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We present an experimental realization of a noise-free and high-bandwidth quantum memory scheme
using a rubidium vapor that is confined within the hollow core of a photonic crystal fiber. We achieve the
same internal efficiencies as similar free-space experiments (30%) for 4.5-ns-long optical pulses but with
a 100-fold reduction in the control-field power required. Modeling indicates that this efficiency could be
improved to 88% with higher control powers and the implementation of techniques such as light-induced
atomic desorption to increase the optical depth. The compactness, robustness, and low drive power of this

approach lends itself to direct integration into large-scale fiber-based quantum processors.
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I. INTRODUCTION

Optical approaches to quantum information operations
offer a number of advantages over their matter-based coun-
terparts [1,2]. For instance, light only weakly interacts
with its environment, enabling guided-wave propagation
with low loss without electrical or magnetic shielding. The
high carrier frequency of optical signals enables room-
temperature operation of quantum systems, removing the
need for laser cooling or cryogenics. In addition, optical
systems allow for high-bandwidth processing of quantum
information and could make use of existing telecommu-
nications components for future quantum computing net-
works [3]. The foremost problem facing the development
of an optically based quantum computing system is the
absence of on-demand entanglement when using linear
optics [4-6]. It is therefore challenging to produce large
multiphoton entangled states of light and the probability of
producing these states falls exponentially with the number
of photons needed.

One approach to solving this problem is to use quantum
memories to synchronize probabilistic entangling opera-
tions in a repeat-until-success protocol [7]. The figures of
merit by which a quantum memory are typically evalu-
ated for such an application include the fidelity, efficiency,
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noise, lifetime, time-bandwidth product, and the practi-
cality of the experimental setup [8,9]. The fidelity is the
overlap between the recalled state and the input state, while
the efficiency #; is the percentage of the incident energy
that can be retrieved from the memory at a specific time.
Noise v, determined from the fraction of recalled photons
detected in the absence of a storage signal, will degrade
the fidelity of the recalled information, even with a high
efficiency. The lifetime 7, is the time it takes for the effi-
ciency to decrease by 1/e from its initial value due to
decoherence inside the memory medium and is calculated
from 1,—,, = noe~!, where 1y is the maximum memory
efficiency. The bandwidth B is the rate at which operations
can be performed, with larger bandwidths leading to faster
computational clock rates as pulses with shorter temporal
widths 7, can be used.

The effective fractional delay combines the maximum
efficiency, storage time, and pulse width f, = no7,/7,. The
effective fractional delay is a key figure of merit for the
synchronization of large multiphoton states in a repeat-
until-success arrangement [7]. This is because, for a set
storage time, the use of shorter pulses means that the sys-
tem can be operated at a higher repetition rate and therefore
increases the number of clock cycles over which the mem-
ory will allow for synchronization. A-type alkali vapor
quantum memories are normally narrow band (megahertz)
and have a fundamental bandwidth limitation of a few
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FIG. 1. The ORCA protocol. (a) The first “write” control pulse
writes the signal into the storage medium, which has a ground
state |g), an excited state |e), and a storage state |s), with a one-
photon detuning § from the excited state. (b) After a user-defined
storage time 7, a second “read” control pulse recalls the optical
information from the memory.

gigahertz due to their ground-state splitting, significantly
limiting the maximum f, possible. This is unfortunate, as
A-type memory protocols have achieved efficiencies over
90% [10], unconditional fidelities of 98% [11], and storage
times of hundreds of milliseconds [12]. While broad-
band storage has been achieved at room temperature using
Raman-type quantum memories [13—15]. All these A-type
memories also suffer from inherent noise associated with
the nonzero initial population of the storage state as well
as four-wave-mixing noise [16]. Although this can be miti-
gated by optical pumping [13,17], it adds to the complexity
of the system and sets some practical limitations.

Off-resonant cascaded absorption (ORCA) is a quan-
tum memory protocol that offers a significantly improved
fractional delay over other quantum memories, without
the drawback of added noise, and can be implemented at
room temperature [17-20]. Figure 1 shows the basics of the
ORCA protocol operation. ORCA makes use of an atomic
system with a three-level ladder energy structure consist-
ing of a ground state, an excited state, and a storage state. A
signal field and a control field undergo two-photon absorp-
tion within the storage medium. At a later time, another
control pulse is sent, causing retrieval of the signal via
stimulated emission. This memory has a number of desir-
able qualities. First, its use of a ladder-type level structure
allows for high-bandwidth storage of the signal, as long
as an appropriate broadband control pulse and one-photon
detuning § is used. Second, ORCA uses a doubly excited
state for storage, which is unreachable by thermal exci-
tation, therefore removing this as a source of noise. The
ladder structure also means that four-wave-mixing noise
will not be present. The use of an excited state for storage,
however, will limit the maximum lifetime of the memory
to that of the excited state. There will also be a reduction
in the ORCA memory lifetime at room temperature due to
motional-induced dephasing [18].

To date, there have been four experimental imple-
mentations of ORCA. Kaczmarek et al. [18] have used
a cesium-filled cell for the storage medium. The D,
line has been used, with 6S;,(F =4) = 6P3,(F' =
3,4,5) as the ground- to first-excited-state “signal” tran-
sition and 6P3/2(F/ = 3,4, 5) ad 6D5/2( "= 2,3,4, 5, 6)
as the excited- to storage-state “control” transition. These
transitions have wavelengths of 852 nm and 917 nm,
respectively, and the substantial difference in wave-
lengths results in significant motional-induced dephas-
ing, reducing the lifetime to 5.4 ns. Kaczmarek et al.
have also verified the preservation of single-photon statis-
tics and the noise-free nature of the memory. Finkel-
stein et al. [17] have used a rubidium- (¥’Rb) filled cell.
Using the transitions 5S),(F =2) — 5P3p(F' =3) —
5Ds;>(F" = 4), with corresponding wavelengths of 780
nm for the signal and 776 nm for the control, the effect of
motional-induced dephasing has been greatly reduced and
a lifetime of 89 ns has been demonstrated. Since these ini-
tial works, Thomas et al. have demonstrated ORCA using
a telecommunications wavelength for the control pulse,
achieving a memory efficiency of 20%, and Davidson et al.
have improved the scheme implemented by Finkelstein
et al. to achieve a memory efficiency of over 50% [20].

The storage medium for all of these realizations has
been composed of a warm atomic vapor contained within
a glass cell. Due to beam diffraction while propagating
in the cell, it is difficult to maintain a sufficiently high
control-pulse intensity along the full length of the memory
to enable efficient coherent excitation between the ground
and storage states for the signal field. Kaczmarek et al.
have required control fields with a peak power up to 3 W
to achieve a maximum memory efficiency of 17%, while
Finkelstein et al. have had to use up to 200 mW to achieve
an efficiency of 32% and Davidson ef al. have used a peak
power of 1.4 W. These power requirements make it diffi-
cult to scale up this technology to even tens of memories,
let alone the millions required for a universal quantum
computer.

Guided-wave memories enable stronger coupling with
lower control-power requirements. Solid-state-waveguide
memories have, to date, been inefficient [21]. Another type
of guided-wave memory is based on atom-loaded hollow-
core photonic crystal fibers (HCPCFs), which have demon-
strated significant optical absorption and phase shifts
[22-25]. This makes HCPCFs a promising platform for
high-efficiency quantum memories. However, due to the
intricacies of using HCPCFs, only a handful of realizations
have been demonstrated [14,26-29]. Of these, the only
demonstration using a high-bandwidth quantum memory
technique has been an implementation of Raman-type stor-
age using a warm cesium vapor by Sprague et al. and this
was found to be noisy at the few-photon level [14].

In this work, we demonstrate the noise-free ORCA
memory protocol inside an HCPCF. This reduces the

014048-2



HIGH-BANDWIDTH WARM-ATOM QUANTUM MEMORY...

PHYS. REV. APPLIED 21, 014048 (2024)

power needed to reach the required memory efficien-
cies. The development of a system where the memory
takes place within a fiber also lends itself to integration
with optical-fiber networks. We achieve similar memory
efficiencies to previous work but with a control-power
reduction of 2 orders of magnitude, demonstrating that
waveguides such as HCPCFs present an opportunity to
increase the scalability of optical quantum memories for
future large-scale optical quantum computing systems.

II. EXPERIMENT

The key components of the experimental setup were a
vacuum chamber that contained the HCPCF, two external
cavity diode lasers (ECDLs), and two fiber-based Mach-
Zehnder interferometers (MZIs). This setup is shown in
Fig. 2(a). A 30-cm length of single-cell kagome HCPCF
with a core diameter of 45 pm [24] [Fig. 2(b)] was
mounted in the vacuum chamber. This fiber supports an
optical mode of 32.9 £ 0.6 wm, with a guidance range
between 600 and 1700 nm. The vacuum chamber and fiber
were filled with a Rb vapor containing a natural abundance
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FIG. 2. The implementation of ORCA in a hollow-core pho-
tonic crystal fiber. (a) The simplified experimental setup: MZI,
Mach-Zehnder interferometer; PBS, polarizing beam splitter;
A/2, half-wave plate; HCPCF, hollow-core photonic crystal
fiber; DG, diffraction grating; APD, avalanche photodiode;
SPD, single-photon detector; L, lens. (b) A scanning-electron-
microscope image of the end face of a kagome-style HCPCF.

of Rb and #Rb. This was achieved by flooding the vac-
uum chamber with Rb vapor from a 1-g Rb ampoule. Over
time, the Rb slowly diffuses into the core of the fiber until
the vapor pressure reaches an equilibrium condition. The
HCPCEF being used had been under vacuum and exposed to
Rb vapor for more than 5 years; thus we expected the fiber
to be completely filled with Rb vapor. The chamber was
heated to 80°C to increase the Rb number density in the
fiber and therefore the optical depth (OD) of the system.
A 780-nm ECDL generated the signal light, which
was blue detuned by 1.8 GHz from the ¥ Rb 58, nF =
3) = 5P;32(F' =4) transition. This laser produced a
continuous-wave (cw) output of 30 mW with a line width
of less than 1 MHz, measured over 100 ms. A 776-nm
ECDL generated the control light, which was tuned close
to the 5P3 /5 — 5Ds; transition to ensure two-photon reso-
nance, as shown in Fig. 3. This laser produced a cw output
of 90 mW. Both cw lasers were intensity modulated using
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FIG. 3. Two-photon absorption. (a) The signal transmission as
a function of the laser frequency offset from the #*Rb 58 (F =
3) — 5P;3;,(F’ = 4) transition in the presence of a continu-
ous control field with various powers (see legend). Two-photon
absorption is seen at a detuning of approximately 1.8 GHz in this
case, with (b) showing hyperfine details of the two-photon tran-
sition. Without the control field present, no signal absorption is
seen at this offset frequency.
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MZIs to create nanosecond-long pulses. The extinction
ratio of the MZIs was maximized through both tempera-
ture stabilization and feedback to the bias voltage from cw
power monitoring. Through this method, we were able to
achieve a stable extinction ratio of order 1000:1 for both
MZIs. The optical pulses produced were 4.5 ns full width
at half maximum (FWHM), limited by the bandwidth of
the drive electronics. Taking the Fourier transform of the
optical pulse temporal profile shows a 260-MHz FWHM
minimum-frequency bandwidth.

The signal and control fields were aligned into the
HCPCEF in a counterpropagating arrangement with orthog-
onal linear polarizations. After passing through the
HCPCEF, the two fields were separated using polarizing
beam splitters (PBSs). The control field was detected using
a high-bandwidth avalanche photodiode (APD). Addi-
tional filtering of the control from the signal was achieved
using a diffraction grating. For relatively high signal power
measurements (i.e., approximately 1 wW peak power), a
high-bandwidth APD was used. For single-photon-level
signal fields, the signal light was detected using a fiber-
coupled single-photon-counting detector with 60% quan-
tum efficiency. The measured collection efficiency for
the single photons between the HCPCF and the single-
photon detector was 5.3%, which includes losses from the
diffraction grating and single-mode fiber (SMF) coupling.

Control of the pulse powers was achieved using a com-
bination of the MZI drive voltage and neutral-density
filters (NDFs). The maximum amount of light available for

the control pulses was 1.47 mW through the HCPCF due to
limitations on the power through the MZI and the coupling
into the HCF (25%).

Figure 3(a) shows the transmission of a 1-uW cw sig-
nal field through the HCPCF in the presence of a cw
pump. The frequency of the signal laser was scanned
across the 3°Rb 58/, — 5P;, transition with the strong
absorption centered at offset frequencies of approximately
0 and 3 GHz, respectively, arising from the single-photon
D, transitions from the F' = 3 and F = 2 ground states.
From this scan, we calculate an OD of 74. The cw con-
trol field leads to 58 ,,(F =3) — 5P3(F' =2,3,4) —
5Ds;(F" =1,2,3,4,5) manifold two-photon absorption
approximately 1.8 GHz blue detuned from the F =3
ground state. In the absence of the control field, there will
be no absorption of the signal field at this offset frequency.

Figure 3(b) shows the partially resolved hyperfine struc-
ture of the two-photon transition [30] for three different
powers of the control field. As can be seen, complete
absorption of the signal field is possible through the
HCPCF for 1-mW cw control power. At low control pow-
ers, transit-time broadening obscures the hyperfine struc-
ture, while at higher powers, the transition becomes power
broadened [24].

To operate at the single-photon level, we set the aver-
age photon number per pulse (Ny,) ~ 0.5 for the signal
field and used a single-photon-counting detector to mea-
sure the recalled pulses from the memory, with a system
repetition rate of 100 kHz. Figure 4 shows an average of
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FIG. 4. The ORCA performance at the single-photon level within a rubidium-filled hollow-core photonic crystal fiber. Here, we
used an average input photon number (Nj,) of approximately 0.5 and a single-photon-counting detector. The input signal pulse with no
“write” control pulse present (blue) is scaled by 0.5 to allow for easy viewing of the recall pulses. The signal leakage (i.e., the amount
of signal that is not absorbed by the storage medium) is shown in purple. All other traces show the size of the signal recalled from the
memory when a secondary “read” control pulse is present at different delay times. All traces are averaged over approximately 2 x 107
experimental runs, binned in 450-ps time increments, and scaled by the single-photon collection efficiency (5.3%) and the detector
quantum efficiency (60%) to determine the photon number exiting the HCPCF.
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approximately 2 x 107 experimental runs for the ORCA
protocol inside the HCPCF for different recall times. We
have scaled these results by the SMF-coupled single-
photon detector quantum efficiency as well as the collec-
tion efficiency of the system. The large pulse (blue) at 0 ns
is the signal pulse after passing through the system unab-
sorbed with no control field present. To store the signal
in the memory, the “write” control and signal pulses are
temporally and spatially overlapped in the fiber, causing
significant absorption of the signal pulse at 0 ns (purple).
To recall the stored signal pulse, a second “read” control
pulse is injected into the fiber at varying delay times (other
colors).

II1. RESULTS

Figure 5(a) shows the efficiency of the memory for recall
times from 10 ns to 40 ns using higher-photon-number
probe pulses and the APD for detection for higher signal-
to-noise measurements. The maximum internal efficiency
measured was 28% at a 10 ns delay—the minimum delay
possible with our MZI driving electronics. The use of
larger probe pulses and the free-space APD removes the
need to couple light into a SMF, making the external effi-
ciency approximately 7.5% at 10-ns delay time, due to
the 25% coupling efficiency of the 780-nm signal into the
HCPCF, as well as losses due to the use of a diffraction
grating.

The experimental decay data were fitted with an expo-
nential decay of the form 1, = nge~"/%. From this fit, we
calculate the 1/e memory lifetime t; to be approximately
10 ns. We generated a theoretical decay curve by fitting
the two-photon absorption profile from Fig. 3(b) using five
Voigt profiles for each of the hyperfine components and
taking the fast Fourier transform (FFT) of the fit. This is
represented by the dashed black line in Fig. 5(a), which
predicts a lifetime of 9.54 ns. This is fully consistent with
the measured value within this HCPCF, which contains
both transit-time broadening and hyperfine beating effects
[24]. The measured memory lifetime is roughly an order of
magnitude lower than the longitudinal dephasing-limited
lifetime for the Rb ORCA system [17,18], significantly
limiting the fractional delay of the system to 0.7.

Another factor that could affect the observed lifetime
of the system is cw leakage of both the signal and con-
trol fields through the MZIs, as this can lead to premature
deexcitation of the memory. To investigate the effect of cw
field leakage in more detail, we varied the extinction ratio
of the control field and measured the corresponding mem-
ory lifetime. This is shown in Fig. 5(b). As can be seen, at
extinction ratios below 200:1, the background control light
does lead to a slight reduction of up to 20% in lifetime but
above this level no adverse effect is observed.

As two-photon absorption is dependent on the con-
trol intensity, increasing the power of the control pulse
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FIG. 5. The ORCA lifetime. (a) The measured efficiency of
the ORCA protocol within the HCPCFs for different recall times.
The dashed black line shows the predicted decay in efficiency
derived from an FFT of the measured ®*Rb spectra. (b) The mea-
sured lifetimes of the memory for different MZI extinction ratios
of the control pulses. The black line is the predicted lifetime
from FFTs of the Rb spectra from (a), not including any effects
due to reduced MZI extinction ratios. The error bars indicate the
standard deviation of five individual measurements.

should increase the efficiency of the memory. This behav-
ior is seen for cw signals in Fig. 3(b). Figure 6(a) shows
the storage efficiency (the fraction of the input signal
pulse absorbed), the recall efficiency (the fraction of the
absorbed signal pulse recalled), and the total efficiency (the
fraction of the input signal pulse recalled) of the HCPCF
ORCA system at the single-photon level as a function of
the peak pulsed control power. It can be seen that the total
efficiency is still increasing at the maximum control power
available. At this maximum power, we achieve an internal
efficiency of approximately 30%. This is the same effi-
ciency as has been achieved in a Rb vapor cell system [17]
but with a 100-fold reduction in the control power.

We then proceeded to model the system using Maxwell-
Bloch equations, treating the atoms as a three-level system
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FIG. 6. The control-power effect on ORCA in the Rb-filled

HCPCF. (a) The experimentally measured storage (red points)
and total efficiencies (blue points) for the HCPCF ORCA sys-
tem, as well as calculated recall efficiencies (green points) for a
range of peak powers of the control pulses. The error bars rep-
resent the standard deviation of five typical measurement data
sets. The dashed lines represent modeling of the system using
a simple model with efficiency reduction due to decoherence
included. The insert represents modeling with the same param-
eters but without decoherence. (b) The average number of signal
photons per pulse for different control powers for the recalled
pulse (green points) and noise (red points). Also shown are the
input signal level (blue line) and the background level with both
the signal and the control physically blocked (black line).

and propagation as one-dimensional with scalar fields (cor-
responding to fixed polarization) [31]. The model contains
no free parameters, with the model OD set to the highest
OD of the measured absorption spectrum. The outcome of
this modeling is displayed as the solid lines in Fig. 5(a),
with the excellent agreement seen vindicating this sim-
plified model. The model does not include any decay of
the stored coherence. To apply the loss related to the
limited memory lifetime, the modeled retrieval efficiency
was multiplied by the decay value from curve in Fig. 5(a)
(dashed lines) for the storage time set in the experiment.

The inset shows the model results without the rescaling
(i.e., no decoherence).

The final factor to consider in terms of memory perfor-
mance is the noise of the system. Figure 6(b) shows noise
measurements with the system operating at the single-
photon level with a 10-ns storage time. The lower limit
on the noise level at 103 corresponds to the measured
extinction ratio of the signal field of approximately 1000:1.
The linear increasing component seen above 0.5-mW
control-field power is likely due to coupling of the con-
trol light into the signal detector. This is despite the use
of counterpropagating beams, orthogonal beam polariza-
tions in conjunction with a PBS, and a diffraction grat-
ing for a total control-field extinction of approximately
100 dB. Even so, the maximum noise level is approxi-
mately a 100th of the input signal size at the single-photon
level.

IV. DISCUSSION

We have demonstrated here that the use of an HCPCF
can produce similar memory efficiencies to other free-
space ORCA implementations but with a significantly
reduced control-power requirement. While the maximum
control power in the HCPCFs was limited by the dam-
age threshold of the MZIs and the coupling efficiency
into the HCPCFs, our modeling indicates that we were
approaching a control power at which the total efficiency
will reach a maximum, given the available OD. Additional
increases in efficiency could be attained by a number of
experimental elaborations. For instance, higher HCPCF
chamber temperatures or light-induced atomic desorption
(LIAD) can enable higher ODs for stronger light-atom
interactions [32].

Pulse shaping could also be employed to achieve near-
unit storage efficiency [33], using the MZIs to change the
bandwidths of the control and signal, 5. and B;, respec-
tively. The retrieval efficiency will eventually be limited by
reabsorption in the atomic ensemble. This, in turn, could be
removed in a scheme with backward retrieval [34]. Alter-
natively, full retrieval could be approached by driving the
system with a higher-energy “read” pulse [35].

Our modeling shows that bandwidth matching (B, =
1.7 x By) and fine tuning the intermediate state detuning to
1.1 GHz would lead to a total efficiency, excluding deco-
herence, of 62% without the need to alter the experimental
system. If higher control powers of up to 50 mW and
increased ODs were available, the total efficiency of each
node could rise to 88%. Even higher efficiencies could be
achieved by appropriately shaping both the amplitude and
phase of the control pulse [36].

The lifetime of ORCA within the HCPCF also limits the
efficiency of the system, with modeling showing that, for
an infinite lifetime memory, a maximum recall efficiency
of approximately 50% would be achieved with the same
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parameters as used above [Fig. 6(a) inset]. In the HCPCF
system, the lifetime of the memory is greatly reduced
from the motional-induced dephasing limit of 89 ns to 10
ns, predominantly due to hyperfine beating, which could
be removed using optical pumping, recently demonstrated
within alkali-filled HCPCFs [37].

One option to increase the memory lifetime would be
to load laser-cooled atoms into the HCPCF. Quantum
memory implementations using cold atoms inside HCPCFs
have achieved storage times of up to 50 ms [28], orders
of magnitude longer than the excited-state lifetime of 240
ns [38] and with significantly higher ODs of the order
of hundreds to thousands [23,25]. However, this would
greatly reduce the practicality of using such a memory in a
fiber-based quantum information network.

Without the move to laser-cooled atoms, transit-time-
broadening effects will mask the rephasing of the system
efficiency expected at around 100 ns. A larger-diameter
HCPCF would reduce the effect of transit-time broadening
at the expense of reducing the memory efficiency, assum-
ing that the maximum control power is already being used.
There is, therefore, a trade-off to be made between lifetime,
efficiency, and minimizing power requirements.

The noise generated by the experiment is multiple orders
of magnitude above that of other ORCA realizations. This
is a combination of cw leakage of the signal field through
the MZlIs, as well as scattering of the control field into the
signal collection fiber. This could be easily improved by 14
orders of magnitude by using multiple narrower free-space
band-pass filters as in other ORCA experiments [17].

To allow for greater scaling up, fiber-based solutions
such as circulators and fiber Bragg gratings could be used,
with single gratings being able to provide greater than 30
dB of filtering with a bandwidth of order 1 nm in the visible
spectrum [39].

A key limitation on the end-to-end efficiency of the
HCPCF system used here was the 25% coupling efficiency
of light into the HCPCF. This efficiency is likely due to
rubidium coating the inner core of the fiber. Recently,
various novel methods for joining SMFs to HCPCFs
have shown coupling efficiencies up to 84.5% [40] and
97% [41]. This would drastically increase the external
efficiency and allow for an all-fiber quantum comput-
ing network. Alongside HCPCFs, there are a number of
other optical waveguide technologies that could be used to
solve scaling issues, such as antiresonant reflecting opti-
cal waveguides (ARROWSs) [42] and hollow-core light
cages [43]. Hollow-core light cages in particular have been
three-dimensionally nanoprinted onto chips, showing their
potential as easily integrated components.

Memories can be used to boost the probability of
creating single photons and, crucially, photonic entan-
gled states, for quantum computing. Taking the above-
mentioned efficiency achievable with the current setup
of 62% and multiplexing over sufficient temporal modes

(85 possible with the Doppler-limited lifetime operat-
ing at a 1-GHz repetition rate), it would be possible to
deliver on-demand single photons with 60% efficiency in
fiber. Similarly, this would allow for the creation of Bell
states with 35% probability and three-photon Greenberger-
Horne-Zeilinger states with a probability of 11% [44,45].
Considering current laser technology, it would be pos-
sible to construct a fiber-based network of 100 ORCA
memories operating at this level with an off-the-shelf 1-W
amplified-ECDL system at 776 nm.

V. CONCLUSIONS

We have shown that enhancing atom-light interactions
with the use of HCPCF waveguide technology can achieve
the same memory efficiency as other ORCA implemen-
tations with a 100-fold reduction in pump power. While
further work is required to improve the lifetime of the
HCPCF memory, this work demonstrates that waveguide
technologies could play a key role in the scaling up of opti-
cal quantum computing networks by allowing for efficient
coupling of quantum memory systems to fiber and by sig-
nificantly reducing optical power requirements for such a
network of memories.
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