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Toward deterministic sources: Photon generation in a fiber-cavity quantum memory
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We demonstrate the generation of photons within a fiber-cavity quantum memory, followed by later on-
demand readout. Signal photons are generated by spontaneous four-wave mixing in a fiber cavity comprising
a birefringent fiber with dichroic reflective end facets. The detection of the partner herald photon indicates the
creation of the stored signal photon. After a delay, the signal photon is switched out of resonance with the fiber
cavity by intracavity frequency translation using Bragg scattering four-wave mixing, driven by ancillary control
pulses. We measure sub-Poissonian statistics in the output signal mode, with g(2)

AC = 0.54(1) in the first readout
bin and a readout frequency translation efficiency of ≈80%. The 1/e memory lifetime is ≈67 cavity cycles, or
1.68 µs. In an alternate fiber cavity, we show a strategy for noise reduction and measure g(2)

AC = 0.068(10) after
one cavity cycle.

DOI: 10.1103/PhysRevA.109.013711

I. INTRODUCTION

Photons are a key resource in many quantum technology
designs [1], including quantum computing [2,3], quantum
sensing [4], and quantum communication [5]. These tech-
nologies provide much of the impetus for current quantum
photonics research, where exquisite control of photon prop-
erties is the goal. Among the various spatial, spectral,
polarization, and temporal attributes to be controlled, the tem-
poral interval in which a photon exists is often of critical
importance. When multiple photons are required to interact in
an interferometric network, for example, they must arrive with
precise timing control [6–8]. Parametric photon pair sources
were used for these seminal demonstrations in photonic quan-
tum processing. The probabilistic operation of photon pair
sources is one of the factors limiting efforts toward scalable
photonic quantum computing [2,3]. Methods to produce pho-
tons deterministically, or “on demand,” have therefore been
the source of much research in recent years. Single emitter
sources, such as quantum dots [9], offer one approach; another
is multiplexing, where independent probabilistic sources are
combined with event-driven switching to create a quasideter-
ministic source [10–12].

A variety of degrees of freedom have been used to demon-
strate improved success probability from a photon pair source,
including multiplexing of distinct spatial modes [13–19],
frequency modes [20–22], and temporal modes [23–29]. In
each case, photon loss counteracts the benefits gained from
a switch operating with independent sources. Effective so-
lutions should ideally combine efficient, low-loss, low-noise
switching with realistic resource scaling requirements. Tem-
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poral multiplexing is attractive because fewer resources are
required, when compared to alternatives. The idea is to com-
bine a storage cavity [11], or quantum memory [30], with
an optical switch. Memories suited to this strategy will have
a high acceptance bandwidth relative to their lifetime (a
high “time-bandwidth product”) so that many generation at-
tempts can be completed in close succession before storage
and subsequent readout [30]. With careful design and op-
timized components, promising results have been attained
in free-space cavities, including temporal multiplexing to
prepare single-photon [23,27], multiphoton [26,31], and en-
tangled [32], states. Optoelectronic switching is attractive
because of high efficiency and low noise. Nonetheless, loss
due to diffraction and surface reflections serves to limit the
overall efficiency of free-space cavities, both intracavity and
when transferring a pulse into the cavity.

Optical fiber technologies offer complementary benefits to
their free-space counterparts. Single-mode fibers offer flexible
routing, low-loss transmission, and tight optical confinement.
Fibers are often used as convenient, low-loss, fixed-time-delay
“buffers” to compensate for electronic latency in multiplex-
ing experiments [17,24,26,27,32,33]. For a variable-delay
quantum memory based on a fiber-cavity design [34], fiber
integrated switches might attain high efficiencies, but their in-
sertion losses [35] severely limit the cavity lifetime. Recently,
we demonstrated that fiber-cavity storage with intracavity
frequency translation (FC SWIFT) allows high-efficiency
memory operation at the quantum level [36]. We later ex-
plored a more narrow-band version of FC SWIFT in the
telecom C band, using fiber Bragg gratings as reflective
elements, instead of dielectric coatings [37]. Here, we demon-
strate the heralded generation of broadband signal photons
within a fiber cavity, where they are temporarily stored before
later on-demand release. This approach eliminates the routing
losses associated with sources external to a quantum memory
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FIG. 1. (a) Generation step: A bright pump pulse generates a signal and herald pair by SFWM, with the signal trapped by a dichroic
reflective end facet coating. (b) Storage step: The signal photon is trapped in the cavity. (c) Readout step: Bright control pulses translate the
signal s → r by BSFWM. (d) Experiment layout. BS: beam splitter; PBS: polarizing beam splitter; HWP: half-wave plate.

and uses nonlinear optical switching to avoid the insertion
losses of an electro-optic switch. We note that the generation
of a signal quantum within a memory is recognized as a major
benefit of the Duan-Lukin-Cirac-Zoller (DLCZ) scheme [38],
typically used in atomic vapors; this scheme has recently
been used in multiplexing experiments with MHz- [39,40]
and GHz- [41] bandwidth photons. Our alternative memory-
integrated source offers a promising route to the deterministic
generation of THz-bandwidth single-photon and multiphoton
states.

Our protocol is shown in Fig. 1. The birefringent fiber is
a linear cavity, with end facets each coated with a dielectric
stack to have high reflectivity at λs and low reflectivity at other
wavelengths. In the generation step, a pump pulse propagating
on the fiber slow axis generates signal and herald photon pairs
on the fast axis by spontaneous four-wave mixing [42]. The
herald photon with wavelength λh exits the fiber cavity and
is detected, indicating that a signal photon has been created.
The signal photon, wavelength λs, is reflected by the dielectric
stack and stored within the cavity. After a delay, two intense
control pulses, wavelengths λp, λq, are focused into the fiber
cavity, timed to overlap with the trapped signal photon. In this
read step, they induce frequency translation of the signal to
ωr = ωs − (ωq − ωp), where ωi = 2πc/λi, by Bragg scatter-
ing four-wave mixing (BSFWM). The end facet coating has a
high transmission at ωr so that the signal exits the fiber cavity
and is available for use.

Our integrated source approach eliminates the losses as-
sociated with mapping photons into the cavity and raises the
prospect of low loss temporal multiplexing. In a single-mode
fiber, photons are generated with a spatial mode that is well
suited to interface with other fiber optic elements. The use of
a polarization-maintaining (PM) birefringent fiber ensures a
fixed polarization relationship between the signal and controls
across all storage times [37]. Birefringent fiber also enables
the phase matching of SFWM [42] and BSFWM [43] across a
broad spectral range. Since the transmission spectra of optical
coatings can be designed, this protocol may thus be operated
at a wide variety of wavelengths.

II. EXPERIMENT

The sources for the experiment are two synchronously
pumped optical parametric oscillators (OPOs), each deliver-
ing ∼3 W of tunable near-infrared pulses of duration ≈13 ps
at 80.1 MHz repetition rate. Control and pump pulses are
picked from the OPO outputs using Pockels cells, allowing
adjustment of the relative delay between the pump and control
pulses.

We fabricated a cavity from a polarization-maintaining
(PM) fiber (HB800) of length L ≈ 2468 mm, such that the
cavity frequency νc ≈ 40.05 MHz. Dichroic dielectric coat-
ings were deposited on the end facets of the fiber. The coatings
were designed to obtain high reflectivity at ∼971 nm, with
low reflectivity at other specific wavelengths (see Fig. 1).
The fiber is placed under tension, allowing adjustment of the
fiber-cavity length relative to the primary laser cavity length.
Photon pairs of a herald at λh = 667.6 nm and a signal at λs =
971.5 nm are generated on the fiber fast axis by SFWM, driven
by the pump on the slow axis at λpump = 791.4 nm. Herald
photons exit the fiber where their detection by an avalanche
photodetector (APD) verifies the creation of a signal photon
trapped in the cavity. After a delay, control pulses at λq =
791.4 nm and λp = 809.7 nm are synchronously injected to
the fiber on the fast and slow axes, respectively. Timed to over-
lap with the stored signal pulse, they drive BSFWM with the
signal, frequency translating it to λr = 999.2 nm on the slow
axis. Photons exiting the fiber cavity in the herald, trapped
signal, and output signal modes are separated by polariza-
tion and spectral filtering before collection in single-mode
fibers. Photons in the output signal mode are partitioned at
a fiber beam splitter and detected with two superconducting
nanowire single-photon detectors (SNSPDs). We measure and
record detection events in coincidence with the Pockels cell
trigger clock. The clock rate for the experiment was 76.8 kHz.

III. RESULTS

For convenience, the experiment can be run in “bright pulse
mode”: We use a continuous-wave external cavity diode laser
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FIG. 2. (a) (Right axis) Seeded FWM ring-down of 971 nm sig-
nal stored in the cavity (dots, red) with an exponential fit (dashed line,
red) of 1/e lifetime 111(1) cycles. (a) (Left axis) Two-mode cross
correlation between the herald and output signal modes as a function
of readout delay (blue crosses) and a model fit (solid blue line).
(b) Autocorrelation g(2)

AC of the heralded output signal (blue crosses),
noise (red squares), and expected autocorrelation (blue dashed line)
as a function of readout delay time. The heralded autocorrelation for
an alternate cavity with independent pump-control tuning (yellow
triangles) shows improved nonclassical statistics.

(ECDL) to seed the herald mode, generating bright signal
pulses by four-wave mixing with the pump pulse [44]. This
allows measurements on the stored signal light. Stored signal
pulses gradually leak from the cavity due to the imperfect
coating reflectivity. Recording detection events in the stored
signal mode relative to the experiment clock, we measure a
cavity ring-down with a 1/e lifetime of 111(1)τc, for a cavity
cycle time of τc = 24.96 ns [see Fig. 2(a)].

We first evaluate the properties of the SFWM photon gen-
eration without applying readout control pulses. All results
quoted are based on raw count rates, except where background
subtraction is stated, or indicated by a tilde. The seeded FWM
signal spectrum from the fiber cavity has a bandwidth of
2.2 nm. The high-reflectivity coating results in a low count
rate for the stored signal, making it difficult to measure
the heralded signal autocorrelation. Instead, we measure the
two-mode cross correlation between the herald and s-signal
photons that immediately exit the fiber cavity. For Epump =
0.7 nJ, we measure a raw value of g(2)

XC(h, s) = 16.0(1.6) and
background-subtracted value of g̃(2)

XC(h, s) = 26(3), after cor-
rection for accidental dark counts. These values are each far
in excess of the classical bound of g(2)

XC = 2, indicating that
we have created a nonclassical state within the fiber cavity. A
Klyshko measurement [45] of the herald collection efficiency
as detected yields ηh = 0.06(1). Using ECDL light exiting the
fiber cavity, we measure a collection efficiency of 0.51(2), at
the herald wavelength, excluding detection. The discrepancy
arises because of the APD efficiency (∼0.7), and because the
nonzero reflectivity of the coating at the herald wavelength
(Rh = 0.66) temporarily traps some of the herald photons

in the fiber. In what follows, we only consider coincidence
measurements where the herald photon immediately exits the
cavity after generation. We have measured coating reflectiv-
ities R � 0.05, at wavelengths close to λh, suggesting that a
×2.8 increase in herald collection efficiency is possible with
an alternative coating.

We measure the retrieval of signal photons from the cav-
ity by applying control pulses, timed to overlap with the
stored signal pulse. The p- and q-control pulse energies are
Ep = 6.9 nJ and Eq = 8.6 nJ, respectively. Figure 2(a) shows
the two-mode herald-signal cross-correlation g(2)

XC(h, r) and
Fig. 2(b) shows the heralded output signal autocorrelation
g(2)

AC(r1, r2|h) as a function of readout delay, measured at in-
tervals of five cycles. Data were acquired over a 17-h period,
during which time the passive cavity stability was sufficient to
maintain readout synchronization over ≈100 cycles. The cross
correlation obtains a maximum value of g(2)

XC(h, r; T = 1) =
3.21(1), where T is the generation-readout delay in cavity
cycles. This nonclassical signal-herald correlation has been
maintained after frequency translation; however, the addition
of noise photons in the readout interaction has reduced the
degree of correlation. The 1/e memory lifetime is ≈67 cycles,
reduced from the cavity ring-down measurement. The de-
creasing signal is no longer a simple exponential. We attribute
this to the imperfect matching of the fiber-cavity cycle time,
compared to the OPO cycle time, and the effect of dispersion
chirping the signal as it propagates. A simple model allow-
ing for the cavity loss, the estimated second-order dispersion
(ψ2 = 0.05 ps2/cycle), and the reduced conversion efficiency
from signal-control walk-off, gives good agreement with the
data, with R2 = 0.9992, for a cavity-mismatch walk-off of
0.09 ps/cycle and an inferred cavity lifetime of 78 cycles.
We attribute the discrepancy between the inferred lifetime and
the ring-down measurement to differences in the seeded and
spontaneous signal spectra.

The heralded output signal autocorrelation obtains a
minimum value of g(2)

AC(r1, r2|h; T = 1) = 0.54(1), indicat-
ing that the retrieved signal pulse exhibits sub-Poissonian
statistics. The unheralded noise has an average value of
g(2)

AC,noise(r1, r2) = 1.09(1), consistent with a multimode sum
of thermal contributions. Over the succeeding 80 cycles, or
3 µs of delay, the heralded autocorrelation gradually tends
towards equality with the noise measurement for the con-
trols only such that g(2)

AC(r1, r2|h; T > 80) ≈ g(2)
AC,noise(r1, r2).

A calculation of the expected output signal auto-correlation,
modelled as an incoherent mixture of the stored signal and the
noise, each with known g(2)

AC, shows good agreement with the
measured values [Fig. 2(b), blue dashed curve] [46,47].

In the T = 1 bin, we measured maximum raw count rates
of Rh = 474(15) cps, Rr = 3405(13) cps, Rh,r = 63(2) cps,
and Rh,r1,r2 ≈ 0.8 cps for the herald, r-signal, (h, r) twofold
coincidences, and (h, r1, r2) threefold coincidences when
operating the experiment at 76.8 kHz . Figure 3 shows a mea-
surement of the background-subtracted heralded signal rate
per pulse, or heralding efficiency (blue crosses), compared to
the unconditional noise rate (red squares), as a function of
p-control pulse energy. The maximum heralding efficiency
is p̃(r|h) = 0.096(4), corresponding to a signal generation
rate of R̃r|h = 46(3) s−1. We measure a coating reflectivity
of Rr = 0.45; an improved coating design so that Rr � 0.05
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FIG. 3. Background-subtracted heralded output signal count rate
(blue crosses) and unheralded noise count rate (red squares) as a
function of p-control pulse energy for fixed q-control pulse energy.
Analytic model fit to signal (dashed blue line) and linear fit to noise
(dashed-dotted red line). See text for details.

would improve the heralding efficiency by ×1.7. Noise pho-
tons in the output bin are mostly generated by the p-control
pulse, polarized on the slow axis with the output signal pho-
tons. Figure 3 shows that the noise increases linearly as a
function of p-control pulse energy for fixed q-control pulse
energy, consistent with spontaneous Raman scattering as the
noise source.

The heralded output signal rate varies approximately lin-
early at low p-control energies (Fig. 3) before starting to turn
over due to stored signal depletion. For optimal BSFWM
phase matching, using Gaussian control pulses, the output
field ar (t ) is given by [43] ar (t ) = ie4iξ (t ) sin[ξ (t )]as(t ), and

ξ (t ) = γ
√
EpEq

3β

[
erf

(
t

τ
+ ζ

2

)
− erf

(
t

τ
− ζ

2

)]
, (1)

where t is time in the signal frame, γ is the nonlinear coef-
ficient, and τ = τFWHM

√
4 ln 2 where τFWHM = 13.5 ps is the

full width at half maximum duration of the control pulses. For
the estimated group velocity walk-off of β = 13.5 ps/m, we
have ζ = βL/τ ≈ 4.1. Allowing a free-scaling factor for the
imperfect coating transmission, collection efficiency, and de-
tector efficiency, we fit for the unknown nonlinear coefficient
γ and find good agreement with the background-subtracted
heralded signal photon rate (Fig. 3 dashed blue curve). The
internal conversion efficiency ηBSFWM = 0.8 at maximum
power agrees well with the ≈80% stored signal depletion
when operating in the bright pulse mode. Based on this fit, an
increase of approximately 40% in both control pulse energies
would be required to attain the maximum readout efficiency
of ≈98% in the current configuration. This would increase the
heralding efficiency by ×1.22.

Given the deleterious impact of the control-induced noise
on the output signal photon statistics, we investigated a po-
tential mitigation strategy. We locked a Ti:sapphire oscillator
to the OPO system and used the oscillator to pump the
SFWM generation step. We operated the memory in an al-
ternate fiber-cavity sample with a coating that permitted the

controls to be blue-detuned from the pump by 16.7 THz .
Figure 2(b) shows the heralded output signal autocorrela-
tion as a function of pump-read pulse delay. The lifetime
of ≈12 cycles is reduced, compared to the primary sample;
however, the photon statistics are significantly improved due
to the reduced number of noise photons in the signal mode. We
measured g(2)

AC(r1, r2|h; T = 1) = 0.068(10) after one cavity
cycle, demonstrating the potential for improved nonclassical
statistics in future demonstrations of this scheme.

IV. DISCUSSION

The present implementation is limited by several factors.
First, imperfect coating transmission at both the herald wave-
length and output signal wavelength limit the herald collection
efficiency and the heralding efficiency, respectively. Design
improvements are likely to deliver better herald and output
signal transmission coefficients while retaining a relatively
long cavity lifetime, so that temporal multiplexing is a re-
alistic goal. Second, imperfect matching of the OPO and
fiber-cavity frequencies reduced the memory lifetime to 67
cycles. The fiber tension required to match the cavity lifetime
also affected the phase matching for SFWM and BSFWM.
Our results represent a balance of matching these competing
factors against the fixed transmission spectrum of the coating.
Closer matching of the untensioned fiber-cavity frequency to
the laser repetition rate, or adjustable rate lasers, would mit-
igate this problem. Finally, the noise photons introduced by
the bright control pulses can be reduced. As we demonstrated
in an alternate fiber cavity, independent tuning of the control
wavelengths relative to the pump wavelength can increase
the Stokes shift between the control and signal wavelengths,
and thus reduce the Raman scattering noise. Alternatively,
since polarization maintaining fibers permit broadband phase
matching [42,43], setting the signal wavelength on the anti-
Stokes side of the controls would further reduce the noise.

V. CONCLUSION

We created signal photons with bandwidth δωs = 0.6 THz
by SFWM in an end-facet-coated fiber cavity, subsequently
using BSFWM to frequency translate the signal photons out
of resonance with the cavity. We demonstrated sub-Poissonian
statistics in 80 independent time bins, raising the possibility of
temporal multiplexing across many independent sources [12].
Temporal multiplexing of up to K = 40 independent sources
has been demonstrated to offer a ×9.7(5) improvement in
photon generation efficiency, using a free-space cavity with
a 1/e lifetime of 83 cycles [27]. In this demonstration, we
achieved a 1/e memory lifetime of 67 cycles and a ring-down
cavity lifetime of 111 cycles. Given the additional benefits
from the integrated SFWM source and fiber mode compati-
bility, we expect our scheme to offer comparable efficiency
benefits for multiplexed generation of single- and multiphoton
Fock states.
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