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Yiolation of Bell’s Inequality under Strict Einstein Locality Conditions

Gregor Weihs, Thomas Jennewein, Christoph Simen, Harald Weinlerer, and Anton Zeilinger

fnsring Fir Bxparimenraiphysik, Universing fnnzbrack, TechrikerstraBe 25, A-6020 Drnsbrack, Awsina
(Recwived & August 1998)

Wa pheerve prang vinlacian of Bell’s ineguabity in sn Fingrein-Padolsky-Rosen-type cxperiment with
independent observers. Our experimenl definidely implemenis the wdens behind the well-koowa work
by Aspect ef af We Tor the fiest e fully enloros e condition of kealily, a central assumpion in
the dezivation of Bell’s b The necessary spacelike separation of (e observations s schieved
by sufficient phyzical disonce bevwcen the mensurement stations, by ulimfas and random sesting of (he

nnnl_".':.'nr':_ nrd 'I'::.' r'nrn[1||:-.1r'.'|:,' inu"lr'pr:rulnnr dnta mgiglmlinn_

FACE numbers; 02.65.Be

The stromper-thon-classical comelntions hboiween en-
iangled guanium sysiems, as first discovered by Ein
stein, Podolsky, and Rosen (EPR) in 1935 [1], have
gwer sines occupicd a contrel position in o the discossions
of the pundatons of guantem mechanics.  Aler Bell's
discovery [2] that EFR’s implication to explain the corme-
laitons wsing hidden poromeiers would contredict the pre-
diwiuae ol guantum physics, o number of experimental
1ests havve been porformed [3=5]. All recent cxperiments
conlirm the predictons of guanium mechenics. Yet, from
A sinetdy opocal pomnt ol view, ey dua’l succeed inorel-
ing out a local realistic cxplanation complelzly, bocavse of
vwin cssentiel Inopholes. The frst Inophole bailds on the
Toct ihat il experimenis so far dedect only a small sobse
of all paics created [6]. I is therefore necessary (oo as-
sume that the poirs rerisiered ase a fair semple of all pairs
emiticd.  In. principie this could be wrong and once the
apparates is sufficiently refned the experimental observas-
tions will coneadict quantum mechanics.  Yer we agree
with Bell [T] that =, ., ir &5 fard for me e bealieve thar
grartin wechanics works so nicely for fnefficient pracii-
cal see-ups and 05 ver poing o fadl bealv wiken sufficienr
refiromenis arg made. O morg impartance, IRy apin-
fear, 5 the covnplete abrence of the vite! foe facror i
cxisiing experimens, The anaiviers are nov ronaied due-
i ehe fight of vhe parncles.”

This is the sccond loophole which so far has only been
ercouniered 10 an experiment by Aspect o gl [47 whore

QAT 9007 /898 A810230 /50305151 5.00

(SO0 1 00 H9E)0TH01 0]

thi: directions of poladzation analysis were swilched after
the photans el the source.  Aspect & al, hewever, e
perodic smuswidal swilching, which iz prediorable ino
the funrre,  Thus communication shower than the speed
of light, or even ol the spesd of Tipht [R], eould
prncipie explion the resulls obiained.  Therefore this
zecand loophole is «ill open.

The sssumpiion of locality in the derivation of Bel's
theorem requires Lhal the individual measorement pro-
coascs of the rwa obacrvers arc spacelike separated
(Fig. 13, W defing zn individual messuremen: to last
from the Arst poand i me winch can inlluence the choice
of the analyzer sening uniil the final registration of the
photon,  Such an individual measurement then has ta he
g0 guick hal il is smpossibie for any information aboet i
1o rravel via any {(possibly unknown) channel o the othe
obzerver before he, in wrm, fnishes his mezsurement [9].
Selecton of &nanalyzer direction has w be completely n-
prediciable, which necessitacs a physical random pumber
penammior, A pseudo-random-number gensrntor cannat he
used, since ils state al any tine ix predetermined. Further-
more, e achicve complete independance of both obsery.
ers, one should avold any common conext as would he
conventional registration of coincidences as in all previous
crpcriments [50) Rather the individoal events showakd
be regisiercd on boh sides independently and compared
only after the measwements e hmshed,  This reguires
independenr ard highly aceerme tims bases on both sides.,

& 1998 The Amencan Physical Snciery THEL
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Experimental quantum

teleportation

| Dik Bouwmeester, lian-Wei Pan, Klaus Mattie, Manfrad El‘mr.r Harald Weinfurter & Anion Zeilinger

Trrsnizur flr E:'Pl'.l-.'mI\.Irllll_u.l.l_rl.“.. Lrmvwraniie Fromtreank, Tockosthosare,

3% G0N Fawalrwck, Austria

Guantum teleportation=the transmission and reconstruction over arbitrary distances of the state of 3 quantum

| system=Is demonstraled experimentatly, During tetepertation, aninitial photen which carries the polarization that is te
be transterred and woe of & pair of entangled photons are suhjsated ta & measurement such that the secend photon of
the crtanoled pair acguires the polarizative of e inital photon. This latter phatan enn Ba arbitrarily far away frem the
initial ane. Quantum teleporsation will be a critical imoredient for gieantum computation netwoerks.

The dream of :n:l-.u-:-r:.n:-::-n i wo be ably to e by osangds
r::-'|p|_'|*'-,1r|r'_; an soeme distand location. An l.lLljl.'l.l. o by tedeperted
czn hi fully charsererlzed by e properues. which in dassical physics
cam b determined hy measurement. To naaloe a copy ef thar abies at
adistant neation ane s not aeed the azigingl por and pieges
alb ihiat is sweeded is bosend the scanned infarmation sothat it can be
wsed Jor reconstructing the ohyeet, Buf head precisely ean this ben
true copy ol the origina®? What if these parts and preces are
clectrens, atams and molecules? What bappeis 1ot wlivicluatl
guamsum progeries, whish acwondiog 1o e Hesenbeng's ancess
tainty principle cannor be mensurad with arbiriry precison?

Feprett of of" kave sugpestod thar i je possible woranefer the
qrianturn slals aof 2 |:-.|.r|!|-'.’JL aato another particle —the process of
gt L por bt == prawided ane doed At pcl any informa-
tron sbout the stale i the sourse af this trasfarmntinn. This
respunrenent san be Felfilled by using entanglement, the essential
featwre of guanim mechanes’. 1 desspbes corelanons bebeeen
quantiern svarems much stronger than any clasical correlanzo
coald G

Th LR sibili 143 l.'lrlr"II'IE-fLFrl"IE quaniam information s one of U
S it 0f the omie r"||'|" field |:-I'-:||.|.|'.1.l.|"|'| camirnenicatism and
quantim compa ratian’. 1.I|:|u|.||=.'1 there §s fast progres |r| the
thewretcal descrd |" anin nf fuanbm informatian prociagang ths
Jilficuliis in handling quanturm sestems have aar rl-!:-'.-.'mi an
-_'L'||_;| acdvance fm e L Y iie] mental relizarieen of che I'||".1-':1'::lr"-:I.'i_'|!'i.
terides the promising developiments of guantum Lo aphie®
fthe frm pr\-:n-:lhh' sroure Wy Lo sonal poupet igasages), we have
anly resemily secooeded in denensiring the posibilivg o
rin ddemiae conding’, a way 10 qmnu i mechanically L'rh.'lnl.'l. data
COFINE S50, Ih-: rrain reazon for this slw experimental progress
w that, slthonsh there exist methods 1o preduce paies of entanghed
pl'.r_.h'. '.;:' enfangi Termend hashiee .|."'|'|.I'1|‘I""I||  Fivr mlomis ainly very
owently” arnd i1 has pot Boen possibale thux For o prodoe cotanpied
granes o mase thar e guatia

Flere we repast the firs cxperinental verabston wl gt

EI:'ILI."'L'T':I'I'.im"'l. ]"..' Fln||_|l_|l_i|:; j:u:” ul l.'||l.||u.g'.:,-.i |"\-|...-:l\.|.'|i by the
pracess of paramerric down-corvenszen sl using gl
wetesfemmtry Bar amalysing entanglement., we awkl transier 2
quuanbizm praperty (i oue e the polarizmien sl Fomooee
vt beer The s theds -.h".-'r|-:|;'q.'-.| fier l|'.i:~-.'.'n.|*-\.'|'il!'|l.':'|'. wilk
imaparrbamer bath far exploring she Fehd of quantom
vad fesr lumniee experiae ats an he Samababioms of

:_|||| 1=
|,'|,: af
COMTIILEEL 2 i
sjuanturm mech

o] I

MLs.

The prob.em
T rakie the problem af rransferring quan
sifpose Tl Alice Bas sonte partile i s cermadn quanneen snae [y

1 Ardarr i s,

ard she wants Dok, 2t 2 distant location, o have a particle in tha
state. There 15 cestaanly the passibility of sending Rob the perticle
dizectly. Dut suppese thet the commoreatian channcl between
Alice und Bob s nasd :g_ﬂ.ld l.'ill.'ll.l::',l'l o peeservee the necessary
guartum colwease o seppose that this would take 100 mich
time, which could ezsily be the case D9} 5 the state of 3 mose
enmplicated or mastive object. Then. what stravegy can Alice and
Bab prissue?

as mentinned above, no mesurement that Alice can perfens
on Id will be sufficient far Babs to reenrstruct the stare becawse the
state of a quantum system cannat be fully determined by measure
ments. Duanium sysbens aie s svasive becanse they can be ina
superposition of prveral gales at the sanwe Doee. A peessursment 00
the quanium sysiem will forei il imio only ene of these states—thi
i aftei referred o as che projecson posiulate. We con dllustrate this
irportant quantom fearuee by cRing a gingie phivian, which can be
karantalily of vertally polorized, indicaved by the staves T==)and 1[5
It can even he polarized in the general superpaesition of these veo
stabes

{n

where oo and B oo two comiples numbers satishing jof® 4+ B =1
To place this exnmple in 2 more generad seliing we can iepbae the
skabes f—=) anel 173 im equatian (20 By 160 and 11 which reler 1o the
states of any twe-state quantum system, Supespositions of 10} and
11} are called qubits to signify the acw possibilities intraduced by
quanium physds inla infarmarian wirnce”

[T a pliionn i state [} passes throwgh o palasizing beamaplic-
ler=—=n elevice il rellects Transn |"|.| hurerix mta ||'|-' I:'n""rl‘il."||"'.']
|_*-;'|.,Lr|,.l_|:|:| phutons—it will be found in the o hecred (lransaniined)
heom with pr\-c||.1.||.1|.| 'y fol? fl a1t & Tl the [ weral stabe Tk has
heen pregecred eithier one D=3 or enio 113 by the acion of te
meamirement. We sanchude thac the rules of guantum mechanics, ia
particular the prajeaien posulare, make is impessibie for Alice w
P_.I":-': i A merurement on Ld) by whiel ke waald abicnin all the
inforrmation pedosary 58 reoansl et thie slnke

6y = orl—)+ A 1

Tha concepl of guantue lelepartation

Alihirugh thy pragection lu-,l.ul.n'-\.' in gpuiantun mechanics secms 1o
biring .'|_I|-:\-. S ALLEIREE L |.'lh.l'|' e Bol with the state Db e a ball, i
wits n..|.|!-.-:| I Benneer e il thar precisely this projeciion posiulae
erabbed tedeprtation of [ frem Alice e Beb, Ilurjl'.l_.' releporiasian
Alice will destroy the guannem stare ot hand whils Bob recetves the |
guamiue smate, stk aeither Alice aor Beh abrsinieg bnfasmasian
shsrgin-1Fio slade |||!.:| A key vl gy Pl r|'||'5'||'|r':|' A scheme iz F"!u'.}'.'d
| an ._'l::.ll'_.:|| 1 .||||'i'|.:|:. e il !'Il'l.'lil:ll.'.'a whiich will be EI’.Ih:-J":"
sharvd by Aldece armd Besls
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Quantum Cryplography with Entangled Photons

Thomas ]:nmﬂﬁll Christoph Simun,t Crraspor 1I.’l."l:i]l:-;,] Harald Weinfurter,” and Anton I-:ilmge:'

Vnstitue fiir Experimensalphysik, Universitdi Wien, Boltonenngaise 5, A-1090 Wien, Austria
A Seieripn Fhysik, Universtidi Mincihen, Sciellingstrasse 4/01 DROT99 Mgnchen, Germany
{Received 24 September 1999

By realizing a guanium crypiography system based on polarization entangled photon pairs we establish
highly secune keys, because a single photon sowrce is approxtmated and the inherent rendomness of
quantum measurements is exploled. We implement a navel key distibution schemwe using Wigoer's
inequallry 1o west the security of the yuaniun chanvel, and, alternatively, realize a varant of the BIY4
protocol. Our system has two comgletely independent wsers separated by 360 m, and gencrates raw keys
at ratee of A00-E00 bils/s with bit error rates around 3%

BACE mumbers: 0307 Ld, €279 5z, 85.50.+h

FIG. 3 (color). The 49984 bit large keys generated by the
BB&4 scheme are used to sccurely transmut an mmage [23] (a)
of the “Venus von Willendorf™ [24] effigy. Alice encrypts the
image via bitwise XOR operation with her key and transmits the
encrypted 1image (b) to Bob via the computer network. Bob de-
crypts the image with his key, resulting in (¢) which shows only
a few errors due to the remaining bit errors in the keys.
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“Where a calculator on the Eniac is equipped with 18000 vacuum
tubes and weighs 30 tons, computers in the future may have only
1000 tubes and weigh only 1 1/2 tons”

Popular Mechanics, March 1949



