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Abstract—Coherent microwave-optical photon conversion is
a key enabling technology for the Quantum Internet, since it
allows entanglement distribution among superconducting-based
network nodes. A high-efficiency electro-optic transducer based
on three-dimensional superconducting radio-frequency (SRF)
technology has recently been proposed at Fermilab. In this paper,
we evaluate the impact of Fermilab’s transduction hardware on
the entanglement generation probability and the entanglement
rate, which are two critical metrics from a communication en-
gineering perspective. Furthermore, we provide some guidelines
to increase the direct entanglement rate, i.e., the rate before
any entanglement purification process. Our analysis shows that,
through high-efficiency transduction, it is possible to reduce the
network overhead. This preliminary work paves the way toward
distantly interconnected superconducting quantum processors.

Index Terms—Quantum Internet, Transduction, Qubit, Coher-
ence, Quantum networks, Entanglement, electro-optic transduc-
tion, EQT

I. INTRODUCTION

The Quantum Internet is envisioned to be disruptive by
enabling applications with no counterpart in the classical
world [[1]-[5], such as quantum distributed computing [6]] and
secure communications. The Quantum Internet [7] is a global
quantum network that interconnects heterogeneous quantum
networks. These interconnections rely on the capability of
transferring quantum information, generating and distributing
entanglement among the network nodes [2].

There is a wide consensus in the field to use optical photons,
i.e., flying quantum bits (qubits), as entanglement carriers
[7]l. Whereas matter qubits represent the qubits needed for
processing and storing the information within the quantum
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nodes. In Fig. [T} we illustrate the role of transducers in
converting matter-flying qubits.

Here, we focus on superconducting qubits as the most
promising platform to encode fast gates and scale up quantum
systems. High-efficiency quantum transducers are needed to
coherently convert superconducting matter qubits to flying
qubits. One way to realize such hybrid devices is by coupling
electro-optic optical resonators with superconducting radio-
frequency (SRF) cavities [8], [9]. Such electro-optic trans-
ducers use the Pockels effect to directly convert optical and
microwave signals. Other transduction schemes may involve
intermediate steps exploiting mediator modes that do not fall
under either the microwave or optical spectra. They could
be of a different nature, such as acoustic or mechanical,
depending on the specific application and requirements for
the system. A direct conversion is instead realized through
electro-optic transducers, avoiding intermediate excitation that
would increase the added noise of the system [10], [11].

In this paper, we first address the challenges arising from
the design of the matter-flying transducer. We analyze two
electro-optic transduction schemes: Direct Quantum Transduc-
tion (DQT) and Entanglement-based Quantum Transduction
(EQT). We find an advantage in the EQT to generate and
distribute entanglement, bypassing the some of the demanding
hardware requirements in the DQT [12]]. Furthermore, EQT
with generation of M-M entanglement avoids the direct trans-
duction of the quantum information carrier with a subsequent
reduction of the noise impact.

Then, we consider a high-efficiency electro-optic trans-
duction technology based on three-dimensional SRF cavities,
which is under development at Fermilab [_8]. We perform
a parametric analysis to evaluate entanglement generation
probability and entanglement rate, critical metrics in quan-
tum networks. Additionally, we provide some guidelines to
increase the direct entanglement rate, i.e., the rate before
any entanglement purification process. This is crucial, since
purification increases the network overhead.

This preliminary work paves the way toward distantly
interconnected superconducting quantum processors through
high-efficiency transduction.

The paper is organized as follows. In Sec[lll] we pro-
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Fig. 1: Matter-flying transducer for remote quantum processing units (QPUs) interconnection. The matter-flying transducer is
responsible for the bi-directional transduction between matter qubits and flying qubits.

vide an overview of matter-flying qubits and transduction
schemes. In Sec. [T, we further detail two different trans-
duction schemes: DQT and EQT. Specifically, we highlight
that the entanglement-based quantum transduction enables
entanglement generation and distribution. In Sec. we focus
on heralded entanglement of microwave photons generation
and distribution. In Sec. [V] we introduce an high efficiency -
low loss transducer under development at Fermilab. Finally,
to better understand the performance of such a transducer
for quantum communications, we analyze two critical metrics
in Sec. entanglement generation probability and entan-
glement rate. This analysis is crucial to understand the key
parameters affecting the performance of the matter-flying
transducer in the light of the entanglement generation and
distribution functionality for quantum networks.

II. MATTER-FLYING QUBIT CONVERSION
A. Matter-flying Transducer

Physical qubits, i.e. matter qubits, can be realized using
several technologies, such as superconducting, ion traps-based,
and photonic.

Ion traps are commonly recognized as efficient quantum
memories, i.e., qubits dedicated to store quantum information,
due to their notably long coherence time and their low inter-
action with the environment. Nevertheless, the low coupling
with the environment, as well as the complex equipment
required for the single ion addressingﬂ poses challenges in
quantum computation based on ion qubits. Conversely, the
superconducting technology stands out as the most promising
platform for matter qubits with fast gates and high-scalability.
However, superconducting qubits must be cooled down to
milli-Kelvin temperatures and shielded in dilution refrigerators
to avoid detrimental thermal noise, limiting the development
of large-scale quantum networks, i.e., the interconnection
of remote quantum processing units (QPUs). On the other
hand, optical photons are immune to thermal noise at room

I'Single ion addressing — the ability to act on a single ion without affecting
the neighbouring ions. This operation is equivalent to performing a single-
qubit gate and requires high precision lasers and complex control systems.

temperature and can be transmitted over long distances through
optical fiber channels with extrimely low losses. As result,
optical photons are usually referred to as flying qubits, which
support the heralded generation and distribution [13], [14] of
entangled states [[I5]]. To realize a matter-flying qubit interface,
superconducting and photonic technologies are combined into
hybrid devices, i.e. matter-flying transducer.

One of the main challenges arising from the development
of the matter-flying transducer concerns the frequency con-
version between microwave and optical photons. Indeed, the
conversion from matter qubits to flying qubits (and vice-versa)
requires to mediate the huge energy gap between microwave
frequencies (superconducting qubits) and optical frequencies
(flying qubits), above five order of magnitude [16], [I7]. Here,
we identify the electro-optic transduction as a direct way to
convert microwave to optical frequencies (up-conversion) and
vice-versa (down-conversion).

B. Electro-optic transduction

Electro-optic transduction is based on the Pockels effect and
provides direct microwave-optical conversion, without inter-
mediate mechanical resonators or local oscillators [9], which
would increase the added noise in the frequency conversion.
These hybrid devices comprise optical resonators coupled to
microwave resonators. A laser pump mediates the interaction
between the microwave and optical fields. The input classical
laser pump can either be red or blue detuned. In red-detuning,
the pump can trigger an up-conversion. In blue-detuning, it
can trigger a down-conversiotﬂ In both cases, the resulting
phase modulation creates side-bands symmetrically placed
around the optical pump frequency, that can be described by
Sum Frequency Generation (SFG) and Difference Frequency
Generation (DFG), respectively. They are also labelled as anti-
Stokes and Stokes process [18].

2Colors red and blue are used to indicate two different optical pumping
sidebands that are conventionally used in literature to distinguish pump lasers
with different frequencies. Remarkably, they do not refer to red and blue
frequencies in the optical spectrum.
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Let a, a1, a2, b be the annihilation operators for the center
optical mode, Stokes mode, anti-Stokes mode and microwave
mode, and wy,, w_, w4, wy their respective frequencies. The
Hamiltonian describing the three-wave mixing process is [19],
[20]:

H = hwpaat + hw_ayal + hwyagal + hwybb!t
+hgo(b+b ) (a+ a1 +ax) (a+ay +az) (1)

where go denotes the nonlinear coupling rate [21]. In red-
detuning, the frequency of the input pump is chosen as
wp = We — wp. In this case, anti-Stokes and Stokes side-
bands become respectively wi = (w, — wp) + wp = w, and
w_ = (wg — wp) — wp = Wy — 2w,. However, if the free-
spectral range (F'SR) of the optical cavity is equal to wy,
the red-detuned pump also leads to efficient down-conversion
because of the presence of the resonant Stoke side-band. This
undesired down-conversion can be suppressed either through
off-resonance pumping and a detuning of w; from the optical
FSR, or by leveraging a center pump mode with a different
polarization than the anti-Stokes mode [22]. Therefore, ne-
glecting the Stokes mode (a;), the overall Hamiltonian of the
system can be expressed as follows:

H = hwyaa' + hwyazal + huwybb!
—goh(b+b")(a+ az)'(a + az) )

Alternatively, we can realize a parametric down conversion. In
this case the blue-detuned pump is excited at: wy, = wq + wp.
We obtain wi = (wg + wp) + wp = wg + 2w, and w_ =
(wg + wp) — wp = wg. As for the red-detuned pump, the
parametric up conversion could lead to the presence of the

resonant anti-Stoke side-band has to be suppressed. As result,
the Hamiltonian of the system is:

H = hwpaat + hw_ayal + hapb
—goh(b+bM)(a+a1)t(a+ ar) (3)

where ao is neglected. The frequency spectrum of the
up/down-conversion is displayed in Figure [2] for the two
different pumps and the corresponding Stoke and anti-Stoke
side-bands generated.

III. TRANSDUCTION SCHEMES

As discussed in the previous section, bidirectional
microwave-optical transduction represents a pivotal building
block for quantum networks.

We distinguish two main transduction schemes, namely
[23]]:

e Direct Quantum Transduction (DQT),

« Entanglement-based Quantum Transduction (EQT).

In order to obtain a point-to-point communication scheme
exploiting, i.e., DQT, two transducers are required at i) the
transmitter end for microwave-to-optical (M-O) conversion,
and at ii) the receiver end for optical-to-microwave (O-M)
conversion. The transducer at the transmitter converts the
quantum state of a matter qubit into a photon, i.e., it maps
the state encoded through the matter qubit into a flying qubit.
The transducer at the receiver realizes the conversion in the
opposite direction, i.e., O-M conversion and maps the state
of the flying qubit into a matter qubit. It is noted that the
DQT approach is highly demanding, as it requires both high
coupling efficiency and small added noise [24] for both the M-
O and O-M conversions [25]. If high pump power is applied
to the optical system to realize the conversion, it leads to
heating and thermal quasiparticles poisoning. Thus, a main
technical challenge lies in finding the trade-off between the
thermal noise and conversion efficiency [8]], [24].

Here, we are considering EQT as an alternate scheme
for entanglement generation and distribution. The interaction
between microwave and optical light enables an important
functionality for the network interface. Specifically, EQT
allows to entangle microwave photons and optical photons,
i.e., it generates entanglement between matter qubits and flying
qubits [26]. This is a crucial result since entanglement repre-
sents a main resource for the Quantum Internet and quantum
networks functionalities [15]. EQT first generates microwave-
optical (M-O) entanglement [23]], then it fulfill the state
conversion thought a beam-splitter, leveraging either M-O and
M-M entanglement, according to the physical system. EQT
first generates photons entanglement with parametric up- or
down-conversion, then completes the state conversion through
quantum teleportation. In the M-O case the quantum state to
be distributed (denoted with |¢)) by assuming a pure state) is
stored within a superconducting qubit interconnected with the
microwave resonator. A blue-detuned pump is applied to the
cavity generating an entangled pair of optical and microwave
photons. The microwave generated photon of the entangled
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Fig. 3: Schematic depiction of three different schemes of transduction analyzed. Transducers are depicted with light blue
squarrow. Blue- and red-detuned pump are depicted with narrows with the corespondent color.

pair and the superconducting qubit are processed as in a BSM
interaction (thus, implementing a teleportation protocol). As
a result, the state |¢)) is now mapped on the optical photon
that can reach the remote processor. After photon detection, the
generated optical entangled photons reach the receiver through
an optical fiber. Then, it is transduced back and elaborated by
the destination system.

Both DQT and EQT with M-O entangled photons realize
the connection between distant microwave quantum processors
by converting the signal to the optical regime, and converting
them back to microwaves. A schematic block diagram is
available in Figure Alternatively, the same goal can be
accomplished through EQT with faithful M-M entanglement
generation. The setup consists of two quantum transducers
spatially separated. Both optical cavities are simultaneously
excited with a laser pump and coupled to the respective optical
fibers. The fibers transmit the generated optical photons to a
beam splitter followed by two detectors without distinguishing
among the different path information [25]], [27]. The targeted
entangled state to be generated is a Bell state between two
distant microwave cavities, and it is identified by a single click
of one detector [S8], [25]. Figure E] summarizes the different
transduction schemes discussed so far.

IV. M-M ENTANGLEMENT BASED QUANTUM
TRANSDUCTION

One of the main advantages of the EQT protocol with M-
M entanglement is that microwave photons between remote
superconducting QPUs are directly entangled. As the O-M
reverse process is not required, EQT results in an enhanced
fidelity of heralded entanglement. The photon generation in

one transducer under a continuous pump follows a Poissonian
process [25] with photon generation rate given by:
4go{np)Ya.c
0=7——"—3 “4)
('Ya,c + 'Ya,O)Q
where 7, . and v, 0 denote extrinsic and intrinsic loss rate of
the optical modes (i.e., the pump and the optical mode in the
cavity), respectively. While, <np> denotes the average number
of photons in the pump mode and depends on both input pump
power (F;,) and optical losses g, and 74,0 as follows:

<n > _ 47a,c P, [

? (’Ya,c + 'Ya,O)z hwp
Assuming a fixed duration time of the transduction process,
i.e., the duration of each pump pulse (At), the the click rate
of the detector is given b

&)

—roAt At (6)
At +t,

where ¢, is the microwave reset time after each generation

event and it is usually set equal to 1us. The factor two in (6]

comes from the fact that each of the two nodes can produce

a heralded photon [25].

As previously mentioned, in order to successfully herald the
M-M entanglement, we need optical single photon clicks by
the detector. This click-based entanglement swapping scheme
is probabilistic, as discussed in Ref. [24]]. With the EQT M-
M transduction scheme, we may either operate with red- or
blue-detuned pump.

re = 2rpe

31t is important to emphasize that in some previous works [|8] and [25] @
(re) refers to the entanglement rate. Instead, in this work, r. refers to the
possibility of a single click of the detector. We will define entanglement rate
the product between r. and the entanglement generation probability.



Fig. 4: M-M entanglement generation and distribution with blue-detuned pump. A pump optical photon can be converted into
a microwave and an optical photon. The microwave photon generated in one transducer is indicated with blue, the optical
photon generated is depicted with red. Differently, dotted circles represent the event no entangled photons generated.

First, we consider the blue-detuned pumping case. The
probability that a single photon is generated in the microwave
cavity is expressed as:

Py = roAte T4, @)
While the probability that no photon is generated is:
Py = e oA ®)

Figure ] schematically show the microwave and optical photon
generation, with probability Py in blue-detuned pumping
case.

In particular, to identify an entangled state, the detection
of a single optical photon is required [8]], [25]. However, it
is possible that the down-conversion process simultaneously
produce a microwave photon in each of the two resonators.
This probability is given by:

Py =P} )

As a result, the detection is affected by uncertainty. Indeed, a
detector click can also indicate the presence of two microwave
photons in the cavities that, as consequence, are not entangled.
This leads to the possibility that multiple photons may be
produced within a single microwave cavity. The probability
of observing more than one photon within a single microwave
cavity is:

Prsin<i =Pp<ins1=1—Py—P)(Py+P1) (10)

The probability that more than one photon is generated in
each cavity is given by:

Pnsins1 = (1— Py — P)? (11)

The final state of the system is the superposition of two-photon
Fock states. We denote a Fock state with |n,np), where n,
and ny represent the optical photon generated by the first and
the second transducer respectively [25]]. The final state of the
system can be written as:

[Y¢) = v/ Poo |00) + v/ Po1 |01) + \/ Pio |10) + /Py |11)
+Ppsin<im>1,n<1)+ \/Pp<ins1m < 1,n>1)
+\/ Pm>1,n>1 |m > 17” > 1>

(12)

The entanglement generation probability is expressed asﬂ
Py + Po

P., =
@ Pio+ Po1 + P11 + Pps1n<t + Pr<in>1 + Pm?11373>1

where the subscript b refers to the blue-detuned pump. In (T3)
we do not consider Fyy. Indeed, because no optical photons
reach the beam-splitter, there is no click of the detectors
indicating the entanglement generation. Thus, the probability

It is important to emphasize that in some previous works (13) refers
to fidelity. Instead, in this work, P, ; refers to the probability that with a
blue input pumping a single click of the detector indicates the presence of
entanglement between distant processors. Same considerations hold for Pe
considering red input pumping.



Fig. 5: M-M entanglement generation and distribution with red-detuned pump. Firstly, both microwave cavities are prepared
with one photon state while leaving the optical cavity at the zero-photon state. A microwave photon can be converted to an

optical photon (red circle).

that both transducers do not generate optical photons does not
affect the entanglement generation probability. The entangle-
ment generation probability of heralded entanglement is likely
to be compromised for two reasons. On one hand, the down-
conversion process can generate states that contain more than
one photon. On the other hand, there is a low probability that
the down-conversion process generates a photon in each of the
two resonators simultaneously.

While the second source of reduction of entanglement
generation probability is unavoidable (P;;), the first one can
be eliminated using a red-detuned pump instead of a blue-
detuned pump [25]|. To enable remote entanglement with red-
sideband pumping, both microwave cavities are prepared with
one microwave photon. The probability that this photon is
converted into an optical photon is:
—roAt

Pi=1-e¢ (14)
The probability that no optical photons are generated is:
Py = e "o (15)

In this case, the final state can be expressed as:

thf) = V' Foo [00) + /Fo1 [01) + v/ Pio [10) + v/ P11 [11)
(16)
With red-detuned pump, the the entanglement generation prob-
ability is only affected by P;; = P2. In fact, the red-detuned
pumping case adopts a direct transduction from the microwave
photon to the optical one. As result, no new microwave pho-
tons are created. Thus, we enhance the fidelity of the heralded

Probability Cavity 1 Cavity 2
Microwave  Optical ~Microwave  Optical
Poo [1) 0) 1) 0)
Po1 [1) 0) 0) 1)
Pyo |0) 1) 1) 0)
Py 0) L 0) L

TABLE I: Red-detuned pump microwave and optical photons
generation events.

entanglement. Figure [5] schematically represents microwave to
optical photon transition with probability P with red-detuned
pump.

Table [I] shows possible cases of microwave and optical
photon present in the transducer with red-detuned pump.
Excluding terms indicating the generation of more than one
microwave photon, Table [I] also holds for the blue-detuned
pumping case. However, it is noted that, in the red-detuned
pumping case the |0) indicated in the microwave columns
refers to a successful conversion of the microwave photon
into an optical photon. Instead, in the blue-detuned pumping
case, the |0) indicated in the microwave columns refers to a
failed generation of an entangled M-O pair. The entanglement
generation probability is given by:

P, = _ Dot P (17

" P+ Por+ Py
where the subscript r refers to the red-detuned pump adopted.
As result, without the factors P~ 1 n<1, Pm<in>1, Pm>1,n>1



the entanglement generation probability with red-detuned
pump is improved. Furthermore, if P;; = 0, it reaches
the maximum possible value, i.e., P, , = 1. Following this
approach, the quantum state of interest is never truly carried
by the optical mode, as conversely done by both DQT and
EQT with M-O entanglement generation. The optical photon is
instead used only to entangle two microwave photons excited
in each microwave cavity [25]. The detection of the optical
photon is only necessary to herald the generation of the pair
of microwave entangled photons in the two distant cavities.

V. 3D ELECTRO-OPTIC TRANSDUCER

Fig. 6: Three-dimensional superconducting RF (SRF) cavity
and electro-optic design for quantum transduction.

Different systems are being evaluated to realize efficient
microwave-optical conversion at the quantum threshold, i.e.
quantum transduction. As noted, electro-optic transduction
provides a direct conversion. The limit in the current state-
of-the-art electro-optic transducers is the need of high pump
power that leads to high photon loss. Indeed, when the pump
power applied to the optical resonator is high, the interaction
between optical and microwave photons increases. However,
the high optical pumping leads to overheating and is in conflict
with the critical temperature required for superconducting
qubits operation (< 120 mK). Thus, a trade-off between
thermal noise and transduction efficiency is needed. A novel
hardware platform implemented at Fermilab and supported
by Superconducting Quantum Materials and Systems (SQMS)
Center could greatly overcome this issue by increasing
the microwave quality factor. In currently available electro-
optic transducers, while the optical quality factor (Q),) can
reach the order of 107, the microwave quality factor (Qj)
is bounded by lower values (< 10%). The proposed device
consists of an lithium niobate (LN) whispering gallery mode
(WGM) optical resonator enclosed by a 3D bulk niobium SRF
cavity (Figure [6). In order to obtain a good microwave-optical
interaction while maintaining a low input pump power, the
quality factor of the system is increased by careful microwave

design and fields alignment. The microwave quality factor at
cryogenic temperatures is mainly determined by the losses in
the dielectric crystal but it also has a trade-off with the single-
photon electro-optic coupling coefficient, which is determined
by the overlap between microwave and optical fields. In the
transduction system under evaluation at Fermilab the losses
are mostly concentrated in the dielectric LN resonator, which
defines the internal quality factor of the microwave cavity.
Moreover, to obtain a good interaction between microwave
and optical fields, the quality factor of the system is increased
by careful microwave design and fields alignment. With this
architecture, the system could reach a microwave quality factor
of about 10°. Therefore, this hardware represents a critical
interface that enables to: i) enable operations in current di-
lution refrigerators, ii) interconnect superconducting quantum
processors, iii) share remote entanglement through optical
fibers [8].

VI. PERFORMANCE ANALYSIS

Our goal is to analyze the performance of Fermilab’s high-
efficiency transducer in quantum network applications. We
exploit M-M entanglement-based (EQT) transduction using the
proposed hardware for maximizing the two key metrics af-
fecting the system’s communications performances, which are
the entanglement generation probability and the entanglement
rate. We model the network using transduction parameters as
in Ref. [8]|. In particular, we use the input pump power P;,, and
the coupling strength, i.e., the ratio between extrinsic loss rate
of the optical mode (v,,.) normalized by the intrinsic optical
loss rate denoted with (v4,0). Both these factors act on the
photon generation rate, expressed in (@), and consequently on
the click rate, expressed in @)

A high-index prism is placed close to the rim of the optical
resonator to couple the optical pump into the WGM of the
proposed system [28]. The coupling strength between the
resonator and the prism is controlled by their spatial gap. The
prism has a negligible effect on the microwave loss [29]. We
derive the click rate as a function of the coupling strength and
the input pump power. We vary the coupling strength in the
range [1 — 10], typical values of this parameter for the system
in exam, and the input pump power in [100 uW — 1 mW],
i.e., the range of power values at which the transducer typically
works. The duration time of the transduction process and the
reset time are fixed, both equal to about 1 us (typical values
for these parameters). Figure [7a shows the click rate r. as
a function of the coupling strength ;Z < (linear scale) and
the pump input power P;,, (logarithmic scale) The click rate
increases with the input pump power and reaches a maximum
(«~ 3.6 x 10° Hz) at Py, ~ 1 mW and j/“ ~ 1.5. We then
evaluate entanglement generation probability of the click rate
to optimize the communication performance.

We also examine the entanglement generation probability of
the click rate as a function of 7“ < and P;,. Due to previously
mentioned performance optlmlzatlon purposes, we adopt a
red-detuned input pumping. Figure [7b] shows the difference
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of the coupling strength Y2

P, (b) entanglement generation probability in red-detuning case P, (c) and entanglement rate . (d) as a function
and input pump power P;,. It is important to emphasize that in some previous works [8] 7,

expressed with (6) and Pe:: expressed with (T3) are called entanglement rate and fidelity, respectively. However, in this case,
r. refers to the possibility of a single click of the detector and P, , refers to the probability that a single click of the detector
indicates the presence of entanglement between distant processors.

between entanglement generation probability in case of red-
detuned pumping P., and entanglement generation proba-
bility in case of blue-detuned pumping F. . It is clear that
P, . is higher than P, , for every value of Yae and P,,,. The
difference reaches its minimum («~ 0.1) for Pm w100 pW.
We find that the red-detuned pumping scheme is a better fit
for applications related to the quantum internet as it leads to
higher entanglement generation probability. Figure [/c| shows
that, differently from r., P, , increases with the decreasing
of P,,. Moreover, it also increases with 2%:<. This means that
the corresponding click rate represents the “direct entanglement
rate i.e., a click of the detector corresponds to the presence of

entanglement between processors and does not require further
purification. To take into account the analysis results obtained
(Figure [7a] and Figure and therefore to meet the trade-off
between click rate and entanglement generation probability, we
estimate their product r. = r. X P, , (Figure @), i.e. the en-
tanglement rate. Comparing Figure [7a]and Figure[7d] it is clear
that for low values of P;,, r. and r. assume similar values.
However, by increasing P;, the entanglement rate decreases
compared to the correspondent value of the click rate. For
instance, while for P;,, ~ 1 mW and % ~ 1.5, r. reaches its
maximum (- 3.6 x 10° Hz), 7. reaches ~ 2.2 x 105 Hz. This
is due to the value of the entanglement generation probability



that results less than 1. As expected, this analysis also supports
network operations at lower input power pump. The maximum
value of the entanglement rate (P, ~ 1) 7 X 10* Hz is
obtained at P;, ~ 100 puW and % ~ 1.5. A main finding
of this work is that by decreasing the input power pump,
the gap between r. and r. decreases. This is valid for for
fixed values of At and t¢,.. Moreover, this enhancement of
the entanglement generation is possible without additional
entanglement purification. Remarkably this also results in a
reduction of the maximum value of entanglement generation.

VII. CONCLUSIONS

The quantum transduction of microwave and optical fields
is currently a very active area of research. Here, we discussed
microwave-optical transduction in the light of network func-
tionalities for the interconnection of remote superconducting-
based quantum processing units. Specifically, we underlined
that coherent microwave-optical conversion of single photons
enables the exchange of quantum states between remotely con-
nected QPUs. We discussed the role of quantum transduction
for the network interface and recognized its pivotal capability
to entangle microwave and optical photons. More into details,
we conducted a performance analysis from a communication
point of view by focusing on entanglement-based quantum
transduction, and we discussed how the EQT scheme enables
M-M entanglement generation with high fidelity. Among the
latest transduction devices proposal, Fermilab proposes an
electro-optic transducer capable of achieving high conversion
efficiency maintaining low incoming pump power. We eval-
vated the Fermilab’s system to realize the interconnection
between remote superconducting quantum processors through
heralded entanglement generation and distribution. In par-
ticular, we tuned the above hardware parameters through
numerical simulations to achieve maximum click rate and
entanglement generation probability with a low input power
pump. We obtained an entanglement rate of «~ 7x10* Hz with
a red-detuned input power pump of «~ 100 W and a coupling
strength of «~ 1.5. We find that the entanglement generation
probability close to 1, i.e., the click rate corresponds to
the entanglement rate (r., = 7.), and thus to the direct
entanglement rate. This platform holds great potential for the
near-future realization the Quantum Internet.
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