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We bring the set of linear quantum operations, important for many fundamental studies in pho-
tonic systems, to the material domain of collective excitations known as spin waves. Using the
ac Stark effect we realize quantum operations on single excitations and demonstrate a spin-wave
analogue of Hong-Ou-Mandel effect, realized via a beamsplitter implemented in the spin wave do-
main. Our scheme equips atomic-ensemble-based quantum repeaters with quantum information
processing capability and can be readily brought to other physical systems, such as doped crystals
or room-temperature atomic ensembles.

The Hong-Ou-Mandel (HOM) interference [1] is an in-
herently quantum two-particle effect serving as an im-
portant test of both nonclassicality of the input state
as well as proper operation of the beamsplitter. While
nowadays it is easily achievable with photons, recent ex-
periments demonstrated similar quantum-interferometric
properties of atoms [2–4], phonons [5, 6], plasmons [7, 8]
and photons but in elaborate hybrid systems [6, 9–14].
This progress illuminates the perspective to combine lin-
ear operations, that have always been simple for photons,
and nonlinear operations, that can be engineered in ma-
terial systems. A quantum memory (QM) for light, where
photons are stored in the form of collective atomic exci-
tations is a good candidate for a bedrock to realize this
proposal facilitating both fundamental studies and ap-
plications in quantum networks. Substantial challenges
emerge, however, since photonic quantum networks need
to extensively utilize multiplexing techniques, exploring
photonic spatial and temporal structure, to achieve high
performance [15–19]. Multimode QMs [20–22] can be-
come part of such networks, but a requirement of imple-
menting complex linear operations on stored excitations
arises.

In this Letter we harness these material quasi-particles
– collective atomic excitations known as spin waves (SW).
We demonstrate that the spatial structure of SWs can be
manipulated via the off-resonant ac Stark (ACS) shift.
Through SW diffraction (cf. Kapitza-Dirac effect [23])
based beamsplitter transformation, we realize the Han-
bury Brown-Twiss (HBT) type measurement in the SW
domain [24], demonstrating precise control and nonclas-
sical statistics of atomic excitations. Finally, we observe
interference of two SWs – an analogue of the HOM effect
for photons. Thanks to the reversible photon-SW map-
ping via the Duan-Lukin-Cirac-Zoller (DLCZ) protocol
[25], these techniques enable encoding states from a high-
dimensional Hilbert space into the spatial structure of
SWs to facilitate not only new quantum communication
schemes [26], but also high data rate classical telecom-
munication [27, 28]. A quantum repeater equipped with
such coprocessing capability could perform error correc-
tion [29–32] or small-scale computation on transmitted
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Figure 1. Experimental setup for generating and manipulat-
ing SWs: (a) detection of a single write-out photon w scat-
tered from write laser W heralds creation of a SW inside the
atomic ensemble. The SW is then manipulated using an ACS
light pattern (d) generated with a far-detuned laser S. The
SW can then be converted by the read laser R to a read-
out photon r with a reshaped spatial mode; (c) the relevant
energy level configuration: |g〉 = |52S1/2 F = 1,mF = 1〉

and |h〉 = |52S1/2 F = 2,mF = −1〉. The write laser

is red-detuned from the 52S1/2 F = 1 → 52P3/2 F = 2
transition by 25 MHz, the read laser is resonant with the
52S1/2 F = 2 → 52P1/2 F = 2 transition and the ACS laser S

is red-detuned from the 52S1/2 F = 2 → 52P3/2 line centroid
by 1.43 GHz. During QM operation we keep constant bias
magnetic field B = (50 mG)êz. (b) The sequence revealing
the timing of each step during the experiment.

quantum data.

The ability to perform beamsplitter transformations
with wavevector eigenmodes constitutes a full SW ana-
logue of complex linear-optical networks. The inherently
nonclassical HOM interference with 80% visibility is a
concise demonstration of such transformation, which we
realize with a three-way (in sense of the first three diffrac-
tion orders) splitter to demonstrate that SWs always oc-
cupy either of the output modes. On the fundamental
level the interference of two SWs with different wavevec-
tors demonstrates preservation of coherence of many ma-
terial quasi-particles in a thermal ensemble. Remark-
ably, the presented idea along with its applications can
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Figure 2. Performance of the SW phase modulator: (a) light
intensity emitted from a SW as a function of a pure sine modu-
lation RMS amplitude

√

〈ϕ2
S〉 and the wavevector Ky compo-

nent; (b) intensities in diffraction orders 0 to 2, marked in (a)
along with the expected behavior (lines). In (c,d) we change
the modulation to include a term with higher frequency (in-
sets - phase modulation patterns). Depending on the relative
phase between the two terms we observe diffraction predom-
inantly in the selected direction.

be brought to a multitude of physical systems where ACS
shift control is feasible, including solids doped with rare-
earth ions [33, 34], color centers in diamond [35], trapped
ions [36] or warm atomic ensembles [37].

We use an elongated (10×0.3×0.3 mm3) cold 87Rb en-
semble to generate, store and process ground-state SWs.
Generation of single SWs relies on Raman scattering,
which forms the basis of the DLCZ protocol [25]. A scat-
tering event, registered as a “write-out” (w) photon with a
wavevector kw, heralds creation of a single SW excitation
with a wavevector K = k

W − k
w, where k

W is the write
laser wavevector. The creation operator for a SW with
wavevector K is Ŝ†

K
= N−1/2

∑N
n eiK·rn |hn〉〈gn| where

|0〉 = |g1 . . . gN 〉 with N ≈ 108 atoms in the ground
state [Fig. 1(c)]. One atomic ensemble can accommodate
many independent spatial SW modes. For SW detection
we use a read laser R (wavevector k

R) pulse that con-
verts the SW into a “read-out” (r) photon with wavevec-
tor k

r = K+ k
R.

To engineer ground-state SWs in our spatially-
multimode QM we employ an off-resonant strong laser
shaped with a spatial light modulator [38] (Fig. 1), in-
ducing a spatially-dependent differential ACS shift ∆S(r)
between levels |g〉 and |h〉, directly proportional to light
intensity. With negligible absorption and a small trans-
verse size of the ensemble we assume a constant inten-
sity along the propagation axis x of the S beam and
thus write ∆S(r) = ∆S(y, z). The ACS shift leads the
SWs to accumulate an additional, spatially-dependent
phase ϕS(y, z) = ∆S(y, z)T over the interaction time

T ∼ 2 µs with a typical ∆S/2π ∼ 36 kHz obtained
with 35 mW/cm2 intensity of S light detuned from the
respective resonance by δS/2π = 1.43 GHz. Such a
manipulation is equivalent to the following transforma-
tion of the SW creation operator within the Heisen-

berg picture: ˆ̃S†
K

= N−1/2
∑N

n eiK·rn+iϕS(rn)|hn〉〈gn| =
∫

F [eiϕS(r)](k)Ŝ†
K+k

dk, where F represents the Fourier
transform in the spatial domain. With periodic ϕS(r),
the transformation becomes a Fourier series, realizing a
multi-output SW beamsplitter in two momentum-space
dimensions.

We first select ϕS to be a sine wave ϕS(y) = χ sin(kgy+
ϑ), where kg is the grating wavevector. For technical
reasons the sine modulation is accompanied by a con-
stant component ϕ0. With such modulation all SWs are
diffracted into subsequent orders with central y wavevec-
tor components Ky + mkg, m ∈ Z and amplitudes of
subsequent orders depending on strength of phase mod-
ulation quantified by its root mean square (RMS) ampli-
tude

√

〈ϕ2
S〉. For benchmarking we generate a coherent

SW state with excitation number n̄ ≈ 105, by seeding
the Raman process with a coherent state of light tuned
to |g〉 ↔ |h〉 two-photon transition along with the W
laser. In Fig. 2(a) we depict wavevector-resolved inten-
sity of light emitted from the SWs as a function of phase
modulation strength. By integrating the intensities in
the discernible diffraction orders we compare the exper-
imental result with the expected behavior [Fig. 2(b)],
finding excellent agreement and confirming the proposed
mechanism for SW diffraction.

For the purpose of quantum engineering of SWs, we
now show that through precise control of the phase mod-
ulation pattern we achieve desired amplitudes of diffrac-
tion orders, creating a controllable 1−to−N quantum
network, where the zeroth order remains one of the out-
put ports. Figures 2(c,d) depict the wavevector-resolved
SW density. With this we show that SWs is predom-
inantly diffracted in the selected direction through a
proper asymmetrical modulation, here composed of sine
wave with two frequencies with controlled relative phase.

With the SW modulation operating with high popu-
lations, we now evaluate its performance at the single
excitation level. We probabilistically generate SWs her-
alded by detection of w photons on an I-sCMOS camera
situated in the far-field of the atomic ensemble. Quan-
tum character of excitations is certified by the second-

order correlation function g
(2)
rw = 〈n̂rn̂w〉/〈n̂r〉〈n̂w〉 > 2,

which we express in terms of wavevector-sum variables,
taking advantage of wavevector multiplexing [22]. If the
SWs are converted to photons without manipulation, a
single peak at krx + kwx = kry + kwy = 0 is observed, as

in Fig. 3(a), since in general kw + k
r = k

W + k
R and

we select k
W
⊥ = −k

R
⊥. With sinusoidal phase modula-

tion with RMS = 1.0 rad and wavevector kg applied
along the y-direction during storage, the peak is split
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Figure 3. A reference measurement (a) of second-order cross-

correlation g
(2)
rw reveals a single peak at kr

y + kw
y = 0, demon-

strating momentum anti-correlations. By reshaping the SWs
with a sine modulation pattern with wavevector kg, we mod-
ify the correlation function (b) to feature two additional peaks
at kr

y + kw
y = ±kg.

into three equal diffraction orders [Fig. 3(b)] with very
little contribution to higher orders, thus we may write
that the ŜK operator is transformed into a sum of three

operators: ˆ̃SK = (ŜK + eiϑŜK+kg êy − e−iϑŜK−kg êy )/
√
3.

We certify quantum photon-number correlations in each
peak, demonstrating that our modulation scheme pre-
serves statistical properties of a SW, by operating with
high efficiency and without adding spurious noise.

We now use the presented manipulation to ob-
serve interference of SWs. Following Fig. 4, using
single-mode photon counting avalanche photodiodes
(see [39]) we select a pair of Gaussian-shaped modes
(mode field radius σ = 10.3 rad mm−1) for the w
photon (wa and wb) corresponding to SW modes (ra

and rb) with K
ra/rb
y = ±∆Ky/2 = ±45 rad mm−1

and equal Kra
x = Krb

x ≈ 200 rad mm−1 (∆Kx = 0).
By heralding a pair of w photons, we generate a
SW pair Ŝ†

raŜ
†
rb|0〉 = |11〉ra,rb. With a proper phase

modulation each SW gets equally distributed into
three equidistant modes. We select the grating period
kg = ∆Ky = 90 rad mm−1, so that after manipula-
tion we may write operators for resulting modes rc
and rd as Ŝ†

rc = (Ŝ†
ra + e−iϑŜ†

rb − eiϑŜ†
va)/

√
3 and

Ŝ†
rd = (Ŝ†

rb + e−iϑŜ†
vb − eiϑŜ†

ra)/
√
3 . Let us now assume

that the modes are well-overlapped, that is ∆Kx = 0 and

∆Ky = kg and modes va and vb with K
va/vb
y = ± 3

2∆Ky

reside in vacuum (no excitation is heralded in this
modes and we neglect their thermal occupations). With
the output state given by ρ̂rc,rd = 1/9|00〉rc,rd〈00| +
2/9|01〉rc,rd〈01| + 2/9|10〉rc,rd〈10| + 4/9|ψ〉〈ψ| with
|ψ〉 = (eiϑ|20〉 + e−iϑ|02〉)/

√
2 the interference is ob-

servable in the heralded cross-correlation g
(2)
rc,rd|wa,wb =

〈n̂rcn̂rdn̂wan̂wb〉〈n̂wan̂wb〉/〈n̂rcn̂wan̂wb〉〈n̂rdn̂wan̂wb〉
counting coincidences between photons emitted from
modes rc and rd – these coincidences vanish due to quan-
tum interference. Simultaneously, the number of self

coincidences quantified by g
(2)
rc,rc|wa,wb (or g

(2)
rd,rd|wa,wb)

increases.
In the experiment we first set g

(2)
wr ≈ 20 and then apply
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Figure 4. The protocol for quantum interference of SWs.
Detection of two w photons in modes wa and wb (selected
through single-mode fibers) heralds generation of a SW pair
in modes ra and rb. The three-way splitter is then used to in-
terfere the two SWs. By detecting the SWs through photons
converted to rc and rd modes we observe bunching due to
their bosonic nature. Inset (i) presents the input SW modes
in the (Kx, Ky) plane. Photonic detection modes are always
set to collect photons emitted from heralded SW modes.

the modulation that yields all cross-correlations, such as

g
(2)
wa,rc = g

(2)
wa,rd ≈ 6 [Fig. 5(c)]. The initial extrinsic read-

out efficiency, defined as the ratio of w − r coincidences
to the number of w counts is 4%, which corresponds to
∼ 30% intrinsic memory efficiency after correcting for
losses and detection efficiency. The efficiency of the mod-
ulation (at all discernible orders) is over 80%. With the
initial coincidence w− r rate of 40 Hz we detect from 0.1
up to 0.5 quadruple coincidences per minute. With our
current optical depth of 200 (as measured at the closed
F = 2 → F = 3 transition) we can achieve efficiencies of
over 60% for classical pulses, however since a large detun-
ing and power of the R laser with ∼ 1 µs long pulses is
required, we currently achieve better overall performance
at 30% efficiency with only 80 ns long pulses and the R
laser tuned on resonance, which is mainly due to dark
counts as well as filtration performance.

Figure 5(a) depicts the results obtained as we change
the overlap between shifted modes by varying ∆Kx. If
the modes are overlapping at ∆Kx = 0, we obtain a

value of g
(2)
rc,rd|wa,wb = 0.20± 0.06, which certifies the ob-

servation of two-SW HOM interference. Simultaneously,

taking the g
(2)
rc,rc|wa,wb auto-correlation we observe more

than a two-fold increase from 0.5± 0.4 to 1.3± 0.2 com-
pared with the case of non-overlapping modes, showing
that the pair of SWs is bunched and resides in a sin-
gle mode. The theoretical prediction, detailed in [39], is
made by first considering that each pair of contributing
modes is squeezed to the same degree with the probability
to generate a photon-SW pair p = 0.05, then implement-
ing the given beamsplitter network and finally adding the
influence of dark counts at the detection stage.

A distinct quantum protocol is implemented by post-
selecting only w photon detection events in the wa mode
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Figure 5. Demonstration of quantum interference of SWs:
(a) HOM dip as a function of mode wavevector separation.
Bunching may be suppressed if the modes ra and rb are sep-
arated in the Kx direction of the momentum space; (b) by
heralding only the w photon in the wa mode, we implement
a HBT experiment, observing nonclassical statistics of the
SW state; (c) the second-order correlation between w and
r photons validating the operation of the three-way splitter

with a slight drop in g
(2)
wa,rc due to residual misalignment as

the modes are moved (resulting in reduced fiber coupling ef-
ficiency); (d) HOM experiment for coherent input state with
phase averaging. Vertical errorbars correspond to one stan-
dard deviation inferred from Poissonian statistics of photon
counts; horizontal errorbars are due to mechanical precision
of mode selection.

[Fig. 5(b)]. With this, we effectively implement a HBT
measurement of a single SW in mode ra without optical
beamsplitting. The mode rb is modeled as containing a

thermal state ρ̂rb(n̄) with n̄ = 0.1. Value of g
(2)
rc,rd|wa =

0.34±0.01 < 1 clearly confirms the single excitation char-
acter. As the modes are decoupled, we observe a single

photon statistics with g
(2)
rc,rc|wa = 0.67± 0.08 < 1 for the

rc mode and close to a single-mode thermal statistics

with g
(2)
rd,rd|wa = 1.65± 0.34 for the rd mode.

Finally, we directly populate the SW modes ra and rb
with coherent state with population n̄ = 0.1. The clas-
sical analogue of the HOM effect is observed [Fig. 5(d)]
as we vary the phase offset of the ACS grating ϑ during
a measurement, effectively creating a mixed state at the
output. This corresponds to an interference of two phase-
averaged coherent states, that yield an anti-correlated

behavior g
(2)
rc,rd → 0.5 [9]. In the experiment we indeed

observe g
(2)
rc,rd = 0.53± 0.02 at ∆Kx = 0 which confirms

the high visibility (47% out of 50% maximal). Note that
a narrower distribution is observed in this case as we use
a distinct mode function with σ = 6.8 rad mm−1.

This demonstration of HOM interference of SWs not

only exposes their bosonic nature, but paves the way
towards implementing complex quantum operations, in-
cluding more SW modes, that are the primitives of the
linear-optical quantum computation scheme [40]. The
only hitherto successful attempt at HOM interference of
SWs relied on two different magnetic sublevels coupled
through Raman transitions [41]. Such approach could
also be extended to the spatial domain, yet we believe
that the ACS modulation provides more versatility in
terms of implemented operations due to inherent access
to all wavevectors. Our experiment could furthermore
greatly benefit from the deterministic SW generation pro-
tocol based on Rydberg blockade [41], to improve our cur-
rent heralded SW pair generation rate. Furthermore, an
ultra-high OD or cavity-based design [42–44] could bring
the retrieval efficiency close to 90%. The combination of
the Gradient Echo Memory [45, 46] and the ACS mod-
ulation could enable using SWs in the three-dimensional
space, with their Kz component coupled with the pho-
tonic temporal degree of freedom (pulses arriving at dif-
ferent times), and transverse components of wavevectors
paired with photonic transverse coordinates.

With the proposed techniques a multiplexed source of
heralded l-photon can be realized [22, 47] using a sin-
gle atomic ensemble. A camera detector can herald cre-
ation of SWs in l out of M modes with wavevectors
(K1, . . . ,Kl). Through adjustable ACS modulation we
then realize a switch redirecting these l populated modes
into specific l output modes, with the success probabil-
ity given by the incomplete regularized Beta function
Ipηw

(l,M− l+1)ηlr with ηw,r being the efficiencies for de-

tection of r and w photons. With M & l(1 + 3/
√
l)/pηw

the probability approaches ηlr and can dramatically beat
the non-multiplexed scenario, even with source operating
at much higher rates (see [39] for specific rate estimates).

The same idea can be used to design a multiplexed
quantum repeater following the proposals presented in
[29–31, 48]. At the entanglement generation stage we
combine the optical fields coming from two nodes at a
beamsplitter and detect them with a camera. Detec-
tion of a w photon with wavevector kw projects the
pair of ensembles (A and B) into an entangled state

1/
√
2(Ŝ†

A,K+ Ŝ†
B,K)|0〉A|0〉B , yet the generation rate can

be high since we can keep a low probability to generate
the state per mode, but achieve high rate per any mode.
In the similar manner as in the multiplexed photon gener-
ation protocol, many states can be generated at the same
time. At the entanglement connection stage, the entan-
gled states are paired to form entangled qubits and then
ACS modulation matches the SW modes of two ensem-
bles being connected so entanglement can be established
between them via HOM interference of r photons. Fi-
nally, with the ACS modulation we mix various entangled
qubits stored in one ensemble to obtain purified pairs.
This protocol corrects both for phase errors thanks to
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HOM interference and reduces errors in the logical space
thanks to the entanglement purification step; yet most
importantly it is inherently multiplexed and uses only a
pair of atomic ensembles in each node (see [39] for more
details). More advanced error correction codes for quan-
tum repeaters have already been proposed [19, 32, 49–
51], but require a multi-qubit quantum computer at each
node. Such advanced quantum information processing
capability is hard to achieve in practice with linear op-
tics [40], but photons stored as Rydberg SWs for which
nonlinear interactions can be engineered [52–54] could
provide such capability when combined with our linear-
operations scheme.

Current parameters of the demonstrated device al-
ready allow realization of original schemes, but can be
improved by better use of wavevector-multiplexing facili-
tating faster and nearly-deterministic generation of single
SWs and prompt transit towards realization of the pro-
posed protocols. In conclusion, our fundamentally new
scheme of SW manipulation along with potential deriva-
tive protocols lends itself to many applications in light
technologies and potentially allows exploration of non-
linear interactions in the spatial domain.
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Figure S1. Wavevector-resolved light intensity emitted from
a spin wave, (a) before and (b) after a “blazed” grating mod-
ulation is applied in order to transfer all excitations into the
first diffraction order.

Directing photons into a specific mode In Figs. 2(c)
and 2(d) of the main text we presented that through
changing the modulation pattern we may diffract spin-
wave modes with desired amplitudes. As another exam-
ple we demonstrate how to diffract one spin-wave mode
into a single (distinct) mode. This can be simply achieved
by selecting a linear ramp ϕS(y) = αy, that transforms
ŜKy

into ŜKy+α. Such pattern however may require high
laser intensities to significantly transform the mode. A
good alternative is to wrap the phase shift ramp and ob-
tain a “blazed” diffraction grating. The periodicity of this
grating will determine the wavevector shift, and its am-
plitude is inherently 2π. Fig. S1 presents an example
manipulation with such grating, where we achieve 40%
transfer efficiency and only 4% of excitations remain in
the zeroth order. This figure of merit can be greatly im-
proved if we can minimize current intensity deviations
from a desired pattern of roughly 10% by preparing a
more uniform illumination of the spatial light modulator
and designing a system with higher imaging resolution
(see Section S.II for more details).

Towards more universality At this point we are able
to perform phase operations in the real space (imprinting
ϕ(r)), which correspond to a quite broad range of opera-
tions in terms of wavevector-space modes. To be able to
perform arbitrary mode transformation we would need
however more control. In particular, it has been recently
shown in the context of frequency-bin modes [55, 56],
that an arbitrary mode transformation can be realized if
we were able to imprint a phase independently onto dis-
tinct wavevector-space modes in between two real space

phase imprints that we already perform. We envisage
that this can be efficiently realized using a pair of atomic
ensembles with a lens in between that transforms far-field
coordinates of one ensemble onto near-field coordinates
of the other ensemble. The protocol would be then to:
(1) modulate spin wave in the first ensemble with ϕ1(r),
(2) transfer them optically to the other ensemble situated
in the far field, (3) effectively imprint the phase onto dif-
ferent wavevector-space modes ϕ2(K), (4) transfer the
excitations into the first ensemble again and (4) perform
the final real-space phase imprint ϕ3(r). With storage
(write-in and read-out) efficiencies approaching 90% [42]
the protocol could be efficient as a whole.

Wavevector-multiplexed photon source To give esti-
mates of performance of the multi-photon generation
protocol utilizing the wavevector-multiplexed quantum
memory with switching through ac Stark modulation let
us first consider a scenario where the goal is to generate
an l-photon state. We use a set of photon-pair sources
based on two-mode squeezing (in the case of quantum
memory they correspond to wavevector-space modes),
which we will denote w and r for write-out and read-
out, that remain in low photon generation rate regime
p = tanh(ξ) ≪ 1, where by p we denote a probabil-
ity to generate a photon pair. The single photon in the
read-out mode is heralded by detecting a photon in the
write-out mode, and its quality is certified by a low value
of second-order correlation function:

g
(2)
r,r|w =

2p(2 + p)

(1 + p)2
≪ 1 (S1)

We will denote transmission in the two modes by ηw
and ηr. Without a quantum memory we need l of such
sources. Each of them can herald a single photon with
probability pηw. Thus, the probability to herald l pho-
tons will be (pηw)

l. With a quantum memory that har-
nesses M modes we adopt a different strategy. Each of
these modes now generates a photon-spin-wave pair with
probability p. To be able to herald l photons, and then
redirect them into a desired spatial mode upon read-out,
we require that the setup generates at least l photons.
For the switch we envisage to use our ac Stark modula-
tion scheme. The efficiency of the transformation is taken
into account in the effective read-out efficiency ηr. With
the current scheme we can direct each of the l photons
in a desired mode, but only with a probability of roughly
1/l (since the grating is designed to operate as an inverse
l-way splitter), so the success probability for all photons
becomes l−l. With the more universal scheme presented
above such deficiency would be lifted.
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Figure S2. Estimates of the l-photon generation rates in two
scenarios with a set of SPDC sources [p = 10−2, detection ef-
ficiency 90% for (a) and 50% for (b)] and a multimode quan-
tum memory source [p = 10−2, number of modes M = 4000,
write photon detection (heralding) efficiency 20%, read pho-
ton detection efficiency 90% for (a) and 50% for (b), effective
read-out efficiency 80% for (a) and 24% for (b)] and repetition
rate of 1 kHz.

The probability to herald exactly l photons is:

pl =

(

M

l

)

(pηw)
l(1− pηw)

M−l (S2)

which is a binomial distribution. The probability to her-
ald at least l photons is given by its cumulative distribu-
tion function:

p≥l =

M
∑

j=l

(

M

j

)

(pηw)
j(1−pηw)M−j = Ipηw

(l,M − l+1),

(S3)
where Ix(a, b) is a regularized incomplete Beta function.
Finally, in both cases we have losses in the idler arm

which multiply our rates by (ηr)
l, and thus they equal

(us - unsynchronized, qm - quantum memory):

Pus(l) = (pηwηr)
l (S4)

P qm
M (l) = Ipηw

(l,M − l + 1)(ηr)
l (S5)

Via simple numerical studies one finds that in general
it is optimal to guarantee a number of modes M &

l(1 + 3/
√
l)/pηw to obtain Ipηw

(l,M − l + 1) ≈ 1, where
l/pηw is a intuitive factor that simply describes that we
need per-mode probabilities to add up to one. The cor-
rection factor 3/

√
l reflects the width on which the con-

sidered Beta function rises (or more precisely 3 standard
deviations of a distribution obtained by differentiation)
and ensures that the probability of l-photon emission is
already close to 1 rather than ∼ 0.5 as in the case with-
out this factor. We require 3 standard deviations which
ensures Ipηw

(l,M − l + 1) > 0.98.
Finally, we make a direct comparison with a sponta-

neous parametric down-conversion (SPDC) source and
give optimistic, yet still realistic, estimates of expected
photon rates. We optimistically assume detection effi-
ciency of single-mode detectors equal 90%, of camera
detector equal 20% and quantum memory read-out and
transformation efficiency of 80% with M = 4000 modes
and p = 10−2. The low detection efficiency of the camera
detector is compensated by the large number of modes.
We take the repetitions rate of 1 kHz that corresponds
to the best camera frame rate we can currently achieve.
With these parameters we plot the expected l-photon
rate Rl in all scenarios in Fig. S2. We also compare these
optimistic results with parameters closer to a current ex-
periment (30% readout and 80% modulation efficiencies).
Even in the case where the effective read-out efficiency is
reduced by a factor of l, we obtain a significant enhance-
ment (see Fig. S2(b)) over an unsynchronized source in
all memory-enhanced cases.

An important experimental challenge remaining to re-
alize the protocol is development of a real-time feedback
sequence to prepare an appropriate ac Stark modulation
pattern based on measured write-out photons. Current
technology approaches this capability with new SLMs
and digital micromirror devices (DMDs) approaching µs
response times [57] and new fast and high-quantum-
efficiency camera sensors [58]. Ac Stark grating could
also be generated with beams steered and interfered with
the help of acousto-optic modulators.

Wavevector-multiplexed quantum repeater protocol

Here we elaborate on the protocol for quantum entangle-
ment distribution introduced in the main text. The new
idea presented here relies on the possibility to generate
DLCZ-type entanglement similarly as in the enhanced
photon generation protocol described above. In particu-
lar, with a large number of modes M we can increase the
probability of pair generation p until a desired number
of photons reaches another node of a quantum network.
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At some point however, when distance is large and so
are the losses, p would have to become too large and we
introduce a quantum repeater in between the nodes. See
Ref. [48] for a related proposed multiplexed scheme.

Our entanglement distribution protocol extends the
proposals from [29] by employing two multimode quan-
tum memories at each network node. Following these
works the protocol begins with Entanglement generation

(ENG) between pairs of nodes (see Fig. S3). In this
process two parallel entangled qubit pairs are generated,
but in our case the pairs are sharing just two atomic en-
sembles and we use wavevector-space to encode memory
qubits. To explain this process let us consider two sites
A and B connected with spatially multimode channel of
length L0. Both sites are excited simultaneously with
write laser (W) to generate multi-mode multi-photon
states. The photons are then combined on beamsplit-
ter and detected by camera placed in far-field coordi-
natees of both ensembles. The multi-photon generation
probability is set to ensure that overall two-photon de-
tection probability p≥2 with ηw = exp(−L0/Latt)ηcam
(including detection efficiency ηcam and channel loses
with attenuation length Latt) is close to unity. Note
that as in multiphoton-generation scheme thanks to mul-
timode character of the used memories the probability
p≥2 can reach almost unity even for low per-mode proba-
bility p preventing unwanted single-mode multi-photon
events. At each protocol iteration we register multi-
photon counts on the camera. In the most simple scenario
we then choose just two counts corresponding to detec-
tion of photons with wavevectors k and k

′. These events
herald creation of spin waves with wavevectors equal K
and K

′ distributed over both memories. After tracing
out the remaining counts we obtain the two entangled
qubit pairs encoded in the wavevector-space:

|ψ〉ENG
AB =

1

2

(

eiφ(|K〉|K′〉+ |K′〉|K〉)

+|K,K′〉|vac〉+ e2iφ|vac〉|K,K′〉
)

, (S6)

where |K〉 ≡ Ŝ†
K
|vac〉. The tensor product corresponds

to the two different atomic ensembles.
The next level of the protocol is Entanglement con-

nection (ENC). At this level we transform a pair of two
entangled states |ψ〉ENG

AB ⊗|ψ〉ENG
B′C (between memories A

and B, and B′ and C respectively) to an entangled state
between memory A and C:

|ψ〉ENC
AC =

1√
2
(|K1〉|K2〉+ |K2〉|K1〉) . (S7)

At the beginning of the ENC procedure we use the ac
Stark modulation to transform the previously prepared
entangled spin-wave pairs to occupy predefined mem-
ory modes K1 and K2. The same operation also per-
forms beamsplitter transformation between the two cho-
sen modes. After that, at each node we readout the

spin waves and interfere the read-out photons on phys-
ical beamsplitter (BS) and then perform a coincidence
measurement using APDs (Fig. S3). As in [29] only 4
terms in state |ψ〉ENG

AB ⊗|ψ〉ENG
B′C contribute to the follow-

ing coincidences: D1&D2, D1&D3, D4&D2, D4&D3. Any
of those events heralds creation of the desired entangled
state |ψ〉ENC

AC between sites A and C up to local qubit
operations.

To obtain high fidelity entangled pair {K2,K3} from
two pairs ({K1,K2} and {K3,K4}) the Entanglement

purification procedure can be applied. The procedure
is based on known experimental [59] and theoretical
[29] proposals which we translate to wavevector-encoded
qubits. First we combine modes of each pair and then
combine the pairs using beamsplitter transformations
caused by specific ac Stark modulation. Then the re-
sulting spin-waves are retrieved into photons and contri-
bution from modes K1 and K4 is detected using APDs.
Coincidence event of these detectors heralds succesfull
purification, otherwise the whole procedure is repeated.

Superadditive classical communication The opera-
tions presented in the previous section suggest that a very
similar framework can be used to implement a Hadamard
operation on modes (not to be confused with a Hadamard
quantum gate), that would allow encoding of binary
phase-shift keying bits in the Hadamard code and detect-
ing the collectively. Such procedure can provide photon
information efficiency gains in classical communications
[60, 61]. Our memory could also enable such collective
measurements with feedback to provide a new perspec-
tive for communication [62, 63] and quantum metrology
protocols that require adaptive or collective measure-
ments [64].

Connection with Rydberg schemes While hitherto ex-
periments with Rydberg excitations (spin waves) have
been performed in spatially single-mode regime [54], ex-
tending the capabilities to the continuous-variable multi-
dimensional space could serve as a full photon-coupled
platform for simple quantum information processing.
Quantum computation and simulation schemes within
such a system endowed with the spatial resolution could
range from direct nonlinear quantum gates [54], through
testing effective field theories [65, 66], to a plenitude of
more elaborate scenarios involving formation of topologi-
cal SW states [67] to perform fault-tolerant computation
[68]. We envisage that to bring the Rydberg schemes
into the wavevector-multiplexed domain we would need a
few times larger blockade radius than currently achieved
∼ 20 µm to support many spin-wave mode.

S.II. Experimental setup

Wavevector-resolved detection A quantum memory
based on an cold atomic ensemble prepared with a mag-
netooptical trap (MOT), allowing wavevector-resolved
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Figure S3. The three steps of the
proposed quantum repeater proto-
col. Entanglement generation: Two
multimode quantum memories con-
neted by quantum channel are used
to generate two entangled pairs of
wavevector space encoded qubits.
Entanglement connection: At each
repeater node spin wave modes are
aligned and beamsplitter transfor-
mation generated by ac Stark mod-
ulation is applied. The read-out
photons are combined on physical
beamsplitter and detected by APDs.
Proper coincidence pattern heralds
successful connection. Entanglement

purification: Two previously con-
nected pairs can be used to ob-
tain one high fidelity entangled pair
in purification process based on ac
Stark beamsplitter transformation
and coincidence measurement.





   
















 























































 

 

   

detection has been described in detail in [22]. See also
Fig. S4 for a schematic of the core of experimental
setup. An essential component of the detection setup
is a spatially-resolved single photon detector compris-
ing an image intensifier based on a microchannel plate
(Hamamatsu V7090D, ∼20% quantum efficiency) cou-
pled with an fast and sensitive scientific complementary
metal-oxide semiconductor (sCMOS) sensor (Andor Zyla
5.5 MP). Principles of operation at the single-photon
level and localization of single-photon flashes are detailed
in Refs. [16, 69–71]. Here, before the camera, write-out
and read-out photons are separated into two regions to
allow HBT measurement [see Fig. S5(a)]. Using separate
regions of the camera effectively allows photon-number
resolved detection [70] without deleterious cross-talk ef-
fects [71]. Photons emitted from the cold atomic ensem-
ble are imaged in the far field onto the image intensifier
using a complex multi-lens setup (effective focal length
of 50 mm) with angular resolution of 0.6 mrad [69], cor-
responding to a wavevector of 4.7 rad mm−1 (see Fig.
S4). Optically-pumped filtering cells heated to 60◦C con-
taining Rubidium-87 and Krypton (1 Torr pressure) as
buffer gas are used to separate stray laser light from single
Raman-scattered photons. Typical measurement com-
prises 107 camera frames. Note that spatially-insensitive
filtering is crucial for this experiment, as typically used
filtering cavities would allow us to use only a single spa-
tial mode, negating the prospects of scalability. For
the experiment involving highly populated classical spin-
wave states we used the same detector operated in the
proportional-intensification regime achieved by lowering
the electron gain of the image intensifier (see Ref. [72]
for details on this operation regime).

For the quantum interference experiment we replace
the intensified sCMOS (I-sCMOS) camera with single-

mode fibers coupled to single-photon avalanche photo-
diodes (APD, Perkin Elmer, ∼50% quantum efficiency).
Fiber detection modes [see Fig. S5(b)] correspond to
Gaussian beams with waist radius of 0.15 mm centered in
the atomic cloud. The APDs allow for faster experimen-
tal repetition rate and provide higher quantum efficiency
than the image intensifier. Coherent spatial filtering with
single-mode fibers additionally mitigates the requirement
of very narrow post-selection of wavevectors (or positions,
like in the atomic experiment of Lopes et al. [3] that used
a microchannel plate) in the HOM experiment.











 



















Figure S4. Schematic of the core of the experimental setup
with marked write/read lasers and write-out/read-out photon
modes. The write and read beams are counter-propagating
and are separated from the generated photons in the far field
(FF) of the atomic ensemble. The photons are collected from
the MOT via a high field-of-view lenses. The ac Stark mod-
ulation beam shaped with a spatial light modulator (SLM) is
applied from the side.
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Figure S5. Two detection schemes used throughout the ex-
periment. In panel (a) a two-dimensional camera sensor (pho-
tocathode of an image intensifier, I-sCMOS) situated in the
far field with respect to the atomic ensemble detects single
write-out (w) and read-out (r) photons in four distinct regions
thanks to separation achieved with a calcite beam displacer.
For cross-correlation measurements we add the photon counts
from two regions corresponding to either write-out or read-out
light. In panel (b) an example setup (one of the two used,
for write-out and read-out photons) allowing detection of two
far-field modes separated in Kx and Ky. Single-mode fibers
(SMF) collimators are aligned using XY translation stages.
In terms of the wavevector-space fiber modes correspond to

Gaussian shaped mode functions u⊥(K⊥) ∝ e
−|K⊥|2

4σ2 .

Shaping of the ac Stark beam Precise shaping of the
ac Stark beam is essential to obtain the desired effect.
One reason is the need to obtain a desired pattern, but
very importantly a constant intensity profile along the z
direction, possibly free of distortions and inhomogeneities
[38], is required to read-out spin waves efficiently. Oth-
erwise atoms in different places along the z direction
will accumulate random phases, resulting in poor phase
matching at the read-out stage. For accurate shaping of
the beam we use a spatial light modulator (SLM, Holo-
eye Pluto) coupled with a charge-coupled device (CCD)
camera (Basler Scout scA1400-17fm). The SLM is illumi-
nated with an elliptically shaped beam from a semicon-
ductor taper amplifier (Toptica, BoosTA) seeded with a
light from an ECDL (Toptica DL 100) locked using an
offset-lock setup [73]. Temporal ac Stark pulse profile
is controlled with an acousto-optic modulator. Both the
CCD camera and the atomic ensemble are situated in the
same image plane of the SLM (×1.7 magnification). Im-
portantly, same lenses are used and the only difference
between the camera plane and the atomic cloud plane
is a flip mirror instead of a vacuum chamber window

Figure S6. Compensation of magnetic fields induced by eddy
currents created after switching off the MOT coils. For this
measurement we apply a small transverse instead of lon-
gitudinal magnetic field to obtain a strong spin-precession
signal by probing atoms with linearly polarized light (FID,
free-induction decay). The atoms are first prepared in the
F = 1, mF = 1 state. We than apply 50 µs long probing
sequences. Before each sequence atoms are again optically
pumped. From each sequence we extract the central oscil-
lation frequency (proportional to the magnetic field with a
constant 1.4 kHz/mG) and plot it as a function of delay after
the MOT coils are switched off. We observe that without a
shorted coil the spurious fields change on a 0.5 ms timescale,
while an additional coil guarantees their rapid stabilization.

on the beam path. With this, we achieve best possible
representation of light intensity in the vacuum chamber,
distorted by a minimal number of optical elements. Any
spatial noise of variance along the longitudinal z direction
Varz(ϕ) then translates to reduced spin wave retrieval ef-
ficiency scaling as exp(−Varz(ϕ)/2) in a benchmark sce-
nario of flat pattern illumination, where the statistics of
intensity noise are found to be Gaussian. This noise tends
to deviate significantly from a Gaussian shape when a
grating is prepared, thus we rather choose to adopt a
phenomenological model of exponential decay exp(−γχ),
where χ is the modulation depth and γ an associated
decay constant.

To generate the desired light intensity profile, we first
map the camera pixels onto SLM pixels, taking into ac-
count possible rotation and distortions. Next, we use an
iterative algorithm with feedback from the CCD camera
to generate a desired pattern. Due to phase flicker, the
experimental sequence, both during the experiment and
during the calibration and optimization of the ac Stark
beam profile, is synchronized with the SLM refresh rate.

Sequence Fig. S7 presents the timing sequence of the
experiment, used both in the configurations based on de-
tection with I-sCMOS (panel a) or APDs (panel b). The
sequence is repeated at the 420 Hz refresh rate of the SLM
in both cases. In a single cycle, the atoms are trapped
for 1.8 ms in the case of the I-sCMOS experiment (1.1 ms
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Figure S7. Timing sequence of the experiment. Panel (a) portrays the timing sequence used when wavevector-resolved detection
using an I-sCMOS camera is performed. Due to camera frame rate limitation only one cycle of QM per one MOT loading is
performed. In (b) we show the timing sequence for experiment using few-mode detection using APDs. One MOT cycle fits up
to 300 QM cycles. In both cases the sequence is repeated at the rate of 420 Hz.

Figure S8. Generation of seed light. To
generate phase-coherent light detuned from
the write laser by exactly the Rubidium-
87 hyperfine splitting, we send some of
the write laser light into an electro-optic
modulator (EOM) producing sidebands at
fSHF = ±6.834 GHz. A Fabry-Pérot (FP)
scanning cavity is used to filter out all side-
bands except the desired one. For this, we
additionally modulate the fSHF frequency
at fRF = 60 MHz. Light reflected from
the cavity is registered using a photodi-
ode (PD) and the signal is mixed with the
fRF = 60 MHz modulation, producing a
locking signal for the cavity (inset).
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in the case of the APD experiment). With a relatively
high Rb vapor pressure (∼ 10−7 mbar) and cooling laser
(70 mW total power) as well as a detuning of 15 MHz
to the red from the 52S1/2 F = 2 → 52P3/2 F = 3
transition the sequence allows us to maintain a stable
atom number in the MOT. The number of atoms sat-
urates after only approx. 10 s that include thousands
of MOT cycles, yielding an optical depth of 30 up to
200 (strongly depending on how many times the quan-
tum memory cycle is repeated), as measured at the
52S1/2 F = 2 → 52P3/2 F = 3 closed transition of the
D2 line. Trapping is followed by polarization gradient
cooling in optical molasses (PGC) with the cooling laser
detuning increased to 31 MHz that allows us to reach a
temperature of 22 µK. As currently we store spin waves
for only 2 µs, the temperature is not essential for obtained
results. The trapping magnetic fields produced with 125
A current in a low-inductance MOT coil (designed sim-
ilarly as in [74], supporting gradients of 25 G/cm in the
MOT) are switched off to allow the eddy currents to de-
cay. A switch based on MOSFET transistors turns off the
current in less than 5 µs. An additional shorted coil is

placed above the vacuum chamber to compensate for the
eddy currents in the optical table, which yields a stable
magnetic field at 100 µs after the MOT coil is switched
off.

Additional large coils around the entire setup allow
setting a constant bias field. To compensate the eddy
currents we performed an additional experiment and set
a small bias field in the x direction, so that we obtained a
strong spin-precession signal, as the atoms are z polarized
with an optical pump. By measuring the free-induction
decay signal we observed that indeed our setup allows
rapid decay of stray magnetic fields after MOT coils are
turned off (see Fig. S6). During operation of the quan-
tum memory, that is for the proper experiment, we set a
50 mG bias magnetic field along the z direction, which
allows better optical pumping and selection of a proper
magnetic sublevel.

The atoms are finally prepared in the F = 1, mF = 1
state through optical pumping with > 70% efficiency,
using one laser (15 mW power) tuned to the 52S1/2 F =
2 → 52P1/2 F = 2 transition and another circularly-
polarized laser (10 mW power) tuned to the 52S1/2 F =
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1 → 52P3/2 F = 1 transition.
A single QM cycle consists of a 100 ns long write pulse

(varying power, typically ∼ 2 µW), a 2 µs long ac Stark
spin-wave manipulation pulse, and 300 ns read laser pulse
(300 µW power). The write pulse is left-circularly polar-
ized and red-detuned by 25 MHz from 52S1/2, F = 1 →
52P3/2, F = 2 transition). The counter-propagating read
laser pulse is right-circularly polarized and resonant with
52S1/2, F = 2 → 52P1/2, F = 2 transition. See also Fig.
S4 for experimental geometry. All lasers are locked to ei-
ther cooler or repumper laser through a beat-note offset
lock [73]. In the I-sCMOS experiment the image intensi-
fier gate is open during writing and reading. The sCMOS
camera captures photon flashes during both gates, in sep-
arate spatial regions of the image intensifier. In the APD
experiment the memory cycle is followed by a short 500 ns
clear pulse (consisting of read laser pulse, optical pump-
ing and additional pumping of filtering cells to maintain
hyperfine polarization). The APD gate is kept open only
during the initial 80 ns of the read pulse. In this way
we optimize the ratio of signal to dark counts, that still
comprise 20% of the detected read-out photocounts.

A single QM cycle can be repeated up to 300 times
per one MOT. Within this configuration and in the
modulation-free experiment we typically detect approx.
40 coincidences per second in a single pair of modes, with

g
(2)
wr ≈ 20 and write-out photon detection probability

of 10−2 in the write-out mode. This translates to 1.5
quadruple coincidences per minute. When the three-way
splitter modulation is applied, the quadruple coincidence
is inherently reduced to less than 0.5 per minute. With
lower repetition rate we obtain a larger MOT (with OD
up to 200) and better efficiency, yet the rate of quadru-
ple coincidences is slightly reduced to roughly 0.1 per
minute.

A faster photon pair generation rate can be achieved
using an FPGA-based feedback, in which we only applied
ac Stark manipulation and read laser pulse if a write
photon (or a pair of write photons) is detected. While
such configuration nearly triples the generation rate, it
provides less data as not all correlation functions can be
tracked this way. Nevertheless, this is a recommended
operation scheme for future experiments with spin-wave
pairs.

An alternative method for improving the generation
rate would be to utilize an atomic ensemble with higher
optical depth to increase the read-out efficiency. Pho-
todetectors with higher quantum efficiency and lower
dark count rates would also significantly improve the ob-
served experimental parameters.

Generation of coherent spin-wave states To generate
a highly-populated coherent spin-wave state we seed the
Stokes scattering process. The process is governed by
a squeezing Hamiltonian so both the seed light and the
spin waves are amplified; however, for strong and coher-
ent seed light, the generated spin-wave state is close to a

coherent state. The seed light, detuned by the Rubidium-
87 hyperfine splitting from the write laser light, needs to
be phase-coherent with the write laser for the process to
be efficient. We use an electro-optic modulator (EOM)
fed with an super-high-frequency (SHF) signal with cen-
tral frequency fSHF = 6.834 GHz to generate sidebands
(see Fig. S8 for experimental schematic). The SHF sig-
nal is additionally modulated using a 60 MHz sine wave
from a direct digital synthesizer (DDS). Modulated light
consisting of harmonic frequency components separated
by fSHF is sent to a FP-cavity and its reflected portion
is directed onto a fast photodiode. The photodiode reg-
isters beat-notes (RF) at 60 MHz, which are then mixed
with the 60 MHz local oscillator (LO) signal. After the
loop filter, we obtain a locking signal, which thanks to
a proper choice of relative phases between LO and RF
allows locking only at the desired sideband (the locking
signal slopes for positive and negative shifts differs in
sign). For seeding purposes we are interested only in the
term which is shifted by −fSHF from the original laser
frequency. The cavity reflects the fundamental unmod-
ulated light and other sidebands, resulting in 26 dB net
attenuation of all unwanted components. Importantly,
this novel setup allows generation of very pure seed light
with only one modulator and an uncomplicated cavity
system (cf. [45, 75])

S.III. Phase modulation with the ac Stark beam

To theoretically evaluate the performance of the ac
Stark modulation at the single-excitation level, it is cru-
cial to consider both the level of decoherence caused by
manipulation and the spurious noise produced. The ma-
nipulation should also influence the coherence in a proper
way, i.e. the states |g〉 (F = 1, mF = 1) and |h〉 (F = 2,
mF = −1) should be eigenstates of the effective ac Stark
splitting Hamiltonian [76, 77]. Otherwise, the spin wave
is transferred to a different combination of magnetic sub-
levels, which may lead to beat-notes as well as decoher-
ence due to magnetic field inhomogeneities. We found
the optimal setting is to red-detune the ac Stark laser by
δS = 0.5–3.0 GHz from the “empty” state |h〉 (we calcu-
late the detuning from 52S1/2F = 2 → 52P3/2 transition
centroid, lying 193.7 MHz below the F = 2 → F = 3
transition), so the energy shift of the |h〉 state is much
larger than for the |g〉 state. While this causes some
scattering from the |h〉 state, we avoid exciting atoms
from the |g〉, which could generate spurious spin-wave
excitations that would later be retrieved as noise. Fur-
thermore, by making the ac Stark light z-polarized, we
ensure that |h〉 is an eigenstate of the effective ac Stark
shift Hamiltonian. Note that this setting is very different
from the proposal of Sparkes et al. [76] who considered
much larger detunings. In their setting, the ac Stark light
is coupled to |g〉 and |h〉 with nearly the same strength
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Figure S9. Properties of the ac Stark modulation. Panel
(a) depicts the differential ac Stark shift for the Rabi fre-
quency of the ac Stark beam equal with an intensity of
35 mW/cm2, as a function of ac Stark laser detuning δS from
the 52S1/2F = 2 → 52P3/2 transition centroid. Both the sim-
ulation and the simplified analytical model are presented. A
small deviation between the two can be noticed only close to
resonance, as decoherence is not taken into account in the
simplified model. Panels (b) and (c) portray incoherent scat-
tering rate (decoherence rate) of spin-waves and generation
rate of spurious excitations, respectively. The values are not
plotted very close to the absorption resonance due to very
high incoherent scattering rendering this region useless for
the purpose of ac Stark modulation.

and the differential phase shift only appears when cir-
cular polarizations are used and in only several specific
spin-wave magnetic configurations. Such an operation
requires multi-watt power levels to obtain reasonable dif-
ferential ac Stark shifts. Furthermore, while the scatter-
ing rate would be indeed small, the noise generation rate
has not been considered and could become a significant
problem.

To evaluate the above predictions we model the full be-
havior of the multi-level atom described by a density ma-
trix ρ subject to an off-resonant ac Stark field. We con-
sider a full Hamiltonian H including all ground-state and
excited-state sublevels and the following master equation:

dρ

dt
=

1

i~
[ρ,H]− 1

2
{Γ, ρ} − Tr(ρF ) +Λρ, (S8)

where Γ is the relaxation matrix corresponding to
the ground-state manifold, Λρ is the repopulation ma-
trix corresponding only to the ground-state manifold
as well, and F is the spontaneous emission opera-
tor [78, 79]. First we prepare a spin-wave state as
(|g〉+ ǫ|h〉) /

√
1 + ε2 (with ε≪ 1) and track the behavior

of the atomic state in the subspace spanned by |h〉 and
|g〉. The relative phase is calculated as ϕ = Arg(ρhg) and

the ac Stark shift as ∆S = dϕ
dt

∣

∣

∣

t=0
. The scattering rate

ΓS = −ε−2 dρhh

dt

∣

∣

∣

t=0
quantifies the decay of the spin-wave

population. For the noise rate Γn we take an atom pre-
pared in a pure |g〉 state and we again calculate the rate

as Γn = dρhh(ε=0)
dt

∣

∣

∣

t=0
. The results are plotted in Fig.

S9 as a function of ac Stark laser detuning δS . We find
the differential splitting ∆S/2π = −0.036 MHz for the
operation point at δS/2π = 1.43 GHz and with approx.
40 mW of average power corresponding to an intensity of
35 mW/cm2. Our experimental setup facilitates a peak
power of 100 mW.

We can elucidate on these results by introducing a sim-
ple analytical model. In the model we include all transi-
tions via which the ac Stark shift is induced in the far-
detuned regime. The shifts of the two ground-state levels
are:

∆
(|g〉)
S =

|Ed|2
4~

(

5

24

1

δS + 5
4A0,1/2 − 11

4 A1,3/2

+

+
1

8

1

δS + 5
4A0,1/2 − 3

4A1,3/2

)

(S9)

∆
(|h〉)
S =

|Ed|2
4~

(

1

40

1

δS − 3
4A0,1/2 − 1

4A1,3/2

+

+
1

24

1

δS − 3
4A0,1/2 − 3

4A1,3/2

+
4

15

1

δS − 3
4A0,1/2 +

9
4A1,3/2

)

(S10)

with E being the field of the ac Stark beam, d = 3.58 ×
10−29 Cm being the transition dipole matrix element for
the D2 line, and A0,1/2/2π = 3.42 GHz, A1,3/2/2π =
85 MHz being the hyperfine coupling dipole constants.
The differential ac Stark shift is calculated as:

∆S = ∆
(|h〉)
S −∆

(|g〉)
S (S11)

In our scenario, the Rabi frequencies corresponding to
subsequent transitions are: 13.0 MHz (F = 1 → F = 1),
10.1 MHz (F = 1 → F = 2), 4.5 MHz (F = 2 → F = 1),
5.8 MHz (F = 2 → F = 2) and 14.7 MHz (F = 2 → F =
3). Due to detuning, only the latter three transitions con-
tribute significantly. This setting provides a total phase
shift of φS = ∆ST of the order of 0.45 rad with the ma-
nipulation time T = 2 µs. We find the scattering rate
Γs = 390 Hz, which results in destruction of less than
0.1% of the spin waves due to incoherent excitation. Fi-
nally, we find a very little noise generation rate per atom
Γn = 1 mHz (cf. with significantly higher noise rate when
ac Stark laser is tuned closer to the |g〉 state at δS ≈ −6.8
GHz in Fig. S9). If we assume that photons from these
spurious excitations are scattered randomly during read-
out to all far-field modes the number of which we estimate
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Figure S10. Beam-splitter operation at the single spin-wave
level. Measured second order correlation between the wa
write photon mode for two read-out detection modes rc
(kr

y + kw
y = 0) and rd (kr

y + kw
y = kg) as a function of phase

modulation RMS
√

〈ϕ2〉 (left axis; dashed line corresponds to
0), and predicted total diffraction efficiency in all modes (red
line, right axis). Curves correspond to the theoretical predic-
tion with a the initial correlation and decay as fit parameters.

as σzσ
2
⊥/λ

3 ≈ 7 × 108 with σz = 4 mm, σ⊥ = 0.3 mm
(longitudinal and transverse sizes of the ensemble, re-
spectievly), λ = 795 nm (wavelength of the read laser)
and N = 108 (number of atoms), we estimate the prob-
ability of emitting a noise photon per mode of less than
3× 10−10, which is completely negligible compared with
e.g. noise introduced by imperfect optical pumping.

S.IV. Phase pattern design and spin-wave splitter

performance

Here we evaluate the performance of spin-wave split-
ter in the few-mode quantum interference experiment as
well as give explicit expressions used to analyze spin-
wave diffraction presented in Fig. 2 of the main text.
To explicitly express the transformation of the spin-wave

creation operator Ŝ†
Ky

ϕS(y)−−−−→ ˆ̃S†
Ky

, describing the re-
sult of imprinting on atoms a sine-shaped phase pat-
tern ϕS(y) = χ sin(kgy + ϑ) we may use the well-
known Jacobi-Anger identity to expand the modulation
term into more convenient form: exp(iχ sin(kgy + ϑ)) =
∑∞

n=−∞ Jn(χ) exp(in(kgy + ϑ)), where Jn is the n-th
Bessel function of the first kind. With this expansion
we easily obtain that:

ˆ̃S†
Ky

=

∞
∑

n=−∞

Jn(χ) exp(inϑ)Ŝ
†
Ky+nkg

. (S12)

Using this formula with χ chosen so that J0(χ) = J1(χ)
and neglecting terms with n > 1, we get the transforma-
tion used to describe the HOM interference of spin waves

(i.e. a 50:50 beamsplitter transformation). Generally,
this expression allows us also to predict the unconditional
g(2) function dependence on modulation RMS amplitude.
Choosing two modes separated by ∆Ky = kg (i.e rc and
rd) and neglecting the contribution of weak thermal state
split into the rc mode (i.e. assuming modes va and vb
reside in vacuum) we can write:

g(2)wa,rc = 1 + αJ0(χ)
2e−γχ, (S13)

g
(2)
wa,rd = 1 + αJ1(χ)

2e−γχ. (S14)

As χ =
√

2〈ϕ2〉. We heuristically include the exponential
decay with a constant γ to model dephasing due to devi-
ations of the ac Stark grating from a perfect sine wave.
The results for the fit parameters are α = 23.1 ± 0.3
and γ = 0.27 ± 0.05 rad−1. The cross-correlation
function without the modulation applied corresponds to

g
(2)
wa,rc (no modulation) = α+1 = 24.1± 0.3. This allows

us to estimate the total efficiency at
√

〈ϕ2〉 = 1 rad as
84%. The fit results are presented in Fig. S10 along with
the efficiency corresponding to e−γχ. The measurements
for this section used a significantly higher write-out pho-
ton detection rate of ∼ 4× 10−2, thus the value of cross-
correlation is smaller than in HOM dip measurement (yet
still above the nonclassicality bound).

To generate asymmetric spin-wave patterns, we use dif-
ferent phase modulation. The modified version includes
a “second-harmonic” term:

ϕS(y) = χ1 sin(kgy + ϑ1) + χ2 sin(2kg + ϑ2). (S15)

By taking χ1/χ2 = 2.5, we observe that spin-wave
diffraction occurs predominantly in one direction (as in
Figs. 2c and 2d). By changing the relative phase between
the two terms above, i.e. ∆ϑ = ϑ1−ϑ2, we can steer the
direction of diffraction. In particular, for Fig. 2(c) we
selected ∆ϑ = 0 and for Fig. 2(d) we set ∆ϑ = π.

S.V. Quantum character certification

We use appropriate values of the second-order Glauber
correlation function to certify nonclassicality of photon-
counting statistics [80]. For the wavevector-resolved mea-
surements we utilize multiplexing of many modes and
evaluate the averaged correlation function

g(2)rw (krx + kwx , k
r
y + kwy ) =

∫

〈n̂r(k
r
x, k

r
y)n̂w(k

w
x , k

w
y )〉d(krx − kwx )d(k

r
y − kwy )

∫

〈n̂r(krx, k
r
y)〉〈n̂w(kwx , k

w
y )〉d(krx − kwx )d(k

r
y − kwy )

(S16)

Nonclassicality of the generated state between write-out
and read-out photons is certified by violating the Cauchy-

Schwarz inequality: [g
(2)
rw ]2 ≤ g

(2)
rr g

(2)
ww. Since we mea-

sured auto-correlation values g
(2)
rr , g

(2)
ww < 2 (see Fig.
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(a)

(b)

Figure S11. Autocorrelations for write-out and read-out pho-
tons. The autocorrelations in both cases were measured by
splitting the relevant photon stream into two regions of the
I-sCMOS detector (see Fig. S5) and effectively performing a
multimode HBT measurement. Due to a low photon num-
ber caused by detection inefficiency, we do not observe sig-
nificant bunching for read-out photons [panel (b)], while for
write-out photons a weak autocorrelation peak is observed
[panel (a)]. The autocorrelation functions are expressed in
terms of wavevector-difference variables i.e. κw

x = kw1
x − kw2

x ,
κw
y = kw1

y − kw2
y , κr

x = kr1
x − kr2

x and κr
y = kr1

y − kr2
y . Cross

sections are taken around κw
x = 0 and κr

x = 0 for panel (a)
and (b), respectievly.

S11), a conservative bound on nonclassicality is also given

by g
(2)
rw > 2, which we have used throughout the article. A

high value of g
(2)
rw is a good indication that single read-out

photons (or spin waves) is characterized by good purity
(or in other words will be close to a single-excitation Fock

state). A more direct indicator is the conditional g
(2)
r1,r2|w,

which we found for the interference experiment presented

in Fig. 4 of the main text as g
(2)
rc,rc|wa = 0.67 ± 0.04 < 1

and g
(2)
rd,rd|wb = 0.69± 0.04 < 1 for maximum ∆Kx sepa-

ration. Finally, the Hong-Ou-Mandel interference is cus-
tomarily witnessed by the observed depth (visibility V)
of the dip in coincidences larger than V = 0.5. Here we
used a normalized conditional correlation function which

ra

rb

va

vb

va⊥

ra⊥

rb⊥

vb⊥
K

y K
x

rb (shifted)

ra

τ ra   +   1-τ2 ra⊥

(a) (b) (c)

Figure S12. Choice of wavevector-space basis for the beam-
splitter network theoretical analysis: (a) proper modes ra and
rb are selected in positions of the collection fibers, (b) orthog-
onal modes ra⊥ and rb⊥ are selected to allow construction of
a shifted proper mode, as demonstrated in (c) where rb is con-
structed as a superposition of ra⊥ and ra. The in top panel
of (c) the ra mode is shown for reference, while the bottom
panel of (c) shows two modes into which rb is decomposed.
For small shifts ∆Kx the overlap τ ≈ 1 and the orthogonal
modes are simply first Hermite-Gauss modes.

without interference equals 1 (we measured 0.93 ± 0.44
for the largest separation of modes, which is consistent
with the Gaussian mode shape). We may thus estimate

the visibility as V = 1− g
(2)
rc,rd|wa,wb = 0.80± 0.06 > 0.5,

certifying a non-classical character of interference. Only
slightly lower visibility of V = 0.66 ± 0.01 > 0.5 is ob-
served for the interference of a single spin-wave with the
weak thermal spin-wave state. The value of conditional

g
(2)
rc,rd|wa < 1 for this case also certifies single excitation

character of the spin wave in mode ra, obtained using
the HBT measurement performed at the spin-wave level
(as opposed to using optical elements to implement the
beam-splitter at the photonic level). Importantly, this
figure of merit better witnesses single-excitation charac-

ter than g
(2)
rc,rc|wa or g

(2)
rd,rd|wb. All given errors correspond

to one standard deviation of the Poissonian counts statis-
tics.

S.VI. Modeling the beamsplitter network

While in Fig. 5 of the main text the shapes of the
presented theoretical curves roughly correspond to the
shape of the fiber detection mode u⊥(K⊥) (in terms their
widths and very roughly shapes), to properly describe
these shapes as well as to obtain quantitative agreement
of correlation functions a more elaborate model is re-
quired. We model the process in three steps: heralded
generation, manipulation, read-out and detection that
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also adds noise during photons’ detection. For the gen-
eration stage we assume a total of 8 pairs of squeezed
modes: four of them correspond to read-out modes ra,
rb, va and vb as denoted in Fig. 4 of the main text.
They have associated write-out photon modes wa, wb
that we detect, while the other write-out modes are not
detected. These modes are arranged in the Ky direction.
In the Kx direction for each of these modes we also as-
sume another pair of orthogonal modes (ra⊥, rb⊥, etc.),
that are squeezed in the same way (these constitute an-
other 4 mode pairs, yielding a total of 8). As we change
mode positions in theKx direction we assume that proper
modes move accordingly (see Fig. S12). During manip-
ulation a three-way splitter operation is applied in the
Ky direction, mixing modes with same Kx. The corre-
sponding three-way splitter Bogoliubov transformation
for modes ra, rb, va and vb is:

Tws(vb, rb, ra, va) =

1√
3

























1 0 1 0 0 0 0 0
0 1 0 1 0 0 0 0
−1 0 1 0 1 0 0 0
0 −1 0 1 0 1 0 0
0 0 −1 0 1 0 1 0
0 0 0 −1 0 1 0 1
0 0 0 0 −1 0 1 0
0 0 0 0 0 −1 0 1

























(S17)

where subsequent rows correspond to operators:
Ŝvb, Ŝ

†
vb, Ŝrb, Ŝ

†
rb, Ŝra, Ŝ

†
ra, Ŝva, Ŝ

†
vb. However, if the

modes are separated in the Kx direction we need to con-
sider that for instance ra mixes both with rb and rb⊥, as
in the following beamsplitter transformation:

Bs(rb, rb⊥) =








τ 0
√
1− τ2 0

0 τ 0
√
1− τ2

−
√
1− τ2 0 τ 0

0 −
√
1− τ2 0 τ









(S18)

We thus apply the three-way splitter transformation
sandwiched between a basis change transformation that
mixes rb and rb⊥ (we may disregard mixing of unheralded
modes, since they are not detected). The basis change is
a beamsplitter transformation with transmission given by
mode overlap equal τ =

∫

dKxdKyu⊥(Kx,Ky)u
∗
⊥(Kx +

∆Kx,Ky+∆Ky) (in our case ∆Ky = 0). The results is a
Gaussian function for our Gaussian-shaped modes. The
total transformation, including initial two-mode squeez-
ings, is:

Bs(rb, rb⊥)
T

(Tws(vb, rb, ra, va)⊗ Tws(vb⊥, rb⊥, ra⊥, va⊥))

Bs(rb, rb⊥)

(

8
⊗

i=1

Sq(wi, ri)

)

(S19)

where the two-mode squeezing transformation is:

Sq(w, r) =















1√
1−p2

0 0 p√
1−p2

0 1√
1−p2

p√
1−p2

0

0 p√
1−p2

1√
1−p2

0
p√
1−p2

0 0 1√
1−p2















(S20)

with p being the fundamental pair generation prob-
ability, and subsequent rows correspond to operators
Ŝr, Ŝ

†
r , Ŝw, Ŝ

†
w.

Finally, we obtain output modes rc and rd and cal-
culate proper expectation values on vacuum, including
influence of dark counts as pdark/η (where η is the net
detection efficiency) in the read-out modes (write-out
modes contain several times more photons and thus the
dark counts there are negligible). For instance, within

this framework the correlation function g
(2)
rc,rd|wa,wb is cal-

culated as:

g
(2)
rc,rd|wa,wb =

(〈n̂rcn̂rdn̂wan̂wb〉+ pdark/η〈n̂rcn̂wan̂wb〉+
pdark/η〈n̂rdn̂wan̂wb〉+ (pdark/η)

2〈n̂wan̂wb〉)〈n̂wan̂wb〉/
(〈n̂rcn̂wan̂wb〉+ pdark/η〈n̂wan̂wb〉)

(〈n̂rdn̂wan̂wb〉+ pdark/η〈n̂wan̂wb〉) =
= η2

(

9p2 + 6p
(

τ2 + 1
)

+
(

τ2 − 1
)2
)

−
6ηpdark

(

3p2 + p
(

τ2 − 2
)

− τ2 − 1
)

+ 9(p− 1)2p2dark

/
(

η
(

3p+ τ2 + 1
)

− 3(p− 1)pdark
)2
. (S21)

Analogous expressions are obtained for all other corre-
lation functions using a computer algebra system. We
obtain a very good agreement with experimental observa-
tions in all cases by setting p = 0.05 and pdark/η = 0.017.

Note that to explain the slight drop of the g
(2)
wa,rc in Fig.

5(c) we introduced a residual misalignment of modes wa
and rc that scales as 0.29∆Kx - the dashed curve account
for that.

S.VII. Phase matching at readout

To estimate the readout efficiency we resort to a set
of equations describing a classical, optical Er(k⊥, z, t)
(in terms of the slowly varying envelope) and spin-
wave field ρhg(K⊥, z, t) (atomic coherence) at the read-
out stage. We assume a uniform intensity profile
for the Raman pump and include the atom num-
ber density as S(r⊥, z, t) =

√

N (r⊥, z)ρhg(r⊥, z, t),
where ρhg(r⊥, z, t) is a coherence averaged overs atoms
in a small volume around r = (r⊥, z) = (x, y, z)
and N (r⊥, z) = N0 exp(−|r⊥|2/σ2

⊥ − z2/σ2
z). The

total number of atoms is N =
∫

drN (r). After
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(a) (b)

Figure S13. Influence of phase matching on the readout of diffracted spin-waves. Panel (a) portrays normalized write-out–read-
out coincidences in the form of the second order correlation function (obtained from the same data as Fig. 3b in the main text).
We compare this experimental result with the calculated normalized readout efficiency of the reshaped spin-waves presented
in panel (b) [corresponding to the same write photons as in (a)]. Strong influence of phase-matching is evident, as read-out is
only efficient for values of kr

y around 0.

quantization and in the wavevector domain Ŝ(K) =

(2π)−3/2
∑N

n N (rn)
−1/2eiK·rn |hn〉〈gn| corresponds to a

continuous spin-wave density operator, and in general
the discrete operators that we use in the main text cor-
respond to Ŝu =

∫

dKŜ(K)ũ∗(K), where ũ(K) is a nor-
malized mode function. For operators that we denote
ŜK we have uK(r) =

√

N (r)/NeiK·r with u and ũ being
related via the Fourier transform.

Importantly, we include the diffraction term within
the wide-angle, slowly-varying envelope approximation
[77, 81, 82] derived from UPPE (unidirectional pulse
propagation equation) [83] and write the equations in
the frame of reference co-moving with the readout pulse:

∂Er(kr⊥, z, t)

∂z
− i

(

√

k2r − k⊥
2 − kr

)

Er(kr⊥, z, t) =

− ikr
ǫ0~

dge
dheER
2∆

ei(kr−kR)
F⊥(

√
N ) ∗ S(K⊥, z, t) (S22)

∂S(K⊥, z, t)

∂t
= −dheE

∗
R

4i∆
ei(kR−kr)F⊥(

√
N ) ∗ Er(kr⊥, z, t)

(S23)
with kr⊥ = kR⊥ +K⊥, kr and kR are length of read-

out photon and read laser wavevectors, dij are dipole mo-
ments of respective transitions, ∆ is the detuning from
the single-photon resonance, ER field amplitude of the
read laser, and ∗ and F⊥ denote convolution and the
Fourier transform in the transverse coordinates, respec-
tievely. Phase matching arising due to oscillations caused

by the i

(

√

k2r − k⊥
2 − kr

)

Er(kr⊥, z, t) term emerges as

the most essential factor influencing readout of reshaped
spin-waves. To quantify this effect it is enough to con-
sider the first-order approximation of the well-studied so-
lution for the above set of equations, for the case of null
Er field at the input (see Refs. [84–86] for more complete
ways of treatment). Then, we may equivalently write
that ∂tS(k⊥, z, t) ≈ 0 and easily solve the first equa-
tion as a Gaussian integral. By considering the read-
out efficiency of a plane-wave spin-wave reshaped with
a sine grating with kg, we arrive at very good agree-
ment between measured coincidence map presented in
Fig. S13(a) and the theoretical prediction [Fig. S13(b)]
for phase-matching efficiency (here normalized to unity),
indicating that the phase-matching is the most essen-
tial wavevector-dependent factor to the net readout ef-
ficiency. The main observed effect is the fact that only
spin waves with small Ky can be read-out efficiently after
modulation. Remaining spin-wave are not lost, but can
be retrieved through manipulating their Kz wavevector
components to restore the phase-matching. The prob-
lem can thus be alleviated through use of the ac Stark
gradient in the z-direction or rotation of the grating in
the y-z plane. Furthermore, it is worth noting that the
region for which the readout is naturally efficient encom-
passes hundreds of usable modes (in terms of Schmidt
decomposition).

Numerical values of the parameters used for the calcu-
lation are kg = 44 rad mm−1, σ⊥ = 0.3 mm, σz = 4 mm,
kr = 7899 rad mm−1. Correspondence between the write
photon wavevector and the spin-wave wavevector is cal-
culated as K = k

W − k
w.
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