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Long range quantum information processing will require the integration of different technologies
to form hybrid architectures combining the strengths of multiple quantum systems. In this work,
we propose a hybrid networking architecture designed to improve entanglement rates in quantum
networks based on trapped ions. Trapped ions are excellent candidates as network nodes but photon
losses make long-distance networking difficult. To overcome some losses and extend the range
of trapped-ion-based networks, we propose including neutral-atom-based non-destructive single-
photon detection and single photon storage in between networking nodes, forming a hybrid network.
This work builds on recently demonstrated optical frequency conversion of single photons emitted
by trapped ions. We derive the average two-node entanglement rate for this proposed network
architecture as a function of distance. Using reasonable experimental parameters, we show this
proposed quantum network can generate remote entanglement rates up to a factor of 100 larger
than that of an equivalent homogeneous network at both near-IR and C-band wavelengths for
distances up to 50 km.

I. INTRODUCTION

Integrating different quantum networking elements to-
gether to form a hybrid network could offer a wider range
of capabilities over those based purely on homogeneous
components. Two well-developed quantum networking
components with complimentary properties are trapped
ion and neutral-atom systems. Trapped ions are excellent
matter qubits due to their ability to perform high-fidelity
local quantum operations [1–3], making them a leading
technology for quantum computation [4–7], simulation
[8–11] and quantum networking nodes [12, 13]. However,
trapped ion systems presently tend to have relatively low
photon collection efficiencies and limited photonic propa-
gation distances, reducing their effectiveness in long dis-
tance networking. Neutral-atom systems utilize large
optical non-linearities and strong light-matter interac-
tions [14] making them well suited for high-efficiency pho-
ton production [15], storage [16–18], and non-destructive
photon measurements [19, 20]. A hybrid network com-
bines the strengths of each system to overcome limita-
tions present in homogeneous networks.

Entanglement between ions, as well as other matter
qubits, has been demonstrated in homogeneous two-node
networks relying on the interference of two photons, each
entangled with their corresponding matter qubit [12, 21–
27]. Such networks typically rely on probabilistic en-
tanglement heralding protocol where, after every photon
request, each node must wait for a response from a Bell-
state analyzer (BSA) before requesting another photon.
For the case of trapped-ion based nodes, the low photon
collection efficiencies reported [28] means that most en-
tanglement attempts yield a null result because no pho-
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ton has been collected. This leads to long dead times as
null events from the BSA measurement must be fed back
to each node. Increasing photon collection efficiency re-
mains an on-going challenge with efforts ranging from the
use of custom-designed cavities [29] and other in-vacuo
optics [30, 31] to ex-vacu custom multi-element lenses
[12, 32].

In this work, we propose integrating neutral-atom-
based nondestructive single photon measurement (ND-
SPM) and photonic storage into a trapped ion-based net-
work to increase ion-ion entanglement rates. The ND-
SPM acts as a flag for the presence of an ion-produced
photon, allowing for the request of a new photon based
on the result of the flag rather than the result of the BSA
measurement. This reduces much of the dead time aris-
ing from photon loss and increases the photon request
rate of each node. Photonic storage can then be placed
at the inputs of the BSA to ensure photon synchroniza-
tion at the BSA, allowing for more efficient use of pho-
tons produced by each node. Quantum frequency conver-
sion (QFC) is used to make the optical frequency of ion-
produced photons compatible with neutral-atom based-
technologies [33–35] and to produce telecom-wavelength
photons suitable for long-distance networking [36–38].
Using reasonable experimental parameters, we calculate
relative entanglement rates at network distances of up to
50 km for Ba+-based network nodes. We show analyt-
ically (and additionally via a simulation designed so an
interested reader can easily add new elements outside the
analytical solutions in this work) that trapped ion nodes
integrated with neutral-atom based systems can give im-
proved two-node entanglement rates by over a factor of
100 as compared with an equivalent homogeneous net-
work.
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FIG. 1. Layout of the proposed two-node networks. The nodes consist of trapped ions with QFC to provide optical frequency
compatibility with NDSPM and photonic storage devices as well as create C-band photons for long distance transmission. (A)
A standard homogeneous 2-node network as described in section II A. (B) and (C) show hybrid networks with a NDSPM flag
placed directly after the conversion with additional photon storage devices are placed at the BSA in (C) as described in sections
II B and II C. Classical signal channels are indicated with black dashed lines (depicted on lower network arm but present in
both) with the fiber-based quantum channel indicated by the solid black lines. Extra QFC stages may be required before
photonic storage and after NDSPM flags for C-band networks but are removed for clarity.

II. QUANTUM NETWORKING WITH
TRAPPED IONS AND PHOTONS

We consider a symmetric two-node network where each
node contains a trapped ion capable of emitting a single
photon, in the form of a flying qubit, entangled with its
internal states [39–41]. Photons may be requested from
each node at a maximum rate, rmax, with the nodes syn-
chronized to produce photons at the same time via a
shared clock signal. The ion-emitted photons are col-
lected and coupled into at least one QFC setup connected
to a network fiber of length L to both reduce fiber loss
and make their frequency compatible with NDSPM and
photon storage devices (Fig. 1).

In the following sections we will describe the entan-
glement generation rate between a pair of trapped ion
nodes under three different configurations: First, in sec-
tion II A, we describe entanglement rates for a standard
homogeneous ion-based network but incorporate QFC to
extend the network range. Next, in section II B, we de-
scribe entanglement rates when adding a neutral atom-
based NDSPM to remove dead-time associated with wait-
ing for a null-result to be returned from the BSA mea-
surement. Finally, in section II C we describe the case
where NDSPM and photonic storage are utilized to in-
crease entanglement generation rates and improve the
network efficiency.

A. Entanglement Rate, RE(L), for Homogeneous
Two-Node Networks

Ion-ion entanglement via two-photon interference fol-
lowed by a BSA measurement is typically used to gener-
ate two-node entanglement [12, 13]. Such entanglement
has been limited to networks with lengths, L, of only a
few meters primarily due to photonic loss in fiber connec-
tions between nodes. The two-node entanglement gen-
eration rate, R(L), of these networks (Fig. 1(A)) scale
quadratically with detection probability (linearly for each

node) as given by

R(L) = (1/2)r(L)P 2
B(L), (1)

where r(L) is the synchronized photon request rate of
the nodes and PB(L) is the probability of a photon being
emitted, collected, coupled into a fiber and detected at
the BSA. The factor of 1/2 accounts for half the BSA-
detected signal yielding the desired entanglement [42].
The photon request rate, r(L), is given by the slower
of rmax or (2tn(L))−1, where tn(L) is the time taken
for a photon to travel the length of the network via the
quantum channel and the time for information to be fed
back to the node from the BSA via the classical channel.
For most ion-based networks, the length of the network
becomes the limiting factor after a few hundred meters.

For the network shown in Fig. 1(A), PB(L) is given by

PB(L) = PpP
y
QPf (L)Pd (2)

where PQ is the QFC efficiency, Pf (L) is the probability
of transmission along the network fiber, Pd is the BSA
detector efficiency, Pp is the probability of a photon be-
ing emitted, collected and coupled into the network fiber
and y is the total number of QFC steps used per net-
work arm. We assume the nodes are synchronized via
a clock signal. The probability of transmission along a
fiber is modeled as an exponential loss as a function of
the distance travelled along the fiber.

In practice, entanglement rates are greatly reduced
by relatively low photon collection efficiencies (typically
≤ 10% for trapped-ion systems [12]). This is because af-
ter each photon request event, network nodes experience
a dead-time of r(L)−1 waiting to receive the BSA mea-
surement result to determine if entanglement was suc-
cessful before proceeding to request another photon.
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B. Entanglement Rate, R′(L), with NDSPM

The traditional two-node network, described in Section
II A and shown in Fig. 1(A), may be capable of a large
photon request rate, r(L), but in the presence of low pho-
ton coupling into the network, many of these attempts
are wasted due to a low value of Pp. Placing a NDSPM
device at both network nodes (Fig. 1(B)) which detects
the presence of a travelling photon, without destroying
the ion-photon entangled state, can serve as a herald to
either allow the entanglement protocol to proceed or to
trigger a node to request another photon.

When no photon is detected at the start of the network
fiber, the NDSPM signal can be used to trigger a subse-
quent photon request at a time of tnd, instead of 2tn(L),
where tnd is the NDSPM response time. The response
time of the NDSPM should not impede the entanglement
protocol for a given network distance L, and so one re-
quires tnd � 2tn(L). In the example case analysis in
Section III a NDSPM response time, tnd, of 1 µs is used.
Such rapid response is possible using a NDSPM scheme
such as that proposed by Xia et al. [20] which uses an
effective three-wave mixing scheme in a neutral rubid-
ium atomic vapor contained within a hollow-core pho-
tonic crystal fiber to impart a detectable phase shift on
a probe beam when a single photon is present. With this
example, after measurement, photonic quantum state fi-
delities greater than 0.9 are expected, with detection ef-
ficiencies near 0.91 [20]. This fidelity is within the range
where entanglement distillation could be used to purify
the ion-ion entanglement produced in the network at the
cost of entanglement rate [43]. Alternatively, higher fi-
delities can be achieved by lowering the NDSPM detec-
tion efficiency for this method. We note that other ND-
SPM implementations such as a neutral-atom coupled to
an optical cavity [19] and non-destructive single photon
triggers [44] may be used to similar effect, provided they
satisfy tnd � 2tn(L) whilst sufficiently preserving the
fidelity of the ion-photon entangled state.

The addition of a NDSPM flag makes it possible to
request photons at a modified maximum rate of r′max =
1/T , where T = r−1max+ tnd, until a photon is successfully
detected in the network fiber. The average photon re-
quest rate in this configuration, r′(L), can be calculated
using a weighted average between 2tn(L) and T given by

r′(L) =
1

p[2tn(L)] + (1− p)T
, (3)

where the probability of a photon being detected, per-
request by the NDSPM, is given by

p = PpP
n
QPnd, (4)

where Pnd is the NDSPM detection efficiency and n is
the number of QFC steps used before the NDSPM. In
the example case in this work we consider a network with
n = 1.

Although Eq. 3 represents the average request rate of a
single node, there is no guarantee that both nodes will be
attempting to produce a photon at the same time. One
node can successfully send a photon into the network,
and be awaiting a signal from the BSA, while the other
node is still attempting to produce a photon. The only
instance in which entanglement can occur is when both
nodes simultaneously attempt to produce photons (for a
symmetric network) which occurs with probability

α(L) =

1
pT

1
pT + 2tn(L)

. (5)

This factor is equivalent to the ratio of the average time
a node spends attempting to get a successful NDSPM,
T/p, relative to the total time it takes on average to
produce a photon and get a response from the BSA.

Analogous to Eq. 1, the entanglement rate is then given
by

R′(L) = α(L)r′(L)[PndΓndPB(L)]2/2, (6)

where Γnd represents the transmission of the NDSPM,
allowing for the possibility of a photon being successfully
detected, but not transmitted past the NDSPM device.
Such a transmission loss is not fundamental to the ND-
SPM scheme proposed in [20], but has been observed [19].
Using experimental parameters presented in section III,
we show that this rate can exceed that given by Eq. 1.

C. Entanglement Rate, R∗E(L), with NDSPM and
BSA Photonic Storage

The network with a NDSPM described in section II B
can only produce entanglement when both nodes simul-
taneously attempt to produce photons, with probability
α(L). We can remove the requirement for simultaneous
photon emission on a given experimental cycle by using
photonic storage just before each input to the BSA to
synchronize photon arrival times (Fig. 1(C)). A photon
that successfully reaches the photonic storage at one BSA
input is stored until the photonic storage for the other
BSA input also contains a photon, whereupon both pho-
tons are released into the BSA. This release event can
be triggered by control electronics at the location of the
BSA using logic circuitry and classical information fed
forward by each NDSPM in the event of a successful pho-
ton herald. After the synchronized photon release from
the storage elements, the result of the BSA measurement
is fed back to the nodes so that they are again requested
to produce photons.

This method will decrease the average attempt rate for
each node, but with sufficient storage efficiency, will allow
for more efficient use of photons produced by the nodes,
and an increase in entanglement rate. In this section,
we will determine the average amount of time it takes
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FIG. 2. (a) Multiplicative factor, β(p, T, τ), required to adjust entanglement rates as a function of p for given ratios of storage
time, τ , to experimental rep rate, T . b) Zoom-in of 0 < p < 0.1, which is a typical operating range of current trapped ion
systems. The dashed vertical line indicates the value of p used in Section III.

for both nodes to produce a successful NDSPM, which is
a requisite before entanglement may be attempted. We
can then use this time to determine the entanglement
rate of a hybrid network incorporating both NDSPM and
photonic storage. The entanglement rate is compared
with a homogeneous network’s entanglement rate (Eq. 1),
for the case of a barium ion and neutral rubidium-based
hybrid network in section III.

We begin by considering the number of photon-request
attempts needed before node i receives a successful ND-
SPM flag. The probability this occurs on the xth photon
request since the last command from the BSA is given
by a Geometric Distribution

Pi(x) = (1− p)x−1p, (7)

where i ∈ {1, 2}.
The probability a node has successfully emitted a pho-

ton into the network after any of the first X repetitions
is given by the cumulative distribution function,

Pi(x ≤ X) = 1− (1− p)X . (8)

Assuming node 1 is successful, the two possible out-
comes are that node 2 has either already produced a pho-
ton or that node 2 still needs to produce a photon. In the
former case, the production of a photon from node 1 is
the limiting factor, with both nodes successfully sending
a photon into the network by time XT . For the latter
case, node 2 is the limiting factor and entanglement can
only be attempted after waiting an additional 1/p rep-
etitions on average. The average time for both nodes
to successfully send a photon into the network is then
XT + T/p for this case. We can therefore calculate the
average time between entanglement attempts as

T ∗(L) =

∞∑
X=1

P1(X) [XP2(x ≤ X)

+
(
X + p−1

)
(1− P2(x ≤ X))

]
T + 2tn(L), (9)

where the additional term 2tn(L) is the network round
trip time described in Section II A. Inserting Eq. 8 into
9 and simplifying gives

T ∗(L) =
2p− 3

p(p− 2)
T + 2tn(L). (10)

The inverse of T ∗(L) is then the node’s effective rep-
etition rate, r∗(L). We can write the entanglement gen-
eration rate in a manner similar to Eq. 6 as

R∗(L) = r∗(L)[Pf (L)ΓndEsP
z
QPd]

2/2, (11)

where Es is the efficiency of the photon storage just be-
fore the BSA and where z is the number of QFC steps
used in each network arm after the NDSPM. (This is dis-
tinct from the total number of QFC steps, y, as defined
in section II A). Depending upon the color for used for
network transmission and color needed for photon stor-
age, there might be multiple QFC steps after the NDSPM
involved as discussed in Section III.

Any realistic storage will not be able to store photons
indefinitely. Assuming storage that decays exponentially
in time with time constant τ , one can show that R∗(L) is
modified by the multiplicative factor (see Appendix C)

β(p, T, τ) =
p(1 + eT/τ − p)

(2− p)(eT/τ + p− 1)
. (12)

Critically, this factor does not depend on the length
of the network, and instead displays an exponential de-
pendence on the ratio T/τ . This factor is plotted as a
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FIG. 3. The entanglement generation rate of a two node network connected using 780 nm fiber links in a standard homogeneous
network described in section II A (black solid), using NDSPM as described in section II B (magenta dashed and triangles) and
using NDSPM and photon storage as described in section II C (magenta solid and squares) as a function of network distance, L.
Rates are also shown for a C-band-linked network in a standard homogeneous configuration (black dot-dashed), using NDSPM
(blue dashed and circles) and using NDSPM and photon storage (blue solid and diamonds). (A) shows the rates over 5 km
while (B) shows them over 50 km. The theory curves are determined from the analytical solutions in the paper and the points
are from simulated data with statistical error bars smaller than the plot points.

FIG. 4. Entanglement rate increases are shown for networks with NDSPM (dashed) and NDSPM with storage (solid) over
standard homogeneous networks using 780 nm photons, (A), and C-band photons, (B), as a function of distance, L. These are
calculated from the ratios of the relevant curves in Fig. 3. In all cases the theory curves are determined from the analytical
solutions in the paper.

function of p for various ratios of T/τ in Fig. 2(a). As
current trapped ion systems have p < 0.1, a zoom-in of
the region 0 < p < 0.1 is shown in Fig. 2(b). For typical
ion systems, τ & 1000T will ensure that finite storage
reduces entanglement rates by < 10%.

III. CASE STUDY USING BARIUM IONS AND
RUBIDIUM ATOMS

To highlight the entanglement rate increase using the
hybrid network tools described in this work, we present
an example using network nodes comprised of single
trapped Ba+ ions. The ions are optically excited with
near-unity probability leading to the probabilistic emis-

sion of a single 493-nm photon which serves as a flying
qubit maximally entangled with the ion’s internal states
[39]. We use a maximum node photon request rate of
rmax = 2 MHz as a realistic maximum for current ion
trap experiments [12].

We set the probability of a photon being emitted, col-
lected and coupled into the network fiber as Pp = 0.06
which assumes a 0.6 NA collection optic, 80% fiber cou-
pling and an even Ba+ isotope [39]. We use one QFC
step (y = 1) for converting the 493 nm photon to 780
nm, making it compatible with neutral Rb NDSPM de-
vices (efficiency Pnd = 0.75 corresponding to a fidelity of
> 0.965 using the method in [20] and set Γnd = 1) and an
additional QFC step (y = 2) to take the photon frequency
to C-band. We note that a three-step distillation process
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FIG. 5. Entanglement rate increase contours at both 780 nm and C-band as a function of Es and Pnd for various distances.
All other variables are kept constant as given by Table I and as mentioned in Section III.

as outlined in [43] is projected to increase a fidelity of
> 0.965 to ≈ 0.9975 with an entanglement rate penalty of
≈ 8. An additional QFC step is required for the C-band
network using photonic storage (Section II C) to take C-
band back to 780 nm for compatibility with neutral-Rb
storage devices (efficiency Es = 1). Thus, z = 0 and
z = 2 for the 780-nm and C-band based networks using
storage, respectively. The QFC efficiencies are set at 60%
(see Appendix A). We assume all network links comprise
of optical fiber with a refractive index of 1.4 which is a
good approximation for both near-IR and C-band net-
works. The fiber attenuation is set to 3 dB/km and 0.15
dB/km for the 780 nm and C-band network respectively.
Table I gives the values used for entanglement rate cal-
culations.

Variable Description Value Used
rmax maximum photon production rate 2 MHz
tnd NDSPM time 1µs
tn(L) network travel time 1.4L/c
Pp per-shot photon collection efficiency 0.06
PQ QFC efficiency per stage 0.60
Pd BSA detector efficiency 0.8
Pnd NDSPM efficiency 0.75
Es Photon Storage Efficiency 1
Γnd NDSPM transmission 1

TABLE I. Values used in entanglement rate calculations.

In Figs. 3 and 4 we compare the entanglement genera-
tion rates for this example case in network configurations
described in sections II A, II B and II C and operating at
either 780 nm or in the C-band. The entanglement rates
in Figs. 3 and 4 are determined using Eqs. 1, 6 and 11
(lines) and also using simulated data (data points in Fig.
3). See Appendix B for more details on the simulation.

The black curves in Fig. 3 show the entanglement gen-
eration rates for basic two-node networks at 780 nm
(black solid) and C-band (black dot-dashed) as described
in section II A. The dashed curves show the rates for a
network using NDSPM as described in section II B us-
ing 780 nm photons (magenta and triangles) and C-band
photons (blue and circles). When comparing hybrid net-
works using NDSPM (circles and triangles) to those using
NDSPM and photonic storage (diamonds and squares),
as described in sections II B and II C respectively, there is
an increase in entanglement rates. For example, the 780
nm network with NDSPM outperforms a basic network
using C-band photons up to ≈ 1.8 km. Then, by adding
the photonic storage this distance can be increased to
≈5 km (magenta squares) in Fig. 3). Similarly, Fig. 3(A)
shows that a C-band network using NDSPM outperforms
the 780 nm network using NDSPM and photonic storage
after ≈ 3.8 km.

The ratio of entanglement rate between a hybrid net-
work using NDSPM (Eq. 6) and a homogeneous network
(Eq. 1) shows a peak followed by a slow decline (dashed
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curves in Fig. 4). This decline can be explained by Eqs. 3
and 5 where 2tn(L) will dominate at large distances and,
eventually, this method underperforms the homogeneous
network rate R(L). Comparing Eqs. 1 and 6, this occurs
at lengths such that P 2

nd
T
2p2 . tn(L). The 780-nm net-

work using photonic storage in addition to NDSPM (Eq.
11) for each node outperforms a standard 780-nm net-
work at all distances for the values used in this work (solid
curves in Fig. 4). At long distances T ∗(L) ≈ r(L)−1,
and for the 780-nm network, the rate ratio approaches
an asymptotic limit given by [ΓndEs/(PpPQ)]2 ≈ 772,
the increase in success probability given a successful ND-
SPM. The C-band network with storage, having an ad-
ditional stage of QFC versus the non-storage case, ap-
proaches and asymptotic limit of [ΓndEs/Pp]

2 ≈ 278.
The example cases in Figs. 3 and 4 use set values of the

photon storage efficiency, Es = 1, and NDSPM efficiency,
Pnd = 0.75. Variations in these values will affect the
networks entanglement rate increase over a homogeneous
network. In Fig. 5 we show contour plots for both the
780 nm and C-band based networks as a function of Es
and Pnd. In both the 780 nm and C-band networks it can
be seen that entanglement generation rates over an order
of magnitude compared with a homogeneous network can
be achieved with only modest values of Es and Pnd. In
fact, for the C-band network, factors of over 100 can be
achieved after 10 km with Es and Pnd values of ≈ 0.6.

We have described how integration of neutral-atom-
based technologies into a trapped-ion based quantum
network can overcome photon losses to yield significant
increases in entanglement generation rates. We show
this increase can be over a factor of 100 in both 780
nm and C-band based fiber network links. The use of
hybrid technology in trapped-ion based quantum net-
works is a promising method for establishing quantum
networks with projected gains over their homogeneous
counterparts in entanglement generation rates.
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Appendix A: QFC Efficiencies

We have performed frequency conversion efficiency
tests using a waveguide buried in a periodically-poled
LiNbO3 (PPLN) crystal fabricated via reverse proton ex-
change [45]. Within the waveguide, difference frequency
generation results in the conversion of 493-nm photons
to 780-nm photons in the presence of a high intensity
pump [33, 39, 46]. A high intensity pump laser oper-
ating at 1343 nm as well as low intensity 493-nm light
are combined via a dichroic mirror and then coupled into

one side of the waveguide using an uncoated aspheric
lens. At the output of the PPLN waveguide, another
uncoated aspheric lens is used to roughly collimate the
converted 780-nm light. The converted signal is then
separated from the pump through use of both a dichroic
mirror as well as a set of band-pass (Semrock 1326/SP-
25 and Semrock LL01-780-12.5) filters and coupled into
a polarization maintaining single mode fiber. The power
of the converted signal is then measured at the output
of this short fiber using a standard power meter. This is
similar to the setups used in [47].

We observe end-to-end QFC efficiencies of ≈ 40% in
conversion of 493-nm photons to 780-nm photons, includ-
ing coupling back into optical fiber (Fig. 6). An end-to-
end efficiency ∼ 60% could be achieved via the incorpora-
tion of anti-reflection coatings on coupling optics and on
the facets of the LiNbO3 waveguide [45], neither of which
were used in the taking of the data in Fig. 6. We, there-
fore, assume 60% QFC efficiency from 493 nm to 780 nm
for this work and assume the same efficiency for QFC
from 780 nm to C-band wavelengths, as has been pre-
viously demonstrated [48]. The output frequency of the
QFC setup may be tuned into or out of optical resonance
with neutral-rubidium systems (or to match other sys-
tems) by tuning the QFC setup’s pump laser frequency.

FIG. 6. Efficiency of QFC from 493 nm to 780 nm as a
function of pump power, P , coupled into a LiNbO3 waveg-
uide [45]. The solid line is a fit to ηsin2[(π/2)

√
P/Pm] where

Pm is the power at maximum conversion efficiency and η is
the maximum conversion efficiency. Deviations of the data
from theory fit are thought to be due to pump-induced phase-
matching changes for this particular waveguide. Uncertainties
result from converted signal power fluctuation over the course
of the measurement.

Appendix B: Network Simulations

As verification of the theory presented in the main text,
we run a simulated experiment. The simulation iterates
over a set number of clock cycles, with a cycle period
equal to T as defined in section II B. All photon-emission
attempts are implemented at an integer number of clock-
cycles, as would be needed experimentally for synchro-
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nization purposes, and all travel times are rounded up to
the nearest number of cycles for ease of coding. Events
that can occur in the experiment with non-unity prob-
ability are simulated via comparison to random number
generators (RNGs) with a precision of 10−4. A Boolean
flag variable is used for each channel, which can be set
to True, after a successful photon detection event, or
False, when no photon is detected or when the experi-
ment should be reset.

First, we discuss the configuration presented in
Fig. 1(b) described in Section II B. At every clock cy-
cle, equivalent to one iteration of the program loop, the
program checks the flag variable for each channel, and if a
flag is not raised (i.e. it is False), a photon generation at-
tempt is performed using a comparison between an RNG
and the per-shot probability a photon is detected by the
NDSPM, given by Eq. 4 in the main text. In the case of a
successful NDSPM, the corresponding flag variable is set
to True, preventing photon production from that channel
for the amount of time it would take for information to
travel to the BSA and back, 2tn(L), rounded to the near-
est number of clock cycles, after which the flag is reset to
False. In the case of a successful NDSPM, on the same
cycle, the probability of a photon making it to the BSA is
compared to an RNG to determine if the photon makes it
through the network and if so, a Boolean variable for the
BSA is set to True. If both channels have a BSA variable
set to True an entanglement event is recorded. The error
in the entanglement rates are determined from statistical
errors after 108 program iterations. At the end of every
program iteration, the BSA variable for each channel is
set to False to ensure that entanglement events are only
recorded when both nodes successfully produce a photon
on the same clock cycle.

We now discuss the simulation for the network shown
in Fig. 1(c) and discussed in section II C, which removes
the requirement that both photons be produced on the
same clock cycle. In this case, the flag variables for each
channel are set to True in the same manner as above,
but are not reset to False after a set time. Instead, a
successful NDSPM results in a storage variable for that
channel being set to True after a time tn(L), the time it
takes for a photon to travel from each node to the BSA.
After the NDSPM, BSA variables for each channel may
be set to True in the same manner as discussed for the
non-storage case, with the addition inclusion of storage
efficiency in the photon transmission probability. In this
case however, BSA variables are not automatically set to
False at the beginning of every cycle, as photons can now
be stored at the BSA. This allows one channel to preserve
its photons in the storage element while the other channel
continues photon-generation attempts.

Every cycle, the simulation checks to see if the stor-
age variables for both channels are simultaneously set to
True. At this point, if the photon variables for both chan-
nels are set to True, an entanglement event is recorded.
Both photon variables are then set to False, and after
a time tn(L), to allow for information to travel back to

each node, the flag variables for each channel are set to
zero to allow photon production to recommence.

The code for this simulation is available at
(https://github.com/ionquantumnetworks/
TrappedIonPhotonMeasStorage) or on request.

Appendix C: Effect of non-infinite storage time

The entanglement rates given in the main text assume
that the photons from each node can be stored indefi-
nitely. Any realistic storage element will, however, have
limits on the storage time. We will examine the effect of
this finite storage time on entanglement rates.

When a photon from one of the nodes reaches the stor-
age element, it is stored until the other node’s photon is
stored. Critically, this means that the relevant time scale
is the difference between the arrival times of each of the
photons to their respective storage devices. Because the
network length is symmetric the relative arrival time is
equivalent to the relative time between successful ND-
SPM of photons produced by each node. The travel time
(and therefore the network length) has no affect on this
time for the symmetric network considered. The proba-
bility that the second node successfully produces a pho-
ton M cycles after the first node successfully produces a
photon is given by

P12(M) =

∞∑
N=1

P1(N)P2(N +M)

=

∞∑
N=1

p2(1− p)2N+M−2

=
p(1− p)M

2− p
. (C1)

Similarly, the probability that the second node pro-
duces a photon M cycles before the first node successfully
produces a photon is given by

P21(M) =

∞∑
N=1

P1(N)P2(N −M)θ(N −M)

=

∞∑
N=1

p2(1− p)2N−M−2θ(N −M)

=
(1− p)M

2− p
(C2)

where θ(x) represents the left-side continuous Heaviside
step function.

Using these values, we can calculate the weighted prob-
ability that the photons from both nodes are successfully
stored. We consider single photon storage that decays
exponentially over time, with decay constant τ . Both
photons are then stored and successfully released with a

https://github.com/ionquantumnetworks/TrappedIonPhotonMeasStorage
https://github.com/ionquantumnetworks/TrappedIonPhotonMeasStorage
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probability, relative to the maximum storage probability
of Es, of

β(p, T, τ) =

∞∑
M=0

[P12(M) + P21(M)]e−MT/τ − P12(0)

=
p(1 + eT/τ − p)

(2− p)(eT/τ + p− 1)
, (C3)

where T is the period as defined in Section II B. The
P12(0) term is subtracted to keep from double counting
for M = 0, where one should note P12(0) = P21(0). The
entanglement rate then is altered to

R∗(L) = β(p, T, τ)r∗(L)[Pf (L)EsP
z
QPd]

2/2. (C4)
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