtained by considering a large number of realizations of the
excitation sequence. As in the experiment [Fig. 4(b)], the calculated Mandel () parameter
[Fig. 4(c)] decreases with increasing density and with Pg, i.e. laser power. The number, N,
of atoms in the excitation volume used in the simulation was derived from the vapor pressure
corresponding to the oven temperatures indicated in Fig. 4b. To obtain the best agreement
with the measured @ values the blockade probability, P = 1 — P, was reduced by 20%
from the calculated value. Since the measured QQ parameter scales linearly with the effective
detection efficiency 7, a 20 % error in 7 could account for the corresponding reduction in
Pg. Other factors that might contribute to the discrepancies include inhomogeneities in
laser intensity over the excitation volume and residual stray fields.

The Mandel @ parameter should be governed by (Ng), i.e., @ should be identical for
different combinations of target density and laser intensity that give rise to the same value
of (Ng). While as shown in Fig. 5 this is indeed the case, even at high oven temperatures the
@ value does not approach —1 as (Nr) — 1 but rather reaches the limiting value ¢ ~ —0.55
indicating blockade is not complete. This is further demonstrated in the inset in Fig.5 which
shows a Rydberg number distribution typical of those measured for (Ng) ~ 1 together with
a theoretical prediction and a Poisson distribution with (Ng) = 1. Whereas a majority of
laser pulses lead to the creation of a single Rydberg atom, there remains a small probability

for creation of zero or multiple Rydberg atoms. Nonetheless, the probability for exciting a



single Rydberg atom in the excitation volume is sizable P(Ng = 1) ~ 0.62. When using two
well-separated Rydberg excitation volumes, the probability of producing a single atom in
each remains relatively large (P(Ng = 1)? ~ 0.38). Increases in detection efficiency through
apparatus redesign to reduce the number and opacity of the grids through which the electrons
pass en route to the MCP should allow good discrimination against events in which fewer
than, or more than, two Rydberg atoms are created. The conditional probability that, if two
Rydberg atoms are detected, they are created in separate regions, P(Ng = 1)?/(P(Ng =
1)2 4 2P(Ng = 0)P(Ng = 2)), will approach ~ 0.86. Thus, even though blockade is not
complete, it is sufficient to allow the efficient creation (and identification) of Rydberg atom
pairs with well-defined initial separations. Having created such pairs, their interactions can
be dramatically increased by simultaneously exciting both to states of much higher n using
a carefully-tailored sequence of short electric field pulses [9], enabling detailed studies of the
dynamics of the resulting strongly-interacting and strongly-correlated atom pairs.
Summarizing, we have found compelling evidence of Rydberg blockade in very high Ry-
dberg states in strontium. The blockade radius, ~ 0.1 mm, is of almost macroscopic scale.
Results for the number distribution and Mandel () parameter are in good accord with scaled
quantum simulations performed for lower n = 50. A similar localization approach might
be applied in a cold strontium atom cloud where the atomic densities can be much higher
and the atomic motions are much slower. However, the optical access required for laser
cooling and trapping will require careful electrode design to achieve the level of field control

necessary to create and manipulate very high-n Rydberg atoms.
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FIG. 1: (Color online) Schematic diagram of the apparatus. The inset shows the excitation scheme

employed.
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