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Experimental storage of photonic polarization entanglement in a broadband
loop-based quantum memory
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We experimentally study the ability of a broadband “loop-and-switch” type quantum memory device to store
entanglement. We find that one active loop-based memory and one passive fiber delay line can be used to
faithfully store two polarization-entangled photons and demonstrate a rudimentary entanglement distribution
protocol. The entangled photons are produced by a conventional spontaneous parametric down-conversion source

with center wavelengths at 780 nm and bandwidths of ~10 THz, while the memory has an even wider operational
bandwidth that is enabled by the weakly dispersive nature of the Pockels effect used for polarization-insensitive
active switching. These results help demonstrate the utility of loop-based quantum memories for quantum

networking applications.
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A promising approach to long-distance quantum commu-
nication involves protocols in which two distant quantum
memories become entangled by a central Bell state measure-
ment (BSM) performed on two emitted photons [1,2]. The
related process in which two entangled photons emitted from
a central source are stored in two distant absorptive quantum
memories enables modified protocols that offer advantages
in certain quantum network settings [3]. Recent experimental
progress in this direction has primarily involved extending
earlier demonstrations of single-photon storage in several es-
tablished quantum memory platforms to the case of storing
entangled photons [4—19]. Key results include the storage of
entangled photons with MHz bandwidths in atomic ensemble
quantum memories [4-9], MHz—-GHz bandwidths in solid-
state quantum memories [10-18], and THz bandwidths in a
diamond quantum memory [19].

In each active approach, the coupling of a photon from
a freely propagating mode to the storage mode (typically a
collective matter excitation) is accomplished by an externally
applied control field that is managed by the user for stor-
age and release of the photons. In addition to bandwidth,
key figures of merit include memory efficiency, storage time,
accessibility, and output state fidelity. This leads to various
trade-offs that can be optimized by different approaches for
different applications, and motivates the need for investiga-
tions of entanglement storage in other established quantum
memory platforms.

Here, we investigate entanglement storage in the “loop-
and-switch” based quantum memory platform, which offers
large bandwidth and high output state fidelity, but relatively
low efficiency and discrete time (rather than continuous) ac-
cessibility [20-27]. In this platform, the coupling between
the input/output mode and the storage mode (here, switching
into and out of a free-space optical storage loop) is imple-
mented by a user-applied dc control field via the Pockels
effect. Because this Pockels effect is only weakly disper-
sive, loop-based memories of this kind can possess ultrawide
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bandwidths that can be matched to that of the entan-
gled photons produced by robust and practical conventional
spontaneous parametric down-conversion (SPDC) sources
(typically ~10 THz). Indeed, broadband Pockels effect based
“loop-and-switch” type devices with SPDC sources have
recently been used to demonstrate enhanced single-photon
production [28-30], measurement-device-independent quan-
tum key distribution [21], switching and storage of Fock states
[22,31,32], as well as the generation of multiphoton entangled
states [25,26]. Closely related work includes the manipulation
of single-photon streams [24,33,34] and continuous-variable
entanglement [23] in loop-based systems.

In the present Letter on entangled photon storage with this
platform, we use the specific loop-based cyclical quantum
memory (CQM) geometry of Ref. [20], and a standard SPDC-
based source of polarization-entangled photon pairs [35]. The
primary experimental challenge is the nondeterministic nature
of the SPDC process, which emits the entangled photons
at random (and unknown) times. This precludes triggered
switching of the photon pairs into the memories, necessitating
random attempts at storage, and, consequently, low overall
data rates in the experiment. These data rates are further
reduced by the intrinsic loss in the CQMs (~22% per cycle),
which currently hinders long-term storage in our setup. In this
proof-of-concept demonstration, we overcome these technical
problems to some extent by (1) using pulsed SPDC to restrict
the possible emission of a photon pair to well-known time
intervals, (2) replacing one of the active CQMs with a much
lower loss delay line (fiber spool) serving as a “passive quan-
tum memory” with a fixed storage time, and (3) performing
initial alignment and calibration of the system at higher data
rates by triggering the active CQM upon detection of the
passively stored photon.

Figure 1 provides a conceptual overview of these three
ideas, as well as a summary of the relevant timing parame-
ters and detection system used for Bell-test measurements to
verify the stored entanglement. The SPDC source is pumped
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FIG. 1. Conceptual overview of two types of measurements us-
ing the broadband pulsed-SPDC and CQM platform: (a) Initial high
data rate alignment and calibration measurements in which the CQM
is triggered by the detection of photon 1, and (b) lower data rate en-
tanglement storage measurements in which the CQM is periodically
triggered. The red circles denote photons, while the dashed purple
lines represent entanglement. D; and 6; (i = 1, 2) are detectors and
polarizers used for various Bell-test measurements.

by a 100-MHz pulse train with initial pair production rates on
the order of 10 kHz, inferred from the measured coincidence
counting rates, single detection rates, and known channel
losses and detector efficiencies. This corresponds to an av-
erage of one possible pair in the system every 100 us, while
the CQM has a round-trip cycle time of At ~ 27 ns and the
experiments involve active storage for up to n = 20 cycles
(~0.5 ps). Two single-photon detectors (D; and D;) preceded
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by polarizers are used to test Bell’s inequalities in the system.
For the initial testing step shown in Fig. 1(a), the detection of
photon 1 is used to trigger the CQM for storage of photon 2,
which is then actively released after n cycles. This preliminary
test does not represent the storage of entanglement, but allows
us to calibrate the setup at higher data rates. Note in Fig. 1(a)
that photon 2 is delayed by AT, ~ 320 ns to compensate
for the latency in the detection and CQM switching process
[20,28].

Next, in Fig. 1(b), the CQM is periodically triggered by a
signal derived from the pump pulse train, which enables the
full demonstration of entanglement storage for those cases
in which a photon pair is randomly produced at the correct
time. In our experiment, we balance the trade-off between
a desire for long storage times (i.e., large n) and high data
rates (i.e., higher-frequency triggering) to demonstrate entan-
glement storage for up to n = 6 cycles (~162 ns). Note in
Fig. 1(b) that the “passive quantum memory” for photon 1
is fixed at a comparable storage time of A7, ~ 165 ns. Note
also that difficulties associated with failed storage attempts
and loss in the CQM are largely overcome by the postselective
nature of the Bell tests used to study the ability of the system
to store entanglement; only attempts in which both D, and D,
register a photon are recorded [36].

Figure 2 shows a schematic of the complete experimental
setup. For convenience, the figure highlights five different
shaded regions corresponding to the key aspects of the ex-
periment. The SPDC source consists of a 0.7-mm-thick beta
barium borate (BBO) crystal pumped by a 100-MHz pulse
train at 390 nm derived from the frequency-doubled output of
a mode-locked fiber laser (Menlo Systems C-Fiber 780; pulse
widths ~100 fs), and produces photon pairs with a central
wavelengths of 780 nm. Interference filters with a bandwidth

FIG. 2. Schematic of the experimental apparatus. Translatable delay wedge prisms (DW) are used to adjust the timing of the down-
converted photons, and a 50:50 fiber coupler with fiber polarization controllers (FPC) is used to realize entangled states of the form [y ~) =
1/ V2(H\Vs) — €9\ViH,)) using the Shih-Alley technique [35]. Phase shifters ¢,,x and ¢; are used to compensate for the combination of ¢
and any net birefringent phase shifts in fiber spools AT, AT,, and the CQM itself for the “before storage” and “after storage” Bell inequality
tests. (SHG: second-harmonic generation; FC: fiber coupling lenses; IF: 25-nm bandwidth interference filters.)
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of 25 nm are used to define the photon bandwidths (~10
THz). We use type-I noncollinear SPDC and the Shih-Alley
(SA) technique at a 50:50 beam splitter [35] to postselect
entangled states of the form [ ™) = l/ﬁ(|H1V2) — |ViH3)),
where H and V denote horizontally and vertically polarized
photons and the subscripts correspond to output channels 1
and 2. Photon 1 is detected in the direct output of the SA
beam splitter, while photon 2 is sent to the CQM which, in
our laboratory, is located on a second optical table roughly
6 m from the source.

Complete details of the operational technique of the loop-
based CQM are provided in Ref. [20]. To summarize, it
consists of a high-speed Pockels cell (PC) placed in a
Sagnac-like interferometer formed by a polarizing beam split-
ter (PBS), two broadband mirrors, and a lengthy “out and
back” delay arm. Incident photons are delocalized into two
counterpropagating H and V polarization components that
are repeatedly “flipped” (i.e., H <> V) each time they pass
through the PC in the “on” state. This leads to a self-
cancellation effect for phase shift errors due to birefringence
in the CQM for photons stored for an even number # of cycles.
In addition, bit flip errors (imperfect polarization rotations) are
ejected from the CQM geometry at incorrect times, contribut-
ing only to overall loss.

We use a lithium tantalate (LTA) multicrystal-based PC
operated in a transverse configuration (ConOptics model 360-
80, with 25D driver), with a half-wave voltage of only 140 V
at 780 nm, and rise and fall times (i.e., switching times) of
~15 ns, which are safely shorter than the 27 ns cycle time of
the CQM. The user actively stores the incident photon, and re-
leases it after a chosen value of n cycles, by simply switching
the PC between its on and off states at the appropriate times.

As shown in Fig. 2, the PC driver is activated by a short-
pulse signal generator that is triggered by either (1) the
detection of a photon in D; for the initial tests of Fig. 1(a),
or (2) a periodic signal derived by frequency division of a
100 MHz synchronization signal from the mode-locked laser
for the main entanglement storage experiments of Fig. 1(b). In
addition, the delays AT; and AT, required for these two types
of experiments are formed by fiber spools that can be inserted
and removed as needed.

A key 50:50 beam splitter is inserted in the CQM input
channel to reflect the CQM output to the second Bell-test
detector D,. While this reduces the CQM overall efficiency to
a maximum value of 25% in this proof-of-concept experiment,
it also provides a valuable auxiliary detection channel that
can be used in situ for comparative Bell tests: Bell tests “be-
fore storage” use correlations between detectors D; and Dy,
while Bell tests “after storage” are performed with D; and D.
We note that this efficiency limitation can be overcome by
replacing the 50:50 beam splitter with a high-quality optical
circulator or polarization to time-bin transduction methods in
the loop-based memory platform [21,25,27].

Additional tests of the PC with various lasers confirmed
that with the half-wave voltage set for perfect 90° polarization
rotation (“flipping”) of 780 nm light, a wavelength range
greater than 25 nm (near 780 nm) would be “flipped” with
greater than 95% fidelity due to the weakly dispersive bire-
fringence of the Pockels effect in our system. Combined with
very broadband CQM mirror reflectivities (R > 98% for H
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FIG. 3. Summary of experimental results from the high data rate
test and alignment measurements: (a) Heralded output state polariza-
tion measurements for storage of n = 4 cycles. Blue data correspond
to 6, fixed at 0°, while red data correspond to 6, = 45°; (b) anal-
ogous results for n = 6 cycles; (c) summary of extracted average
coincidence rates (blue data) and visibilities in the —45°/45° basis
from before storage runs (red data, open circles) and after storage
runs (red data, solid circles) for various storage times up to n = 20
cycles (540 ns).

and V components over 750—1100 nm), this enables the CQM
to serve as a high-speed broadband optical quantum memory
device.

Figure 3 shows a summary of calibration data using the
arrangement of Fig. 1(a). While this arrangement does not
demonstrate the storage of entanglement, we perform vari-
ous measurements using the same polarizer settings needed
to characterize the expected performance of the system for
subsequent Bell tests. Figures 3(a) and 3(b) show plots of the
coincidence counting rates between D; and D, as a function
of 0, after heralded storage of photon 2 forn =4 and n = 6
cycles, respectively, for the cases of 6, fixed at 0° (blue data)
and 45° (red data). The sinusoidal fits to the data are then
used to extract the visibilities from the red curves (a measure
of output state polarization fidelity) and the average counting
rates from the blue curves (a measure of loss during storage).
Analogous data sets (not shown) were taken for storage up
to n = 20 cycles, as well as for the before storage case using
coincidence counts between detectors D, and D,,x. These data
sets were all taken in rapid succession with minimal adjust-
ments to the setup in order to study the system’s performance
as a function of n. Figure 3(c) summarizes these data and
provides two main results: An exponential fit to the average
count rate (blue data) shows a CQM loss of roughly 22%
per cycle [37], while the after storage visibility (red data,
solid circles) shows essentially no degradation with increasing
storage time.
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FIG. 4. Summary of experimental results demonstrating entan-
glement storage: (a) and (b) show before storage and after storage
polarization correlations for the case of n = 4 cycles, with blue (red)
data corresponding to 6, fixed at 0° (45°). The sinusoidal data in
(b) are shifted by 90° due to the intrinsic bit flipping in the CQM.
(c) and (d) show analogous results for the case of n = 6 cycles. The
high visibilities of the fits to the data violate the CHSH form of Bell’s
inequality [38] and demonstrate the ability to store entanglement in
the SPDC and loop-based quantum memory platform.

These preliminary loss and visibility results of Fig. 3(c)
provide an expectation of being able to violate Bell’s in-
equality after storing entanglement using the arrangement of
Fig. 1(b) for increasingly long storage times, until the overall
loss in the CQM drives the signal-to-noise ratio in the system
down to an unmanageable level. This leads to the main results
of the Letter illustrated in Fig. 4, which shows examples of
this entanglement storage for the case of n = 4 and 6 cycles.

Figures 4(a) and 4(b) correspond to the before storage and
after storage coincidence count data for the case of n =4
cycles. The experimental data show the expected sin?(9; — 6,)
signature of the |y ~) Bell state, with before storage measured
visibilities of (95 & 3)% in the H/V basis and (92 £ 1)%
in the —45°/45° basis, and corresponding after storage vis-
ibilities of (97 &+ 1)% and (91 £4)%. As is well known,
combined visibilities greater than 71% in these experimental
situations are sufficient for a violation of the Clauser-Horne-
Shimony-Holt (CHSH) form of Bell’s inequality subject to
certain reasonable assumptions [36], and here correspond to
Bell parameter values of S = 2.64 4 0.04 before storage, and
S =2.66 1+ 0.06 after storage [38]. In this proof-of-concept
experiment, these S > 2 parameter values provide a demon-
stration of the ability to store and maintain polarization
entanglement in the loop-based quantum memory platform.

Figures 4(c) and 4(d) show analogous results for the case
of n = 6 cycles. Here, the before storage measured visibili-
ties are (98 = 1)% in the H/V basis and (93 & 1)% in the
—45° /45° basis, with corresponding after storage visibilities
of (93 +£3)% and (85 &+ 7)%. These visibilities correspond
to Bell parameter values of S = 2.69 + 0.02 before storage
and § =2.52 +£0.11 after storage, once again demonstrat-
ing successful entanglement storage. We suspect the slightly
lower S value in the after storage case was primarily due
to small misalignments that occurred in the CQM between
data runs, as well as the reduction in overall data rates which

necessitated longer collection times and thus increased experi-
mental instabilities during the n = 6 cycle run. As a technical
point of interest in the experiment, the longer storage times
associated with increasing values of n require larger divisions
of the 100-MHz periodic CQM triggering signal to prevent
accidental “on/off” state overlap in the PC during storage.
These less frequent attempts at storage corresponded to sig-
nificant data rate reductions for large n, which are then further
reduced by the accumulating intrinsic CQM loss of 22% per
cycle. An accurately calibrated observation of these count rate
reductions is not possible in Fig. 4 due to small changes in
the experimental conditions that occurred between these non-
sequential data runs. Nonetheless, further increases in these
two types of data rate reduction mechanisms for increasing n
prevented realistic attempts at entanglement storage for, say,
20 cycles in our current proof-of-concept type setup.

In summary, we have demonstrated the storage of entan-
gled photons with ~10 THz bandwidths from a conventional
SPDC source using one active broadband loop-based quantum
memory device, and a second “passive quantum memory”’
formed by a simple delay line, in analogy with earlier
entanglement storage demonstrations using other quantum
memory platforms [5,10,11,13-15,19]. The experimental re-
sults represent a demonstration of a rudimentary entanglement
distribution protocol, in which one member of an entangled
pair is delivered to a location A at a fixed time, while the other
is delivered to a second distant location B at an arbitrarily
chosen time.

The broadband nature of the loop-based memory platform
helps overcome the notorious “bandwidth matching” problem
associated with using traditional broadband SPDC entangled
photon sources and narrowband atomic quantum memories
[5]. However, it is important to note that the lack of an intrinsic
optical nonlinearity in the loop-based platform represents a
drawback for multinode quantum repeater-type applications
in which a single node acts as both a memory and a quan-
tum processor [39]. For these more challenging protocols,
supplementing the loop-based memory with additional proba-
bilistic techniques from the linear optics quantum computing
paradigm would be required [40].

The primary limitation in this proof-of-concept experiment
was the use of randomly produced entangled photon pairs,
which essentially necessitated random attempts at storage and
thus low overall data rates. For future applications, these
difficulties can be completely overcome by the use of her-
alded entangled pairs that can be produced by combining
several random SPDC sources [41-44]. We note that for more
demanding applications, these same heralded SPDC sources
can, in principle, be converted to “on-demand” entanglement
sources by using two loop-based memories and some of the
techniques demonstrated in the present Letter [42]. Conse-
quently, near-term implementations of various multiphoton
quantum networking and entanglement distribution proto-
cols could benefit from the use of robust broadband SPDC
sources and ultrabroadband loop-based memories, and the
proof-of-concept experimental results presented here repre-
sent a tangible step in that direction.

This work was supported by the National Science Founda-
tion under Grant No. 2013464.
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