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Abstract
Development of a network for remote entanglement of quantum processors is an outstanding challenge in quantum informa-
tion science. We propose and analyze a two-species architecture for remote entanglement of neutral atom quantum computers 
based on integration of optically trapped atomic qubit arrays with fast optics for photon collection. One of the atomic species 
is used for atom–photon entanglement, and the other species provides local processing. We compare the achievable rates of 
remote entanglement generation for two optical approaches: free space photon collection with a lens and a near-concentric, 
long working distance resonant cavity. Laser cooling and trapping within the cavity remove the need for mechanical transport 
of atoms from a source region, which allows for a fast repetition rate. Using optimized values of the cavity finesse, remote 
entanglement generation rates > 10

3
s
−1 are predicted for experimentally feasible parameters.

1  Introduction

An outstanding challenge in the field of quantum informa-
tion science is the ability to connect multiple quantum pro-
cessors or sensors in a quantum network. This capability will 
enable distributed quantum computation and sensing, as well 
as secure long-distance communication based on networked 
quantum repeaters, each containing an interface between sta-
tionary and flying qubits, quantum memory, and processing 
capability. Moreover, at any stage of the development of 
quantum computers, there may be a practical limitation on 
the achievable number of qubits in a single processing unit. 
Therefore, quantum networks will enable a route toward 
building a large-scale quantum processor based on a modu-
lar architecture [1].

The backbone of such a network is quantum entanglement 
distributed among the nodes. In this paper, we analyze a 
quantum network architecture based on interconnected func-
tional nodes, each containing memory and processing, as 
well as an interface between matter qubits and photons that 
mediate entanglement distribution. A conceptual illustra-
tion of such a network based on neutral atoms is provided 
in Fig. 1. Each node contains a neutral atom quantum pro-
cessor that provides memory and logic [2]. The emergent 

capabilities of neutral atom arrays for circuit model quantum 
computation have recently been established [3, 4]. Multi-
qubit logic is enabled by excitation to Rydberg states which 
provide strong entangling interactions [5].

To achieve entanglement distribution at high rates, it is 
desirable to either collect scattered light with a high numeri-
cal aperture (NA) lens, or to strongly couple atoms and pho-
tons in a resonant cavity. Practical architectures for strong 
coupling of atoms to photons often involve placing the 
atoms close to material surfaces. This is problematic when 
Rydberg states are used for quantum logic, since these states 
are strongly perturbed by electric fields arising from sur-
face charges. This renders nanophotonic devices for strong 
atom–photon coupling [6–9] challenging to incorporate in 
node architectures that utilize Rydberg state operations.

For this reason, we will consider approaches that have 
the potential to reach high rates of entanglement distribu-
tion without requiring atoms to be closer than a few mm 
from the nearest surface. We analyze two primary designs: 
free-space collection of emitted photons with a high NA, 
yet long working distance, lens or mirror, and atom–pho-
ton coupling in a linear resonator. This leads to the type of 
architecture shown in Fig. 1 where an atomic qubit array 
is located inside a few mm–cm scale optical resonator. To 
achieve strong coupling without requiring a very short res-
onator length, we concentrate on a near-concentric resona-
tor design [10–12]. In a free space version, the resonator 
is replaced by a single collection lens. Note that with the 
3 μm qubit spacing demonstrated recently [3], even a large 
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array with 105 qubits only occupies a square of size 1 mm2 
and can thus be easily located inside a cm scale resonator.

A variety of approaches are possible for mediating 
atom–photon entanglement in each node [13–15], includ-
ing the use of Rydberg states to provide directional single 
photon emission [16–20]. The need to protect memory 
coherence in a multi-qubit processor while also enabling 
a fast qubit-photon interface is a key architectural chal-
lenge. We propose a solution based on a dual species 
architecture: one type of atom is used for memory and 
processing, and another type is used for communication 
and atom–photon coupling. Memory and communication 
qubits are coupled via interspecies Rydberg gates [21], 
while the optical wavelengths used to couple to commu-
nication qubits do not perturb the memory atoms. In a 
two-species architecture, the communication qubits can 
also be used for non-destructive state measurements with-
out crosstalk to data qubits, which will enable measure-
ment-based error correction protocols [22]. This type of 
large, two-species atomic array was demonstrated recently 
[23]. Analogous ideas have been developed for two-spe-
cies trapped ion networking [24]. Alternatively, a single 
atomic species can be used provided that data qubits that 
would interact with communication light can be shelved in 
states that are dark with respect to transitions involved in 
mediating atom–photon entanglement [25], or coherently 
transferred to other states as needed for communication 

[7, 26]. While a detailed comparison of two-species and 
one-species architectures is premature at this time, a few 
comments may be made. Laser cooling and control of two-
species require a significant overhead of additional laser 
systems and optics, but enables a very low level of cross-
talk due to the difference in interaction wavelengths. A sin-
gle species solution is likely to require less infrastructure, 
but may require more operations to isolate communica-
tion and processing functionalities, and suffer from higher 
crosstalk when implemented in the ground manifold of 
an alkali atom. Recent proposals for quantum networking 
with Yb atoms may provide more favorable single species 
solutions [26].

In the simplest version of this architecture, a single com-
munication qubit couples to the light. This can be extended 
to optical coupling of several communication qubits which 
enables generation of complex, multi-mode optical quan-
tum states [27]. It is also possible to combine a sequence of 
memory-communication qubit entanglement and communi-
cation qubit-photon entanglement steps into a single interac-
tion where an ensemble of communication atoms directly 
mediates entanglement between a single addressed memory 
qubit and a photon, even though the optical wavelength does 
not directly interact with memory qubit transitions [28]. This 
approach can form the basis of a multi-node network for 
distributed computation [29].

In the rest of this paper, we focus on entanglement of a 
single communication qubit with a photon using the protocol 

Fig. 1   a Illustration of two neutral atom quantum registers connected 
by a photonic link. Two schemes are shown for mediating the trans-
fer of atomic excitations onto photon polarization states: b a single 
atom interacting with the cavity mode, and c multiple atoms interact-
ing with the cavity mode. Entanglement between a register atom and 
communication atom(s) at each node is mediated by Rydberg inter-

actions, indicated by Ωdd . Coherent scattering of photons from the 
single Rb atoms results in atom–photon entanglement at each node, 
which is projected onto atom–atom entanglement upon interference at 
the Bell state analyzer. The measurement requires a 50:50 beam split-
ter (BS), two polarizing beam splitters (PBS) and four single-photon 
counting modules (labeled A–D)
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introduced in Ref. [13]. Coherent scattering of photons by a 
suitably prepared 87Rb atom leads to entanglement between 
the atom and a scattered photon which is collected by the aid 
of a lens or optical cavity and coupled into a single-mode 
fiber. A Bell state measurement of the entangled photons 
from two nodes results in probabilistic but heralded entan-
glement between the two 87Rb atoms. Local gates between 
communication and data qubits at each node can then be 
used to entangle multi-qubit states between nodes.

The Bell state measurement with four detectors enable 
remote atom–atom entanglement with a success probability 
of at most 50% [30]. Although the probabilistic nature of the 
entanglement in this protocol does not prevent the creation 
of a quantum network, increasing the success probability 
is essential to achieve an efficient network. As we discuss 
below, the photon collection efficiency is often the main lim-
iting factor for the overall success probability. Therefore, it 
is crucial to improve the collection efficiency to achieve a 
scalable quantum network.

We compare photon collection approaches using high-NA 
optics (lenses and parabolic mirrors) with optical cavities. 
We show that a properly designed optical cavity can improve 
the photon collection efficiency significantly. We consider 
near-concentric cavities where the large separation of the 
cavity mirrors allows for cooling and trapping of the atoms 
directly inside the cavity.

Furthermore, we analyze the case of a two-node quantum 
network where each node consists of a single Rb atom cou-
pled to a near-concentric cavity. We calculate the success 
probability and estimate the rate of atom–atom entangle-
ment. We show that using a non-destructive readout of the 
atomic states and incorporating optical cavities, an entangle-
ment generation rate up to a few thousand s−1 is in principle 
achievable.

The rest of the paper is organized as follows. In Sect. 2, 
we compare free space and cavity geometries in terms of 
their photon collection efficiency. In Sect. 3, we quantify 
the success probability for remote entanglement of two 
87
Rb atoms in a cavity geometry. In Sect. 3.2, we analyze 

achievable repetition rates, and the rate of entanglement 
generation, accounting for the need to periodically load and 
recool atoms. We conclude in Sect. 4 with an outlook for 
implementation.

2 � Photon collection efficiency: cavity vs. 
lens

Efficient atom–photon coupling can be achieved with lenses 
or mirrors that have high NA or in resonant optical cavities. 
Lenses with NA up to 0.92 have been used in cold atom 
experiments, albeit at very short working distance [45]. This 
implies that the atoms are trapped very close to a surface 

which is problematic when using Rydberg states that have 
high sensitivity to electric fields. Moreover, in experiments 
where the polarization of the photons matters large NA 
optics are not always beneficial as they can lead to polariza-
tion mixing. For example, in the entanglement scheme in a 
polarization basis, described below, collecting the unwanted 
polarization reduces the entanglement fidelity. Therefore, 
it is essential to couple the photons into single-mode fib-
ers to reject the unwanted polarization. This also facilitates 
long-distance propagation as well as mode matching for Bell 
state measurements. However, the fiber-coupling efficiency 
decreases as the NA of the collection lens increases.

In this section, we calculate the collection efficiency for 
circularly polarized photons with a high-NA lens, as well as 
an optical cavity. Circularly polarized photons are consid-
ered in particular because of the entanglement scheme based 
on 87Rb atoms that we consider in Sect.  3. The atoms also 
emit �-polarized photons. However, the collection efficiency 
of the �-polarized photons is essentially zero. When col-
lecting the photons along the quantization axis, as shown in 
the inset of Fig. 2, due to the destructive interference of the 
opposite parts of the field around the symmetric axis, the �
-polarized photons do not couple into the single-mode fiber. 
Moreover, when the lens is replaced by an optical cavity, the 
�-polarized photons do not couple to the cavity mode lying 
along the quantization axis. Therefore, in this section, we 
assume a two-level emitter with a �

+
 or �

−
 transition only.

In Fig. 2, we plot the the coupling efficiency per atomic 
excitation � , which is the fraction of atomic excitation cycles 
that lead to a photon collected by the lens and coupled into 
the optical fiber. This is given by

where �
col

 is the fraction of light collected by the lens and O 
is an overlap factor that determines the fraction of the col-
lected light that is coupled into a propagating fiber mode. 
The fiber-coupling efficiency is calculated by integrating the 
overlap between the dipole electric field �

D
 of the atom and 

the Gaussian mode �
G

 of the fiber

where Ω is the solid angle of the collection lens. We assume 
that the quantization axis is along the optical axis of the lens. 
The details of the calculation are provided in the Appendix. 
As shown in Fig. 2, as the NA approaches unity, 50% of the 
circularly polarized photons are collected by the lens; but 
less than 37% of the photons can be coupled into the fiber 
due to a poor overlap with the fiber mode. Calculations for 
a parabolic mirror show a very similar behavior.

Alternatively, a resonant optical cavity can be used to 
enhance the atom–photon coupling by orders of magnitude, 

(1)� = �
col
O,

(2)O =

||||∫Ω

dΩ�
G
.�∗

D

||||

2

,
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and achieve an overall collection efficiency above 90% in a 
short cavity. In atom–cavity coupling, the key parameter that 
captures the ratio of coherent to dissipative interactions is 
the cooperativity C defined by [46]

where � and � are the full-width at half-maximum (FWHM) 
of the cavity and atomic decay rates, respectively1. The vac-
uum Rabi frequency is

where d is the atomic transition matrix element, and E is the 
vacuum electric field amplitude in a mode of frequency � 
in the cavity, given by

Here, V = �w2

0
L∕4 is the effective mode volume for a TEM00 

resonator mode of length L and waist w0.
The overall collection efficiency of the cavity is defined as 

the fraction of atomic excitation cycles that lead to a photon 
coupled into the cavity mode and transmitted through the 
high transmission mirror. The collection efficiency is given 
by

The first factor indicates the fraction of photons coupled into 
the cavity mode. The second factor shows the probability 
that the photon leaves the cavity through one of the mirrors 
before being scattered again by the atom. The last fraction 
indicates the probability that the photon leaves the cavity 
through the desired mirror with high transmission of T

high
 . 

Ideally, one wants the transmission of the other mirror, T
low

 , 
and the round-trip loss of the cavity due to mirror absorption 
and scattering, L

RT
 , to be as small as possible. Note that in 

the limit of no excess cavity losses T
low

= L
RT

= 0 , the last 
term in Eq. (6) is unity and we recover the expression for the 
quantum efficiency given in [48]. For all cavity geometries 
that we consider, the mode width is several times larger than 
the optical wavelength, and in this limit, the overlap factor 
of Eq. (2) is essentially unity, and therefore not included.

Equation  (6) shows that efficient photon collection 
requires a relatively large cavity decay rate, such that 
𝜅∕𝛾 ≫ 1 . However, the cavity decay should occur through 
only one of the mirrors. Thus, a highly asymmetric cavity 
is desired. We also note that the cooperativity depends on 

(3)C =

2g2

��
,

(4)g = dE∕ℏ,

(5)E =

(
ℏ�

2�0V

)1∕2

.

(6)� =
2C

1 + 2C

�

� + �

T
high

T
low

+ T
high

+ L
RT

.

the mirror parameters, as well. As we will show below, by 
adjusting the cavity parameters, such as the length and the 
mirror transmissions, the cavity can be tuned to the desired 
level of performance. It should be emphasized that while 
efficient photon collection does not depend on a particularly 
large C, other quantum operations between single atoms and 
photons such as state transfer or logic gates typically do 
require large cooperativity [49].

The cavity energy decay rate is

where c is the speed of light in vacuum, and the finesse of an 
optical cavity with imperfect mirrors is given by

To achieve strong atom–light coupling, a small waist is 
required since the cooperativity scales as F∕w2

0
 . It is often 

desirable to have a longer resonator without increasing the 
waist. This can be achieved in a near-concentric geometry 
for which

where w
c
=

√
L�

2�
 is the waist for a confocal cavity, and R

m
 

is the mirror radius of curvature. When R
m
> L∕2 a stable 

mode with a waist much smaller than the confocal waist in 
a resonator of the same length is possible. Therefore, a near-
concentric cavity offers excellent optical access for cooling 
and trapping atoms directly in the cavity mode while provid-
ing a small mode area necessary for strong coupling with the 
atoms.

However, to achieve a small mode area, the cavity has 
to operate near the stability limit. The stability parameter 
is defined by

where 0 ≤ s2 ≤ 1 is required for a stable cavity. The cavity 
stability can be equivalently represented by the critical dis-
tance d

crit
= 2R

m
− L , i.e., the distance of the mirrors from 

the concentric point. Although a positive critical distance 
represents a stable cavity, maintaining alignment of a cavity 
with very small critical distance is challenging [50].

In Fig. 3, we show the photon collection efficiency of 
near-concentric cavities of various lengths calculated from 
Eq. (6). We see that a collection efficiency well above 0.5 is 
achievable with a few-mm cavity length, and that the out-
coupling mirror should have a certain transmission. With 

(7)� =
�c

LF
,

(8)F =

�
[
(1 − T

low
)(1 − T

high
)(1 − L

RT
)

]1∕4

1 −
[
(1 − T

low
)(1 − T

high
)(1 − L

RT
)

]1∕2 .

(9)w0 = w
nc
= w

c

(
R
m
− L∕2

L∕2

)1∕4

,

(10)s = 1 −
L

R
m

,

1  The equation for C in [46] appears different than our definition, 
because those authors use �, � defined as FWHM/2.
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precise active alignment of the cavity mirrors, near-concen-
tric cavities with a critical distance less than a micron have 
been demonstrated [50]. However, we assumed a moderate 
critical distance of d

crit
= 10 μm.

In Fig. 4, we show the collection efficiency of near-con-
centric cavities with two different lengths as a function of the 
critical distance. The mirror radii of curvature for the long 
and short cavities are R

m
= 5 mm, and R

m
= 2 mm, respec-

tively. As the critical distance changes, the required T
high

 to 
maximize the collection efficiency also changes. Thus, in the 
solid lines in Fig. 4, we optimize T

high
 at each critical distance. 

The dashed lines in Fig. 4 show the efficiency of the cavi-
ties with a T

high
 optimized for d

crit
= 10 �m . For comparison, 

the figure also includes the collection efficiency of a lens at 

various numerical apertures. While the collection efficiency 
of a high-NA lens is generally less than 30%, it is possible to 
collect more than 50% of the scattered photons by means of an 
optical cavity. In addition, when multiple decay channels are 
accessible to the excited atom, an optical cavity can enhance 
the decay through the desired transitions, as we discuss below.

3 � Remote entanglement protocol with 87 Rb 
atoms

Many different approaches to preparing remote entanglement 
have been proposed and demonstrated [51]. Table 1 lists a 
few earlier demonstrations of remote entanglement between 
matter qubits mediated by a photonic channel. Achieving 
high rates and high fidelity remains an outstanding challenge 

Table 1   Demonstrations of remote entanglement of matter qubits

Additional remote entanglement protocols demonstrated between ensemble quantum memories  [31, 32] and with superconducting qubits and 
microwave fields  [33] are not included in the table

Years Research group Description Qubit Rate (s−1) Fidelity

2007 Monroe [34] Remote ion-ion entanglement 171Yb
+ 0.0020  0.63

2008 Monroe [35] Remote ion-ion entanglement 171Yb
+ 0.026  0.81

2012 Rempe [14] remote quantum state transfer and entanglement 87
Rb 100 0.85

2012 Weinfurter [36] Atom–atom entanglement 87
Rb 0.0094 0.81

2013 Blatt [37] Ion–ion entanglement by photon detection 138Ba
+ 0.23 0.64

2013 Hanson [38] Remote spin-spin entanglement NV center 0.0017 0.68
2015 Monroe [39] Remote two ion–ion “modular” entanglement 171Yb

+ 4.5 0.78
2016 Imamoğlu [40] Remote entanglement hole spins Hole q. dots 2300. 0.55
2017 Weinfurter [41] Atom–atom entanglement, loophole-free Bell test 87

Rb ∼ 0.03 ∼ 0.85

2017 Atatüre [42] Remote spin–spin entanglement InGaAs q. dot 7300. 0.62
2020 Lucas [43] Ion–ion entanglement 88Sr

+ 182 0.94
2021 Hanson [44] Three-node network NV center 9 0.81

Fig. 2   Photon collection efficiency of a lens as a function of NA. The 
free-space collection efficiency (dashed line), shows the fraction of 
�
±
 photons collected by the lens. The fiber-coupling efficiency from 

Eq. (1) (solid line), is the fraction of �
±
 photons that are coupled into 

a single-mode fiber. The fiber-coupled efficiency is lower due to the 
finite mode-overlap of the �

±
 photons and the fiber-mode at high NA. 

Emitted � polarized photons do not couple into the fiber

Fig. 3   Achievable collection efficiency � in an asymmetric near-con-
centric cavity as a function of mirror transmission for different cav-
ity lengths. Parameters: T

low
= 10 ppm, LRT = 40 ppm, d

crit
= 10 μm , 

and �∕2� = 6.07 × 106 s−1 corresponding to the 87 Rb D2 line
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in the field. In this section, we provide a detailed analysis of 
the achievable rates using the atom–photon entanglement 
protocol shown in Fig. 5. An 87 Rb atom is trapped inside 
an optical resonator and prepared in the level 5s1∕2, f = 1 
by optical pumping. An excitation pulse of Rabi frequency 
Ω

exc
 transfers the atom to 5p3∕2�f = 0,mf = 0⟩ from which 

the atom decays back to the 5s1∕2 , f = 1 level. Decay into 
�f = 1,mf = 0⟩ results in emission of a �-polarized photon 
that does not couple to the fiber through the optical cavity. 

Decay into mf = ±1 is accompanied by emission of a �
∓
 

photon which can couple to the cavity. Thus, the observed 
coherent superposition is the entangled state

In each ket, the first element shows the state of the atom, 
and the second element shows the state of the photon. The 
relative phase of the kets follows from the Clebsch–Gordan 
coefficients for the transitions.

Atom–photon entanglement with this choice of atomic 
states was demonstrated in Ref.  [13] in a free-space geom-
etry, and later extended to atom–atom entanglement  [36] 
and a loophole-free Bell test [41]. In free space, the emis-
sion rates are the same into all three magnetic sublevels. 
By using a resonant cavity, the atomic decay rate into 
mf = ±1 gets enhanced, while the decay into mf = 0 is not 
affected by the cavity. Therefore, the effect of the cavity is 
twofold: increasing the collection efficiency, as explained 
in Sect. 2, and changing the branching ratio when multiple 
decay channels are available. For a transition coupled to 
the cavity mode, the overall decay rate is enhanced by a 
factor of 1 + 2C due to the Purcell effect  [52]. Since two 
of the three possible transitions couple into the cavity, �

±
 

and � transitions occur with probabilities given by

(11)�Ψ
+
⟩ =

�1, �
−
⟩ + � − 1, �

+
⟩

√
2

.

(12)P
+
= P

−
=

1 + 2C

3 + 4C
≡ P� ,

(13)P� =
1

3 + 4C
.

Fig. 4   Photon collection efficiency comparison between resonant 
cavities with different lengths and high-NA lenses. The collection 
efficiency of the cavities is calculated as a function of the distance 
from the concentric point d

crit
 . The purple and yellow lines repre-

senting � for the cavities are calculated using T
low

 = 10 ppm, L
RT

 = 
40 ppm. The solid lines are calculated with T

high
 having a value which 

maximizes � at each cavity length. The dashed lines show the value 
of � with T

high
 optimized for a cavity with d

crit
= 10 μm . We have 

assumed that the fiber coupling from the TEM00 cavity mode is unity

Fig. 5   a Geometry for atom 
excitation and photon retrieval 
using a near-concentric opti-
cal cavity with higher mirror 
transmission on the fiber side. 
b Relevant 87Rb energy levels, 
decay and excitation scheme, 
and resulting atom–photon 
entangled state
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We note that the total probability is normalized 
P
+
+ P

−
+ P� = 1 . In the limit that the cooperativity C is 

zero, each transition occurs with 1/3 probability, as expected 
for transitions in free space. Including P� Eq. (6) is modi-
fied to

The dependence of �(Rb) on the cavity parameters is shown 
in Fig. 6. Compared to the case of two-level atoms shown in 
Fig. 4, the resonant cavity collection efficiencies are reduced 
slightly, while all the free-space collection efficiencies are 
reduced by a factor of 2/3. Thus, the improvement provided 
by a cavity is more pronounced for a real, multi-level atom. 
For a 10 mm resonant cavity with d

crit
= 10 �m , 2P� ≈ 90% . 

This clearly shows that both the increased collection effi-
ciency, and the modification of the branching ratios con-
tribute to the better performance of resonant cavities over 
free-space optics.

Examples of achievable quantum efficiency are given 
for a short confocal and two longer near-concentric cav-
ity designs optimized for 87 Rb in Table 2. Short cavities 
with small waists provide a high quantum efficiency. 
However, due to the limited optical access, laser cooling 
inside the cavity directly from a thermal background is 
impractical. Therefore, atom transport from a cold atom 
source is required  [53–55] which lowers the overall rate 
of photon generation. To allow for cooling inside the cav-
ity, we consider a longer 10 mm near-concentric geometry 
without sacrificing the cavity mode area significantly. A 
medium-length 4 mm cavity gives a significant improve-
ment to collection efficiency over the 10 mm cavity while 
still allowing for a magneto-optical trap (MOT) inside of 
the cavity. However, the required mirrors with small radius 
of curvature are not readily available.

(14)
�(Rb) = 2P��

=
4C

3 + 4C

�

� + �

T
high

T
low

+ T
high

+ L
RT

.

As d
crit

 decreases in near-concentric cavities, the higher 
order spatial modes start to overlap with the fundamental 
mode of the cavity in frequency. Nevertheless, this is not 
a problem for the mm-scale cavities considered here. The 
frequency difference between the fundamental mode and 
the next transverse mode is  [10]

For the 10 mm and 4 mm cavities considered in Table 2, the 
frequency spacing of the modes at d

crit
= 1 μ m is 95 MHz 

and 377 MHz, respectively, which are several times larger 
than the cavity linewidths. Therefore, even at d

crit
 as 

(15)Δ� =
c

2L

(
1 −

cos−1 s

�

)
.

Table 2   Summary of cavity 
parameters optimized for 87Rb

Examples given are those discussed in the text: a short confocal (e.g., optical fiber-based) cavity, and two 
lengths of longer near-concentric cavities. While the short cavity has the highest collection efficiency � , 
its length is prohibitive for cooling and trapping directly in the cavity as well as using Rydberg interac-
tions between cavity and array qubits. The longer near-concentric cavities overcome these issues, while 
permitting a higher � than can be achieved with free-space optics. Other parameters are Tlow = 10 ppm and 
LRT = 40 ppm

Short confocal Medium near-concentric Long near-concentric

L,R
m
,w0 (150, 150, 4.3) �m 3.99 mm, 2 mm, 4.98 μm 9.99 mm, 5 mm, 6.3 μm

T
high

,F,C 1540 ppm, 3950, 12.7 4620 ppm, 1346, 3.22 5730 ppm, 1080, 1.67
(g, �, �)∕2� (98, 253, 6)MHz (17, 28, 6)MHz (8.3, 14, 6)MHz

�(Rb) 0.89 0.66 0.48
P
aa

0.19 0.1 0.055

Fig. 6   Photon collection efficiency comparison between resonant 
cavities with different lengths and high-NA lenses for the 87Rb entan-
glement scheme. Parameters are identical to Fig.  4, but now the 
branching ratios of the decaying atom are taken into account. The 
additional factor of 2P� makes the difference between free space and 
cavity geometries more pronounced as closer to the concentric point 
a higher fraction of photons emitted by the atom go into the cavity 
mode. For the free-space collection, the branching ratio is 2/3
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small as 1 μ m, the transverse modes of the cavity are still 
non-degenerate.

3.1 � Atom–atom entanglement probability

To generate atom–atom remote entanglement, atom-pho-
ton entanglement is generated at each node, and a Bell 
state measurement is made at the intermediate location, as 
shown in Fig. 1. The probability of successful preparation 
of remote atom–atom entanglement on each attempt is

where �
det

 is the quantum efficiency of the Bell state detec-
tors, including any losses in fiber transmission. The factor 
of 1/2 accounts for the success probability of the Bell state 
measurement.

We can make an initial estimate of P
aa

 using 
�(Rb) = 0.48 , the quantum efficiency of the 10 mm near-
concentric cavity. The quantum efficiency of single-pho-
ton counting modules (SPCMs) at 780 nm is ∼ 0.7, and the 
attenuation losses in the fiber can be described by e−Lf ∕Latt 
where L

f
 is the fiber length in km and Latt = 1.091 km for 

a typical fiber at 780 nm. We will assume a fiber length of 
10 m , such that the fiber losses are negligible. Therefore, 
with �

det
= 0.7 , we estimate that atom–atom entanglement 

can be generated with a probability of P
aa
= 5.6 × 10−2.

3.2 � Remote entanglement rate

The sequence of operations for preparing a two-atom 
entangled state is presented in Table 3. Initially, an atom 

(16)Paa =
1

2

(
�(Rb)�det

)2
,

is loaded into each dipole trap from an MOT. This is the 
most time-consuming step which takes approximately t

load
 

= 100 ms. Once atoms have been loaded into the traps, they 
are pumped into the 5s1∕2�1, 0⟩ ground state, which takes 
approximately t

pump
= 6�s . The two atoms are then excited 

simultaneously with 30 ns �-pulses to the 5p3∕2�0, 0⟩ state. 
The SPCMs are gated for approximately 100 ns, a few times 
the excitation lifetime. Proper detection of the spontaneously 
emitted photons from both nodes is critical for atom–atom 
entanglement to occur. Once the photons have been detected 
by the SPCMs, we must determine if an appropriate pho-
ton coincidence has occurred, such that the two nodes have 
become entangled. This will occur with probability P

aa
 in 

each attempt following an estimated electronic processing 
time of t

det
∼ 1 �s . Steps 2, 3, and 4 are repeated until a 

proper coincidence is registered between the SPCMs. The 
first four steps determine the achievable rate and how fast an 
entangled atom–atom pair can be generated.

To verify entanglement between the atoms, we perform 
atom-state tomography in steps 5 through 8. First, we coher-
ently transfer the population of �1, 1⟩ to �2, 1⟩ of the 5s1∕2 
ground state by a microwave �-pulse. Then, with two-photon 
microwave-radio frequency �∕2 pulses [56, 57], we couple 
the states �1,−1⟩ and �2, 1⟩ to rotate the qubit states required 
for tomography. After qubit rotation, the population of �2, 1⟩ 
is measured non-destructively [25].

Since the overall probability of establishing entanglement 
follows a binomial distribution, if we make N attempts at 
entanglement generation, the expected number of successful 
events is NP

aa
 , where P

aa
 is the atom–atom entanglement 

probability. Using the values in Table 3 and our estimated 
value of P

aa
 , we expect a single successful event on aver-

age every N = 1∕P
aa
≈ 18 attempts. The time to generate 

an entangled atom–atom pair once a trapped atom has been 
prepared is

Table 3   Sequence of operations for (a) preparing and (b) verifying atom–atom entanglement

Operation Label Duration Success probability

(a) Entanglement generation:
   1- prepare MOT, load into dipole trap t

load
100 ms > 0.99

   2- pump to 5s1∕2�1, 0⟩ t
pump

6 μs > 0.99

   3- �-pulse to 5p3∕2�0, 0⟩ t� 30 ns > 0.99

   4a- atomic decay, record and process photon clicks t
det

1�s 1
   4b- cool atom if proper coincidence is not registered after N1 = 10 cycles t

cool
100�s > 0.99

(b) Entanglement verification:
   5- map atomic qubit states �1, 1⟩ → �2, 1⟩ with μ-wave �-pulse t

μw
50 �s ∼ 0.99

   6- atomic qubit rotation with �-wave + RF �∕2 pulse t
rot

500 �s ∼ 0.98

   7- non-destructive atomic state measurement t
m

3 ms ∼ 0.94 [25]
   8- cool atom to maintain localization in trap t

cool
100 μs > 0.99
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where N1 is the number of times that we address each atom 
between cooling cycles and N

epoch
 is the number of cool-

ing cycles expected to be needed to generate atom-atom 
entanglement (see Fig. 7). The total number of attempts is 
N = N

epoch
N1 . We want to choose a value for N1 , such that 

the probability of loss between cooling cycles is low enough 
that the expected lifetime of the trapped atom is background 
collision limited. Assuming a background limited life-
time for the atom in the trap of ∼ 10 s with a trap depth of 
∼ 1 mK, and that each pumping cycle on average will scatter 
less than 5 photons, a reasonable value for N1 is ∼ 10 giving a 
probability of loss during the period of N1(tpump

+ t� + t
det
) 

of < 0.01% . Assuming a cooling time of 100 � s, this gives 
an expected lifetime of >2 s while continuously address-
ing and cooling the atom. This gives an average value for 
N
epoch

 of ∼1.8, and an expected time to generate atom–atom 
entanglement of

which results in an entanglement generation rate of 
∼ 3200 s−1.

These estimates are based on some assumptions. The 
most critical are that we can address the atom without loss 
due to a background collision, heating out of the trap, or dep-
umping to 5s1∕2, f = 2 . Each time the atom is lost we would 
need to reload the trap resulting in ∼ 100 ms of lost time, 
and a reduction in rate of ∼ 5% . We have assumed a Doppler 
cooling time of 100 � s, which has been demonstrated in 
similar experiments [41]. The rates for these loss processes 
will have to be characterized and correction operations either 
inserted at a regular interval or performed after a fixed num-
ber of failed attempts. Leakage to 5s1∕2, f = 2 can be rapidly 
corrected by shelving to f = 1 in less than 1 μ s using light 
resonant with 5s1∕2, f = 2 → 5p3∕2, f = 1.

Figure 8 shows the possible rates achievable using the 
addressing sequence given in Eq. (17). t

cool
 sets a limit on the 

(17)t
aa
≃ N

epoch
[N1(tpump

+ t� + t
det
) + t

cool
],

(18)t
aa
≃ 1.8 × [10(t

pump
+ t� + t

det
) + t

cool
] ∼ 0.31 ms,

rate assuming that cooling must happen after each entangle-
ment generation event. The other factor which most signifi-
cantly impacts the rate is the photon collection efficiency. 
Improving the collection efficiency will require either posi-
tioning the cavity closer to the concentric point, or using 
a smaller cavity. While a smaller cavity would provide a 
significant increase in the quantum efficiency, having a very 
small cavity that necessitates transporting the atoms into the 
cavity mode may be counter productive as the time required 
to do so is long and there is a large increase in complexity. 
Our goal is to have a cavity that is large enough that an MOT 
can be formed inside the cavity, and no atom transport is 
required. Moving the cavity closer to the concentric point 
is a viable option as it has been demonstrated that a cavity 
in a near-concentric configuration can be maintained with 
d
crit

< 1𝜇 m using active feedback [50]. A similar spacing 
for a 10 mm cavity would decrease the mode volume by a 
factor of ∼ 7, and increase the value for P

aa
 by a factor of 

∼ 2 to 1.1 × 10−1 , and the rate to ∼ 5800 s−1.

3.3 � Atom–atom entanglement fidelity

The fidelity of the entangled state is defined as 
F = ⟨Ψ���Ψ⟩ , where �Ψ⟩ is the maximally entangled state 
heralded by the photons’ Bell state measurement. The 
density matrix � of the entangled atom–atom state can be 
reconstructed through atom-state tomography. We antici-
pate that several factors can contribute to the loss of fidel-
ity during the generation and verification of atom–atom 
entanglement. Table 4 lists a few possible sources of infi-
delity with their estimated contribution. Assuming a dark 
count of less than 50 s−1 , we estimate that the detectors 
dark counts have negligible effects on the fidelity. Since 

Fig. 7   Addressing sequence from Eq.   (17). Referring to Table  3, 
steps 2 and 3 are repeated N1 times until either an entangled atom–
atom pair is generated, or the atoms are cooled to continue address-
ing. The number of times that steps 2–4 need to be repeated on aver-
age to generate an entangled atom–atom pair is N

epoch

Fig. 8   Atom–atom entanglement generation rate for two cavity sizes 
and different high-NA lenses. The inset enlarges the rate of lenses for 
readability. Details are the same as Fig. 4
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the photons are coupled into single-mode fibers, a good 
spatial overlap at the beamsplitter is expected.

An important source of infidelity is the non-perfect 
temporal overlap of the photons at the beamsplitter of 
the Bell state analyzer. This error is [1 − ⟨�1(t)��2(t)⟩]∕2 , 
where ⟨�1(t)��2(t)⟩ is the temporal overlap integral of the 
two photons with amplitudes �1(t) and �2(t) . We excite the 
two atoms at the two nodes simultaneously with a jitter 
time much smaller than the decay time of the excited state. 
Therefore, the two photons arrive at the beamsplitter at the 
same time with negligible error. However, the duration of 
the photon wave packets depends on the exact location of 
the atoms with respect to the anti-node of the cavities. If an 
atom is displaced from the cavity anti-node, the coopera-
tivity decreases, and consequently, the lifetime of the atom 
in the cavity increases. Using optical tweezers to hold and 
place the atoms in the cavities, one can control the loca-
tion of the atoms with a precision that scales as w

√
kBTa∕U 

where w is the waist of the optical tweezer, Ta is the atomic 
temperature, and U is the depth of the tweezer potential. 
With realistic parameters, the localization can be better than 
50 nm. Considering a more conservative error of 100 nm for 
the location of the atoms, we estimate an infidelity of 5% to 
due the non-perfect overlap of the photons.

Another important source of error is in non-destructive 
atom-state tomography. Based on previous experiments 
[25, 56], we estimate that the atomic qubit can be rotated 
and measured with approximately 0.99 and 0.97 fidelity, 
respectively, at each node. Assuming a qubit coherence time 
of T∗

2
∼ 3 ms , which is dominated by magnetic noise and 

center of mass motion, and a delay of t = 60 μs between 
photon detection and qubit measurements [43], we expect 
a loss of fidelity of order e−(t∕T∗

2
)
2

∼ 4 × 10−4 which is neg-
ligible. Since the relative phase of the atomic �1,±1⟩ Zee-
man states is linearly sensitive to magnetic noise the local 
magnetic field must be well stabilized to prevent dephasing. 

Stabilization to better than 5 nT has been demonstrated using 
a feed forward approach [58] which is adequate for short 
photon transmission lengths.

The excitation scheme with �-polarized light prevents 
multi-photon scattering into the cavity mode: when the atom 
emits a � polarized photon, it decays to a superposition state 
that is not resonantly coupled by the �-polarized light to 
any excited state. Off-resonant excitation to 5p3∕2 states with 
f ≥ 1 is possible. However, the emitted photons from the 
higher excited states are not resonant to the cavity. There-
fore, multi-photon scattering and off-resonant excitations do 
not reduce the entanglement fidelity. We also note that due to 
the birefringence of the optical fiber, the polarization state of 
the photons rotates upon propagation through the fiber. Thus, 
we maximize the fidelity by applying a unitary operation 
to the polarization state of the photons in post-processing. 
Also, with the assumption that the cavity subtends a small 
solid angle, a slight misalignment between the cavity mode 
and the quantization axis contributes negligibly to the entan-
glement infidelity. Therefore, we estimate that achieving a 
fidelity of approximately 0.86 is realistic with the proposed 
scheme. We also note that the atom-state tomography, which 
is the dominant source of infidelity, affects only the fidelity 
of the verification step. Therefore, the intrinsic fidelity of 
atom–atom entanglement can be well above 0.9.

4 � Outlook

We have analyzed a two-species architecture that uses one 
species for networking, a second species for computation, 
and intra-species Rydberg gates to connect the computa-
tional register with the network. A near-concentric design 
provides high cooperativity in a geometry compatible with 
in-situ atom cooling, which removes the need for atom trans-
port, and thereby increases the repetition rate of the entan-
glement generating steps.

Assuming a short optical fiber link of 10 m remote entan-
glement rates of several hundred s−1 are possible using free 
space collection optics, and several thousand s−1 with reso-
nant cavities. For longer links, these rates will be reduced 
due to fiber attenuation. To avoid this, it is necessary to con-
vert to low loss telecom wavelengths. This can be done with 
appropriate atomic transitions in Rb, or other atoms [7, 59], 
or by conversion in nonlinear optical media [60].

To extend the reach of quantum networks to even longer 
distances, multiple steps of remote entanglement are needed. 
The node architecture of Fig. 1 can serve as a building block 
for a quantum repeater based network. Incorporating the 
capability for writing photonic states onto communication 
atoms, and then performing local entangling gates, will ena-
ble deterministic Bell state measurements. In this way, the 

Table 4   Expected sources of atom–atom entanglement infidelity with 
their corresponding estimates

Source of infidelity Estimate(%)

Temporal overlap of photons [43] 5
Spatial overlap of photons [43] 1
Imperfect beamsplitter and waveplates [43] 0.2
Atom qubit rotation (for 2 atoms) 2
Atom state readout [25] (for 2 atoms) 6
Atom qubit dephasing negligible
Detector dark count negligible
Multi-photon scattering negligible
Off-resonant excitation negligible
Total 14.2
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factor of 1/2 in Eq. (16) can be removed, which will increase 
the entanglement distribution rate.

Appendix

Fiber‑coupling efficiency of a high‑NA lens

To calculate the coupling efficiency of the scattered photons 
into a single-mode fiber, we assume that the fiber supports a 
Gaussian mode. In other words, we assume that a Gaussian 
mode can be coupled into the fiber with 100% efficiency. 
Thus, we find the field distribution of the radiating dipole 
after the collection lens, i.e., between the two lenses shown 
in Fig. 2, and calculate its overlap with a collimated Gauss-
ian mode.

Referring to the geometry shown in the inset of Fig. 2, the 
three components of the electric field of a radiating dipole 
are given by

where � is the azimuthal angle. After passing through the 
collection lens, the spherical coordinates are transformed in 
the following way:

Converting Eqs. (19) and (20) to cylindrical coordinates 
gives the following expressions for the field amplitudes after 
the collection lens:

where f is the focal length of the lens, � is the radial 
coordinate from the axis of the lens, and the factor of 
f 1∕2∕(f 2 + �2)1∕4(

√
cos � in spherical coordinates before 

the lens) accounts for the projection of the field onto the 
lens plane. Note that in both coordinate systems, the inte-
gral of the dipole field �D = ��± or �D = �� over half of 

(19)�𝜎
±

(𝜃,𝜙) =

√
3

16𝜋

ie𝚤(kr±𝜙)

r

(
± cos 𝜃𝜃̂ + i𝜙̂

)

(20)�𝜋(𝜃,𝜙) =

√
3

16𝜋

ie𝚤kr

r
sin 𝜃𝜃̂,

𝜃̂ → 𝜌̂

r̂ → ẑ

𝜙̂ → 𝜙̂.

(21)

�𝜎±(𝜌,𝜙)

=

√
3

16𝜋

ie±𝚤𝜙f 1∕2

(f 2 + 𝜌2)3∕4

[
±f

(f 2 + 𝜌2)1∕2
𝜌̂ + i𝜙̂

]
,

(22)�𝜋(𝜌,𝜙) =

√
3

16𝜋

ie±𝚤𝜙f 1∕2

(f 2 + 𝜌2)3∕4

𝜌

(f 2 + 𝜌2)1∕2
𝜌̂,

the full solid angle gives half of the total energy emitted by 
the dipole

The field of a circularly polarized Gaussian laser mode with 
waist w is given by

We then calculate the overlap integral of the collimated 
dipole field, Eqs. (21) and (22), with the Gaussian mode 
of Eq.(25)

where �
NA

=
fNA√
1−(NA)2

 . From this integral, we see that the 
overlap of the �-polarized light emitted by the atom and the 
Gaussian mode is zero. Thus, the �-polarized photons do not 
couple into the single-mode fiber. We also calculate the over-
lap of the circularly polarized light emitted by the atom with 
the Gaussian mode which is shown in Fig. 2. As the NA of 
the lens changes, the beam waist w in Eq. (25) has to be 
adjusted to maximize the overlap integral.

We note that the transverse profile of the photons col-
lected and collimated by the lens is not Gaussian. Also, the 
polarization of the photons changes gradually from circu-
lar at the center ( � = 0 ) to elliptical as � increases. Both of 
these effects contribute to decreasing the overlap integral 
in Eq. (26).
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