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A New Type ofEPR Experiment 

Using Light Quanta 

Produced hy A Nonlinear Optical Process 

Y. H. Shih and C. 0 Alley 
(Depart皿ent of Physi田 and Astronomy University oÏ Maryland, College Park, MD 20742) 

Abstract 

A pair of correlated light qua时a of 532 nm wa veleng如h wi由他.e same línea:r 

polariz的ion b时 diverge时 rure的ions oÎ propaga忐ion was prodnced by non-linear 0阱ical

parametrlc down cOnversion in a cry时al of deuterated po恤ssinm di-hydrogen phosphate 

from a 100 ps dura古ion laser pulse of 266 nm wa veleng讪. Each líght qua时U皿 was

conve时ed 古o a circular polar iz的ion 曲的e or a linear polariz的ion 的础。 (or他ogonal)

and was re组e的。d by a turning 皿irror to superpose wi由由。的her a七 a beam spli拙。r 北o

produce a 如wo-qnan如nm supel'poSi缸on 时的e. For coinciden书 de怡。古ion of 古he 也wo ligh也

quan-ba a书 separa书。dd时ec书or8， correla也ions of 如he Ein肘。in-Podolsky-Rosen 七ype for 如he

polarlza巾ions ha ve been 0 bserved as predi的ed by onr analysis. In preliminary run8 

wi也h limi加db的a we ha ve measnred a v.iol时jon of Bell' s ineq uali书y by 七hree 的andard

devi时ions. We are planning 扣 ex扣nd our experi皿en相古o include a truly random 

delayed choice b的ween 也wo analyser se的ings 的 each de恒的or wh丘。 main协ining a.

:spacelike separa tion be七ween 七he de也eo古o1'S.

S 1. Introduction 

Eins扣。in， Podosky and Rosen in 古heir 1935 pa per[lJ proposed a gedanken 

.expe出nent 古o argue 由时 quantum mechanios is inoompl的。. The EPR geda且ken

exper江nen古 was based on 古he a1'gume时拙的北he non-oomm时ing 0 bserva bles oan ha ve 

simw古aneous reali可 in a gedanken quan-bu皿 sys协m.EPR fir的 gave 七heir cri也erion: if, 

W出hon如 in 3Uy way dis七urbing 古he 9y的θm， we oan p1'ediou wi th oer协in可(i. e., with 

pro ba biliby equal 古o u.ni甘)古he value of a physical quantity，七hen there exists an 

elemen也 of reality oorresponding 切七his physioal qnan七ity. The well known EPR 

gedankan experime的 was modifìed by Bohm in 1951∞. A single书的ate of 2 spin 
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专 p叫伽 produced by some source, 

除去[!ñt刚命叫ï)@!缸>J
where I 命>qua时um mecha皿cally describe a s切切 in whioh par也iole 1 or 2 has spín 

"up'.1 or "down)) respectively along 古he dire的Ìon n. Suppose one s的 up hiS experimen忘

也o measure 恼。 spin of 古he particle 1 along 由.e a; dire的ion， then par也iole 2 w过I

immediately be found to ha ve i切 spin a时iparalle1 古0 名he a; dirω妇0且 jf the x componen也

of its spin is also measured. Thu.s, one can arrange his experime时 in suoh a way 出时

he can predi的 the value of 北he (lj oompone时 of spin of particle 2 presuma bly w.ìthout 

in any way disturbing it. Aocording to 古he or埠。rion，也e a; oomponent of spin of par如icle

2 is an elemen北 of reali可. Likewise, one can also arrange his e:xperimen古 80 也时hecan

predio书 any 。如her oom ponen七 of 也e spin of par缸。1e 2 wí他out dis七urbtng wi由 it. ':rhe 

conolusion would be all the ::v, ?JJ ø oomponen切 of 也he spin of eaoh pa时icle are the 

eleme时9 of phy9ioal reali甘， and must exist wi也ou如 considering which component is 

being measured. Of oou.rse thi9 i8 口的 the V iewpOint of Quantu皿 Mechanios.

The fir的 experime时古o rea1ize Bohm's "Ged伽如何ea;pe'ftb刑ent" was a measuremeu也

of 也he polariza七 lon oorrelation be古ween a pair of Mgh energy ph的ons produoed by th( 

spin zero positronj.um anniliiJation民 4J. :Sinω1964， when BellC5J showed th时 a looal 

d的erminis七io hidden variable 古heo1'Y has di:fIerent predi的ions from 也帽θof qna时10m

meohanics in so阻e special experi皿ental si恒的ions， several experiments have been 

performed 书。如的 his ineqnali-古iesW-10J

One 也ype if iuve的iga如ion has been 毛he measureme时 of the pola1'iza毛ion oo1'1'e1础ion

of the visible ph。它on pair emi拙。d in oertain 础。mio radìative casoades. In a series of 

experi皿ents Aspeo也 and his oolleagnes llsed a tunable dye laser and a Kryp古on laser 如0

illnmina书。 an atomio beam of caloin皿 exci也ing by 机TO-photon a bsorp也ion 由，e 4p~ 

lSo-4s4p 1Pl-句:3 180 casoade 书o produce a paü of correlated ph的ons. 'fhis paír was llSOO 

如。如前 Bell'S inequali如y in differen如 versions. Their experimen如al result9 are in 

excellen古 agr倒皿e时 wi由 quan如m mechanics predi的ions and 的1'ongly again曲也hs

local de加rministic hidden varia ble 也ω1'y with hi陆的atistioal acouraoy. 

In 力heü 1982 experJment(!)J古wo acou肘。一optLcal swi如hes drlven by separate 25 

MHz osoilla巾01' 9 we1'e e皿ployed 古o swi切h each of 古he photons b的ween two differen毛

analysers 时也e 50 MHz ra巾。 of 古he zero o1'os旧ings. Theis was 古h.e first and on11 

experj血。时 80 far 七o imp]omen古古he idea of Bohm and Aharonov: "由，e ile抽ings are 

changed during 如he fligh七 of 也hepar也icles))[11J in 也heoon古ex古 of 北e的ing Bell' 
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genera ted fro皿也he atomío oasoade em1ss1on，书he "hidden variable') 也heory 18 allowed ín 

讪e nr的 place.

()ur previous experienoe(1Sl in measuring 由e absoln右。 qna时nm e晶。ienc1es of 

pho七ode的01'8 wi北b simul切neously prodnced pairS of 532 nm wa veleng由 light qua.时a

by the m的hod of Klyshko[14J using non-linear op古10al parame七r10 down oonvers1on has 

led u.s to exper1ment w1书h varions 皿ethods of for皿ing a two~quantum superpos1如10n

的时e of 七he Eins协in-Podolsky-Rosen type w1七h suoh pairs. ThiS has been aooo皿plished

by refìe的1ng 古he 七wo diverge时 beams Íl"om the non -linear cry的alo时o a beam-splttter 

from oppo副书e sldes as desoribed in 乞he follow lng sect1on. 

A new fea ture of our 皿的hod is th时 eaoh of 北he ligh七 quan协 is in defini书。

eigens古时e of polariza也ion before 也e superposi也.ion 的时e is formed at 由e beamsplibber. 

The "hídden var1able)) 北heory is no七 a丑owed in 古he fi1's七 plaoe. If one cons iders only 七h13

amplitude fo1'由巳七wo quan阔气ravellng away') fro皿 each 0让18r， w ruch can be done 

exper1皿e时ally by reoording ooino1denoes a古由e two separa扣。d d的eo古0凹，也he 的时e i址

ju.s七七h时 enoou时ered in 古he 0名h81' EPR experimen相.

The use of 100 ps laser pulses wh1øh ooour at preoisely known 北Lmes w i11. a110w us 

北o implement a delayed rando皿 ohoioe as was done in our earlier delayed oho1< e 

experimen拙 wl也h single ligh书 quanta[15J. This will be disonssed brie丑y in ~ 6. 

S 2. Description of the Experimental Equipment 

~rbe expe1'lmen协3. arrangemen七 1S shown in Fig. 1. A 100 ps pulse of 也e four也h

harmonio (wavelength 266 nm) from a ND: YAG laser was sen七切 a 25皿mlong KD骨p

nonlinear cry的al 也o produce the correla也ed ph。如on pairs. 

1n nonlinear 0阶ical param的r10 down oonversìon 也e phase ma tchíng oondì书ion

has 也o be sa七isfied:

咀
4

仙-
ι

俨
ι

(1) 

whereωand K are 古he frequency and 由e wavθvootor 0/ 古he incide时 beam，屿， ω!a and

Kl' K ;J are the frequenoies and the waveveotors of 七he generated light quanta. rrhe 

desired pbo七on pair can bep:roduoed by ou抽 ing 七heory的时的名he desired pha~8 ma七ching

angle. ,:ehe orys切1 used in 古he experimen北 was a 90 0 TYPE 1 Phase matched KD特P

crys如1C16J . A exi七 oone of 532 nm llgh也 was generated by 世19 incüdent 266 nm wave1ength 

1ωer beam. rrh，当 three wa vevec七ors K , Kl, K :a mu.s七 be in the same p]a且e aocording 如

equation (1) , therefore we use two pinholes Pa and P岳古o select 吐1e correla也ed pair. 

The 扫me o01'1"e1时 Lon of 曲。 pho书on pair has been studied by several au仁hors[17"'19J. The 

polariz时ion刊 of thegenerated pho也ons are determined by 尬。 phase match:ng condì七 ion

wj也i且古he KD*P ory础al.ln 古his exper.皿e时 eaoh me.皿OOr of the pair was polar.ized 



4 光 辛 学 报 9 卷

M - MIRROR 
NO-ND FILTERS 
L - LENS 
p - p HOLE 
B - 50-50 BEAM SPLITTER 
A - GLAN-THOMPSON 

POLARlZATION 
AN A.L'í SER 

f - NARROW BANO 
SP E.CTRAL FILTER 

0- DETECTOR 

Fig. 1 Schematic diagram of the arrangement of the various 
components of the experiment 

along 北he Y dire的ion (0时 of 古he plane of 书he paper). The X dire的ion (in 也he plane 

of 由e pa per) is defined by 也he polarization of 古he incide时 266 nm laser beam and 恤e

ex也raordinary ray direc缸on in 古he crys古al.

The d的eo古ors are a valanohe ph的odiodes opera巾ed in 七he Geiger modeI:13J wi力h

quan切皿 e面oienoies measured 如o be 22% and 17%. Eaoh de切。如or is preoeded by two 

10λ 盘lters in 切.ndem wi如h a 古otal transmi拙anoe 岛的or of 37 %. A high quality 

li.near analyzer of 古he Glan-Thompson 可pe (transmi的anoe fa的or of 90%) , oapable 

of ro书ation 古hrough an angle of 2G1í radians, was plaoed in fron书 of eaoh de主eo如or

assembly. 

The beamspli拙。r was specially designed 七o have 50% 古ransmission and 50 % 
refie的ion for bo由七he S and P oomponen捆的 near normal inoidenoe f01' 讪.e 53注 n皿

waveleng如h.

S 3. Polarization State Analysis snd Predictions 

Two differe.且也可pes of polariz.时ion eigens忘的倒 can be produood by thi.s correla抽d
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ph的on p毗 The circn1叫伽iza也ion confignra tion is 0 btained by in叫ing tw。今

wavep1a闹剧。在he pa如hs A and B. A 各 wavep1a川ansforms 曲。 Y) p伽iza七ion

sta怕也0 七he cirm山r po1ariz的io丑的时e I L) These 1ef书 hand cirm山r polarlzed pho七ons

when reflected from mirrors M4 and .Jf 5 change 古heir IL) s拍拍拍古he right hand 

circnlar polariza如ion 曲的。 IR). The qnan恒m 的时s of 也he pair may be wri协en as, 

|φ)=13讪 [R.!)⑧eiß IRB) (2) 

where α， βare 也he phases associa也ed wi如1;1 tbe p的h A and B respective1y. The pho七ons

are snperposed when 也hey me的时也he bêamsplì柿。r. Each of 恼。 righ毛 hand polarjzed 

ph。如ons fro皿 pa也 A and path B h咐， 50-50 chanoo 毛o pa即 throngh or 也o berefl叫ed., 
The polariz的ion 的a切 produced bý 由e beamspli抽er i8 thus 

王F |甲〉→沪 [IR1)-IL2>J叫 。)

The "n时nral coordin的e sy的em]) (right hand system wi白白.e K dire的ion as 也11e Z 

axiS) is emp10yed here. The reason for 也he different signs in 世1e braokets is the 

differen也 sequenoes of low• high and high-如low indices of refraction encoun切red by 

古he 古wo pho古ons.There is a πphase shift w hen 由e re丑e的ion is 加ken fro皿由。 Jow

index 古o the high index and no phase shift for the opposl切 sequence. The final 

quanbu皿时的e of this oircm1ar polari扭扭on configuration is 

!W)→ e…'[IR汹IRJl)-IL战|乌)J

十去俨11，) IR1)⑧ IL~ 

一去 e…)
A de古ailed tracing of the optical pa巾hs shows 北h抽

α1+β2=α2+β1===α+β. 

(4) 

The physical meaning of the s切，如e is clear. , The fonr 协rms correspond 也o fonr 

probab血也yamplì七udes:.

(1) each of 古国也wo ph的ons passes 也hrough 也he bea皿split书。r one 主ode七ec七or 1 and 

也he 0书her 北o de如e。如or 2; 

(2) each of the 也wo pho古ons is reflec也ed， one to de恼。七or 2 and the 0七her 书o

de书。。七or 1; 

(3) pho七on A passes 七hrough the bea皿spli抽er and photon B js refle的ed so 书hat

bo七h of them reach de也ector 1; 

(4) pho七on B passes 如hrongh the beamspli协er and pho北on .A is reflec协d so 曲的

both of 北hem reach de恒的or 2. 
The 阁。ond type of polarization Quan切皿时的e keeps a linear polariz时ion
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叫gur时ion.lns加ad向毗ng ' .. " wa vepla抽s in e础 of 在国 p山，寸 w叫lateλ 

4 

was placed in path A only. Thus 出.e Y po]arized ph的on in pa七h A wonld be rota怕dto

X polariz的ion. The quan切m 的时e may be wri的en as 

1 P,> = e'ia I...:Y A>⑧eiβ I ]7B> (5) 
before 如he beamspli时er. After 也he beamspli忱。r， by making the same analysis 制 for

the circular oonfigura tion，古he quantum 曲的e may be considered as 

|ψ>=去。i(叫IX1>⑧ I Y2>十 IY~⑧ IXρ1

+专 e帆+叫X1>⑧ IYδ

十二扩(创刊.) 1 ]7闲X2> (6) 

where again α1+β2=向十β1==α十β. The "naturalωordina加町的em1J is a]ωemployed， 

so 书ha书 no nega志ive signs appear. 

The ooinoidence ooun旭 No for 古国古wo de切的ors N o will 00, 

N 0 = N. 'fj1' 'fj2' 臼·句. <'IJ!' 1 Q1 ((}1) ( Q2 ((}2) 1ψ〉 (7) 

where N is 书he nnm ber of pho七on pairs sen古书。也he deteûtors, 'fj1 and 'fj2 arebhe 

d时eotìon effioiencies includJng bo由古he 古ransmi拙ance fac书or9of 尬。 narrow band 

spectral 缸切r9 and the qua时um e面。tenoies of 古he de切的or9. (;;1 and 6.2 are 也he

如ran9皿i协an佣 fa的or of the analysers. Q, (B,,) 1s 古he projeotion opera切r for Hnear 

polariz的ion along an axis in 由e XY plane and 皿aking an angle 8 wJ也 the X axiS , 

cos2 ();ωs 8.. sin (), 1 
Q. ((}i) = ~ ~. ~ """ ".' :=-~". ~ (8) 

L cos (},. sin (). s旭.2 (). 

To caloula巾e N o only 古he fir时也wo a皿plitudes of 古he! W) in 吨ua缸。因 (4) and (6) 

need 切 be ∞nsidered. The result is 

No=去 N.叫·叫. sin ((}1十也)

=÷N-mB-61·句·叫1) (9) 

for bo七h 古he circular and 七he linear polariz的ion oonfigur时ions， where 伊=(}1+(}:a is 

串he aogle be古ween 如he axes of 北he 古wo analysers. 

10 the ao切a1 experimen加 N1， 毛he OUID ber of ooun相 of the channel 1 d的ector

wωrecorded as a referenω. From equ时ion (9) 也he ratio No/N1 坦 then predi的ed to be 

N o 1 
一=一加吨·耐(伊). (1.0) 
N 1 2 

~ 4. Experimental Results 

In OU1' ini七 ial runs 也ho numoor of registrations N 1 foT. a given re]ative se协ing of 
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仙。也wo analyser axís was límited to 5000. T h.i.s ínvo1ved abou古 3 X 10G las81' fi1'i.ngs 

wbich required abou也 12.5 hours a七古he 70 Hz ra切. We wished to be olearly in 北he

gjugle qnantum reglme and 书he1'efore severely a巾协nua巾。d the intensi ty of 恼。 incidonh

laS8r pulse before J:b reached 如he non-linear crys如al.

Ta ble 1 exhi bl如古国皿easured ra志io N c/ N 1 for four difJereI曲。ombinations of 

analyser axis se协ings， two with the axes perpendìcular, and 扒vo wl也h 七he axes 

parallel, for 世19 case of ini书lal eìgens七a-tes of ciromar po]ariza也ion.

Table 2 displays 古he measured ra t io N 0/ N 1 fo1' eigh古 diffe1'ent combin的，ions of 

analyser axis se七七ings， four wi也h 如he axes pa1'allel, and four w.i如h 古he axes perpendio

ula1', for 书he oase of ini也a1 eígens毛孔七es of linear polar lza古ion.

The 切.bles show 古he expeoted maximum valnes when the analyser axes a1'e 

perpendicular and 也he expec切d minimum values when 也ey are parallel. The va1ues 

t\.re n的 zero fo1' the la呐。r case. We bC!lieve 他is is caused by 也he admlxture of higher 

oooupation number 时的佣 in 古he cohere的 S切切 assooÎ础。d wi也b -bhe 1ωer pu]ses u舶d ìn 

讪e experiment. The N o/ N 1 values observed are oonsis协助 wí协七he Poisson distrih时，ion

of suoh 的a也es.

We ha ve a1so measured N c/ N 1 抽出。 linear iDi也ial polarlza tion 铀的。 oa回 for

80皿e in切rme也的e se协ings of 书he 1'e1的ive analyser axJs angles as shown in Table 3. 

'rhe oomparlson wi协力he 恼.bu1的ed values of 8in2ψ agr，倒s wi古hf equa也.ion (10) 

wi也hin 蚀。 experi皿en切.1 error when the valnes of 'Yl2 and 句 (9 3) are consldered. AlJ 

'he nnoer主ain七ies given are 士 one s怕，ndard devia七ion.

Table 1 Correlation Measurements fo1' Circula1' 

Polal'Ï2:ation Configuration 

θ: θ0 1 q; Q N也 IN1

υ O O 0.0018土 0.0006

。 90 90 0. 0:308土0.0025

是5 是5 90 0.0316土0.0025

45 135 180 0.0030土0.0008

Table 2 Correlation Measurements fo l' Linear Polarization Configuration 

。: e~ φ 。 N c/ N 1 

。 υ 。 0.0016士 0.0006

O 90 90 0.0340土 0. 002(;

-30 3ο 。 O.∞10士0.00旧

-30 120 9.0 0.0336士0.0026

-45 45 o 0 . 0012土O.仅)05

-45 135 90 0.0326土0.0026

-60 60 。 0.0010士 O.∞04

-60 150 90 0.0318士。∞25
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Table 3 Com.parison of Measured Correlation with the 
Expected sin2tp Relation 

φ 。 N c/ N1 Normalized NJ Kl Rin2 φ 

~2.5 0.0058土0.0011 0.17士0.03 0.15 
4:5.0 0.0178士0.0019 0.53土0.06 0.50 
67.5 0.0296士 0.0024 0.88士0.07 0.85 
90.0 0.0340士0.0026 1.01土0.08 1.00 

112.5 0.0304土0.0025 0.90士0.07 0.85 
135.0 0.0186土0.0019 0.55土 0.06 0.50 
157.5 0.0054土 0.0010 0.16士 0.03 0.15 

We also used 仙。 linear configu的ion two photon snperposition 的础。如。 performa

prel ìminary tes如 of Bell' s inequalityC6\ 

1 
ð= IRc(3何j8)jRo-Ro伽j8)jRol~τ(11)

where Ro(φ〉坦白e coincidence rate for analyser combinationφand Ro is 仙。

coinc idence ra也e for no analysers. In the actual meωureme时， N o and No， 毛he 古iIDe

integrals of Ro and Ro wel'e recorded a1加rn仙。1y over 30 minu协 in切rva1s. Wi怕也he

same 的tenu时ion described above, abont 25 x 106 laser sho恼 were jnvo]ved. 'l'he tinal 

experimen协1 valne for N c (，伊) j N 0 was an a verage over 50 houl's of al切1'nating

血ea.suremen切. The experimen协1 valne fo1' Bell' s quan也比y in exp1'ession (11) is 

δ=0.34士0.03 (12) 

viola如ing 如he inequ孔.lì均 in expression (11) by 也ree standard devi时ions.

The experime的a1 results are in good agr倒ment wi由也.e quantum meohaniæ. 

p峭的i叫

S 5. Future Experiments 

This new method of producing a oo1'1'e1时ed pair of ph。如ons at a p1'ediotabl。如ime

allow9 a true random delayed choi佣 EPR experime的主o be performed. We hope 在O

inorease 如he separa祖on of 白。 d的e的ors from 毛he cnrrent d坦tanωofO.5皿也oabou 10m 

(limi也ed by prese时 laboratory dimensions) and add fa的 PookelsωUswi书。hesand f;础

random choioe devioos of the type nsed in our ea1'lier delayed rando皿 choice

experimen怡E15J. To speθd up the reoording of da也a， we hope 古o aoq uire a sui协ble laser 

Wi书h a muoh higher repetition ra切. Se1eo回d a valanohe pho名odiodes of 也he kind used 

here in 也heir Geige1' mode for si且gle qnantum de协的ion oan exhi hi北 quantum 

e伍cÎencies of 30 % or greater. We hope to use snch h.igher efficienoy de切的ors.
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提要

剌用激光脉冲经过 KDP 晶体的非线性光学参量过程转换为一对相干光量子.在两个不同探圃器上作光子符合探

测，观察到爱因斯坦-泡道尔斯基-洛森型偏振相关及对Bell 不等式的违背.




