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A photonic quantum information interface

5. Tanzilli', W, Tittel, M. Halder’, O. Alibart®, P, Baldi®, N. Gisin' & H. Zbinden'

Ouantum communication requires the transfer of quantum
states', or quantum hits of information | qubits), from one place
to another. From a fundamental perspective, this allows the
aistribation of entanglement and the demonstration of quantum
non-locality over significant distances™™, Within the context of
applications, quantum cryptography offers a provably secure way
o establish a confidential key between distant partmers”. Photons
represent the natural flying qubit carriers for quantum communi-
wation, and the presence ol telecommunications optical (ihres
makes the wavelengths of 1,3010nm amd 1,550nm particlarly
suitable for distribution over long distances. However, qubits
encoded into allaline atoms that shsorh and emit at wavelengths
araund S{Hinm have heen considered for the storage and proces-
singg of quantum information®”, Hence, future quantuen infor-
mation networks made of telecommumications channels and
alkaline memaories will require interfaces that enabbe qubde trans-

fers hetween these useful wavelengths, while preserving quantum
coherence and entanglensent™ "', Here we report a demonstration
of qubit transfer between photons of wavelength 1,310 mm and
Fionn The mechanism is a nonlinear up-comersion prooeds,
with a success prabability of greater than 5 per cent. [n the event of
a snceeasful qubit transfer, we abserve strong two-photon inter-
ferenice hetween the 710nm photon and a thind pheton at
1,550 fen, indteally entangled with the 1,310 mm photon, althoogh
ﬂlqlmﬂl]imc!lyiﬂzmledﬂl!mrﬂqﬂmdhlﬁfnklilrishiﬁl!r
Uhian 98 pe

‘|u|h:r[wm!|-:|r|c)d’qn;|n!um states; and entarglernent ase the funda-
mental resources nf caantum communicatiom and apaantum infor-
mation processing'. From an shstract paing of view, the nature of the
carrying particle is imelevant since only amplitudes and relative
phases are exploited o encode the elementary qubits, Historically,
experinents have proved many times that the Bscnating properties
of quantum correlations can he oheerved n"iﬂl pairs of photons',
trapped ions' ", trapped atoms' or cold gases™, However, the most
apprnpriate carrier and associated encoding obsenable depend o
the spevific task. Photons have been proved suitable to- transmit
quantun informstion, and atoms or ons i store'”and process'
i PJm[mxmmnglm)_n[uﬁm refivs.on polarization® '™, energy-
tirme?, or time-bin® coding. Depending on the quantam communi-
cation charmd, the wavdength of the photonic carrier is also
impartant. The wse of telecommunications waveengthes {1,310 and
1,550 mm)} s particulardy advantzgeous when emploving optical
fibres™, whale free space trmsmission = mosly based on shorter
wavdengehs™'

Future realizations of quantum networks, mnuinin;de'lrw'ntm?
quantum processors and memorics, connected by eommunication
chaninds, require quantum interfaces capahle of transferring, qubit
states from one type af carier to znother. This demands the
reversibile mapping between photons and atorms, which alsn indudes
thee maprping between photons of different wavdengths”, However, as
opposed o the reproduction of dassical information between
ifferent media, it is net possible w0 merdy measue the properties
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oif a given quantar systern.and replicate them acoordingy, as a result
of the no-cloming fheerem ™. Nevertheless, it is possible in resort toa
trarefer of the quantom information based on an interaction that
matintaing the enbenence properties of the initial quantum system.

In ths Letrer, we dermomstrate a divect quantum. inter
photonic gubits at different wavdengtles, As illusteated in Fig 1, an
arbitrary qubit carried by a flving teecommuncations. photen at
1,30 mm § Ay, ), initially entangled with a photon at 1550 mm (), is
colwerently trensferred b another photon 21 2 wavelength of T10nm
[y ) izsimg sum frequency generation | SFG) The final wavelength is
chree to that af alkaline atomic transitions

Iri the fallowing, we first present thie theoretical description of our
aquanturn irterface. We then recall how to eveate and characterize
maximally energy-time entangled photon pairs. The cobernt quan
tum information transter, taking advantage of an up-corversion
stage, i then introduced. Finally, we show how this aperation
preserves the initial entanglement by messuring the to-photon
interference hetween the 710 and 1,550 mm plotons, and thus we
demonstrate a universal qubit transfer,

Comsider thees systems labelled A (held by Alice], B and B (beld
by Bl T ooy cassee thsee syspems are moudes of the dectro-magnetic
fiehd i eiptical fibees, Tnitially, B is in the vacuwwm state denoted |0},
whiile & and B iy be-entangled, with Schmidr coefficients o, and ¢ 2

19, = e o oy S s 0 G230 MM [N]
The pairs ef erthogonal states | band |27 £ {1, 21, span Alice and
pace, respectively. Forexample, |o boould represent ane
ther the vertical (3 = 1) ar borizomtal (j = 2) polarsa-
L late, o, 2% i our case, one photon in the fird (j = 1) or second
(j =121 time-hin state. The desired state after a successful transfer
trom B to B reads:

[ Fhsnose = 1000 o B e+l a8 ) (2
Such a transfer is achicved by an interaction described by the effective
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Figure1| of per eoneapl. Firit, a phaion-
pair dmeres produces, by sponlus s pars etric dows-canversisn | SPDC),
ime entangled photons at wavebangths &, and ky that are sent e
| Binh, respoctively. Newi, the quhit transfer is performed at Bob's
locatian from photen by o photen Ay using sum frequency generatian
I8PG 1. The final entanglement hetween the newly created photon kg and
Alice's photon b, is ested wsing the Pransen configuratien'™ (see Pig. 25
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where g, and g, are coupling constants, The evolution an be
computed (assuming an interaction time of | unit):

e ¥, = cosilg e boe Dy 18 B4
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Mote that in the second terms in equations (4) and (5], the
coefficients ¢, are multiplied by g, This implies that the transfer
preservies probabiling amplitodes and quantum coberence if and onky
i the twe coupling constants aee egual, both in amplitode and pluse:
&= gy = g Inother wonds, the transfer can be achieved with perfect
fidelity provided this condition 15 satisfed. In such a case the
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Figure 2 | Experimental Frasson-type set-up used fer the creation and
analysis of energy-time entangled pales of phatons. Alice and Hob's
amabysers are squally unhalanerd Michelsnn interfernmeters made of
telecammaunications optical fibre and Faraday mar M1, The
comrespanding path lengeh diiferences are labelled as 41, and 3l
respectively, The source is compased of a CW laser [ Topiica Photonics
DL n isnlator (15015, & nonlinear periodically poled lihiun nishate
LFPLN) waveguide, o wavebengih division mulibpbecer (WM and suitahle
fibsre coupling benges. 10 alen includes & high-pass wavelength lilzes (HPE)
Dekind the eystal ts diseard the rensaining pussp photans, and kenses (L e
comple the crcated phatans inla & singe meode (5M) Sbre. The dwwn-
comeersinn quasi-phase matching is shiained with a specific pading peeiod 4
of 14, pm and ail 2 emperatars of K5° This 1-cm-long wavrguide feafures 3
down-conversion efficiency greater than 107, A Bab's lacation the
germanium avalanche photodiode (Ge-Al 2, [l is Rigquid nigrogen
coalded and passively quenchied, while the InGaAs-APD (3d Quantique id 200,
Dral it Alice's bacation is sperated in gaied mode. The AFD: shew quanum
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evolution smplifies i
i =conlebl B, e B 0

Consequently, the ransfer probahility is | for o] = &2,

Figure 1 presens our two-pliton source, 5. Tt comsists of 2 OW
pump laser diode with a coherence length £ exceeding 300 m,
attenuated down o a few micoowatis at A, =7116nm, and of
a quasi-phase-matchod pedodically poled lithium niobate wave-
guide™* [PPLN/WI1), The poling period is chosen so as to create
dimm-cormerted pairs of photors whose wavelengths are centred ar
1,312 arad 1555 nim, respectively. After separation at a fibire-optic
wavelength division muoltipheser (WD, the 1,555 and 1.312nm
plwtons are sent to Alice and Bob, respectively, using standard
telecommurscations eptical fibres,

The lomg coberence lergth of the purmg Loser implies that each
parmp photon has 2 very well defined enegy. Accordangly, the dovn-
enmwerarm process vields pairs of photoms that are energy comelated
as gowverned by energy conservation: each photon from a pair has an
uncertain energy, wncertain in the usaal quaNtum s, bt the sum
of the energics of the tuwo phatons friom a pair is very well defined. In
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detection elficiencies ol about L% and 14% and prababilities of dark counis
of areand 3 10 and 1077 per nennsecand, respectively. The sulpuls
Fraim these AFDs provide the start and siop signals for a time- en-digial
wcamverber [ TIMC ) that records a someidencs histogram (lefi 3
Function of the time difference between its two inputs. This picture is
wempazed of three different peaks, which arise frem different combinations
of photnn transmissions through their respective interferometer, eicher the
shari (53 or the beng (1) arma. The events where hoth phoions ke the same
13 af pand [0 are indidingaichabsle as described by aquation 7).
leading 1 photon-pair interdference. They can be discriminated imen the
wuther peihilitics | |yls g and s o) by means of & tinse- resnlved coincidence
detectinn. The eorresponding enincidencr comnt mate a8 8 fanction of the
cambined phase (6 + ¢ i 3 shown in the right insel. We b nusnidal
imierierence fringes with more than 97 % net visibdlivy. Moee finally that the
wariation of the combimed phase is obtaimed by changing the emperaiure in
Bob's interferameter
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addditsom, the won photons are also tme correlated, a6 they are
emitted simultaneously within their colwrence fime, Hovever, the
emissiom time of a pair is uncertain within the pump laser coherence.
Hemee the paired photons are entangled acoording to the Finstein
Podolsky-Rosen (EFR} parade™, energy and time veplacing the
historical position and momentum vanables, respoctivady. More
pracisely, the processes of platon-pair oreation at different times
separated by Ar are coherent as bong a5 Ar <2 £ e, The undertying,
auantum colwrence of the plwton pairs therefore comes. from . the
purnp Laser itsedf

I esveder toy weveal and charscterize the colwrence carried by thse
energy-time entanghed photon pairs we perform o Franson-type
experiment™ and infer the degree of entanglement from the
migred twe-ploton interference visibiline For this parpose the
two photons are sent o tao analysers, one on Alice's and the other om
Beb's side, that aonsist, i our case, of unbalanced Michelsen
interferameters made from standard decommunications, fhees,
fibwe-aptic beam-splitters, and Faraday mirvors' {Fig. 23, To prevent
single photem interference, the optical path lenggh di

eremce imeach
interfermmeter (A7, anad ALy, respectively) has to be much greater
than the colierence length of the single photons, £ == 150um,
dedhsced from the 15 nm spectral bandwidth of the dovn-eomvertad
light. Each singhe photon therefore has an aqual prebability of | to
exit gt ome of the curtputs of its anghyser, Morecver, to madmize two-
plhiton interference, these analysers have to be equally unbalanced,
Al = Al = AL, within the coherence length of the single photons,

Ao Fibre intmef,
1302w

g
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Al the same tme, bowever, since an entangled pair represents the
aquantumn object to be analysed, both AL values {20 cm in our case)
hawe t0 be much smaller than the colwrenee length of the pairwhich
is given by the |1|u|1=_1 laser (£, = 30m).

At the output of each interferometer, the single photons are
detected, Using a time-resobved coincidence detection between
Allice and Bob as depicted in Fig, 2, we can post-project the initial
energy-time ertangled state onto a lime-hin entangled state of the
form:

| Wi = l:qlla.\-‘r.)—t‘" Bt 05y 7
"/

where d, and gy are phases associated with the path Fengtl
differerce AL, and AL, of tse related interferometers. Thwe state
given by equation |7 mm*-_f.pnud.‘. tor the events whire the down-
comverted photons l\nd: travel threngl the same amms of the inter-
ferometers, that i, s,, 55 or 1, I}, these two posibilities beng
undstinguishable. Thus, varving the combined phase (6, + @)
observe sinusnidal interference fringes in the comadence rate with
net (acedental enmadences discarded) and raw vasibilites of
G070 = 1% and 874 = 1.1%, n&rhrril'dy [T l"i!, 2, Fecase
almast all accidental eoincidences are due to detector dark coumits,
the parity of the created state, and hence the performance of the
sewrce, should be chiaracterized by the net visibility, Az this figure of
merit is very close o the 100% predicted by quantum theory, we
comclude that our source provides a stake close tooa pure maximally
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Figure 3 | Experimental set-up for the ceberent transfer of quantum
estanglenent. Cn Bob' side, PFLN/WE pumped by o high-coherence OW
T W poser peservair a1 1,560 nas |liser RIGRA lross HP  EDFA fross
Kanpsysd, ensures the transfer of the qubit from 1,303 10 7124 nm via the
mp-sonwersinn precess. This socond 1-cm-long PELN wavegaide i of the
same kind as that used for the down-conversam, They were both fahricated
wsing the iechnique of sofi proion eschange™, and feature almnsi ide
phase-matching conditions. Butk 1,512 and 1560 nm wavelenpgths are nvived
at a second WM whose output pert i direcily buisceupled o the mpui
face of PPLNMWD withour any addisened aprics. Ar the supit of the
waveguide, the newly cocated phaions an 7134 o are coupled into & single

ne

mode Gbre and detected using a silican svalincee phaladiode | EGERG

: 1. The vaherence ol the transier i verilied hy measuring
photos-pair ialerlerence hetween the 7124 and 1,555
Fransnn configuration, The anakpsis an Bob's side utilizes an unhabainerd,
hulk-npic imlerferameler that is sligned with respect in Alce's, Although
the ceincidence rate is substantially reduced ewing vo a limited up-
conversien probability and Insses i the interferemeters, the analysis of the
coincidence events yields interference fringes with net and raw visbilities of
#6 and Bi%, respecimey. This confioms the previoushy sbialned result
wirhaut the quantuns ineeeface and demonsirates, in the most general way,
cuherenl transder of guaniam information hetween twa phoions

phistin in the
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enlangled state, in particular, suitable to violate the Bell mequal-
ities™, Mote that the missin the net visihility is most probabhy
due i the measurement technique rther than the state preparazion’.

Newr that we have charactenzed our entanglement resource, we
proceed to the suantum information transker, that is, the transfer of
the qubit camied by Toh's particle to anciher photon of shorter
wrvelength, To thisend, we replace the fibre-optic interferometer and
the germanium avalanche photodiode (Ge-APTY on Bobis side by
another nonlinear PPLN weveguide (PPLMNMW2L, a bulk-optic
Micheson interferometer, and a silicen avalanche photodiode
(5i-APD, D), e depicted in Fig 3 This second monlinsr crystal,
togethier with a pover reservnir (PR} comsisting of o OW enlserent
lager at hpp = 1,560 nm and an erbium-doped fibee amplifier
(EDFAY, serves as an up-corversion stage for the incoming
L3 2nm pledors produced by the previowsly deseribed source,
S As 2 reslt of this operation, which = the opposite proces 0
dowen-cormversion, plotons at 1,202 and 1,560 nm are annibilated
and phetons at 71 2.4nm are created on Bob's side. The coberence of
tleRdlmrh n'L'm“{mtlwﬁlawdlfﬁwmh'nmﬂrhcm'Fﬁc oTits
in the effoctive hamiltonian of equation (33 g, = £(r) and

22 = En) where £t} is portional to the PR clectric field at
tim ryard ¢, respectively. The quantity or, —o, 5 comesponds 1o
thee irnbalance of the interferometers, using the notation of eoquation
(70, The previous general cendition g, = ¢, of aquation (6) therefore
rranslakes, in the case at up-conversion, 48 & constraint on the PR's
coherence; OF fo = 1 — b Inoour experiment this condition is
defnitely sanshed a5 £ = Lk, which is clearly miuch greater
tluan thie 200m path lengely diference of Bob's analyser, Aconndingly,
e resulting photons ot by should become entangled with Alice
plaestions at by, althoogh they never directly interactad,

The PR delivers T00mW in a standard telecommunications file.
We measured, with clasacal fdds, an intenal up-cowversion effi-
ciency of B1% per watl of nserwr power 2t optimum phase-
rratching™ %, Mote that this value 1% underestimatied, a5 the boses
in the waveguide itsdlf are neglected. This up-comersion efficiency
decreases by a factor of 2 when changing the single photon waee
length by =1 nm. Takingashantage of the energyoomelation bebween
the photons of a pair, we reduced the bandwidth by Altering the
specirum of the photons at 1,555 nm tradling to Alice to 1.5nm
(BPF, ) and increased the poer of the source pump laser in order o
have & rezsonable photon-pair production rate in this handwidth,
Hencey the overall up-comversion prohability is only limited by the
available pump pesver and coupling losses between the waveguide
and simgle mode optical fibres ar input and output e, From this
classical comversion efficiency, taking into account the reservair
power, o realistic 4% coupling efficiency into the waveguide
ihath for the PR and the qubit to be transferred} and the ratio
betwen the mitial and final n:lemgdu s esitirmabe the pmhhll:l\'
ol a xl:uxmfu] quantum information tansfer o be: P
B L TW ) x O oo 505, Lot 115 mentiom that indi-
rect qubit transfer can also ‘\rar]umhi via teleportation®; lieever,
in comtrast to teleportation, quantum information transfer is
achieved with a ml$1 higher success prabability.

After the up-comversion stage, the 7I24nm photons enter the
temperature stabilized bulk-optic Michelson interferometer. At the
outpat port of this analyser they are coupled, for optimal mode
everlapy, into o dngle-mode fibre adaptad o visible Hght with a
corresponding coupling efficiency greater than &%, Then, these
phiotoms are sent to the 5i-APD (D), In order to aecid pollution of
e detector by the luge o oof PR plotns at 1,560 nm, about
50 107 plotons per ns, we use 2 bardpass filer centred at 712 m
(BPFy, A = 10 mm, preee than 30dB attenuation arewnd 1,550 am),
as depicted in Fag. 3 W also take advantage of the combmation of
poor coupling and guidanee of the 1,560 nm reservoir photons in the
wisible singhe mode fibre, and of the fact that S- APDS ane eisentially
nsensilive ab thas wavelength, Then, the electronic signal from this
APD triggers the detector of the 1,555 nm photons: that armve on
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Alsce's side {InGaAs-AFD previowsly introduced and operated in
gated mode), Finally, we record the coincidence events betwen these
tan detectors and measure the transfer fidelity.

Figure 5 shows the interference pattern of the coincidence events as.
a functiom of the combined plase (d, + &g} obtaned with our
timme-resedved coincide ection. W ohserve a sinnsoidal escil-
Latienn with net ard rav jes 0f 90,2 & 0.4% and S84 * 0.4%,
resipectively, representing a dear stgrature of the preserved coherence
during the quantum information ransfer. The net visibiline V., is
.|3.'||nwr}dm~mrllc 1 predicted by quantum theemy. Assuming
that the entire reduction of this visbility can be attributed 0 an
imperfect quanturm state transfer, we find o fidelity F of
948.5%, Note however that this estimation is very consenvative singe
e visibiliny oobserved befire travsfer (see Fig. 2} is lardy i

o that the quantum interface demonstrated in this Letter s not
Lirmated 1o the specific wavelengths dhosen, Indeed, suitable modafi-
cations of phase-matching comditions and pump winadengths enahle
tuning toarydesived wavelengths. In particuler, it allows mapping of
telecommumication platonic qubits onto qubits encoded at a wave-
length comrespomding to allaline atomic transitions. Tt is partioularhy
interesting to take advantage of periodically peled waveguiding
structures, 25 employed here. Fist, phase matching conditions can
easily be tuned over 2 hmad range by changing the gmting period.
Seernd, thse components yield very high up- and dovwm-comveraon
efficiencies™***. This permits the use af a madest reservoir power to
achieve o reasonable qubit transfer probability In the case of
applications requiring very namow photon bandwideles, for insance
when trarsferring quantarm information arte atoms”, bright dim-
ernerters make very narvow specteal filtering possible while main-
tamming high photon-pair creation 2t with reasnnable pomp
powers. In additton, the narmow Altering ersures optimal phase-
matching over the whole bandwidih of the photons to be up
comverted, hence maximizing this

In this werrk wa demonstrated, in the most gereral way, a direct
qquamiturm infromation interface betveen qubits carmied by phetons of
wiidedy different wanedengths, T this end, we verified that entargle-
ment rermaing unaffected, even though o of te o entangled
photors is submatted o 2 wavidength op-comversion process. Thas
interface may find applications in quantum netwnrls, where ma
ping af [I.T\R'”I“! |'||]I|1{ ifor M'nmplr qubits encoded onto |||E.:
communication phatons, and sationary atomic qubits featuring
resonance 4t much shorter wavelengths) is necessany:
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