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We propose a quantum memory protocol based on trapping photons in a fiber-integrated cavity,
comprised of a birefringent fiber with dichroic reflective end facets. Photons are switched into resonance
with the fiber cavity by intracavity Bragg-scattering frequency translation, driven by ancillary control
pulses. After the storage delay, photons are switched out of resonance with the cavity, again by intracavity
frequency translation. We demonstrate storage of quantum-level THz-bandwidth coherent states for a
lifetime up to 16 cavity round trips, or 200 ns, and a maximum overall efficiency of 73%.
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The ability to store information is a key capability for
modern technologies, none more so than quantum tech-
nologies including communications [1,2] and computing
[3,4]. Quantum memories capable of temporarily storing
single photons, and other photonic states, will be critical for
such technologies because photons are the natural carriers
of quantum information, due to their high speeds and weak
interactions. These attributes present a challenge: efficient,
long-lived, and low-noise photon storage is difficult to
implement. Research has yielded significant achievements
in a wide variety of systems, using a range of protocols
[5-8]. The diversity of systems and protocols investigated
is perhaps indicative of the difficulty in satisfying various,
and often competing, criteria for practical use. This
research multiplicity is likely to prove beneficial, however,
since no single memory will satisfy all criteria such as
efficiency, lifetime, wavelength, bandwidth, and mode
capacity for all applications.

A recurring theme in many memory designs is the idea of
mapping a flying qubit (photon) into a stationary excitation
in atomic vapor [9] or rare-earth ion-doped solid [10]. Such
systems offer exceptional storage times [11] and may
achieve the long-standing goal of repeaters for long-distance
quantum communication [2,12]. High-bandwidth designs
[13] raise the prospect of broadband local photonic process-
ing, particularly with low-noise “ladder” schemes [14,15].

An alternative memory design is to trap the target photon in
alow-loss cavity [ 16]. While the potential lifetimes are shorter
than for the stationary excitation paradigm, relatively high
time-bandwidth products may still be achieved with cavity
storage, making such memories useful for temporal multi-
plexing [16,17], for example. Successful temporal multi-
plexing of probabilistic photon pair sources [18-21] might
permit upscaling of multiphoton technologies [22], such as
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linear optical quantum computing [3] and measurement-based
quantum computing [4], beyond the current state of the
art [23].

Fiber integration of storage cavities has been explored
theoretically, both for a classical case with nonlinear optical
switching of light [24] and for quantum states with fast
switching of cavity mirrors [25]. Such a memory could
exploit fiber properties including low-loss transmission,
single-mode capacity, tight optical confinement, optimized
commercial components, and flexible routing. Indeed, fiber
compatibility is often cited as a factor when designing other
photonic components. A fiber-integrated cavity requires
fast, low-noise switching, combined with sufficiently low
loss to allow use of multiple independent bins, or cavity
“round trips.” Despite the attractiveness of electrical
switching [26], the insertion losses of fiber switches are
a limiting factor. Light-by-light switching using y©)-
nonlinearity in fiber offers an alternative solution that is
fast and, theoretically, noiseless [27]. Experiments have
demonstrated high-bandwidth, high-efficiency, and low-
noise switching of single photons in fiber using the optical
Kerr effect [28,29] and Bragg-scattering four-wave mixing
(BSFWM) [30-32].

Here we propose and demonstrate an optical memory
based on fiber-cavity storage with intracavity frequency
translation (FC SWIFT). The fiber is a linear cavity, with
the two end facets each coated with a short-wave-pass
dichroic dielectric stack, such that for wavelengths 1 > 4,
the end facets have high reflectivity; for wavelengths 1 <
Ao light can enter and exit the fiber with high transmission
[see Fig. 1(a)]l. In the write step [Fig. 1(b)], the signal
photon with wavelength 1, < 4, is input to the fiber with
two intense ancillary control pulses at wavelengths 4, and
A,. The control pulses redshift the signal pulse from 4, to
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FIG. 1.

(a) Fiber cavity, with dichroic-coated end facets. The fiber forms a cavity for wavelengths 4 > 1, (shaded, gray). (b) Write step:

control pulses at 4, on the slow axis (+) and 4, on the fast axis (—) redshift the signal photon from 4, to 4,. (c) Storage: the signal photon
at 4, > g is trapped in the cavity. (d) Read step: control pulses at wavelengths 4, and 4, blueshift the trapped signal photon from 4, to 4,

so that it exits the fiber. (e) Experiment layout. See text for details.

A > 1y by BSFWM. As a result, the signal photon is
reflected when it reaches the fiber end facet, and is thus
trapped within the fiber cavity. During the storage stage
[Fig. 1(c)], the signal photon continues to propagate back
and forth within the fiber cavity. In the read step, control
pulses at wavelengths 4, and 4, propagate into the fiber
timed to overlap with the circulating signal pulse. The
signal photon is frequency translated from A, to A, by
BSFWM such that it exits the fiber.

Cavities can be designed across a wide spectral range
from the visible to the infrared, and broad bandwidths can
be accommodated. In the case of a fiber cavity, integrated
mirrors may minimize losses arising from multiple surface
reflections in a free-space cavity and improve scalability
with a smaller cavity footprint. The spatial mode of a fiber
cavity will be well suited to operation with other composite
fiber technologies. Indeed, integration of a fiber-based
photon source [33] within an FC SWIFT memory would
reduce losses and the equipment footprint, allowing effi-
cient temporal multiplexing [16,17].

We fabricated a fiber cavity in a polarization-maintaining
(PM) fiber (Fibercore HB800). Birefringent PM fiber has
been shown to offer the possibility of efficient, unidirectional
frequency translation by BSFWM, with favorable phase-
matching conditions for broadband signal pulses [34]. Phase
matching is achieved for unidirectional frequency translation
with the control pulses launched on the two orthogonal
polarization axes. In a fiber with normal dispersion, for
appropriate control frequency separation the signal is fre-
quency down-shifted by BSFWM when launched on the fast
(—) axis, according to @, = @, — (0, — ®,), where w; =
(27c/2;) [34]. Figure 2(a) (b) show the coating transmission

7T measured on a blank substrate during the coating run
(Omega Optical). The coating was designed to yield high
transmission for the control pulses at 4, = 790.1 nm and
A, =807.4 nm, and for the input signal pulses at
Ay =902.5 nm; at wavelengths A > 920 nm the coating
has high reflectivity to form a cavity, including the storage
wavelength 4, = 925 nm.

We measured the cavity lifetime as a function of wave-
length using a ring-down procedure. Bright signal pulses
(=10° photons/pulse) with a FWHM bandwidth of ~1 nm
were coupled into the 1.285-m end-facet-coated (EFC) PM
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FIG. 2. Left: coating transmission as a function of wavelength
on (a) a log scale (blue curve) and (b) a linear scale (inset, blue
curve). Wavelengths of the ¢ control (solid, purple), p control
(dash-dot, dark blue), s signal (dots, red), and r signal (dashed,
maroon), are shown. Right: measured cavity ring-down lifetime
(red crosses) as a function of wavelength, with 95% confidence
intervals (shaded error bars).
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fiber, polarized along the slow axis. Light exiting the fiber
at the output facet was coupled into a single-mode collection
fiber and detected using a single-photon-counting module
(SPCM). The time delay of each detection event relative to
the laser trigger was recorded to build up a histogram of
detection events. The resulting histograms show a comb
structure of regular peaks spaced by 7, = 12.67 ns (x1
cavity round trip) and decaying over several microseconds.
Figure 2 (right axis) shows a plot of the ring-down lifetime
extracted using a weighted linear regression on the summed
counts in each “round trip” bin. The measured 1/ e lifetime at
925 nm is 39.7(5)z,, and this increases to 87(6)7, at
950 nm, where the reduced count rate limited further
wavelength tuning. As expected, the cavity lifetime increases
with wavelength, since the reflectivity of the coating is also
increasing. The cavity lifetimes are sufficiently long to offer
promise for use as an FC SWIFT memory.

Figure 1(e) shows the experiment layout. The main laseris a
Ti:sapphire amplifier operating at R = 1 kHz; it outputs
80-fs pulses, with FWHM bandwidth A4 = 12 nm centered
at 800 nm. The laser output is partitioned at a beam splitter to
prepare signal and control pulses. In the control “arm,” we
use a 4f spectral filter [35] to prepare control pulses at
A ="790.1 nm and 4, =807.4 nm, each with FWHM
Al = 0.4 nm, corresponding to pulse durations of 2.3 ps.
We prepare distinct write and read pulse pairs using an
imbalanced interferometer, with the read control pulses
delayed by 7,.,q & 12.67 nsrelative to the write control pulses;
the p and ¢ controls are separated and recombined with
orthogonal polarizations. In the signal arm, signal pulses are
prepared by second harmonic generation (SHG) of the
1.805 pum output from an optical parametric amplifier; the
SHG lightis spectrally filtered in a4 f spectral filter. The signal
pulses have a bandwidth of A4 = 1.05 nm centered at
Ay =902.5 nm, corresponding to a pulse duration of
Az, = 1.1 ps. These input wavelengths give a storage wave-
length of 4, = 925 nm. The control pulses are combined with
the signal pulse at a beam splitter and coupled into the fiber
cavity. The coating-corrected coupling efficiencies for the
write and read controls were 1, = 0.50(3), 7, = 0.41(3),
and 17,1 = 0.44(3), n}, = 0.38(3), respectively. Control pulse
energies were set to deliver W' = W9 = 2.2(3) nJ at the
fiber exit facet. At the ﬁber—cav1ty ex1t signal photons
polarized on the fast and slow axes are coupled to separate
single-mode fibers. Interference filters are arranged prior to
the fast- and slow-axis collection fibers to give transmission
windows of ~3 nm bandwidth at 902.5 nm and 925 nm,
respectively. The collection fibers are each coupled to SPCMs,
and detection events are recorded. We performed experiments
with input signal pulses attenuated to the single-photon level
(SPL), where memory noise properties can be measured.
When count rates were insufficient to measure the spectrum,
or photons leaking from the cavity, we used “bright” input
signal pulses (~10° photons/pulse), where the memory
operation remains linear in the signal power.

We first characterize the memory operation using bright
signal pulses input with polarization along the fiber fast
axis; we insert neutral density filters before the collection
fibers to avoid saturating the SPCMs. Figure 3 plots the
normalized SPCM count rate on (a),(b) the slow axis and
(c) the fast axis, after time tagging and binning the
detection events. The count rates are plotted as a function
of round trip number T = t/7,, where ¢ is time. First, we
consider the write step, comparing the results with the write
controls off (blue bars) and on (red bars). For optimal delay
between the signal and write p, g control pulses, the fast
axis count rate at 7 = 0 is diminished with write efficiency
7, = 0.95(2) [see Fig. 3(c)]. On the slow axis, a clear
ring-down signal of 925 nm light leaking through the cavity
exit facet is measured (red bars), with a 1/e lifetime of
approximately 7.~ 167, ~ 206 ns: these signal photons
have been redshifted and polarization switched on to the
slow axis such that they are trapped within the cavity,
before leaking out. Applying the read control pulses at a
write-read delay of 12.67 ns, corresponding to one round
trip of the cavity, we observe that the slow axis count rate at
T = 1 reduces by a factor of 5, = 0.87(4), and the count
rate on the fast axis increases, showing that signal photons
have been blueshifted and polarization switched back to the
fast axis, such that they are released from the cavity.
Comparing the fast axis count rates at 7 =1 with all
controls on, to the rates at 7 = 0 with the signal only, we
measure a total efficiency of 7, = 0.73(1).

We attenuated the signal to achieve N, =
1.0(1) photons/pulse inside the fiber at wavelength A,
[36]. Figure 4 (left axis) shows a plot of the signal, noise,
and corrected signal as a function of (a) signal delay relative
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FIG. 3. Histograms of the counts, normalized to the rate at

T = 0, measured on (a),(b) the slow axis and (c) the fast axis for a
bright signal pulse input on the fast axis with no control pulses
(blue), write controls on (red), and write and read controls on
(yellow). (a) Ring down showing storage of the signal pulse
circulating in the cavity. The shaded region corresponds to the
interval plotted in the insets. (b) Readout at 7 = 1 reduces the
number of photons circulating in the cavity on the slow axis.
(c) Storage at T = 0 and readout at 7 = 1 (12.67 ns delay).
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FIG. 4. Left ordinate: Fast axis detection rate for an input signal
at the single-photon level (red, asterisk) as a function (a) of signal
delay relative to fixed write control pulses, and (b) of read stage
delay relative to fixed write and signal stage delays. Plotted are
the signal (blue crosses), noise (yellow squares), and background-
corrected signal (green circles). Poisson error bars are shown for
each case. Right ordinate (log-scale): Deviation of the classical
spectral fidelity F', from 1, as a function of the read stage delay
(purple dots).

to fixed write control pulses, and (b) read controls’ delay
relative to fixed signal and write control pulses. The
background-corrected efficiency is 755 = 0.70(4), consis-
tent with the measurement using bright signal pulses. The
temporal profile of the delay scans is determined by the pulse
durations and the group velocity walk-off between the signal
and control pulses [34]. For the known pulse durations and
analytic solutions [34], we extract a temporal walk-off of
A,, = 16.6 ps; this is consistent with the expected walk-off
of 17 ps, estimated using dispersion data. The maximum
signal-to-noise ratio (SNR) is S = 2.3(1), with noise level
N noise = 0.30(3) photons/pulse. This gives a noise perfor-
mance benchmark y; = N gice/ok~ = 0.43(5). The noise
due to the write and read control pulses alone [Fig. 4(b)] is
delay dependent in the readout bin, reaching a maximum
near the peak of the retrieved signal, indicating that the read
control pulses are reading out noise photons created by the
write control pulses.

For a quantitative comparison of the memory operation,
using bright signal pulses we measure the classical spectral
fidelity F;= [d2/Tiy (D)l ow(2)d2/ [ [Tin(2)dA [ 1o (2)dA)' /2
between the signal spectral intensity without (/;,) and with
(Ioy) the memory interaction, assuming constant spectral
phase. An ideal memory will have F; = 1, such that the
input and output spectra are identical apart from the group
delay introduced by the memory. Figure 4(b) plots 1 — F,
(purple dots, right axis) as a function of the read stage delay,
showing maximum spectral fidelity of F,, > 99.97% at the
optimum delay. Comparing the fidelity plot with the SPL
readout plot, we see that the read efficiency and spectral
fidelity are both reduced when the read delays are such that
the signal pulse only completes a partial “collision” with the
Bragg grating created by the control pulses. At these delay

settings, the effect of cross-phase-modulation from the
controls is not symmetric on the signal, such that the signal
is partially redshifted or blueshifted relative to the input
spectrum, and the spectral fidelity diminishes.

We now proceed with a discussion of the results. For
end-facet coatings with unit reflectivity, the maximum
lifetime possible at the current cavity length is ~3387,
given the quoted fiber loss of ~5 dB/km. The lifetime
measured in Fig. 3 is 7. & 167, whereas the lifetime when
measured with a resonant signal probe at 4, = 925 nm was
7. = 39.7(4)7,; the lifetime at 950 nm was 7. = 87(0)zy.
At input pulse energies of W;, ~ 8-10 nJ, we observed
irreparable damage to EFC fibers and therefore restricted
our operating range to W;, < 7.5 nJ. We attribute the
decrease in the lifetime to coating damage caused by the
control pulses. We expect that better mode matching and
improved coating designs will reduce the power require-
ments, enhancing the cavity lifetime and durability. The
pulse energy restrictions also limited the total efficiency by
reducing the BSFWM interaction strength. While we were
not able to achieve unit frequency translation efficiency in
either write or read steps, we were able to measure
translation efficiencies as high as 98% in an uncoated
fiber, suggesting that higher memory efficiencies will be
possible with design improvements to increase the control
pulse energies within the fiber cavity.

The maximum SNR demonstrated at the SPL was
S = 2.3(1), with spontaneous Raman scattering from the
control pulses as the main noise source [36]. This perfor-
mance is insufficient for practical use; nonetheless,
improvements are feasible. The Raman gain of silica
diminishes significantly for shifts 240 THz [37]: noise
should reduce with increased signal-control detuning.
Alternatively, if signal frequencies were on the anti-
Stokes side of the controls, the Raman noise would be
further reduced.

A memory must be able to store and retrieve photons “on
demand,” or at least in synchronization with an appropriate
clock rate. To accommodate the inherent periodicity of the
FC SWIFT protocol, a modelocked laser, or lasers, can be
locked to the fiber-cavity frequency, allowing synchronous
pumping of photon pair sources and memory operation.
Combined with cavity fabrication improvements, use of
synchronous control lasers should enable retrieval in
7./7q ~ 100 distinct time bins. While this is modest
compared with the highest time-bandwidth products, here
the cavity round-trip time is much longer than the signal
duration, 7,/A7, ~ 1.1 X 10%, such that feed-forward con-
trol may be feasible.

A practical memory must also achieve high fidelity
between the input and retrieved states. Beyond the
influence of noise and loss, any distortions introduced
by the memory interaction will reduce the fidelity.
Our measurement of the classical spectral fidelity indicates
that the spectrum is not significantly distorted by the two
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frequency conversions. Nonetheless, for longer storage
times, dispersion will play an important role; for this
reason, the FC SWIFT memory may be most appropriate
for telecom wavelengths where dispersion and loss are
lowest. It may also be possible to compensate for fiber
dispersion with a chirped dichroic end-facet coating.

We stored THz-bandwidth SPL coherent states in an
EFC birefringent fiber, using BSFWM to switch photons in
and out of resonance with the dichroic reflective end facets,
at a high efficiency. We hope that the FC SWIFT memory
will be useful for multiplexing of probabilistic photon
sources [33].
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