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LETTERS

Electromagnetically induced transparency with
tunable single-photon pulses

M. D. Eisaman', A. André', F. Massou', M. Fleischhauer™™, A. S, Zibrow"** & M. D, Lukin'

Techniques to facilitate lled interactions single
photons and atoms are now being actively explored*”. These
techmiques are inportant for the practical realization of guantum
networks, in which multiple memory nodes that utilize atoms for
generation, m-q; atd processing of quantum stales are con-
nected by single-photon transmisson m optical fbres'?, One
promising avenne for the realization of quantum networks
hnﬂmdemlpuh:lm nfqnamu.mpu]m af Hght in optically
dense alomic using ically induced trans-
parency (ELT, ref 8, 9). EIT ix a coberent control technigue that is
widely wsed for controlling the propagation of dlassical, muli-
photan light pulses'™* in applications such as efficient nonlinear

ics”, Here we demonstrate the nse of EIT for the controllable
generution, transmission and storage of single photons with
tunable frequency, timing and bandwidth, We study the inter-
action of single photons produced in « “source’ ensemble of *Rb
AtoIns at roam temperature with anather ‘targer’ ensemble. This
allows ws 1o simultanecusly probe the spectral and quanium
statistical properties of narow-handwidth single-photon pulses,
revealing that their quantum mature is preserved under EIT
propagation and storege. We mensure the time delay assoctated
with the reduced group velocity of the single-photon pulses and
repart ohservations of their storage and retrieval.

Tl hasic idea of our experiments is illustrazed in Fig. 1o Single
phatons are m-[mrrd in am ersemble of room ternperature “Rh
atoeres (called the ‘source ensemble') by fist creating a sngle spin
excitation via Raman scattering comibined with single- photon detec
tivm, and later converting this atomic excitation “on demand” into o
single ploton propagating in an optical fikee** ™™, Snccessful
preparation of the single-plwiton pulse is conditional on detecting
asingle Raman-scattered photon ™, The single photems are directed
vid an optical fibire 1o 2 seconad atomic ersemble {target engemble’),
whwee their comtrollod imteraction with colwerently driven atoms =
studiod by connbining FIT-hased high-resolution spectrosoopy and
|)]mLex|L-|:nulml:§| e menls,

We begin by describing our source of namrow-bandwidth,
frequency-tunzble sngle photons with properties matching those
of narroe atomic resonances'™ 7 Ag illutrated inFig. 1a, the souscee
ensemble is. initially prepared in the ground state [gh Atomic spin
excitations o the staie |5 are prod via spontanecus Kaman
scattering, induced by a laser beam referred o as the write laser, In
this proess, comelated pairs of fraquency-shifted photons (so-called
Stokes photons) and flipped atomic spins are created (corresponding
te atrumic Raman transitions into e state |53, Energy and momen-
tumn comservation ensure that by detecting a Stokes photon emitted in
a particular divection, the atemic ensemble is prepared in state with
enactly o flipped spin gquantum in a well-defined spin-wave mode.
Umimmudupmdﬂu‘nngumgh:.tdw.plﬂmxﬂuwuu]mngh
spin-wave quantum is coherently eomverted mio a single-photon

g

anti-Stokes pulse by applving, a sseond nearresonant laser beam
{retrieve laser) after a controllable delay time', The direction,
handwidth, and central frequency of the single-plotom anti-Stokes
pulse s detenmined by the divection, intensity and fraquency of the
retrieve lawer', Specifically, the retrieve laser comtrols the e of
retrieval and propagation of the anti-Stekes palse, ey contral -
ling its duration, and corsequently its bandwidth The central
fn.x]u.\:ncp af the single-photon pulse d.:ﬁ\.m fremm the frequency of
the retrieve laser by a fxed amount given by the |gi-ls) atome
transation frequency. We study the photom-nmber fuctimtions m
the Stokes and the anti-Stokes pulse: wiang 2 Hanbary- Brown- Tiss-
type setup, which allows us to measure norms correlation
functions g™(xp) =4z i 3 KA where B, denotes the
photon-number aperator for Beld i, and = denotes operator normal
ordering™*,

T spuantify the propertics of the single-photon source, the target
eiscinhle was first removed from the beam path, Figure 2 slones 2
mieasirement of the photon-number uctoations of the ant-Stokes
fieded conditinmed on detecting a single Stokes photon, as 2 function of
the detection probability pr. in the Stebes charme. [Here pois the
Rarman excitation probabiling, and g, s the overall Stokes charnmed
transmission] The function g™ ASlln, = 1) (where n; is the
number af detected Stoke: phiotons; see Fig, 2) reprosents 2 measure
af the photon-number Thctutions m the anti-Sokes pulses. An
ideal {mslr photon source has no photon-number flucrua
tinns (ASln: = 1 =0% for classical coberent states
mS"n_‘ =1)= I Tn Fig. L ps is varied by changing p via the
write liser intensity. As pbecomes moch smaller than aniry, we
obserse substantial suppression af the conditional intensity fluctu-
ations in the anti-Stokes pulses (g7 =005 = 0.2 for pg o = 0.06-and
0 = 0270 compared to the classical limit of unity. Tepical cormer-
siom efficiencies of aomic excitations into anti-Stokes ploting s
A-15% These obeervations ane in good sgrecment with a simple
theoretical modd™ thar corgiders realistic losses and background
photons, The presence of los on the Stakes dhanned means that
detection of 2 angle Stokes photon cn result i more than one
atormac excitation. Upon retrieval, this results in the undesred
emissaon of more than ome anti-Sokes photon., Been m the presace
of |rss, one can obtain almnst |m'ﬁ~ﬂ preparation of an atomic state
with a 5-|I1!J|’.‘ excifation by ensuring that the Raman exdtation
prohahility p is much less than one. In this case, the probability of
emitting two photons is suppressed by p <2 1. This condition is
satistied when pyy < ga, in agreement with the experimental
ohservations in Fg, 2,

W net consider the interaction of these non-dassical anti-Stokes
pralses with the optically dense target ensermble (Fig. 1), Uswally sach
a mediam simply absorbes the incoming light, reducing its intensity
and destroying its quantum state. To restore tramparency amwd
contred the light propagation, BIT i used. The esence of EIT,

Senlbgonian Carder for Aode oaby sics ©ambedge, Wassachsselis 07133, U5 "Fackbensich Frpsi, Techuiscre Unee siji
P K. Labmcar Ialiluie ol Phpcics, Weeacow, ST924, Rualn
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illzstrated cn the right-hand side of Fig. 1o, & 2 strong coupling of an
incident light pulse [anti-Stokes field in Fig, 1a) toa long-lned |g)-|5
atomic colerence {spin wael, mediated by a coberent laser {"ETT
contrel’ laser), This control laser comverts the incoming light pulse
into & so-called “dark’ spin state, thereby dliminating dissipative
aheorption and substantizlly reducing its group velocity™. Note
that FIT is effective only within a mamow range of frequencies
amsnciated with the spectral mansparency window, which ocours
wlen the frequency difference between the iscident pulse and the
contrel laser matches the frequency of the spin coberence.

The main idez behind our experimental implementation i wo
match the bandwidih and the central frequency ol our single-photon
source 1o the EIT tamsparency resonance of the target ensemble by
Luning, n_q:ur!m.lj- the retrieve and the comtrol laser intensities and
fraquencies”. The relative detuning hetoeen the retrieve and FIT
contred lasers s carefully rnm'rnll:ﬁ Wiz acousto-optic modlators.
Figure 3a shows the conditional prohability of detecting an anti
Stokes photon transmitted  through the  target  ensemble,
(Al = 13, 35 a function of the teo-photon detuning & (the
differensce between the anti-StokeBIT controd laser frequency
difference, and the |g3-]<) transition frequency). Tlee clear resnnaence
atructure displavs maximam trammission for & =00 An this
paint, the central frequency of the sngle photons coincides witl
the FIT resomance window, resulting in a three-fold inorese in
Lrarsmiss rich comesponds o (0% ransmusgon of the mi-

dent pulse. The observed conditional probabilites can be used 0
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quantaly the correlations between the Stokes and anti-Stokes
]!hmnn numhers using the normalized correlation function

R =g {5, A5)'ig'"i5, 5} g (A8 AS). Classical fields st obey
the Caudy- &hmltximﬂ]luﬁryi?i I: B = | indicates nom-classical
comelations™, For the data at § =1, & = 185 = 0,12, including all
harckegrommad and dark counts; as & is tuned away from zero in either
direction, R approaches the dassical limit of unity,

Figure 3 shows the mormalized photon-number fluctuations for
the trarmmitted anti-Stokes field conditioned wpon detection of
| Stokes plaodon, g0 (AS]ag = 1), versus & We chserve that

2" A%, = 1] retains is non-classical character upon trans-

‘miissgion through the target ensemble nllly when near the centre of

the FIT transparency window. The minmuem measured value of
Al = 1), oecwrring 2t 5=0 {050 = 0.14), is essentially
equal tn the value measured by removing the targes ensermble from
the beam path (051 = 015 for the displayed st of dam). It is
|rnpn'ru11t TB<'IT|L||I.1F|I'A‘ that the maximum of (R AS|ln. = 11 and
the mininum g (AS]n; = 1) botly occar an & =10, Az A is mned
away from zer in cther direction, ()(AShs = 1) decresses while

@ ASlR s = 1) appresches the classical limit of unity, indicating

thiat the rom-classical narure of the anti- Stekes puls: i preserved only
within the FIT transparency window™. The dassical limit is alse
abservad when the FIT controd field is tamed off. Likewise, g'*(A5)
oibitained withiout conditioning exhibits po structure as a function of
f and agaan yiekds the dassical lomit of unity, Frally, we note that the
photon-comrdation data desplay 2 noe-enbanament feature on the

Tasgpat atcin.
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Figure 1 wlruldurland nﬂ-up. a, Twa cascishle af ©Rh
apoms are wsal, the "source’ and Tager’ enseashl e, Invrn mnp,arm dicld,
the atongs con be piemneed 45 a um:u-l..-duum.,m = |5? ‘i|.--J-' =13
st = 5% g0 Fo= 2 and let correspamils tn 153y F o= 1) and 5P 0

o the retrieve Baser nuple ro: vy the
|gi-le} and lsi-le transition af the source atoms: the EIT control laser
couphes the ld-le; iransition of the targel atems, b, The write and retrieve
Rasers counter-prapagate’” inside the magnetically shiclded source ensemble,
and ihe EIT conerol laser and anil-Stekes fichd oo propageie inslde the
snagmetically shickdal targel cnscmble. The write and retrieve lasers bave a
dismeier ol | man ansd 3 sam respectively al the centee of the sourie

* il call 2 (L

ensesable The seghe sparial mode detised by the detectios fhres and aplic
has & dianseter of 200w an the conire of the source snsemble, The cwdan is
used ba reflect the friction of the wrile laser ol fillered by the palirizing
heamasplitiers, amd the by <elll is usand o absarh the fra of the
retrivvel EIT contral sser ant filterad by the pelarizing beamsplitters; (his
requires o retrieve and FIT camtral kaser devuning of - 00 W Hz The source
and tanget ensembles are 4 3-cm-Jong issiopically pure " BB vapour cclls
with 7 tarr and B tore respectively of neon baffer gas PBS, polarizing
heamsplisier; SMF, shaghe-muods fibre; FAL polarizatien malniaining: BS,
beassaplitter; and 51, 82 jor AS1, AS2} for ivaasche phatedctocton (APDG)
fmr the Scokes (or anti-Stokes | channel,
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high-frequency side of the FIT resonance,

These observations ceardy demomstrate that FIT transmission
preserves the non-classical statistics of the anti-Stokes pulses. The
narrmw resenances observed in transmission and photon-anmelation
data set an upper bound to the handwidth {of order MHz) of the
single-phorton palses generated in our experiments. To analyse these
ohservations, we comsider a theoretical moded that desoribes the
propagation of single photars of finite bandwidth and purity (dhat is,

4 fimite | ry of two-photon events) in an optically derse,
m|||.r1:|1ﬂ}' driven medinm of three-leve ators, Iduded i this
modd 5 Doppler broadening, realistic detunings {resulling m an
asyrmmelnc spectrum), finte decay of the |g-s) enberence, and
spectrally broad nose associated wath two-photon svents. Ax shown
in Fag, 3, the theoretical predictions are m good agreement with
experimental ohservations. Note that this analysis shows that the
spectral properties. of single-photon and two-photon events in
conditionally pererated pulses differ. These effects, which iwolve
the interplay between spectral and quantum-statistical properties,
varvant further imvestigation,

Uineintriguing application of EIT irvolues the controllable delay of
aptical pulses by shinving their geoup vwelociog™ " and stoppang their
propagation'™ 4 Figure 4 presents an experimental realization of
such controllable delay and storage for single-photon pulses. For
theese peasunements, the &mgln.\phntm: ariti-atekes pulse were
tuned 1o the centre of the EIT transmission window (8 = 0; the
retricve laser was tumed on for approstmatey 150ns, generating
anti-Stokes pulses of correponding duration. Time-resalved
measurements shown in Fig, 42 reveal substantial delay, relative in
free-space propagation, of the conditionally g'm'r.m:r;m‘ﬁ Senkes
pulses upon transmission through the FIT medium. As shown in
Fig. 4b, we oheerve delays up to 450 in our 4.5-cm-long ensemble,
correspanding to single photon velocitics of sbour 107 ks '
(005 tirnes the speed of ight in vacuaml, Tn Fig. 4a, the ohaerved
delay of s corrsponds toa substantial fractional delay of aboat
F0ite when compared to the 140me full-width at Dalf-masd moam of the
referenie pulse

Figure 4¢ dermomnstraes that a fraction of the coming sisgle-
photon pulses can be stored by dynamically reducing the single-
phaton growp velocity o zera. This i accomplished by tuming off

Qe 004 [ a1e)
Stokms dalaction probisbiity, gy,

Figura Z | O af gle-pl gunarakion, Anti-
Siokes Huctmatioms, condilioned on detection af x single Stokes phodon,
are ch.lruherimd the correlation fumction g/ ASng = 1=

f . where (i @iy b is the numbser aperator far
dﬂn.mrL .u.u h.rHH 1. The darted Bine represents the classical it
af g™ A8l s = 11 = I Measuremenis are shanen for thres values of the
Slokes dhanmsel traasm &= D0R [red rangles), pg = 014 (blae
Adiamoads)and g = .27 {green squares). Salid lines represent a theareticad
model " fue g gedquad te 008, 014 aid 0.27 respectively. Far this data, s
amsembde temyperature - 26°C (estimated aplical depth - 4), Anti-Siokes
<hanmsl Eramsmisgon s 1%, Experinvendal repetition raie is T2 kHz
Statistical error hars represent averages of ~ SO0 anti-Snkes detection
evends, carrespomding to telal averaging times of ~ 1 howr per poind. Errer
hars, *1s.d
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the EIT contrml laser as the anti-Stokes pulse propagates in the target
ensernhle, The stored fraction s released when the contmol laser is
tumed hack on'**. Figure 4d shows the conditional storage and
vetrieval prohability as 2 function of storage time, Storage and
retrieval of up tn 108 of the incoming pulse was obeerved at short
storage times; retrieved palses were observed for times up to a few
microseconids, limited by atormic diffusion in the target ensemble.
Frer with these limited efficiencis, the retrieved pulses preserve
somie mon-Classical features after comsiderable storage intervals
For example, for a storage time of 0.5ps, we deduce
B= 106 2 001 = 1 The sormge and retrieval efficiency could be
amprwved by, for example, meresang the optical depth or utilizing an
optical cavity with modest finesse™. The storage times could be
comsiderably extended by reducng the effect of atomac diffuson,
cither by expanding, the detection-miode diameter, working with
ultra-cold atome in dipole traps or aptical lattices, or using 2 doped
solid", A factor of fen incresse in the detectinn-mode diameter
should extend storage times to a fraction of 2 millisecond .

These gesults demmonstrate that FIT represents & very effective
technique for generation ad comtrolled propagation of narmows-
bandwideh sirgle-photon lght pulses in optically dense atomic

[
= a
5
£F 5o
%E
]
5 w0
-
gﬂ: anfy
i) I
= o
%

Twa-phatnn dstuning A

Figure 3 | Observation of single-photon EIT. a, Conditanal probabiliny
(per 300 sl of detecting an anid-Stokes photen ransmitied through the
gt caseble, (wAS]lng = 1), versas the EIT two- phalan delanisg 5.
Ruckground |detecting prahability with weite buer ofl) bas been subtracial
for tramsmission daia im Figs 32 and 4. For imcident pulses,
(mIAS g = 1) = 040 b, Secamd-nrder corrlation functinn of the anti-
Senkes feld conditionnd an delecting nne Stakes phaton, ¢/ 2% 45llm g = 15
as o Fanction of §. Dashed line and error bar represent measwred value with
arget emsemble presemi. For the daia shewn, i s varied by varying the
EIT control frequency. For these coperinsents, pgg = 0008, 55 = 125 and
the iseurce, target) ensemble emperaiure = (2670, 30°C) Overall
prabability per tridd e detect anti-Stoke photans & 6 % 10 foe bacdent
Cearget cell ghsent) phatoas and 3 % 10 ° for vassenicted (aeges <ol
prosent, i = ] phol Statistical error bars repressnt averages of ~ |
mnillinn andti-Siakes detectinn events, carresponding (s tntal averaging tinves
af =2 howrs per paint. The eolid Bine resulis frem the theoretical moded
describeed imothe text; the paramseter vabues uwsed in the model {retrieve laser
Rahl frequency = 35 MHz, reirieve laser detuning = 400 MHz, ant) Sinkes
Background = 0.00% phatens per pulse. optical depth = 2.5, sghe-phatan
bandwidth = 0.7 MHz, |gh-l) coherence decay = 0.02 MHz2), are simiar 1n
euperigacalal conditions. Error bars, =1 ad.
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Figure 4 | Time-resolved measarements of singhe-photon palse delay and
skorage. a, Conditienal probability (per 30 as) of desocting an anti-Sikes
rhotan transmitied thmwupgh the tangel ensemblie. Target emsenshle absent
{hdaik triangles]; target ensemble present a 34.6°C thlue diamemnids) and
AT (red diamondsl. Thelayed pulse ai (34670, 47 °Ch is scaled by
1034, 2,04k Salid lines represent thearctical caloulatisns fer EIT
propagation in & Dappler-broadened medium. b, Didlay, rdlative 1o free
spce propagatlon. of soglephoton antl-Siokes pubses, is a funciian of
targel-casenthle emperaiuee. Solid lise & s tharretical predicion lor an EIT
cantral fheld Rahi frequency of 35 MHL £, Slomge sad retricval of a siogle-
pheton snti-Sakes palse. EIT comtrol is tarned off 100 ns after the reirieval

ensemiblen., Applications of quantareoptical procesas imaolving
simultanenus control ever temporal, spectral, and quantum-
atatistical propertics of singhe photons are pessible’ =25, For
example, by storing polamzaton-encoded qubits either ina pair of
atormac ensemhles™, or ina pair of different Zeernan sublevels™, this
techmique can be used for explorin quanturm:- information comeepis
such as quantum networks' .mrF repeaters’. At the same time,
colerent nonlinear-optical interactions at the single-photon leed
Thave been proposad by combining these tednigques with resonantly
enbianced atomic novlinearities™,
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