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Quantum Optics of Spin Waves through ac Stark Modulation
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We bring the set of linear quantum operations, important for many fundamental studies in photonic
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 analog of the Hong-
Ou-Mandel effect, realized via a beam splitter implemented in the spin-wave domain. 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.
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The Hong-Ou-Mandel (HOM) interference [1] is an
inherently quantum two-particle effect serving as an impor-
tant test of both nonclassicality of the input state as well as
proper operation of the beam splitter. While nowadays it is
easily achievable with photons, recent experiments demon-
strated 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 illumi-
nates the perspective to combine linear operations, which
have always been simple for photons, and nonlinear oper-
ations, which can be engineered in material systems.
A quantum memory (QM) for light, where photons are
stored in the form of collective atomic excitations, is a good
candidate for a bedrock to realize this proposal facilitating
both fundamental studies and applications 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 become part of such networks,
but a requirement of implementing complex linear oper-
ations on stored excitations arises.

In this Letter we harness these material quasiparticles—
collective atomic excitations known as spin waves (SWs).
We demonstrate that the spatial structure of SWs can be
manipulated via the off-resonant ac Stark (ACS) shift.
Through SW diffraction-based (cf. Kapitza-Dirac effect
[23]) beam splitter transformation, we realize the
Hanbury Brown-Twiss (HBT) type measurement in the
SW domain [24], demonstrating precise control and non-
classical statistics of atomic excitations. Finally, we observe
interference of two SWs—an analog of the HOM effect for
photons. Thanks to the reversible photon-SW mapping via
the Duan-Lukin-Cirac-Zoller (DLCZ) protocol [25], these
techniques enable encoding states from a high-dimensional

0031-9007/19/122(6)/063604(7)

063604-1

Hilbert space into the spatial structure of SWs to facilitate
not only new quantum communication schemes [26], but
also high data rate classical telecommunication [27,28]. A
quantum repeater equipped with such coprocessing capabil-
ity could perform error correction [29-32] or small-scale
computation on transmitted quantum data.

The ability to perform beam splitter transformations with
wave vector eigenmodes constitutes a full SW analog of
complex linear-optical networks. The inherently nonclass-
ical HOM interference with 80% visibility is a concise
demonstration of such transformation, which we realize with
a three-way (in the sense of the first three diffraction orders)
splitter to demonstrate that SWs always occupy either of the
output modes. On the fundamental level, the interference of
two SWs with different wave vectors demonstrates preser-
vation of coherence of many material quasiparticles in a
thermal ensemble. Remarkably, the presented idea along
with its applications can 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 x 0.3 x 0.3 mm?) cold 3'Rb
ensemble prepared in a magneto-optical trap (MOT) 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 scattering event,
registered as a “‘write-out” (w) photon with a wave vector
k", heralds creation of a single SW excitation with a wave
vector K = kW — k", where k" is the write laser wave
vector. The creation operator for a SW with wave vector K
is Sk = N300 N |h, ) (g,|, where [0) = [gy...9n)
with N = 10% atoms in the ground state [Fig. 1(c)]. One
atomic ensemble can accommodate many independent
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FIG. 1. Experimental setup for generating and manipulating
SWs. (a) Detection of a single write-out photon w scattered 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 readout photon r with a
reshaped spatial mode. (c) The relevant energy level configura-
tion: |[g) = [528,,F = 1,mp=1) and |h) = |52, F =
2, mp = —1). The write laser is red detuned from the SZSI/ZF =
1 = 5P, /o F = 2 transition by 25 MHz, the read laser is resonant
with the 5251/2F =2 52P1/2F = 2 transition, and the ACS
laser S is red detuned from the 525, pF=2- 5%P; /2 line
centroid by 1.43 GHz. During QM operation we keep constant
bias magnetic field B = (50 mG)é.. (b) The sequence revealing
the timing of each step during the experiment.

spatial SW modes. For SW detection, we use a read laser R

(wave vector k®) pulse that converts the SW into a “readout”
(r) photon with wave vector k" = K + k&,

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), inducing a spatially
dependent differential ACS shift Ag(r) between levels |g)
and |h), directly proportional to light intensity. With neg-
ligible absorption and a small transverse size of the ensem-
ble, we assume a constant intensity along the propagation
axis x of the S beam and thus write Ag(r) = Ag(y, z). The
ACS shift leads the SWs to accumulate an additional,
spatially dependent phase ¢g(y,z) = Ag(y,z)T over the
interaction time 7 ~ 2 us with a typical Ag/2z ~ 36 kHz
obtained with 35 mW/cm? intensity of S light detuned from
the respective resonance by &g/27 = 1.43 GHz. Such a
manipulation is equivalent to the following transformation of

the SW creation operator within the Heisenberg picture: S I( =
N_l/zz]:eiK'r"Jri(”S(r”) hn> <gn‘ _ ff‘[ei(ﬂs(r)] (k) S;(+kdk’
where F represents the Fourier transform in the spatial
domain. With periodic ¢g(r), the transformation becomes a
Fourier series, realizing a multioutput SW beam splitter in
two momentum-space dimensions.

We first select @y to be a sine wave ¢g(y) =
ysin(k,y 4 9), where k, is the grating wave vector. For
technical reasons, the sine modulation is accompanied by a
constant component ¢,. With such modulation, all SWs are

diffracted into subsequent orders with central y wave vector
components K, + mk,,m € Z and amplitudes of sub-
sequent orders depending on strength of phase modulation

quantified by its root-mean-square (rms) amplitude +/(g?).
For benchmarking, we generate a coherent SW state with
excitation number 7 ~ 10°, 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
wave-vector-resolved intensity 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 experimental 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 modulation
pattern we achieve desired amplitudes of diffraction orders,
creating a controllable 1-to-N quantum network, where the
zeroth order remains one of the output ports. Figures 2(c)
and 2(d) depict the wave-vector-resolved SW density. With
this we show that SWs are predominantly diffracted in the
selected direction through a proper asymmetrical modula-
tion, here composed of a sine wave with two frequencies
with controlled relative phase.

With the SW modulation operating with high popula-
tions, we now evaluate its performance at the single
excitation level. We probabilistically generate SWs her-
alded by detection of w photons on an [-sCMOS camera
situated in the far field of the atomic ensemble. Quantum
character of excitations is certified by the second-order
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FIG. 2. Performance of the SW phase modulator. (a) Light
intensity emitted from a SW as a function of a pure sine modulation
rms amplitude ((pé) and the wave vector K, component;
(b) intensities in diffraction orders 0-2, marked in (a) along with
the expected behavior (lines). In (c),(d) we change the modulation
to include a term with higher frequency (insets: phase modulation
patterns). Depending on the relative phase between the two terms,
we observe diffraction predominantly in the selected direction.
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FIG. 3. A reference measurement (a) of second-order cross-

correlation g£§2 reveals a single peak at £} + ky = 0, demonstrat-

ing momentum anticorrelations. By reshaping the SWs with a
sine modulation pattern with wave vector k,, we modify the

correlation function (b) to feature two additional peaks at
ki + kY = Lk,

correlation function g%) = (a,n,)/{(f,)(n,) > 2, which we
express in terms of wave-vector-sum variables, taking
advantage of wave vector multiplexing [22]. If the SWs
are converted to photons without manipulation, a single peak
at ki + kY = kj, + k}' = Ois observed, as in Fig. 3(a), since
in general k" + k" = k" + k¥ and we select k' = —k~.
With sinusoidal phase modulation with rms = 1.0 rad and
wave vector k, applied along the y direction during storage,
the peak is split into three equal diffraction orders [Fig. 3(b)]
with very little contribution to higher orders; thus we may
write that the S K operator is transformed into a sum of three
operators: Sk =(Sk +e"’9§K+kqé)r —e""ggK_kgév)/\/g. We
certify quantum photon—numbef correlations in each peak,
demonstrating that our modulation scheme preserves stat-
istical properties of a SW, by operating with high efficiency
and without adding spurious noise.

We now use the presented manipulation to observe
interference of SWs. Following Fig. 4, using single-mode
photon counting avalanche photodiodes (see Supplemental
Material [39]) we select a pair of Gaussian-shaped modes
(mode field radius ¢ = 10.3 rad mm™") for the w photon
(wa and wb) corresponding to SW modes (ra and rb) with
K = +AK,/2 =445 rad mm™' and equal K{* =
K"’ 2200 rad mm~' (AK, = 0). By heralding a pair of
w photons, we generate a SW pair 57,57, 0) = 11),0 0
With a proper phase modulation, each SW gets equally
distributed into three equidistant modes. We select the
grating period k, = AK, =90 rad mm™', so that after
manipulation we may write operators for resulting modes
rc and rd as S, = (Si, + 5, —¢?81,)/\/3 and
ST, = (8, + 87, —e®81,)/\/3. Let us now assume
that the modes are well overlapped, that is, AK, = 0 and
AK, = k, and modes va and vb with K}*/"" = +3AK,
reside in vacuum (no excitation is heralded in these modes
and we neglect their thermal occupations). With the output
state given by ﬁrc,rd: 1/9|00>rcrd<00| +2/9|0] >rc.rd<0] | +
2/9110) . ,4(10[+4/9y) (| ~ with  |y) = (e"*|20)+
e~%102))/+/2, the interference is observable in the heralded
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FIG. 4. The protocol for quantum interference of SWs. De-
tection 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 interfere 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 (K, K,) plane. Photonic
detection modes are always set to collect photons emitted from
heralded SW modes.

E’c)rd|wa wbh <ﬁr€ﬁrdﬁwuﬁwb> <ﬁwuﬁwh>/

(A pePtyyaflygy) (P raflypa ity counting coincidences between
photons emitted from modes rc¢ and rd—these coinciden-

ces vanish due to quantum interference. Simultaneously,
2

re,relwa,wb

cross-correlation g

the number of self-coincidences quantified by g

(2) :
(or g, o d\wa,wb) increases.

In the experiment, we first set gEVzr) ~ 20 and then apply

the modulation that yields all cross-correlations, such as

g&i} re = gfm 4 ~ 6 [Fig. 5(c)]. The initial extrinsic readout

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 modulation (at all
discernible orders) is over 80%. With the initial coincidence
w — rrate 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 detuning and power of the
R laser with ~1 us 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 AK,. If the
modes are overlapping at AK, = 0, we obtain a value of

ggr dwawh = 0.20 &+ 0.06, which certifies the observation

of two-SW HOM interference. Simultaneously, taking the

2 -
Gre.relwawp AUtocorrelation, we observe more than a two-

fold increase from 0.5 0.4 to 1.3 + 0.2 compared with
the case of nonoverlapping modes, showing that the pair of
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FIG. 5. Demonstration of quantum interference of SWs.
(a) HOM dip as a function of mode wave vector separation.
Bunching may be suppressed if the modes ra and rb are
separated in the K, 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 gE.,za),,c due to residual misalignment as the modes are
moved (resulting in reduced fiber coupling efficiency). (d) HOM
experiment for coherent input state with phase averaging. Vertical
error bars correspond to one standard deviation inferred from
Poissonian statistics of photon counts; horizontal error bars are
due to mechanical precision of mode selection.

SWs is bunched and resides in a single mode. The
theoretical prediction, detailed in the Supplemental
Material [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 implementing the given beam splitter network, and
finally adding the influence of dark counts at the detec-
tion stage.

A distinct quantum protocol is implemented by post-
selecting only w photon detection events in the wa mode
[Fig. 5(b)]. With this, we effectively implement a HBT
measurement of a single SW in mode ra without optical
beam splitting. The mode rb is modeled as containing a
) —

re.rdlwa
0.34 +0.01 < 1 clearly confirms the single excitation
character. As the modes are decoupled, we observe a single

photon statistic with g(z> = 0.67 £0.08 < 1 for the rc

re,relwa
mode and close to a single-mode thermal statistic with

gfi),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 7 = 0.1. The classical
analog of the HOM effect is observed [Fig. 5(d)] as we
vary the phase offset of the ACS grating 9 during a

thermal state p,,(77) with 7 =0.1. Value of ¢

measurement, effectively creating a mixed state at the
output. This corresponds to an interference of two
phase-averaged coherent states that yield an anticorrelated
2)

re,rd
observe g~ , = 0.53 +0.02 at AK, = 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 ¢ = 6.8 rad mm™".

This demonstration of HOM interference of SWs not
only exposes their bosonic nature, but paves the way
towards implementing complex quantum operations,
including more SW modes, that are the primitives of the
linear-optical quantum computation scheme [76]. The only
hitherto successful attempt at HOM interference of SWs
relied on two different magnetic sublevels coupled through
Raman transitions [77]. 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 wave
vectors. Our experiment could furthermore greatly benefit
from the deterministic SW generation protocol based on
Rydberg blockade [77] to improve our current heralded SW
pair generation rate. Furthermore, an ultrahigh optical
density or cavity-based design [42,78,79] could bring the
retrieval efficiency close to 90%. The combination of the
gradient echo memory [63,80] and the ACS modulation
could enable using SWs in the three-dimensional space,
with their K, component coupled with the photonic
temporal degree of freedom (pulses arriving at different
times) and transverse components of wave vectors paired
with photonic transverse coordinates.

With the proposed techniques, a multiplexed source of
heralded / photon can be realized [22,81] using a single
atomic ensemble. A camera detector can herald creation of
SWs in [ out of M modes with wave vectors (K, ..., K;).
Through adjustable ACS modulation, we then realize a
switch redirecting these [ populated modes into specific /
output modes, with the success probability given by the
incomplete regularized Beta function 7, (I, M — 1+ 1)’
with 7, . being the efficiencies for detection of r and w
photons. With M = I(1+3/v/1)/pn, the probability
approaches 7. and can dramatically beat the nonmulti-
plexed scenario, even with source operating at much higher
rates (see Supplemental Material [39] for specific rate
estimates).

The same idea can be used to design a multiplexed
quantum repeater following the proposals presented in [29—
31,45]. At the entanglement generation stage, we combine
the optical fields coming from two nodes at a beam splitter
and detect them with a camera. Detection of a w photon
with wave vector k,, projects the pair of ensembles (A and

B) into an entangled state l/ﬂ(S‘LK + S’E’K)|O>A|O>B, yet
the generation rate can be high since we can keep a low
probability to generate the state per mode, but achieve high

behavior g — 0.5 [9]. In the experiment, we indeed
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rate per any mode. In a similar manner as in the multiplexed
photon generation protocol, many states can be generated at
the same time. At the entanglement connection stage, the
entangled states are paired to form entangled qubits and
then ACS modulation matches the SW modes of two
ensembles being connected so entanglement can be estab-
lished between them via HOM interference of r photons.
Finally, 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
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 Supplemental
Material [39] for more details). More advanced error
correction codes for quantum repeaters have already been
proposed [19,32,82—-84], but require a multiqubit quantum
computer at each node. Such advanced quantum informa-
tion processing capability is hard to achieve in practice with
linear optics [76], but photons stored as Rydberg SWs for
which nonlinear interactions can be engineered [52,85,86]
could provide such capability when combined with our
linear-operations scheme.

Current parameters of the demonstrated device already
allow realization of original schemes, but can be improved
by better use of wave vector multiplexing facilitating faster
and nearly deterministic generation of single SWs and
prompt transit towards realization of the proposed proto-
cols. In conclusion, our fundamentally new scheme of SW
manipulation along with potential derivative protocols
lends itself to many applications in light technologies
and potentially allows exploration of nonlinear interactions
in the spatial domain.
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