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ABSTRACT 

Entangled photon pair sources are a key enabling technology for quantum communication and networking, yet their deployment 
beyond laboratory environments is hindered by system-level complexity, limited operational stability, and insufficient industry 
compatibility. Here, we demonstrate a rack-based, mobile quantum light source architecture based on a semiconductor quantum 

dot emitter that directly addresses these challenges through modular system integration and automated quantum state verification. 
The source generates polarization-entangled photon pairs with an entanglement negativity 2 𝑛 of up to 0 . 98 ± 0 . 01 , confirming 
near-maximal entanglement quality. In continuous, hands-off operation over a 6 h time window, the system achieves an 
average combined exciton and biexciton single-photon count rate of 697 ± 8 kHz and a maximum rate of 740 ± 7 kHz, while 
maintaining a 2 𝑛-value of more than 95%. These results are enabled by the integration of optical excitation, collection, cryogenic 
operation, and control electronics within a standardized rack footprint, together with automated monitoring. By demonstrating 
simultaneously high entanglement quality, sustained brightness over a 6 h period, and inherent architectural robustness in an 
industry-aligned system, this work advances semiconductor quantum dot devices toward deployable entangled photon sources 
for applied quantum photonics. 
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 Introduction 

uantum communication is essential for quantum informa-
ion exchange between distant communication network nodes,
hereby enabling key applications such as physically secure
nformation exchange and distributed quantum computing [ 1,
 ]. While early systems focused on simple two-node links
etween a sender (Alice) and a receiver (Bob), recent advances
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have extended this to multi-node entanglement-based quantum
network architectures [ 3–7 ]. 

Efforts to improve compactness and modularity have also led
to significant progress in using quantum technologies in field
environments [ 8–10 ], such as satellite-based quantum com-
munication systems [ 11 ] and mobile quantum communication
links [ 12, 13 ] based on spontaneous parametric down-conversion
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ources of entangled photon pairs. Although such sources are
elatively straightforward to implement using non-linear optical
echniques, their performance is ultimately constrained by their
nherent Poissonian photon-number statistics [ 14 ]. In order to
ealize deterministic quantum communication schemes, quan-
um light sources are therefore indispensable. Over the past
ecade, great progress has been made on the field of efficient and
ompact single photon sources using quantum emitters [ 15–20 ].
y integrating these sources into testbeds and optical distribution
ystems, the vision of large-scale quantum communication and
pecifically quantum key distribution networks has been brought
loser to reality [ 21–25 ]. 

o build multipartite quantum information-exchange networks
nd quantum-repeater architectures for future quantum net-
orks beyond point-to-point connections, it is necessary to
se on-demand entangled multi-photon sources that are highly
fficient, feature close to unity entanglement fidelities and high
ndistinguishabilities [ 23, 26–29 ]. Notably, the exciton-biexciton
ascade in GaAs quantum dots (QDs) provides a highly effi-
ient mechanism for entangled-photon pair emission, positioning
hese systems as leading candidates for on-chip entangled photon
ources [ 30–38 ]. 

espite substantial progress in source physics and optical
erformance, the majority of demonstrated entangled photon
ources remain confined to laboratory environments and are not
eadily deployable in applied or industrial contexts. This gap
etween laboratory demonstrations and field-ready systems is
ot primarily limited by entanglement quality or single-photon
urity, but rather by system-level challenges. These include the
eed for Continuous manual alignment, limited operational
tability, bespoke experimental setups and layouts, and tight
oupling between optical performance and strict environmental
ontrols, such as temperature and vibrational stability. As a
esult, state-of-the-art entangled photon sources are difficult
o operate reliably outside controlled laboratory settings, hin-
ering their adoption in emerging quantum communication
etwork demonstrators that demand long-term, autonomous,
nd reproducible operation in industrial environments such as
erver rooms. 

n parallel, applied quantum photonics has begun to place
ncreasing emphasis on deployment-oriented metrics, such as
perational uptime, automation, footprint, and system interop-
rability [ 39, 40 ]. For entangled photon sources to transition
rom experimental platforms to enabling infrastructure, their
esign must explicitly account for these requirements at the
rchitectural level, rather than treating them as secondary
ngineering considerations. 

oward the goal of industrial deployment of high-performance
uantum systems based on GaAs QDs, significant progress has
een made by developing fiber-based platforms. Fiber-coupled
ource systems integrated into cryogenic environments below
0 K are necessary to attain high-performance devices within
 small footprints. Such systems have demonstrated reliable
nd scalable operation, providing a pathway toward practical
nd commercial deployment. Notable advancements include the
evelopment of efficient single photon sources [ 18, 41 ], indistin-
uishable single photons [ 42 ], fiber-pigtailed, integrated sources
of 12
[ 43 ], GHz-clocked entangled photon pair sources based on QDs
[ 34, 44 ], and ultra-compact, fiber-coupled single and entan-
gled photon pair sources using 3D-printed micro-objectives [ 45,
46 ]. Additionally, techniques for collecting telecom-wavelength
photons from circular Bragg gratings with optical fibers and 3D-
printed microlenses have been demonstrated [ 47 ]. Together, these
approaches represent a robust foundation for high-performance,
fiber-integrated quantum photonic devices for semiconductor
QDs suitable for industrial applications. In this work, we address
this challenge by developing and experimentally validating a
rack-based, mobile entangled photon source built around a
semiconductor GaAs QD emitter. Rather than optimizing a single
performance metric in isolation, our approach focuses on system-
level integration and operational robustness, while retaining
near-ideal entanglement quality. Recent studies demonstrate
that relevant performance indicators for industrial quantum
networks are the temporal stability of three key parameters:
the photon-pair generation rate, the indistinguishability of the
emitted photons, and the entanglement fidelity [ 43, 48 ]. To frame
this approach, we operationally define industrial compatibility of
an entangled photon source through the following system-level
properties: 

∙ Standardized footprint : integration within 19-inch rack
enclosures, compatible with existing industrial infrastruc-
tures, such as server rooms and fiber network nodes. 

∙ Continuous operation: closed-loop stabilization of optical
alignment, excitation conditions, and polarization settings,
with a target autonomous operation time exceeding 24 h
without manual intervention. 

∙ Operational stability : sustained entangled photon gener-
ation with less than 5% drift in key performance metrics
(brightness, fidelity) over the autonomous operation time
period. 

∙ Remote accessibility : full software-based control and mon-
itoring via standardized communication interfaces, enabling
unattended and geographically distributed operation. 

∙ Deployability : vibration and thermal robustness compatible
with relocation without permanent degradation of source
performance. 

These criteria translate the often qualitative notion of deploya-
bility into concrete, testable system requirements and form the
design rationale for the architecture presented in this manuscript.
Furthermore, these engineering goals are general in nature and
extend beyond the specific system described in this work. While
achieving near-unity indistinguishability is indispensable for
entangled photon sources in future interference-based multi-
partite networks [ 49 ], it is not the primary figure of merit for
a standalone source system. Consequently, its optimization is
deferred to future implementations. 

While fully satisfying this framework remains an ongoing engi-
neering target, we demonstrate significant progress toward these
goals by generating polarization-entangled photon pairs with
an entanglement negativity 2 n of up to 0 . 98 ± 0 . 01 . Moreover,
we show sustained and hands-off operation over a 6 h time
window with an average single-photon emission rate of 697 ± 8

kHz (fluctuating by less than 15%) while maintaining a 2 n -value
Advanced Quantum Technologies, 2026
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FIGURE 1 High-level schematic overview of the compact, industry-compatible entangled photon pair source system architecture housed within 
19-inch rack systems. The principles and design considerations of the various modules are discussed in the text. 
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xceeding 95%. These results are obtained in a fully integrated,
ack-based system incorporating optical excitation and collec-
ion, cryogenic operation, and automated data collection and
nalysis infrastructure. 

he remainder of this work is structured as follows. Beyond
he system requirements and design rationale derived from the
ndustrial compatibility criteria outlined in this section, Section 2
iscusses the system design and illustrates the architecture and
mplementation of the rack-based quantum dot entangled photon
air source system. In Section 3 , the entangled photon pair source
ith in situ fiber coupling of the quantum dot inside a compact
ryostat is discussed. This is followed by Section 4 in which
xperimental results validating entanglement quality, brightness,
nd long-term stability are presented. Finally, Section 5 con-
ludes the manuscript. The provided in Supporting Information 1
etail additional information, including experimental appara-
us, exciton fine-structure splitting, correlation tomography, and
xciton lifetime. 

 System Design and Implementation 

he entangled photon pair source system presented in this work
ncorporates all the required hardware to operate the source. As
llustrated in Figure 1 , this includes the cryogenically cooled GaAs
D emitter, the excitation laser system, all optics, polarization
rojection, the superconducting single-photon detector (SSPD)
ystem, the time-correlated single-photon counting (TCSPC)
lectronics, the computer-based quantum information processing
s well as the automated control system. The basic working
rinciple of this entangled photon pair source follows that of
revious successful laboratory-based demonstrations of such
ystems [ 34, 46 ]. 

ontrary to these previous laboratory-based entangled photon
air system realizations, the source system presented here is
dvanced Quantum Technologies, 2026
designed and implemented completely within two industry-
standard 600 mm-wide, mobile 19-inch racks on wheels, as
schematically illustrated in Figure 2 . This modular architecture
allows compact integration of all components while maintaining
flexibility for system modifications. Interconnections within each
rack and between the two racks are realized via electrical cables
and low-loss single mode optical fibers, ensuring reliable signal
routing and minimal transmission losses. Due to these premises,
the free-space optical excitation and detection of the QD-source
inside the cryostat and therefore the employment of direct in situ
fiber coupling of the QD output signal, as established in Ref. [ 46 ],
becomes indispensable. 

One rack is primarily dedicated to housing the QD-chip as
well as the SSPDs each within closed-cycle cryostats. The fiber-
coupled QD- chip constituting the entangled photon source is
placed within a Attocube 800XS cryostat from Attocube Systems
GmbH. The employed SSPDs system is commercial system with
a nominal timing resolution of 20 ps (root-mean-square) and
85% efficiency from Single Quantum. The two rack-mountable
He-compressors required for the cryogenic operation (IGLU
from Attocube Systems GmbH) are placed next to the cryogenic
systems rack. 

The second rack system is dedicated to the optical modules and
therefore contains all optical instrumentation required for the
operation of the entangled-photon pair source. This includes the
excitation laser source, wavelength filtering optics, polarization
projection units, and vibration dampening system. A detailed
description of the employed systems and devices are given in the
following and in the Supporting Information .1 

All optical systems are subdivided into compact modules which
consist of 400 mm × 600 mm Aluminum breadboards. These
modules are placed on rubber vibration isolation pads in drawers
of 4 U2 height mounted within the rack. This approach facilitates
both access for fine-tuning of the optics while retaining a compact
3 of 12
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FIGURE 2 Illustration of the rack-based quantum dot entangled photon pair source system architecture. (a) Source cryostat and detection rack: 
Contains the cryostat system together with the associated electronics for the GaAs quantum dot source and single photon time-resolved detection. (b) The 
optics rack system contains the modular optical subsystems: (c) excitation laser module (ELM), which features a pulsed (Ti:Sa) laser system operating 
at a 1 GHz repetition rate, (d) pulse shaping module (PSM), (e) excitation and detection separation module (EDSM), and two (f) automated polarization 
projection modules (PPMs). The optics rack also integrates the Ti:Sa laser controller, motor controllers, and cooling electronics, all of which are fully 
integrated into this rack. The excitation laser, X and XX detection paths are illustrated as red, blue and green lines, respectively. The purple line indicates 
either a X or XX detection path. A detailed description of the optical layout of each module is given in the Supporting Information 1 . 
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ootprint while in operation. For optical in- and outputs of the
odules low-loss E2000 fiber connectors in conjunction with 780
m single mode active core-aligned fibers (from Diamond SA) are
sed, which feature losses < 0 . 2 dB per connector. This approach
nsures minimal losses of the optical module interconnects. The
ollowing optical modules are employed in this work: 

∙ Excitation laser module (ELM), 

∙ Pulse shaping module (PSM), 
of 12
∙ Excitation and detection separation module (EDSM), 

∙ Two polarization projection modules (PPM). 

The optical modules are mounted in a thermally isolated, fully
enclosed rack system, further details are found in the Supporting
Information .1 In future iterations of this system it is planned to
stabilize the temperature within the rack to improve the long-
term stability of the system for variable environments. This active
stabilization system, however, is not used in this work. Indirect
Advanced Quantum Technologies, 2026
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emperature stability is provided by the laboratory climate control
ystem, which nominally provides stabilization of the ambient
emperatures to 18◦C ± 2◦C . 

he QD optical excitation is provided by a GHz-clocked, 40
s pulsed width Ti:Sa laser system (Novanta Taccor Tune).
his laser system output features a spectral bandwidth of 14
m which is filtered within the ELM using a transmission
rating (1200 l/mm, 800 nm blaze) down to a spectral full
idth half maximum (FWHM) of 0.35 nm before coupling it
o a polarization-maintaining single mode fiber. In order to
urther reduce the spectral bandwidth and improve the signal to
ackground ratio, the excitation signal is filtered in the PSM using
nother transmission grating to a FWHM of 0.1 nm. 

he excitation beam first passes through a computer-controlled
otating half-wave plate, followed by a fixed linear polarizer,
hich together control the intensity of the excitation laser
ntering the cryostat, as shown in Figure 2c and in the Supporting
nformation .1 The filtered excitation signal is fed into the EDSM,
n which it is overlaid with the output signal of the QD and
ent to the QD using a volume Bragg grating notch filter of 0.4
m bandwidth tuned to the excitation wavelength as a spectrally
elective mirror. Entangled photon pairs are created from the
aAs QD using the established process of two-photon excitation
f the QD biexciton state |𝑋 𝑋 ⟩ [ 50 ], see Section 4 for further
etails. The resulting polarization entangled QD exciton (X) and
iexciton (XX) photon signals are separated and filtered in the
DSM into respective output signals. The optical efficiency from
he cryostat fiber coupler to the X and XX detection path couplers
s about 30%, limited by multiple stages of notch and transmission
rating filters. These X and XX output signals constitute the core
f the entangled photon pair source and can, in future uses of the
resented system, be employed as a core building block of quan-
um communication networks. In presented implementation, the
 and XX output signals are directed to two separate PPMs.
n these modules, the X and XX photons are projected using
omputer-controlled combination of half- and quarter-zero-order
aveplates before a polarizing beamsplitter. This system enables
he projection onto the linear (H/V), diagonal (D/A) and circular
R/L) polarization directions, cf. Section 4 and our previous
ublications [ 34, 46 ]. The projected photons are detected using
he rack-based SSPD system, the outputs of which are collected
s time- and channel-resolved single photon detection events
sing commercial time tagger electronics (TimeTagger Ultra
rom Swabian Instruments GmbH). Using hardware-accelerated
oftware-based processing, the event data is turned into time-
orrelated single photon counting (TCSPC) signals, which are
rocessed further in order to extract the time- and polarization-
esolved two-photon correlation required to determine the two-
hoton density matrix of the source in a given time frame. 

 Entangled Photon Pair Source 

he key component of entangled photon pair sources are optically
riven and coupled GaAs QDs. These QDs are embedded in a
𝑙𝑥 𝐺𝑎1 − 𝑥 𝐴𝑠 heterostructure grown by molecular beam epitaxy
MBE) using in situ liquid droplet etching and subsequent
nfilling of nanoholes [ 51–53 ]. Millimeter-sized nanomembranes
ith embedded QDs are released and transferred to a gold-
dvanced Quantum Technologies, 2026
coated GaAs wafer before processing with gray-scale lithography
into monolithic microlenses. The manufacturing process of the
monolithic microlenses with embedded QDs is detailed in Ref.
[ 38 ] and further details on the employed heterostructure and
growth process are given in the Supporting Information .1 It is
important to note that the QDs within the monolithic microlenses
are statistically rather than deterministically positioned. Con-
sequently, about every 200th microlens functions as a bright
entangled photon pair source [ 38 ]. To ensure ample supply of
high-performance entangled photon pair sources, large arrays of
QD-microlenses are fabricated, cf. Figure 3 . 

Due to the working principle of these quantum emitters, cryo-
genic cooling to temperatures below 10 K is indispensable [ 50,
53 ]. To transition these sources from laboratory environments
to deployable systems, in situ coupling to single-mode fibers
is essential. Earlier implementations of in situ fiber coupling
relied on fixed-glue assemblies [ 20, 54–56 ], which provide no free
mechanical alignment once cured, and restrict operation to a
single QD. While simple, this approach is highly sensitive to ther-
mal strain, especially because device preparation is done at room
temperature while measurements are carried out in cryogenic
environments. As a result, such fiber coupling approaches often
exhibit limited brightness, are not reconfigurable, and typically
allow only a limited number of cooling cycles. In the presented
work, we extend our previous work on compact entangled photon
pair sources using monolithic QD-microlenses in situ coupled to
single-mode fibers with 3D-printed micro objectives [ 38, 46 ] to a
more compact cryostat geometry and optical system implementa-
tion compatible with 19-inch rack systems. This approach avoids
the limitations of glue-fixed assemblies and enables reproducible
alignment under cryogenic conditions. Finite-difference time-
domain simulations of this in situ optical collection approach
indicate that a coupling efficiency between QD emission and
single mode fiber of up to 37% is achievable if the realized
3D-morphology measured by atomic force microscopy of the
fabricated QD-microlenses is taken in account [ 38, 46 ]. The
experimentally achieved coupling efficiency of the QD emission
into the single mode fiber is practically not readily accessible, a
detailed discussion is found in the Supporting Information .1 

A strain-relief system consisting of an Aluminum block with a 1
mm hole drilled at 45 ◦ is mounted vertically on the side of the lens
holder. By gluing the Acrylate-coated fiber into this block using
UV-activated adhesive, the mechanical stress on the fragile, bare
lensed fiber tip is minimized. Further details are found in Ref.
[ 46 ]. 

The QD-chip is mounted on a XY translation stage beneath
the fiber, enabling lateral scanning and allowing individual
microlenses to be addressed as needed. Additionally, a z -axis stage
is used to control the distance between the fiber and the QD-chip,
see illustration in Figure 3a . The optimal focus distance between
fiber micro objective and QD-chip is about 35 µm, illustrating the
compact nature of the arrangement, cf. Figure 3b . Figure 3c shows
an optical microscopy image of the monolithic QD-microlens
sample utilized in this work, the fabrication process of these
devices is detailed in Ref. [ 38 ]. Figure 3d presents a scanning
electron microscopy (SEM) image, recorded at a 45 ◦ tilt, depicting
an array of monolithic Al 0 . 15 Ga 0 . 85 As QD-microlenses fabricated
on a gold-coated GaAs substrate. 
5 of 12
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FIGURE 3 Overview of the employed approach of in situ fiber-coupling of entangled photon pairs sources based on GaAs quantum dots embedded 
in Al 0 . 15 Ga 0 . 85 As monolithic microlenses. (a) Three-dimensional representation of the cryostat interior design of the in situ fiber coupling system, which 
includes the fiber-strain-relief unit and free-space-accessible lens for coarse alignment of the fiber micro-objective. Alignment directions for the QD to 
fiber collection using piezo driven stages (X,Y,Z) are indicated by blue arrows. (b) Illustration of the QD-microlens emission collection into a 3D-printed 
micro objective attached to a single mode fiber. (c) A microscopy picture of the monolithic QD-microlens sample chip used in this study. Its dimensions 
are 1.8 × 1.5 mm, featuring 19200 lenses arranged in 48 fields of 20 × 20 lenses. (d) Scanning electron micrograph under a 45 ◦ tilt. 
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his compact design is integrated into the cryogenic system, as
hown in Figure 2a , and is connected to the optical rack via
 single mode fiber. This arrangement mechanically decouples
he optical system from the cryogenic environment, significantly
mproving its robustness - especially outside well-controlled
aboratory environments. Consequently, both the footprint and
omplexity of the optical and optoelectronic subsystems are
ignificantly reduced, optimizing the use of available space
nd simplifying the overall setup. The optical connection is
mplemented using a single-mode fiber terminated with low-loss
onnectors, providing reliable, efficient coupling of the quantum
ight source to the optical system. 

 Results and Discussion 

o assess the practical usability of the optical system developed in
ection Section 2 , it is essential to evaluate its optical performance
nder realistic operating conditions. For this purpose, a series of
xperimental measurements are carried out. In order to find QDs
of 12
in microlenses suitable as entangled photon pair sources on the
sample chip, above-band photoluminescence spectroscopy is per-
formed. The employed apparatus is presented in the Supporting
Information .1 Criteria for the suitability of QDs for the purpose of
entangled photon pair sources are predominately high brightness,
exciton emission wavelength within 778–781 nm and low fine-
structure splitting ΔFSS . After investigating 16 QD-microlenses in
this wavelength range, the best QD candidate is identified, cf.
Figure 4a . Further details on the selection process are given in
the Supporting Information .1 All subsequent experimental results
shown in this work are obtained on this specific QD. 

To utilize the QD as a deterministic entangled photon pair source,
pulsed resonant two-photon excitation (TPE) is employed [ 30,
57 ]. This excitation approach enables coherent resonant pumping
of the |𝑋 𝑋 ⟩ state through the simultaneous absorption of two
photons, which consequently undergoes a cascaded radiative
decay that produces two photons, one from the |𝑋 𝑋 ⟩ → |𝑋⟩

transition and one from the |𝑋⟩ → ground-state |0 ⟩ transition
[ 30, 57 ], cf. Figure 4b . Because angular momentum is conserved3 
Advanced Quantum Technologies, 2026
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FIGURE 4 (a) Above-band excitation spectrum of a single GaAs QD-microlens captured using a 3D-printed objective on top of a single-mode fiber. 
The exciton (X), biexciton (XX), negative and positive trion ( 𝑋− and 𝑋+ ) QD emission lines are annotated. (b) Schematic illustration of the two-photon 
resonant excitation (TPE) and entangled photon pair creation scheme. (c) Micro-photoluminescence spectrum of the selected QD under two-photon 
excitation at the 𝜋-pulse excitation. The |𝑋 𝑋 ⟩ → |𝑋 ⟩ and the |𝑋 ⟩ → |0 ⟩ emission lines are shown in black and pink, respectively. (d) Normalized CCD 

count rate as a function of TPE pulse area. The first Rabi 𝜋-pulse is achieved at an average power of 9 µW at a laser repetition rate of 1 GHz. 
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hroughout these two sequential spontaneous emission events,
he emitted photon pairs are polarization-entangled. Owing to
he coherent nature of the TPE excitation process, the population
f the |𝑋 𝑋 ⟩ state exhibits Rabi oscillations that depend on the
xcitation pulse power, cf. Figure 4d . It can therefore be used
o realize deterministic QD-entangled photon pair sources by
sing the first Rabi 𝜋-pulse achieved at an average excitation
ower of 9 μW . This corresponds to a per-pulse energy of 9
J. Due to the finite ΔFSS of the |𝑋⟩ state, polarization state
recession oscillations are induced, this effect is discussed in
etail in Refs. [ 34, 58 ]. For the quantum dot studied here, the fine-
tructure splitting ΔFSS is determined using polarization resolved
L-spectroscopy to 2.54(12) μeV . Details on the experimental
erivation of this value is found in the Supporting Information .1
 energetic shift ( Δ𝐸 ≃ 0.3 meV) of the X and XX optical
ransitions is observed when TPE is employed versus above-
and excitation, see Figure 4a,c . This effect can be attributed
o charge traps in the vicinity of the QD that can influence
he QD energetic states via the quantum-confined Stark effect.
he occupation of these defects in turn is dependent on the
dvanced Quantum Technologies, 2026
conduction and valence band carrier densities and therefore on
the excitation scheme [ 59, 60 ]. In Figure 4c emission of a parasitic
QD transition, likely a spin-blockaded positive trion 𝑋+ [ 61 ], is
observed close to the XX transition. This transition originates
from the excitation of the |𝑋+ ⟩ state due to unwanted phonon-
assisted resonant excitation at the TPE excitation energy [ 62 ], cf.
Figure 4a,c . For the observation of entanglement properties via
time-resolved two-photon correlation spectroscopy this parasitic
emission is not relevant as only cascaded events within both X
and XX spectral detection windows contribute significantly to
these measurements. 

To reconstruct the two-photon density matrix of the entangled
state, a full polarization tomography by measuring time-resolved
X–XX coincidences across all 6 × 6 = 36 polarization basis com-
binations is performed. Using an integration time of 60 s per
basis combination a complete tomography is performed in 24
min. The presented coincidence measurements, the full matrix
representation of the coincidences can be found in the Supporting
Information ,1 is performed by integrating five tomography itera-
7 of 12
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FIGURE 5 (a) Representation of the absolute values of two-photon density matrix 𝜌 using 1GHz-clocked two-photon resonant excitation. Both 𝜌
representations for the maximal within an 8 ps window and lifetime 𝑇1 -averaged entanglement negativities 2 𝑛𝑚𝑎𝑥 and 2 𝑛 𝑇1 , respectively, are shown. 
(b) 2 𝑛 as a function of time delay 𝛿𝜏 between the X-XX two-photon coincidences. The measured 𝜌 and 2 𝑛 (blue curve) are derived from the full X-XX 
two-photon coincidence tomography measurement over all 36 detection polarization combinations; the full dataset is shown explicitly in the Supporting 
Information .1 The green and red curves represent the calculated 2 𝑛-values of an ideal maximally entangled model with and without considering a limited 
single-photon detector timing resolution, respectively. 
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ions corresponding to an integration time of 120 min in order to
ssure high statistical significance of the dataset. The two-photon
ensity matrix reconstruction procedure follows the standard
ethodology described in Refs. [ 34, 58, 63 ]. As the source
ntanglement figure of merit the negativity of the two-photon
ensity matrix is used, as its value is independent of rotations,
ontrary to the entanglement fidelity. 

he time-resolved two-photon density matrix results are pre-
ented in Figure 5 . Besides the experimental data shown in
lue, the ideal maximally entangled theoretical model and the
odel with limited detector timing resolution is shown in
ed and black, respectively. The modeling of the maximally
ntangled state follows Refs. [ 34, 58 ] and is explicitly shown
n the Supporting Information .1 The assumed full-width half-
aximum two-photon detector timing resolution is 50 ps. The
ood agreement between the experimental data and the maxi-
ally entangled state model indicates that the entangled photon
airs generated by this source closely approximate a maximally
ntangled state. The top panel of Figure 5 exemplary shows two-
hoton density matrix |( 𝜌) | exhibiting the maximal entanglement
egativity ( 2 𝑛) of 0 . 98(1) within an 8 ps window. The degree of
ntanglement is quantified using the entanglement negativity, 2n
s a function of the time delay 𝛿𝜏 between the XX and X photon
mission events in units of the X lifetime 𝑇𝑋 . The X lifetime
1 

of 12
is determined to a value of 162(4) ps. The weighted average
2 𝑛-value over one 𝑇𝑋 1 equates to 0 . 94(1) , demonstrating the highly
entangled nature of the emitted photon pairs in the presented
source even in the presence of finite ΔFSS . When integrating over
the full period of 1 ns, the 2 𝑛-value is 0 . 89(1) . Using the XX auto-
correlation coincidences from the same two-photon coincidence
measurement a single photon purity of 99.2(2)% of the source can
be inferred, see Supporting Information .1 

One of the important aspects for industry-compatible entangled
photon pair sources is reliable, sustained performance. In order
to assess this aspect in the presented source system a 6 h
uninterrupted and hands-off operation is performed cf. Figure 6 .
Importantly, no active polarization or temperature stabilization
system is used during this measurement, this enables evaluation
of the system robustness in a realistic environment. 

The average recorded combined X and XX single photon flux
as observed in the V polarization direction is 697 ± 8 kHz, the
flux exhibits fluctuations of less than 15%. While this variation
currently exceeds our operational stability target of < 5% drift,
maintaining this level of performance without active stabilization
demonstrates the baseline mechanical and thermal stability of
the presented rack-mounted quantum light source. The maximal
observed combined single photon rate is 740 kHz. Figure 5b
Advanced Quantum Technologies, 2026
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FIGURE 6 Unattended performance of the rack-based entangled photon pair source over a 6 h window. (a) X, XX and combined single photon 
detection rates collected in the V polarization basis over time. (b) Entanglement negativity 2 𝑛 for 𝛿𝜏 → 0 within an 8 ps time window, cf. Figure 5 , as a 
function of time, error bars are indicated. 
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epicts the peak 2 𝑛( 𝛿𝜏 → 0)-value within a 8 ps coincidence
indow over time. The average 2 𝑛( 𝛿𝜏 → 0) is 0 . 960(4) , all
bserved values, however, remain above the 0 . 95 limit. This
emarkable result demonstrates the high robustness of the pre-
ented rack-mounted quantum light source. Nevertheless, the
bserved fluctuations in the rates and negativity over time are
ue to instabilities and drifts within the entangled photon pair
ource system. The recorded negativity values are influenced
y the stability of the polarization projection and quantum dot
arrier complexes and are much less affected by optical efficiency
luctuations than the photon rates are. The observed rates are
ubject to the stability of the optical system and especially so on
he single mode fiber couplings. The couplings are sensitive to
echanical shifts induced by vibrations and temperature changes
ver the measurement time. 

hese observations confirm that the presented ultra-compact,
ndustrial 19-inch rack entangled photon pair source is capable of
elivering consistent high-performance results over a scale of sev-
ral hours without human intervention. While further long-term
alidation over days and weeks as well as the implementation
f active stabilization mechanisms, is warranted, the presented
esults pave the way toward this goal and bring these sources
ignificantly closer to practical deployment. 

 Conclusions 

n this work, we demonstrate a modular, rack-based entangled
hoton pair source architecture that bridges the gap between
dvanced Quantum Technologies, 2026
high-performance laboratory emitters and deployable industrial
quantum infrastructure. By integrating a semiconductor GaAs
quantum dot emitter within a standardized 19-inch rack footprint,
we address the core requirements for industrial compatibility:
portability, system-level integration, and operational autonomy.
Further improvements and refinement to the presented source
system are however necessary to fully meet all engineering goals.

These results validate that transitioning to a compact, fiber-
coupled form factor does not necessitate a compromise in the
fundamental quality of the quantum light. Through the use of
monolithic Al 0 . 15 Ga 0 . 85 As monolithic microlenses and in situ
3D-printed micro-objectives, we achieve near-ideal polarization
entanglement with an entanglement negativity 2 𝑛 of up to
0 . 98 ± 0 . 01 under resonant two-photon excitation. This high
degree of entanglement is complemented by near-perfect multi-
photon suppression, evidenced by a measured single-photon
purity of 99.2% ± 0.2%. Furthermore, the system demonstrates
high-rate photon emission, maintaining an average single-photon
flux of 697 ± 8 kHz during a 6 h period of entirely unattended,
hands-off operation. Crucially, the observed operational stability
over the 6-hour test—characterized by 2 𝑛 exceeding 95% and
emission rate fluctuations remaining within 15%—is achieved
without active temperature or polarization stabilization. This
inherent mechanical and thermal robustness, facilitated by the
compact and modular system design, represents a substantial
step toward meeting the criteria for deployability in environments
such as server rooms or network nodes. While the achieved
performance characteristics do not inherently exceed previously
reported values of entangled photon pair sources [ 32–34, 46 ],
9 of 12
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re
hey are very much comparable to the state-of-the-art. Realizing
his in a compact, rack-based system optimized for compatibility
ith industrial environments represents a significant step toward
he scalable utilization of these sources in future industrial and
ommercial quantum communication networks. 

hile the current demonstration confirms the feasibility of
utonomous operation over several hours, future iterations will
ocus on implementing the outlined closed-loop stabilization
nd thermal management systems to extend the autonomous
indow beyond 24 h. By successfully housing the full quantum-
ptical stack—from cryogenic cooling to automated polarization
rojection - within a mobile, industry-aligned architecture, this
ork provides a scalable blueprint for the next generation of
ntangled photon sources required for distributed quantum
ommunication networks. 
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ndnotes 
1 “See Supplemental Material at [URL will be inserted by publisher] for
more information on the experimental apparatus, exciton finestructure
and lifetime, as well as correlation tomography,” (2026). 

2 A standard rack height unit (U) corresponds to a height of 44 . 45 mm. 
3 Specifically, both the initial |𝑋 𝑋 ⟩ state and the final ground state |0 ⟩have
a total angular momentum 𝑗 of zero, while the emitted photons carry
angular momentum 𝑗𝜈 = ± 1 . It follows that the spins (polarizations) of
X and XX photons are quantum-correlated because 𝑗𝑋𝑋 𝜈 + 𝑗𝑋 𝜈 = 0 . 
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