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4QOLS, Blackett Laboratory, Imperial College London, London SW7 2BW, United Kingdom
5Centre for Photonics and Photonic Materials, Department of Physics, University of Bath, Claverton Down,

Bath BA2 7AY, United Kingdom

(Received 20 February 2019; published 20 November 2019)

We introduce a filter using a noise-free quantum buffer with large optical bandwidth that can both filter
temporal-spectral modes as well as interconvert them and change their frequency. We theoretically show
that such quantum buffers optimally filter out temporal-spectral noise, producing identical single photons
from many distinguishable noisy single-photon sources with the minimum required reduction in
brightness. We then experimentally demonstrate a noise-free quantum buffer in a warm atomic system
that is well matched to quantum dots. Based on these experiments, simulations show that our buffer can
outperform all intensity (incoherent) filtering schemes for increasing indistinguishability.
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Single photons are required for many quantum technol-
ogies [1], for example, quantum communication [2],
quantum metrology [3], optical quantum computing [4],
and quantum networks [5]. There are three key metrics to
characterize single-photon sources: (1) single-photon
purity, characterized by the second-order intensity auto-
correlation function gð2Þðτ ¼ 0Þ, where τ is the time delay
between two arms of a Hanbury Brown–Twiss interferom-
eter; (2) brightness (B), which is the probability of having
one photon per trial, defined at or after collection optics;
(3) indistinguishability. In this Letter, we define two kinds
of indistinguishability: (a) self-indistinguishability Ið1Þ,
describing the Hong-Ou-Mandel (HOM) dip visibility of
photons coming from the same photon source generated at
different times, and (b) interindistinguishability Ið2Þ, referring
to the HOM dip visibility of photons from different sources.
Ið1Þ and Ið2Þ are determined by the purity and similarity of
the quantum state of the photon in its complete specification
[6] (i.e., both modal and in the basis state expansion, e.g.,
Fock states). A perfect single-photon source is characterized
by gð2Þð0Þ ¼ 0, B ¼ 1, Ið1Þ ¼ 1, and Ið2Þ ¼ 1.
Recently, steady progress has been made for single-

photon sources with near ideal single-photon statistics and
high brightness [7,8]. Regarding indistinguishability, the
critical remaining factor that limits this is the mixing of
temporal optical modes due to numerous additional unde-
sired physical processes (see review: Ref. [9]) in most single-
photon emitters such as defects in the solid state [10]. To
circumvent this issue, it is common to filter the photons
after emission. However, passive intensity filtering only
achieves at best Ið1Þ, Ið2Þ → 1 in the limit of B → 0 [11].

To understand this and to illustrate how we overcome this
problem, consider the normalized density matrix ρ which
represents the temporal-spectral degrees of freedom of the
photon, ρ ¼ P

αkjψkihψkj, where jψki are single-photon
excitations of the respective temporal eigenmodes ψkðtÞ.
The indistinguishability of the photon is unity when ρ has
only one nonzero eigenvalue, i.e., it is in a single temporal-
spectral mode [12]. Amixed state has Ið1Þ < 1 and comprises
multiple field-orthogonal, but intensity-nonorthogonal,
eigenmodes. Therefore, an intensity (temporal or spectral)
filter can only selectively pass a single modewithin a mixed
state in the limit of infinitesimally narrow passband, which
necessarily reduces the brightness of the selected mode
to zero. In this Letter, we propose a coherent filter—a
quantum buffer—which can remove higher-order temporal
modes of a single photon without detriment to the main
eigenmode, increasing indistinguishability to unity while
minimizing the reduction in brightness.
The basic operating principle of a quantum buffer is

shown in Fig. 1. A buffer is placed after each single-photon
source to delay a user-specified temporal-spectral wave
packet, or temporal mode. In practice this should be the
dominant (k ¼ 0) eigenmode jψ0i with the largest eigen-
value α0. All other modes (k ≥ 1) are transmitted and time
separated from the buffered mode (k ¼ 0) with a buffer
time Tbuff , so it can be removed. As a result, the output of
our quantum buffer will be in a pure state. If all the
other degrees of freedom of the emission are identical and
the second-order correlation function gð2Þð0Þ of the buffered
photons remains at zero, Ið1Þ ¼ 1 would be achieved.
An ideal quantum buffer selects the dominant eigenmode
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with unit efficiency, and therefore the brightness will
decrease proportional to the largest eigenvalue, Bout ¼
α0B0, where B0 is the brightness of the single-photon
source before the quantum buffer. Since different sources
may have different dominant temporal modes jψ0i, the
filtered mode will differ from source to source. An ideal
quantum buffer will unify these modes, producing the same
output mode jϕi for every single-photon source, making
both Ið1Þ and Ið2Þ unity.
Devices that can select particular temporal modes have

been demonstrated previously [13–17]; however, careful
engineering of the underlying nonlinear operation is required
to suppress spurious noise processes and render noise levels
quantum compatible. Furthermore, phase-matching con-
straints make the operational bandwidth too large for the
gigahertz bandwidths of leading photon sources [8,18]. Here
we describe a noise-free gigahertz-band quantum buffer
based on the off-resonant-cascaded-absorption (ORCA)
buffer protocol in atomic alkali vapors, closely related to
our recent demonstration of a noise-free ORCA quantum
memory in warm caesium (Cs) vapor [19]. The ORCA
protocol is based on reversible coherent off-resonant two-
photon absorption in an atomic ensemble. An input signal,
such as a quantum dot (QD)-emitted photon with temporal-
spectral mode Sðz; tÞ, is stored into a delocalized atomic
coherence Bðz; tÞ shared between the ground and doubly
excited state across the ensemble, mediated by a strong
control field Ωinðz; tÞ [see Fig. 2(b)]. This atomic coherence
is then reversibly read out of the buffer on demand back into
an optical signal by application of a second control field
Ωoutðz; tÞ after a short buffering time.
The interaction is described by the equations (see

Supplemental Material II [20])

∂tBðz; tÞ ¼−
jΩðz; tÞj2

Γ2

Bðz; tÞ− iκ
Ωðz; tÞ�

Γ1

Sðz; tÞ;
�
∂zþ

1

c
∂t

�
Sðz; tÞ ¼−

iκ�Ωðz; tÞ
Γ2

Bðz; tÞ; ð1Þ

where Γ1 and Γ2 are the spontaneous decay rates of the
intermediate state and doubly excited state. κ is the light-
matter coupling constant including the transition dipole
moment and atomic number density. This is a linear
interaction; therefore the mapping of light SinðtÞ to atoms
BðzÞ and then atoms BðzÞ back to light SoutðtÞ can be
described via the Green’s functions:

BðzÞ ¼
Z

Ginðz; tÞSinðtÞdt;

SoutðtÞ ¼
Z

Goutðt; zÞBðzÞdz: ð2Þ

The Green’s functions can either be numerically calculated
(see Supplemental Material II [20]) or tomographically
measured [25]. A singular value decomposition of the input
Green’s function, Ginðz; tÞ ¼

P
k λ

in
k bkðzÞu�kðtÞ, will give a

series of orthogonal input signal modes ukðtÞ mapping to
orthogonal atomic coherence modes bkðzÞ with a read-in
efficiency equal to the square of the corresponding singular
value λink . A single-mode interaction has a Green’s function
with only one nonzero singular value λin0 , meaning that
there is only one input mode u0ðtÞ that interacts with the
ORCA buffer. Since the Green’s functionGin is determined
by the temporal-spectral mode of the control field ΩinðtÞ
[26,27], we can engineer the ORCA buffer by pulse
shaping the control field such that u0ðtÞ matches the
dominant mode ψ0ðtÞ of a QD single-photon source
emission. In practice, the required control field pulse shape
is found numerically by an optimization algorithm. In the
same way, we can manipulate Gout such that the output
mode of the ORCA buffer is a user-defined one to match
emissions from different single-photon sources.
The ORCA protocol can be a single-mode operation

for optimized parameters, such as atomic medium length,

(a) (b)

FIG. 2. (a) Atomic transitions of the ORCA buffer. Δ is the
frequency detuning from single-photon resonance. (b) Buffer
efficiency for different read-in and readout control pulse power,
calculated by comparing the ratio photon counts with and without
the control pulse active for the read-in and readout time bins.
Solid line is given by the theory in Supplemental Material II [20].
Squares with error bars are experimental data. We show total
efficiency for different read-in control powers in the lower figure:
blue for ∼700 pJ and red for ∼1310 pJ.

FIG. 1. Two single-photon sources emit photons that are in
mixed states (Ið1Þ < 1) and in different sets of temporal-spectral
modes (Ið2Þ < 1). After filtering with the quantum buffers (QB),
the dominant mode and the residual modes are separated by a
short programmable delay Tbuff, and pure (Ið1Þ ¼ 1) and identical
photons (Ið2Þ ¼ 1) are recalled by filtering out the residual noisy
modes.
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detuning, control field energy, and temporal shape [28], or
if operated in a low-finesse cavity [29]. In the general case,
the output of an ORCA buffer can be a mixture of different
modes described by the density matrix,

ρout ¼
1

W

X
k

ξkαkjvkihvkj; ð3Þ

where ξk is the buffer efficiency for the quantum state
jψki → jvki with W ¼ P

k ξkαk (normalization constant).
The brightness after the buffer is B ¼ W; the indistinguish-
ability of the output photon will be Iout ¼ 1=Kout ¼ Tr½ρ2out�,
where K is the Schmidt number [30].
For an experimental realization we consider ORCAwith

Cs [see Fig. 2(a)]. Here, we apply the control field off-
resonantly to theD2 line (S1=2 → P3=2) resonance, counter-
propagating with the signal which is applied toP3=2 → D5=2

[Fig. 2(b)]. This signal transition (917 nm) is of particular
interest as it iswellmatched tomany state-of-the-art quantum
dots single-photon sources; see, e.g., Ref. [7]. To pinpoint the
exact frequency, we can adjust the detuning of the control
field, such that the two-photon resonance condition matches
the source emission. Furthermore, like the ORCA memory,
the bandwidth of theORCAbuffer is set by that of the control
field, and can easily accommodate the gigahertz band of
many single-photon sources [7]. However, in contrast to
the ORCA memory, the buffer uses a control field tuned
closer to the populated atomic resonance, thus potentially
inducing spontaneous Raman scattering into the signal
mode. This process could potentially contaminate the
single-photon purity. Therefore, as a first step toward
temporal-spectral filtering,weverify the noise-free operation
of the ORCA buffer with a proof-of-principle experiment
(see Supplemental Material I [20] for details).
Using a strong classical laser pulse as a control, we store

and recall weak coherent states from our quantum buffer:
an ensemble of Cs atoms in a vapor cell held at ∼100 °C.
The strong control field is detuned from the intermediate
atomic state by Δ ¼ 7.5 GHz; see Fig. 2(a), and for details
see Supplemental Material I [20]. At a buffer time of
5.5 ns we observe total efficiencies ηout > 10% and noise-
free performance with μ1 < ð1� 0.06Þ × 10−4 (where μ1 ¼
noise over efficiency, a common measure of memory per-
formance [31]). The effect on photon number purity caused
by any residual noise in our buffer can be shown to be
gð2Þð0Þoutput ≈ 2μ1 (see Supplemental Material I [20]),
which is negligible given our measured μ1. Furthermore,
this small amount of noise is comparable with observed
detector dark count rates, confirming that our Cs ORCA
buffer itself is noise-free, as observed in our ORCA
memory [19].
The excellent agreement seen between the data and

Eqs. (1) in Fig 2(b) verifies our model (see Supplemental
Material III [20] for data-fitting details). For the case of
short buffer times, i.e., operating faster than the Doppler

dephasing, we predict an efficiency for our current experi-
ment of 34%, which is limited by the available control
pulse energy, pulse shapes, and forward retrieval. However,
the equations that govern our quantum buffer map onto
those for Raman memories, which can reach 100% effi-
ciency [26], therefore by increasing control power, chang-
ing the direction of the readout pulse, and optimizing pulse
shapes can enable perfect buffering.
With the current ORCA buffer characterized, we move to

numerically predict the coherent filtering performance of
our current Cs ORCA buffer implementation for filtering
solid-state single-photon source emission. The indistin-
guishability and the brightness are both determined by the
singlemodeness of our ORCA buffer.
We consider the application of the buffer to gigahertz

bandwidth quantum dot emission [7,32]. Semiconductor
quantum dots are a leading single-photon source candi-
date, with unprecedented brightness and very low gð2Þð0Þ
[8,33–36]. However, QDs (as well as other solid-state
sources [10]) suffer from fast local environmental fluc-
tuations that contribute to pure dephasing of the QD.
Furthermore, electron-phonon interactions will also result
in the decoherence of each emitted photon, which limits the
indistinguishability: Ið1Þ < 1 even at 0 K and in the weak
excitation regime [37,38]. To suppress these dynamics as
well as to direct emission, QDs are typically embedded in
waveguides [39,40] or microcavities [18,41–43]. However,
there remains a trade-off between brightness and indis-
tinguishability, as explored in Ref. [24].
We start by considering a single photon emitted by

a QD. Its temporal-spectral mode is described by an
intrinsic spectral field correlation function, Cðω; μÞω0;t0 ¼hEþðωÞEðμÞiω0;t0 , where Eþ and E are the creation and
annihilation operators of the electric field, and ω0 and t0 are
the central frequency and emission time. This function
describes to lowest order the output of a QD source that
suffers from pure dephasing and electron-phonon inter-
actions which sets the ultimate fundamental limit of
indistinguishability of QD emission [24]. The single-
photon density matrix is the normalized intrinsic two-color
correlation function in matrix form: ρωμitr ¼ Cðω; μÞ=M,
with M ¼ R

Cðω;ωÞdω [20]. The QD emission may also
suffer from spectral diffusion [44–47] and temporal jitter,
which are induced by both the host material and excitation
scheme. The general form of the total density matrix of
the emitted photons will be

ρ ¼
Z

pðt0;ω0Þρitrðω0; t0Þdt0dω0; ð4Þ

where pðt0;ω0Þ is a probability distribution capturing any
inhomogeneous broadening. The Fourier transform of the
spectral correlation function is the two-time correlation
function which, in practice, can be measured without any
detailed knowledge about the noise dynamics of the source.
(see Supplemental Material IV [20]).
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We analyze the effectiveness of the ORCA buffer as
a single-mode selective operation by simulating a state-
of-the-art off-resonantly excited QD with a self-
indistinguishability of Ið1Þ ≈ 0.7 (similar to QD3 in
Ref. [18]) and predicting the improvement in single-photon
indistinguishability with our Cs ORCA buffer using the
same parameters as our experiments. Here the distinguish-
ability of the QD is mainly caused by timing jitter induced
by the off-resonant pumping scheme. Figure 4(a) shows the
modal distribution of this QD as well as the modal
distribution post filtering. Note that the k ¼ 0 mode is
delivered with high efficiency while the k ≥ 1 modes are
highly suppressed, indicating that the ORCA buffer is
very near a single-mode operation. We predict an increase of

the indistinguishability to Ið1Þout ≈ 0.98, with a brightness of
Bout ¼ 0.4B0 ≈ 0.29, where B0 ¼ 0.72 is the initial bright-
ness of the QD [orange bars in Fig. 4(a)]. This predicted
performance alreadymatches the leading resonantly pumped
QDs (e.g., QD4 in Ref. [18]). To improve performance even
further, we numerically optimize the shape and energy
of both the read-in and readout control pulse. The
brightness and self-indistinguishability after buffering then

is Ið1Þout ≈ 0.98, Bout ≈ 0.61B0 ≈ 0.43 [blue bars in Fig. 4(a)].
An important property of the buffer is its ability to

outperform passive filtering (i.e., a time-stationary linear
filter) when delivering pure single-photon states. We there-
fore compare our predicted ORCA temporal-spectral filter-
ing against this conventional passive intensity filtering
approach [48,49] for QD emission at the input. To explore
this landscape, we simulate 16 different QDs with various
pure dephasing magnitudes, spectral diffusion, and timing
jitter (see Supplemental Material V [20] for parameter
details). The performance of passive intensity filtering is
shown in Fig. 3, where unit indistinguishability can only be
achieved in the limit that the brightness goes to zero.
The upper bound of the intensity filter region is found by
simulating 100 QDs with various noise dynamics (see
Supplemental Material VI [20] for details about the
intensity filter model). We also plot the predicted perfor-
mance of our experimental demonstration of the ORCA
buffer system, both with and without control-pulse shape
optimization; both outperform passive filtering. An ideal
filter would have Ið1Þ ¼ 1 and B ¼ B0α0. We have shown
that the equations of motion for the ORCA buffer allow for
unit memory efficiencies, with K ¼ 1 [28], which with
proper mode matching can optimally filter QD emission.
To improve the predicted performance closer to an ideal
quantum buffer, additional numerical optimization is
required, for example, adjusting the interaction length
and temperature, or implementing our ORCA buffer in a
low-finesse cavity [29].
Besides improving the self-indistinguishability Ið1Þ, our

quantum buffer can convert the input temporal-spectral
mode to an arbitrary output mode via reshaping of the
readout control field, thereby mode matching emission

from disparate QDs. We demonstrate this capability
numerically by modeling two distinct QD emissions with
the same central frequency with an interindistinguishability
of Ið2Þ ¼ 0.62, as in Fig 4(b). We then simulate two ORCA
buffers, one interacting with each QD. By selecting the
largest eigenmode of each QD in their respective ORCA
buffers using necessarily different read-in fields, and then
recalling them with the same appropriately adjusted readout

FIG. 3. Filtering simulation. The shaded area indicates the
simulated intensity filtering. We plot the brightness B normalized
by the initial brightness B0 against the self-indistinguishability
Ið1Þ. I0 is the initial self-indistinguishability. The dashed lines
indicate Ið1Þ ¼ I0 þ qð1 − I0Þ, with q being a fraction indicating
the improvement of Ið1Þ. The triangles indicate ORCA buffer
filtering with Gaussian temporal-mode control pulse for 16
random samples. The squares are ORCA buffer filtering with
optimized control pulse shape and energy for the same set. The
circles show the performance of an ideal quantum buffer.

(a)

(b)

FIG. 4. (a) Simulation of singlemodeness of an ORCA buffer
based on the demonstrated experimental performance in Fig. 2.
We show the first 5 eigenvalues or modes before (brown) and
after (orange and blue) the ORCA buffer. K is the Schmidt
number (mode number). (b) Mode unification by an ORCA
buffer. Emission from two distinct QDs (Ið2Þ ¼ 0.62) with
different decay times (left-hand figure) are actively unified by
an ORCA buffer into two nearly identical photons (right-hand
figure, Ið2Þ ¼ 0.96).
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control field shapes, the interindistinguishability would
be Ið2Þ ¼ 0.96, since the stored excitations are read out
into nearly identical modes. In the typical case where the
different QD outputs are also distinguishable in their central
emission frequency, it is possible using the ORCA protocol
to adjust the readout frequency of the stored excitation as
compared to the input. Our simulations show that fre-
quency conversion up to 1 nm can be implemented without
significant drop in efficiency (see Supplemental Material
VII [20]). By combining coherent temporal-mode filtering
and frequency conversion in a single device, this approach
would overcome a key barrier to scaling photonic quantum
technologies demanding many identical pure state single
photons.
In conclusion, we have introduced a quantum buffer

that can optimally filter the output from solid-state single-
photon emitters. This provides a means to circumvent the
distinguishability between photons generated sequentially
from a single source or in parallel from different sources,
due to temporal-spectral mode mixing (Ið1Þ < 1) and
source-dependent mode mismatch (Ið2Þ < 1). We experi-
mentally demonstrated the noise performance criteria for a
quantum buffer in Cs vapor. Our noise-free Cs ORCA
buffer is compatible in wavelengths and bandwidths with
state-of-the-art InGaAs QDs, and will enable different QD
emission from remote samples to be quantum buffered into
pure and identical single-photon sources with no increase
in gð2Þð0Þ. The ideas presented here are applicable to any
noisy optical state and any photon source. Importantly, the
room-temperature quantum buffer circumvents the limita-
tions of passive frequency filtering and provides a new
route to produce identical single photons from imperfect
single-photon sources.
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