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WD 2004/ 093003 PCT/ US2004/ 011001 PHOTON NUMBER
RESOLVI NG SYSTEMS AND METHODS BACKGROUND Interest in

wa@e@aneses nf or mati on processi ng has grown dr anetT/vstoyo11001
in recent years 5 because of successes in devel oping
guantum systens and the expected capabilities of the
technol ogy. In particular, working quantum

cryptosyste v e Q | f ( many
qubl 1) - SOt SRR R AT A P
conmputers will performmany processing tasks much
nore efficiently than can classical conputers. Quantum
havi ng tens or hundreds of qubits, for
B&%@@oul d be able to perform quantum 10
Si mihtatebtoin Syubiiiting dafoaldtien \pfrdcéssmg Ya< bawsi drahatimlbhinn@cent years
Such quant um ssors al so _have t I
beé:ﬁlfsgﬁ) S?Cﬁgss%ﬁkcgﬁglo%?% fuan sys apg l%}eca € %&{ Ea%a'?lflﬁ)es of the
teqtmamgunmqmmwm mklngw@antummtoswtmkusdambdee dbnredﬁp@@lae@f large

f t d '
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potasihg taelts mﬂph&ndsrd rffeidngdy ént carr:cimmail qoalputms Qudntum processors

i ke ki ng_sep
o T P, Gy Sh 1S 81 BPP St Ph e ooy auentum
sipliptiaiivaregeHable Mithsep okdsitelahachine. Sumhrmtmtmamr@nsom elswhm the

R

opt iMaly d‘anchéz[ts teshndldpies fgthqfantem m@er}g h?athwararareycurrently being
stgcgac{] t u\muc ever {Ea Ig.n ?n ot\lﬂreng olu?rtcg %e tn?cﬂp §§aatlca'1:u{itfanﬁﬁl coherent
quant um conp may be perfornmed directly on
Wmtlmsqwflil lilely bﬁsnerwgednf@n linking, esperatsr quiapieagontpyierst uGeherent
BB PR B PP a I OPRRE P LMBABERE TS g
cmamwod andofor @brﬁqrailcslmtbly odmiaoicitiogs beraugsr lighb rizaveling cither down
enc I
ORISR B Sy IGEP G e
Flh_rslfet asmequaatvch @mpMingomayrhe perfprmed ehrqs@lg onzpeote@e Gl‘)lts ysgfg non-
efficiency photon detector
hl?%ﬂ%mngarﬁg%mg ﬂ’égu %g% efficient at distinguishin
quarfreposst quastymj 1nf9tmajxon gystems that yse phojphGtatns $ftemreggire detectors
t
BUTERY Bl DRSS RO NS Fn A Sl ok 1 g
qm@succenmntettlomfarcthhemph cptqpnseétlartE Knidl, Bn Leflarome,j andt GeMilburn,
N%%%H n;]lél {} nﬁ)‘i‘ e;?agn le, ﬁnlresearlgé{ éfﬁﬁm?’ﬁ’é‘mb %@@pclnethat is more
require e correc e expensive
thup 99 ﬁ%%eerfﬁﬁtnt mmemshmmmtmnaﬂtatfssu mglu@n@ Wotloar 2 photons. A
m%%@gs%g nBERE TR bholods B ¥ shiftreto qaﬁattﬁcrpr end 3o oftbs an
ing¢chiaist mqulkromcmﬁ@f thecihdien istatsrand e exserrif ahpeql@fltu@ infpgmation. Such
o S, I AL R 1 Bl 5
el edursnisommterqial single pheterodatagiorgenpralberelrto 4 geegted eiciesserrextent

PP ghotéfw&%{rﬁ G, HiBGhS Pd®electric effect, photons incident on the surface of a

metal, a semiconductor, or another material free bound electrons from atoms of the material.

The excited electrons enter the surrounding space or a conduction band, where the electrons

are collected as current that can be amplified and measured.
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are collected as current that can be anplified and

measured. -1 WO 2004/ 093003 PCT/ US2004/ 011001 The
w@botogdoextri c current froma single photon i SPGIEE1004/011001

and difficult to detect. The best commercial photon

detectors for visible light are currently about 90%

efficient at detecting single photons, and at

present, detectors for photons havi ng wavel. t hs

bet w8 Fhoteelecti eprrEnt i pymafglegieipn Ab¥Tal %@o}é Bl & dsiger. The
besN8SBmEthl ShABE idBSctadk Sot Qi‘albleol{\%h& Qife amaﬁﬂﬁ a@ﬂlﬁn@wmefﬁment at

i nformation systens. Addition bes

deggofipg Fiagle phatonse HFde%Ié’aeSF%rdefeﬁférS\ngPltﬂt%‘s héﬁ%% PrYglsnshs dghyeen

lgeatn@qtﬂirﬁ &Gl BoGORs Bficlhe URdse Chicncidowr {00 18 b many
K, and such detectors still provide relatively

|
quaﬁmlng@@ﬁqon Yeleag (ﬁ\gd]@onallﬁ,l t&ﬁ b%@ﬁﬁp&ﬂ%amv%f%%81ble-

sgeBrunP PRSIEON dbSctbiR GhlERt coblifth it NRfecdfsamdac o outBSIK, and such
photon _detectors is that the dete tors

O T NN L W - TN S——.
pkbR3raE tnefdent V\/2an thus only be used at the end of a
process, en the neasured Ehotons are no |lo

el el B g Indhal L dirtors D iegphgtons

ngﬁilbishﬁﬂ oPldetehiBd. SYRE B1Btor k@il 1l tus SHIABE WEad at the end of a
i nformati on systens require photon detectors that

PIRFSSH| Yhereflis aicasess aPotRnst ¥Et1h PSR FENECL ] VAR theqfpsulting

messGidnhi@birdld §$dnﬁﬁilelh §hh$ fgtepunber of photons in 15
.quant um si deal Iy, the detectors wo

non- ‘%fé%rti}nﬁg’t AV PRt IEHS gﬁtqa%gh%%ﬁﬁeﬁ% thak g highly

bRy ot B&eddin ﬁcﬁ’c@ﬁ% A0 1Y bdRetaRitelp hﬁh@g’iﬁshhﬁéimbﬂ%ﬂ of photons in
inferred, SU I n accordance with_ an

RGBT, Idéalbhﬁ‘Félﬁteﬁfé‘isé‘@P@rbel REEHREE RO frgt stgs could

bORk@afteh e pl‘@éicéofmﬁr&;er oAb bedn rdFEgA photon state
bei ng measured and a second input for a probe photon

state. The photonic gate creates a change in the probe
sphpiony st ate t hat depends on the nunber of photons in
the target photon state. The effect on the probe state
can It henrdagce wnﬂa&uxseeabt pbHihel tventivhnephidie detasive incbides a photonic

e a T ot 58 Steeb Bt B R R or o
plgb@pehg?glrs&tea Tlhl(a: 2gdr¢oni(b g @aetasfa change inabe pmbfspjiownrsgltqihﬁtde}wnds
of i i 26t s = Svacaretols™ B0 dBE FOBH O e pee pilpgen then e
ms@ied teadsinaile tienebdyr dfphabs iand tagd lphdﬂfblm Btate 1nc1udes one or more
photons.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a block diagram of a number-resolving photon detector in accordance with an
embodiment of the invention.

Figs. 2A and 2B respectively illustrate semiclassical energy levels and a quantum
energy manifold for a matter system suitable for use in the photon detector of Fig. 1.

Fig. 3A is a block diagram of a number-resolving photon detector in accordance with

an embodiment of the invention using homodyne measurement techniques to measure a phase
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30 energy manifold for a matter systemsuitable for
use in the photon detector of Fig. 1. Fig. 3Ais a
whb@akomagr am of a nunber-resol vi ng phot on deP@r/US2004/611001
accordance with an enbodi ment of the invention using
honodyne neasurenent techniques to neasure a phase -2
WD 2004/ 093003 PCT/ US2004/ 011001 shift in a probe
photon state. Fig. 3B is a block diagramof a
shifinpercbe BINAAY phot on det ector in accordance with
an ?llgbﬁ’fg kB ckHiagdh 1€ of MNBRe-RB0IVIRE PEbiéh ddaselbr fehvasidince with

i nt erf eronet er arrangenent to measure a phase shift
anj embwdimenb ef ghoinyantinapsing & Mpch-Zehndeg Hatelﬁ?fe@ﬁteﬂ AEgegRmt to

mé%g%@aﬁﬁa@&éh?ﬁm%%pﬁet%a@tel n accordance with an

nvention. Fig. 5is a bla

di a§izafriseblesk deprpRtEFinglsphetan PayTcsdR BoadARS Wil Eﬂ eghodiment
ofhpdigmnt of the invention. Use of the sane

reference synbols in different figures, indicates

i nigd scrblacMErEBRr an DPHofE FRuTc T FMORIERF TEEr S FOEReR! of
m@ﬁgamgﬁf|0|ency non-destructive, quantun1photon

detector efficiently resolves_ th nunb r of

i n &se af Gesanas feiengs sHghor lﬁrﬁbﬁf%?ﬁt degst %‘8?1 Slgfgﬁ%‘” identical
it¢gdase gate in which the 15 target state and a probe

state coherently interact. The interaction changes the

probe state without destroying the target state. A

honod ne or odyne measurenment of the change that
DEhell IQngﬁé |ntroduces in the probe state then

|nd|cates t he pres e .and/ or th

in tAhlé‘g]f gl‘l'ﬁ@lg{lqp pag- es rygive, rﬂh‘ﬁ%%‘? P ?ton EEF? gélrseqﬁcﬁgggrtrg%%es the
nuiiibait 6 phatond AUStaipet st:dehﬁﬁ:g £ photdni dgntet sucle gala phasg gate in wh1ch the
o SPT  l SE BN o PR a6 BOGLET b
wilRUEEkB6yinkOfe tageh ctaR) dan@odyhd dt lﬂtercﬂmmniba“smmenﬁoftﬂkﬁechange

i nvention. Photo dete

th@té{x%p}ioi@ncaﬁﬁe gﬁ WEs b ﬁ){ob&;g{e the %%te%t rgs%gcle and/or the
nuFBSHI hORAS in tBe tadgey hite ITht ammisdr af phdton?llNZa ta‘ggt statpeanhus be
hoton state.l PIN> are
oot 8o et Brareee b pkBrn AR A e B the wree
stfts/0l ved states JTOUT> 25 and | PouT>. Photonic gate
g'g' gtFlégz 1 lilkﬁ es a f%;t hatl%(theaclcgrtdgr{cg %l ho%bg &lﬂgén?%f the

oni C
infdnEsEe laiatohtdeueaoxpmoaheucm aplmtdmchaleoandam@urqmwwsm@dZO

E%q%u%e%c}e eng%pgg ef @u r(glt}c p%hg)g‘l%&\?e quN>35r§t1rﬁ)ut fo

o) of= St
photonic gate 110, where the photon states interact before exiting as evolved states |Tour>
and |Poyr>. Photonic gate 110 is preferably such that the interaction of photon states | Tv>
and |Ppy> in photonic gate 120 causes a phase shift in probe state | P>, and the introduced
phase shift depends on the number of photons in state | Tov>. However, output probe state
| Pour> may alternatively differ in intensity or some other measurable property from input
probe state {Pp>. In one alternative embodiment, photonic gate 110 causes scattering of a
portion of probe state where the scattering depends on the number of photons in target state

| Tne>.



t Rean 1

10

15

20

25

30

| POUT> may alternatively differ in intensity or sone
ot her nmeasurabl e property frominput probe state |
w@®Rdd/0930m3 one al ternative enbodi ment, phot oni cCPQRUS2084/011001
“causes “scattering of a 30 portion of probe state where
the scattering depends on the nunber of photons in
target state TIN>. -3 WO 2004/ 093003
PCT/ US2004/ 011001 Measurenent system 120 can use .
hons@ysnenent dysterldtyreussdiamodamen heteradymgipRzugepgt techniques
measur e out put robe QAT e in photonic
to FpagsHrSpRat Hrﬁ? p@ﬁ n§eE sfited E%‘{Tg %P %geg&ﬁhdepﬁot 0 ngleglrllaq Sr ate 110

gat-gh?lonu'ﬁ’i@ Fu@beP IBPtpﬁBtSnd th g edtats | Bdue> 11T GuB> inferradh &nm the
erred fromthe neasurenent of probe stat

méﬁarrgﬁﬁnt sﬁpmm s(aRCBer> . Viferashstits [Toutp L}’lhloh ORI gf’%'rﬂht?mmc gale
ate S inaF b
12a,uléﬁ]E\{§rﬁl éupié S‘i%%vf %gm a g g’@r(r?tﬁge 3&\% go %1 gﬁteﬁlalhéhe?hoton number.

InpR Rddhet k@fedld>Séoatldehave Eédhhm(gmulll)dlnt‘eaﬁ)@k Istaten 1rgwh1gh ege|the input
in a Fock state, in which case the

o g TS 6 B BB B i el TRA gu By o sae
Y Atcese thd@basli@mant collapses 1nput target
th%t I Su %égflg%n&oﬁgggtg egs}?gtﬁecs |er§ whi z::Sh cag ecot tawpe
stmﬁﬁwenﬁtwtmbﬂsm@mrPnput target state | TIN> to
OUt pﬁ%ts%c?nr el Sé@l‘%ﬁbl u Sn%clgatte E?Q ﬁfﬁ@t‘fzitéd fn EEDOdifeNtnatter

Fig. 1 uses a
ysfaxhtlez andSy/ &inod ﬁlelesoaneI 1a4 sitaltle &ir pfqv@m alestrpragnptioplly induced

sui t abl or_.pr.o d o e, her
ARy & oty i FEhdRABOREAEE] Aot WERD, o e
cdﬁﬁélﬁé’d Afteatsgam ot eould epmmily cbseeh phatgidd rsRAtiqar fisAuency is
m StF?eng]]aﬁrh tt? VE qalgo Qn%roqatll'lgtyfr%;keag‘rﬁp b(hlBGQI Qﬁﬁlcﬁ’cfonaof one or more

ansparent to the
clpdieimagrtiofieldhatvihg eﬁpalefrcguetldmsou@ﬂ geppeily s3qUises bnagpRsystem

hq:vlmg%%ﬁsé 5e§eqlu% Gl gr%?%ﬁ@fe:lscth:{t L&l 051a0R b teREHRE with photons.

y requires a matter system 1
haviingn %ﬂpﬁﬂsﬁnﬂoﬂmw q@umsmmne hiriggludeg gidpast o Piglecule

oravlge:r[%t?l% & lféa]%%lg Iégl}l‘eolt {%% %}?uﬁﬂmeﬁé?%}pl%soﬁﬁi thé Ehgﬁl'&r frequencies wa,

tem 112 i ncludes at
% Qashy, RRsecRiaDTYf taTRkietald ETn>, carcootrbidielcistmgmdjprebmgqtp B> are

our or nore quantum ener | evel s, and
sifch @}qtg@ﬁ @h@gnswguple Worrgsrpan(ﬂy}/g tfaélng%rtS Wvgf:%/ hlg fqu?nrglgllfil ?Jrgy levels
%%x%;? S}l"stey N> 180 CANihQateh 1R ekt favels B et Bodatat Ht>e 2>, 13>,

are 20 such that the photons couple to !
akbi4>espo Iﬁcdlr-rlnyet maths ispitom selive ie die quReieg A PholRNE Aayingyansular

N

w! oupRiatodnié eergyl sevel 1>ﬁateﬁ@gy shats 1 2>m Bhotoas omgtﬂ@r fr¢gmency wp and

ener gi es of ;t))hotons ha angul ar fre gggc es u"\‘%‘y
wmuphrﬂ@ retystable\gpergy ftﬁié BFIEX AP IO

p hot ”Pnn% lgtgve%pcﬂpl)ﬁﬁe ér{efgglf&gﬁmlus%e&lﬁ tFFE eAdd ﬁ&ie@ aaReAngPle, and
150 energ 2>. Phot ons of

oraspueniy sVisrémide obeis 16T 10 TBE G IR AU boueh
Flgt Ih Ghokttnd Bufif Ehey sthél £5 2z igidhed i enert # §28 Cd sé@dnyl energy

state | 2>, the second state |2> as being higher in energy than the third energy state |3>, and
the third energy state [3> as being higher in energy than the first energy state | 1>, EIT can

be produces with a matter system that provides an arbitrary ordering of these energy levels.
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The rel ative order of the energy levels illustrated in
Fig. 2Ais nerely an exanple, and nore generally, a

WO e@nde300ihg of energy levels would still permPCEUS2004/611001

" B B0

~particul-ar, al tthough Fig. 2A shows the fourth energy
state 14> as being higher in energy than the second
energy state 12>, the second state 12> as being

hi gher in energy than the third energy state 13>, and
30 Tiiai dnbigy dtal@dé?,gyrrstastalée h3hat a6 sipglp-RECLPR gﬂﬁéﬁanq‘)ﬁs emission is

energy than th Irst en stat be £

PeHE RO P! lhl%flla% resglpo P Y %nﬁ’a?’ 1JEJtrh(J%v orllggl E%l%om oo

en%gg's %ARY Al 4edilapE 18herlch@sp stateesgyicl teh sonservationdew forbids
093003 PCT/ US2004/ 011001 Third energy state 13

eniigionef asihgb betomduring me,nsltgm@é fhe 1At AR fEHR ey late B'> to
em ssion isS i e 4

a lp%cf;r eé%gwiitg ﬁuqngalpﬁ gxanm%u ns fr h%%érlgﬁe elrr}él{%%/h stg@)(e én%ldl arst or

se&)tnaﬁt@te)'lﬁ Zindnfly alp@tebs&b |bE Sdl@m a makar gxﬁt@t for svdich §hesfaléfg1 energy

staéq.]atr{}ma &8 Sﬁ&‘{g I é)agt | }Nall% quhﬁ%%m B3 R Fhatr ﬂsfbﬁi @ith a

matter syst em from
pheReicJbansdapt @ysta >thhtod®s alot qmmnt errpRgRjion toftpkotons having angular

Spont aneous transjtjon r h state

Fegengics CrgRomEng 16 ot o o Rgh e Sk e SEE LY 2 0
SUD@eﬁlﬁﬁlggJa%e{:‘e@ £CY, R @, WBicited tlfé)dﬁipemvfemmomm o:ﬂ]deltlhnelg of
fourt state i s netastabl

angrlnt SrUPYFIS er Gy BT BRF Ob 4T ! srdtah ‘F"’es Bgns of the
mm& Bysfim RNAGSMCnRALERP 1C IIxyEh@dtxoﬁdﬁatthede]&sgyrrbfferptmeantween

agat i on of photons having an
St@i@)?r ﬁésﬁ@éﬁé?nbet’("ée“t ke %‘)Figﬁg i fif l??é‘g‘?epgﬁr?taﬁ‘i?g%ur %Ih 12, bz, an
te 14>, 10 Retuni ng paraneters va, Pb, and
C% %sﬁ%mg% ‘ed the respective anpunt of detuning of

anglﬂqa:rtloﬁmqmcq:aaolyhpa) , and w, fromresonances of
the energy level transitions of the matter system as

i ndi cated in teguati@as»d. |1 n Equations 1, the energy
di fferences between states 11> and 12>, between 13>

and 12>, and thet=hen 39 and 14> are hCJ12, h(032, and
hw34, respectively. 15 Equations h(w,
va) Fign mbshnwh@\m@afomwrrewowg to Hﬁ‘ed}asmtat%fxﬁ‘\ lg ‘z‘% where X

1n’gxc at%s th%r%%l%? ro% gl% %ﬁgﬂ s’i}& rL Q"0 @J %ﬁd & tn?etuﬁﬁe the fumbers

Cates the energy level 1 to. 4
nQhy, bften Imtphabn‘,sqf&hgﬂa,r feenubndies @, waridd Q.. rpwRYivel- tTllié illustrated

mg;l%{@;]eqleé ghe\r}%ates\xg)sesgﬂloenwy%) aergz%fég ?ﬁémqul s@{%qliba\hth n, photons
of hight ‘ﬁ?&tﬁﬁ‘cmt tnfD QJthohs?@if sfgesr :i’é@eﬁd)ad)@&nd Inp pbetons ¢f angular
energy to a matter system.in sta

SRS b FORTRER S A 0G GEAGYLS 1 SHsp g Cafifbument would
0Otk @;Fsteﬁft%%%ﬂ&gy Iébel i@ 8 ehafilfolgothax i Elﬁnlem‘ toalmgradrafold illustrated in

frequency 0 eous, em ssi on of photon to
FightB E‘E}ﬁl?‘ﬂ%@l"’ﬁrgph@ﬁv ’%Hﬁ%ﬁ 1%%?‘ evirofimert

A paper by R. Beausoleil, A. Kent, W. Munro, and T. Spiller entitled “Applications of
Coherent Population Transfer to Classical and Quantum Information Processing,”
"hitp://xxx.lanl.gov/abs/quant-ph/0302109" and a co-owned U.S. patent application No.
10/364,987, entitled “Quantum Information Processing Using Electromagnetically Induced
Transparency” further describe use of four-level matter systems having energy levels as

illustrated in Figs. 2A and 2B in implementations of qubit gates. These references
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nove the systemto an energy level in a manifold that

is simlar to the manifold illustrated in 25 Fig. 2B
whoadoslogdpdhg f ewer photons of the type | ost to PEEUS2004/011001
environment. A paper by R Beausoleil, A Kent, W

Munro, and T. Spiller entitled "Applications of
Coherent Popul ation Transfer to O assical and Quantum
I nformati on Processin

partiquiagly (dpserie Fhémmc@awg%wq%%ﬁphﬁﬁsﬁs §9tplg-for-ig agphotonic gate

1795 QUB&S 1bb SrFipat ent application No. 10/ 364, 987,
entitled "Quantum I nformation Prqcessjng

El eckbeoferiyledi waltarysysigauel i3 AT ﬁ’&ﬁé‘ﬁﬁlﬁewggl pqﬁ%f?rnf ek angular

ﬁgcﬁéﬁ'crlésw aﬁé% QfcattON FTaln@Mgian WBh a8 reff&)ﬁ%@: @féﬁseh&é@rﬂl@n—lmeanty of
ergy levels as illustrated in Figs. 2A and, 2B i

the rqu'ne EeR ®Yi Eyhlgthpf 2@1 U prtqugtoQSZA,m gn PRFAPE ﬁc é%d am%hﬂatlon
Mt&opﬂeé&%ﬁ%w crofid /aﬁ@a&@@ Q:Ha@t@ﬂ- of E@g'uldr Gregadnky w,, and creation

descrlbe the structure of a -
oRegAtera 2ad pighijsien gRereic E?Fﬁeﬁtwg‘j t eatelirtsi ‘%ﬁ“%? 8%‘%%%’} of ggular

frffuefdyds.. Condthd KfifUEatdsaneitreABh b the Smah@nm&ﬁd Eexgrallzﬂepends on
i nteracting with photons of agga ul ar r

CQ,S YShted with
d%twuna:@ara@ert@atvesvbaaanﬂidm, g Bh TgEHSs e R assoclatec. wi

trﬁsﬁﬁﬁﬁgn(ﬁﬁé §pe@9@ char R8s ¥ @€ maferkfieni.or m gi ven by
quatl on 2A." I n Equati,on 2A, creation operator at and

anni hi Feation2dper oe'E ¢ espectively create and

deﬁédﬁﬁer@e@ﬁ%&%yﬁ@m@%@h&é ghi Ry ey ridbho ol n6hi-Eadar @hoton

operator ct and anni hilation operat fc es h e?\%
intqrastipns that areduiabieoyr we Fhisesierso £aAtgR ?Er or ‘F’F‘E@ ié‘fi a more
o&RASLBRtent bR OF £ &89 b FemBlohienglolidR atdde- lianreﬂita@étioﬁ etween

and general | depends on detuni ar. ter
Pwspg?f angujay @%mﬁé‘g‘ies s é‘ﬁ’d@nclpgﬁu%’l%g gr% %‘H‘ ' breation

RS sRtBGRopitdidts 2l Ond 5,2M8igld" ONE 2 ﬁﬁi&ldnhﬁ' @ewaen fah€ anmhllatlon
charac;erlstlcs of the matter %%emnﬁﬁg uation 2A: (
opezatere € candan dapswllynit taérs RPN HEPIOIOR THEPE WEHS &1 yg a'a)"
@ is¥8e bord@nt Q sOLRE theIfect dfﬂ@aamteﬁuamroasn thie [3tager aqmomms of angular
that are_sujtable for us thﬂ?lett ec%fo I%r%uatncow
fipgreneyxen i Ply depans et the RUmbeT fiphatong,of gngulgr frequency .
r epr espffagéd o of F=k@kip)glc’,a) Ham | t oni an pr ovi di ng a
non-|inear interaction bet en 15 ns.of an u
f r edrSIGRlS %te%%étrﬂﬁovd a gef‘?fa B4 ﬁ‘q?%p%ofl bsvedy ﬁ% o states in
t\f/dlﬂ'@t‘ir{c@ﬁo@és (6 @?@ﬁdu@lﬂy se@ﬁtdte@ﬁfcbﬂékl drafistiaet aﬁgﬂﬁ:ﬁﬁﬁl}uﬁn@tmodes Wa
is a £unc i on of creal

gﬂcm) may gf g ﬂ fro&b%feﬂ{‘?ﬂ’rc% 0 qptlg &at S, wlgp OF &Y é%tﬁ us1ng an EIT system.
If (at coar)emsmaqmw c@ﬁpquhg;tm nmyaa end Gpandt or Balnat,eme “Quantum

n hat he,e c
chifp@hizet gy SAEHE R TETRIeST TNG e Lol Shgiy %) el
ccﬁﬂsﬁe@uﬁegl steqﬁcnele b Qiitky tile pesateks arp arbitiaey pullymamabﬁalpﬁbnms(e g

f(ﬁf,a() 8t 8 g( )ﬁ{ for 2 51 g @@{%nalpo%ey g’peg%lac:gﬁo% 1n§r§eb Sequence for a single mode
indRide tll) AeAF dévide® SR hs Bsambplitveeeand phat crifiat 212)8131adrat10 devices such
as squeezers, and (3) non-linear devices of third or higher order such as Kerr-effect fibers,
atoms in optical cavities, and non-linearities generated through measurement. Such systems
for two separate modes can be combined via one or more beam splitters to provide cross
mode interactions and create a desired non-linear interaction f(a',a)-g(c’,c) between the

modes.
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" Without using an EIT system |In the context of

quantum computing, Seth Lloyd and Sanmuel L. Baunstein,
"Quantum 25 Conput ati ons over Continuous Vari abl es, "

Ph R Lett. 82, 1784 (199 [ )
C o% 31 thg 2;(/@%;5 eg@aq}@ﬁ%té)f dlfet(ebtart i@) $ eh ?1%%{116 gag system 112

1nc§ﬁc*3§ b 'ﬁﬁ'f YevBIOd MBI MRafhastd@srnkrh @ﬂiﬁr@nle(eﬁis @lated t (i@tphatpn eme_rgles as
(ct,c % for a single photon

S
111msrféte<§5gq Bn2h apgthal pgqulﬁq a CFASFe- qrrn)&q a%i)o% tﬁ%g oIm gifkn in

EI8,08S We@@th@xerﬁmeﬁ Blsietnk @abpratide B@%@n&fﬂeéﬂﬁﬂe&ptzqmﬁ}uch
uadratic devi ces such  as g&lgeﬁzers

as i iftrprsian o RAuaEm B3 ofthFiy figh&iobg rpgl8§° Sfialf, i gn casily

didBEtisHabIE @edundri Bl SermBtidt SMBe humiepbf phﬂtonsamattmgst steaen dSuch
non-linearities ener a%ad ft hr oug h nmeasur e @%ematwe

MaHFE t YFFEMS {35¢ ?‘966 Lo gl e f0F0 JEETRE N TH S8 |ne via

enf38inRhts BPthe iReddnspl itters to provide cross node
interactions and create a desired rl?n J

i Nt SRaeMeMBRIY ingho gl}eg(%ft e@()‘torb]élp\ﬁétbﬂ l'ﬁglslll ﬂﬁt& ég> ﬁ‘Oén %@ [1>,
if aﬁ%g/atg 2 9’0% P?Té g%%glg%t%éégoc;r 11bN ARG £X%@RERhAding zero or one

ect or ‘descri’bed herein, matter
phodoated rsrhglllaz fteqaénugzl es Mofcogenerhiy eargsysxteemntm a@ulch gentain up to N

guantum energy. |l evel s rel at ton.
Pt (Ve ey 3o et S ot RETE B BT A N of
pHofoRS S-Sl dterthtibh BEME hirtbed bf p}hﬁonfs oF angyiav dreqiancy w, in target
Equation 2A. However, other nmatter systens. that

state OVivdlea dashieer pBFY- onfilalicld pRUETCALIA] ‘BW§S SRR éie@suéhaé angular
fr%ﬁ%r?%ﬁcg\% Kich c%ﬁ*re&%ﬂ&ttb % ﬁ%%lt el e Eéc)bn@!aﬁcﬁhlr@er@fgg/lrl@vels

e I N "an easl StlngUIS abl e manner f
ofdid fotiribvehhtomn Padbetstaee Iﬂ?hhmym baod Fsh otetsres a ﬂqqgeaam;ﬁwgl@ coherent or

state. Such . matter e £, t her ef or f
soRrel i SomALEIER SR B 101 el et e Shphdr Qe
frQfuerch @] vMENEdr@Eponddre tl&:>¢&imhm l}et\eﬂbdﬂm thvimeh and)foudletwydpvels

1 ° if ol S oA e B rok el eflfitts 45Ra doogp oe
mﬂeﬁ;ﬁang%dﬂaécah@ oﬁsﬁﬁxﬂdt@ of the Hadhiltvgian o o6 Equatien 2hot on of
angul ar freguency Mor e gpgne

T1 NPrebssiae dowt §|Hﬁefﬁfﬁblt' 3 state ‘P]Vdél% g%{%gr%%t& o 'ia%ée nulmber of

t Rl pfdbe Rtatey |1t &F dTbdherent
p}%ﬁg‘g n%?r%yg exeﬁ%g’ r}d%%?gﬁ%n a%g?&tahmg deltp erm r?at !Igrﬁi of the *
stml nber Tk photo mslteofé>amgtub<has 1 eamplscjnopgohaient siatge pre easily

oA B STl 208 S0, e e s o

st¥¥s suthdsGhudedds@:5d8 OBtk states litﬁld dqaaiBi Heieoplayed mmvbetsh@ |Ppe>.
second and third energy levels of the fqur-
at orfquitoobhe mathgneatically| 1gpreponts E’f@e@n‘Fé@W ¥t e IIbrEqé‘la'“ons 3, &
repg?egg te nalbcle I q%ué:eo&g %Lg)g&ippg ieg%ﬂﬁ@set‘ﬁg tag E@l&tﬁn&ﬁi&oﬁ‘s Bi a[ﬁgular

er or nore) o hot ons of
frequendyar, |n>.isaF ock state containing n photons, and ny 1s the expectatlon value of the

number of photon in the coherent state |£>c.

o --|§(t)|2 = &)
Equations 3: 1), =¢ ’go N |n),
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frequency wc, which corresponds to the transition
between the third and fourth energy levels of the

wo oan/0pIIE|l atom Alternatively, the roles of PeQUSZEN4/011001

frequencies wa and we can be 20 interchanged because
of symmetry of the Ham | tonian term of Equation 2A
Probe state | PIN> is preferably a state providing a

high intensity or e .nunmber of photons. In one
exenpl ary embdth ﬂVﬂgsc%lbed bel ow, probe state |
PIN> is a coherent state | ~> The coherent state |

E>a i%eamea@ream@(&mfmbergmﬁ@@ tigherdive tygdistte igadiock state

R

fBscHpIH @eamack &E@c&&l}ofepi%@él}ﬁk pﬁdt@fs&ﬁ @gmhxdfra@ulaﬂlésyw bed w. (As
be state

enpl o N>.

RO S S F OB ISC S g BEE S, reR Vil photpy of angular

fEquaky ons The effe@fvt Bfeaiidssedtgr SdndirRaritypF Etjuitien 2Ah@w causes the
ubscr | t c designates the state contains photons of

éﬂ@ﬂ?@? B SYOIvP I tipraceyry B%Fﬁfugﬁmvalue of the ,, |

N>, : i FgdatfRek stay %UWI%QW 9 (RtaBRY BRS}£>a4 [n>, | 5™,

frequency w, nunber of photon in the coherent state |

E>C. Equatipp } glzarpshos fhey if nagphotus pfengirs frgquency ¢ is pesseat g1=0) in

s %)state ’IV@ 42046 ‘Bﬁa"%Q gh?ift PSEMSL{\?MQT‘/ ﬁg‘\;‘m;‘ if orIe)(O'r more) photon of
el Whien probe state | PI'N> i's a coherent

a&glﬂﬁxe‘i‘dqudanbﬁlwarsd)réshﬁ in ar@edtatsthm colerant EtatcH £84 eapbyes to l Ee‘“"‘>

ont ai n Q ni.ti al sta
'ﬁﬁe s&&ogé}t d?hasfosélq gﬂtlsdeﬂgzg fhrecgton \}&?enr erslel Bgetﬂtc&s dn éarget state
NS & wEFRE6H cypliMg QR @Rcifferapial @S t Of tiRNgdtods with the matter
frequencies wa and co, (As 5 indicated above,
Poems | Biped thaseunting ¥yad ivraction fime ¢ cashs wadq Pupamele particular
?@t&ﬂ PHRELRN R PRIVLAE shift! RELRACHe Wamber T8S18lch€ & taflet state

he crossed-Kerr non-linearity of Equati on '2A now

\Tagses t he photon states to evolve in time according
to E _Eguat
{i Xt gttjvg cute%nfof ths 91%% n%gtnte Z%s 1Inlt1ai[g}¥hhén E %élsureng%f(glstem 300A of
Rig. Say tap wh hmoctylnatmeaéurmnlpﬂadmmue@fo racaglurb dlre }quElQDI éﬁeyﬁrc and

S es a te I
sl e st e St ielor BBS s dReli o T dppme
RRARen® tn S5EM! ROAfEQGH SRGNathdr 'léerpﬁ@?t@ énefaﬂ: zI ﬂ:f&&ke beam R
state | TIN>, coherent state | E>, , evolves

thit & oupEphaseTiyish sfope stete P> Bbi 28 @digppile plass an&%fbeﬁcﬁ@/SO beam
sgflt[e? %Ei Yo 8Mnd ﬁ%r&&m%rf tit tQifo b@!ﬂ% OfdSes! sﬂbtta@ﬁ&?&f refen€e beam R

from probe state |Poyr>> along a path to a photodiode 326 and addition of reference beam R

to probe state |Poyr> along a path to a photodiode 328. A difference Id in the resulting
currents of photodiodes 236 and 238 is proportional to position quadrafure <X> when phase
angle 8 is zero and is proportional to momentum quadrature <Y> when phase angle § is /2.
Based on Equation 4, the measured quadratures <X> and <Y> are related to the

number n of photons in target state | Tv> (and to the constants £, x, and t) as respectively
indicated in Equations 5 and 6.

Equation 5: <X>=2E cos(nyt)

Equation 6: <Y>=2£ sin(nxt)
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I T N> as well as on coupling X and the interaction
time t of the photons with the matter systens. Since

wo b@4og3opd i ng X and interaction time t can be PET®S2004/011001

constant for a particular 15 system a neasurenent of
t he phase shift i ndi cates the nunber of photons in
target state TIN>. If value i for the coherent

Tl s T TR B

ma&lsw rtmots halpasiahd @Rasired quadifituendy> E0fER0)t Ihoné photon of angular

fetac)liauad X> and <Y> f ta
TS it HROO Do P REGts HBrde PRI e e Gobebee i

¥ a&nqdakiﬁtm <Ot ik ager(Thl Gtdratige figlat @néber @heoldsde for example,

B, Be B o e D bioBRar Golitt Buna: Bk 12 FALY dprough

AABtnient af déthing @ﬁ@m&a@tx@,qm, &id t.he Thmp f&emmppecqmegr controlled
suhtr ctlon of ence bea ron1 obe sta
otra R btk afired SRERERE SREATLTR nic\ B0 BERR Sty divingpished
ﬁ@aﬁfe&ﬁ(&&ag@g’iﬂé& Presdnee diragsl@fﬁc%e&ifabﬁotén (F;OUF > along a path
to a otodi.ode 328. A difference Ild i.n t e res
25 cUif BiFectige “B‘ﬁéfsd‘d’ F irAwEed 3 Be shighy thetgnny Eroc‘i‘ﬁort]ttfl%li’fg?lua X
1k @mpI0 Shduigh Mhafl lﬂﬁads!'nﬂaﬂlwfngle %o%ﬁﬁolﬂﬁ@ﬁ% tod@hionSs, Ith‘e mmantmn
an%.is orti onal % nent uadr at ure <Y> wh

4 %{ﬁ approgimpfely,2Ext fpha sipe ‘6Bh aP%ﬂa"ztm“E‘??é“m G, in target
Eﬁ?@@ﬂ:{ﬁﬁd qu%kJ A0 EY lares>the Mekasu¥emeAt 6f GIRHALSS <YS, Whigh is about

nber n o hotons in target state I TIN> (and to the

?é?ﬁtﬂ &tilh ke gnych largzer thamgiena) neise, apd Hieceriewdpipn taraeti stag iseffigiently

FaliiRA Srom AOEroBe sta%)coﬁﬁh'l n@rﬂ)hétons<)<> = 2~ cos(nXt)
Equatlon 6: <Y> = 2~ sin(n % -8 WD 2004/ 093003

PCT/ u@waﬁpmb@mﬁ% illpgiraish 3Py vets adivgiodaie measfg@FRtywhich is

M@uy &ﬁ&éxﬁ%@ﬂéeméﬂﬁﬁ@ﬁequ@ fhe mrs&singqa@aqi btildoR. F5>3B ﬁlustrates a
qual to tw ce val ue neasured guadr ature, <Y>

GeFgeme Sy pHYt 8t %SFS é%ﬂﬁh 4phnder wirEnEpiehdpciuding 50/50 beam

PHOSEPE] {0ASDY, rofl6thds 8t dn@324 | A48 phot6 @B B26 ait 328 dboaskasiRe the
t hat %uadrature <X>is zer g quadrature <Y> is 2~

P(h?%?éhi hmérf@éﬁrﬁ@rpr?he@éotpn étaﬁﬁﬁé bitsiest FU08, S¢/8) beam-splitter 321
ff »
ﬁfét?%ﬂe %bhe?entt sta g>r 1&8 n\fng %&%O S?’P&? ML it?e{ é/\ggof?\ﬁg , where

U8 Tt Sys

sablcHst e Rdd deeglgﬁdﬂé] bpagalwead}a&&mhsv aony Bmd@l’hg’\/?lax Js input into

Thus, for an appropriately controlled reactlon time
rhotopie etarléf) eheselthattrogded E<ex mulres\@plmewhnftjé“ cbdtidapeands on the

d hed t
PR 5L R B DA e A i P B s
ltge'm/zagetfmmsmcrnecd%am M%@é@m&maﬁn&maﬁ B2fo)50/59 b‘éﬁlﬁ splitfer 323,
t he product Xt is small enough that the snal

véhil eombpies pldsersiftahstap Mei“’é'smbowmq thetseaond Bpode Hé’\/z>y from beam
spht[;re? QEPwa mirror 322. The output probe state after beam-splitter 323 is a two-mode
state as indicated in Equation 7, where subscripts X and Y designate spatially separated paths
to respective detectors 326 and 328.
Equation 7: |Pour>x | Pourdy = | (1+e™HE/2>y | (1-e™9E/2>y
In the regime where Xt is small, the output probe state can be expressed as

| £(1+inyt/2)>x | ingxt/2>y, and a direct measurement of second mode lingxt/2>y using
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quadrature <Y> is approximately 2~Xt for a single
phot on of angular nonmentumwa in target state | TIN>.
wo poot/0p®ozuf ficiently | arge, the neasurenent oPCT/US2004/011001
quadrature <Y>, which is about 2~Xt, will be mnuch
| arger than signal noise, and the one-photon target
state is efficiently distinguished fromthe target
ate cq al.nin no photons. 15 The. neasur
s P ity Lo BEOVE SHSud TEoMGBaY o PHEAL PR 5O’

Mbtdd{bfdé 328 barghd ¥ c@fvbitiohd ﬂfé\llllbél thaOR Fi%_ﬁ.lﬁb key dlmalcgrnsn @Ssirightephoton
se O a str 0OS_ClI or. 1.9. . | ustrates

m ﬁgﬁs%rt@(ﬂéﬁ’f”%giz g’f‘bﬂﬁ‘%ﬁf’é ﬁ%ﬁ% §@§§%u%§€ﬁ% Hfieind a large
nuniber éfepHormt.e A:éuﬁﬁﬁthﬁhtﬁﬁe PR4&S teamelatsplyi 1hize r;ﬁhoﬁ;aibda BZB can

323, reflectors 322 aﬂp 324, and phot odi odes ;26 an

digineyish e uinuhmods, hpye vshasth o %Pp%?xmﬁf’é}‘ £ B]F‘Bﬁ@ System

mgttﬁﬁ 1k BEmbus RvarkdbeSH} EMARNP Red AHeabrsREAMSHRL 'ef'ffcﬁsﬁcy of
20 splits the coherent state | > into a two-node

Sg@ata PaY} detecting gingle photopp isiclose tounity. 2>y wher e

subs [

Dt ne e T X SpRR0E oF Rk st SRR R i 1

tlielﬁtate Wrerof tlteh:aital sry@tdm after-thepboamaptittérraed EET bedseons 13ifbind to have

e' |t that depends aon the nunber n of photons of

the e gHver iniivatinn 3. iaphopdiods ek mespyes? liwn#ffrﬂrsurrepﬁ dhegifiquation 8

indlbdrds@ht Bk @k Qate | ToiR includesPhofoh SFARERE HEuE e 110

1r ef Itescté fgr%gmatmlr?@r m???il4eon1%h8 O50/ 51% beaénqusrplaclg?{ter 323,

RBatnisch Eonbico3. | phab®sshicll et 1s¢°9E/@> 4| (-6™/2>p>x Wit h

the second node | =~/ 2>y from beam litter 321

mirr &y BT8P0 stapn dTrgit iSup” pHPEBesieLd kK gctkels"ates i of fhe form
1 3 d €, S e

il e sl e e

aapdtn fédugneyepanmsit terefat bemse plmse e]sﬁecthvdettbcm@gmtuwa the

?s’%ﬂm le%ﬂ-reylrthl%apl’llo?c{hiode P?%gl >y (yilgéf%% shteherpehase shift resul’urB%t from
compeneal $tate t| e, ﬁmm petphpsechidt Istuatirg fﬁmncdﬂﬁpoamprs&&es Eb,a9\s noted

(] i nXt/2) >X n~Xt / .a direct surenent
ohves SR nBUE T | HE s, ipefiRg, . BoEioseoia ol B mately
Mhﬁﬁ&&@ﬁ&gﬂoﬂé cuR&P R l@dﬁloaagzwn\éﬁﬁreafdﬂéaﬁ rﬁ-ﬂied?dte 12>,
current proportional to photon |ntenS|ty
iPfhos ghidder tBES theanréns mgasursd fasspinpensht stats | e t hat is
tj\?\gb pe%:t ogr%ésjnlcg %VlltF grlﬂ#g ec% 8@9}.& Eg@@%ﬁolgleasf %%Err]ll}lzsgﬁr"gm 960B can be
tioeti ue et &ed paryn deta:téraﬁ)g&rgeﬂ stab el Of  pb (ﬁbf@ﬂ]&bov@Sﬁhﬁ%d‘i@e 328
that the roduc| ~g§(t is relatively |large, photaodiode
n?z%lr%%ms Hrtalei INgei 22h &f ﬁ%?toraﬁeﬁat“%o%wh theptlye-qpaigy xt is
efua¥o ﬁ%%éﬂ%@n%u&%& PRIRBALAAS- sh1§%ﬁ§t &M malPR JrB¥Swhich is

has enor nous advant ages over currently used detectors -
effeatiyely @o phase gfifti Onlyrag pddphotogyymben radoRnslinttergetistate | Tnv> causes

hot ' | I
s RoRLE Rk oA B i et ™na of Che form

co | Aﬁzd'vfantagé oﬂ.mEasurement system 300B is that photodiode 328 measures light

through a “dark port” that neglecting noise, has zero intensity unless a photon is in the target
state. The presence of a photon in the target state thus provides a distinctive signal.

However, an EIT system such as used in the exemplary embodiment of photonic gate 110 is

always likely to have a limited amount of noise arising from decoherence and dephasing.
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the state I T> of the total systemafter the beam
splitter and EIT interaction is found to have 10 the

wo eooriogioven i n Equation 8. |If photodi ode 328 nREBHUSHO4/611001
nonzero current, then Equation 8 indicates that
target state | ToUT> includes a photon of angul ar
frequency C a. Equation 8: | ‘|'> = cc | 0>a 12>bX |

1- Lf tar
S%p%?smgl %%I ﬁ;ea >mgl gheasee %hgféSI © Brobe Ftatﬁg%akwo%dﬁtc%%se SO gﬁght flow
thiveglf the darkortlof ﬂtea\f&(cli Zlehﬂctearhtﬁﬂeﬂoﬁiear etzatwhen m]tmgm photon (e.g.,
ang%ﬁ\lﬁthat ggncl r];P 3y p{aﬁged o xlfelgd ggglogea 3% ega%hngesa%urg i efatmqunt of
btk just thh @ramgn iof we) atfth¢ Idak e Librtdi p’rg)ec turrirendf the phase shift
28 easi | n hase . shi.f t
1?@.1%%(? 1%1%?0{1% ale laﬁ) a}é rl]lgallﬁg Ii:hsetrg) se 111s?gfgf‘1: gt c%mpfaxﬁd §% ?]haesaénount of
lsghi ﬁtomr éls watk peyt Mﬂl@mnacmalmm photan a@s psent. Ahotediodel 328 then

cﬁ’fﬁ%ﬁ?ey\g %‘g?@otérﬁ ﬁ%ﬂpllﬂ!in ﬁhla& ? %}ﬁ&nc;an%gaaﬁév%? %iﬂg conventional

ot odl ode |sapr0|rrae proportiona 0]

phatodtioyed. Ifpletawr ga@erﬂloteh@@yph@hmdm bdem8dgniam 4s alteyaté the probe
) t -t .

SEOPSOET S50 o W08

femcbe deisce wit h anot her aspect of the invention,

Meas Wiedrend ¥5?S$e %gBanﬁaﬂ)Oge as 'ﬂ%ygf?l%dt eﬁ)ogec:tarpaﬁblé to infer the

parl t et ect or or t arg et state
PAISEREE, or pbrsnesdif @bogn @ a ﬁw‘é @tﬂtesvlﬁaomcbnﬁeﬂ}smeasmng and destroying

tﬁelph%ton )T Xﬁfo\fon dofm lﬁl@ Fé&%\l,pétgte gﬂlttﬁus]o% leédsaftér::]{ﬁgmgﬁﬁlte 'éﬁe

quantity equa en even phot on nu ers
pr odlrceccerdpira gdthsinpther asheet of the Anvention, plnengfstyiive measepment
xﬁ?{ﬁgoﬂ Ere.ﬁfo!B % YoVt Qla@rﬁf@ntﬁtﬂhl' n&rﬁ-d%isﬁg 89&18’11 pJﬁPcIeQﬁht may

er n photons in target stat
spﬁacg@allymrfupdepmﬂablm ephifor eitglo hot8R Sitel e tdetstnginiatic ahoton source that

t t
g ;m;t%{; ggﬁugldvggs&%gggﬁuspggﬁ@é g;ﬁlt%ﬁ sh)ﬁrxéhﬁmdes the
cogjgpiionglophotont watcen@g Inee-tl¢stryctivoipbeton Wigksctor mhuaatsestgn t3POA or
3@6@ eﬁxﬁ z? H&&{ %ra & s%s‘ﬂ:rr‘ h%‘h& q{ogﬁgstm@tﬁ\%&ﬂxoto}; dc?&té%{o?%?é}l&ﬁes the

onlnt arget state thus
phwgm mh@b¢rvfer s|5@t¢a¢utpus @romoﬂvewemvenmaEprt@y@mm sléi ¢e msasured

Ft?@tdstd[téllstnla? '11 gﬁﬁ?@ko?%ry ﬁr%'EH%P gﬁtﬁﬁ %]L%tgxf) stgtg ?}09{1&10 F(Qﬁi%xlﬁlscégi%hoton

al ways ave a
seir¢esrhergured. olfithd ercatvesdehoten statd Cdephm;smgje photoh)th¥\@easured photon

st%@oié’/ s%?&io gsthgﬁét%%{%%‘éﬁ QH&Q lfro &thﬁ g,m%?en%lf%g)lﬁs Sat@ can be

hase s dgr obe state t
f%‘ii’ﬁ%i N éﬁmanfll W@entﬂ?ﬁm@n teetorimeludesqr phogemict gage lncludlng an EIT

)Mb&rh tHEEHTD @?sﬁen'l thrﬁﬁtfo@ﬁ&@%@sre SBIYISH a PRBOste ah PSS theRBBLRoton

angul ar. fre uency CO,, is present.

f%ﬁ%}f@l@ase pﬁ&taaay 6l su5h degeafOHeRelt RPORREOWR A hipppe can store

N ghgfdhs :ﬂrﬂ%ledsb' 8 bisel- Qﬁec%%ﬁl%ﬂ&%f st g U t9 1) })hﬁénstolﬂ%eﬁﬁ{&
port proper tuning o phase shift 5 induced

and
n phgto ety & detennipiglic ﬁfﬁ&lé Pﬂiﬁfén rfomse 40hdh pepdrdangntvith a

sp'é@lﬂ'iB RhBEditneni! dTehA IR, OPhotbd Skcel 400 Mhdilies Q%gtoﬁ’lg rgtalte 110 a
% si,ngl.e target photon is present. Photodi ode
IQren er 1nterferometer 320 a non-deterministic photon source 430, and a photon
storage system 440,
Non-deterministic photon source 430 sometimes emits a single photon of angular

frequency w,, but most of the time emits only the vacuum. Such a source can be, for
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di stingui shes a few photons from many photons, which
can be achi eved using conventional photodiodes. |If

W@ b@itopioe3 gate 110 enpl oys a photon | 0oss nmechaPCBD51004/011001
attenuate the probe photon state, the attenuati on can
simlarly be maxi m zed to distinguish the dark port
signal 10 from the noi se. Measurenent systenB 300A

argglg,n%leélgﬁ? cgg)s i%sregf%ugn lgrhg & l%ﬁﬁg aﬁenuategri té“Hee output of
phuotoh @auirceomo éahdagureba sleteintige wahmhed estot murcregBO bﬂn&te@ hphaon.
The on fromthe target st te ca hus b use

Tt oL e e Do e b G BB eR s Rt sate | Tn>

tR8 A€ Gdpudfo plRoriIYLNULORr HeaB@BnERSTA Weki MEotHBASUBLIR: 410
15 system 300A or 300B can convert a conventlona

SHBHtaH"é’luélV BPISTAT oROE BIRPSBUP & tansningRhotosp o angplanfreapency
l.
nﬁ?& g@g 1Xtﬁ1§{%&1@t§‘ 3%' gflt? &{k?etn? gliob@gtgte q §> SSP I%ﬁt éme spatial

rn1n|s on sourc eases
c@lﬁh@b&ﬁt QNin| nfariﬂlotomb Gafdel 19r Wit k3ddt Gtafd MUHoe [Emefodidde 328 then
source includes the conventional photon source, the

detsrmigesswhatlesr itarget statst BEM sclidesor single hejen sty@tWrﬁe@@@vg whether
p%%t%? agQ% el pu?et:son St X%% nt}l%e -l;l%lese an%édD%? tbreﬂgvt Ith\é:elevel

or nbas res er fo
cotrespendng tpatwd m@mnttdtreet@tmvent [ onal phot on source. I f
the
1
e TR M Lt T AP A e s
phbioh dNdet&eedr CEheEas tieastired| d‘urrblh efrdffEﬁlmImﬁﬂﬂe (828 tcomfirgts dha target

& Lot Bl < TeTooiion e ety B LS BRPORR SRIAGRIL Tha st

435 RE € o AHAURP oS b @ FRONE ﬁfbt&lesoulrcg |4§@S ?ﬁ’ot@ﬁ" stgﬁg@m caffiRM device
t he photon detector includes a photonic e i ncluding

SHHL aswrrﬁbzs logy ¢¥ &nfIT; system|capablpsaf aelpasiag 2 Cﬁt“? o ekerent ,sh%t% state
n$didhidg thé)stred F,m@n Stitsor@shofth Qs bl Peabadr Rt pRIGH Qtage 440 to

for later release. An array of N such dependable
@ﬁeﬁﬁp@tlﬁi‘ﬂbt’r@ﬁldg 8 &ipgleBhaign Sl‘*’r‘i"r ¢ ‘i%é ‘can store N

phot gngcaiihcé Rite %&eﬁasﬁ&ﬁ? Bf tﬁ@ in@@ﬁtﬁﬁ' RETPBhsed hrrifieent uSed in
phot ons on denand illustrates a

pa%tﬁg)ﬁ BRI 140 vehidy grgtee ﬂmﬂ?ﬁléeﬁ Pé‘éfifrséhﬁ nghe piebasiasr eharidse store 2
siefebhéton SPEE iaf%e?stﬁ@bﬁq;bm@ﬂﬁr 8k dtuRfod &Y}%%b&%mt? G118 Bxtended

source 400 includes a photonic gate 1

tovpiastivdnelev or pior propraghen el thaagget @Ilqmﬁhr@églemﬁﬁtqﬁ isygtgng 112 until

aR qutpw P&Q&H fenct@®: AQGrdnghhat &Barab% 63%@9 Qto?MR{ RMcE#490 can be
ern1n|st|cé£hoton source sonetines emts a

egmwgileélfmtﬁwstaml HFayeato St‘?r?@awégﬁéyh%%‘ but most of
t he fulBleefatdrmirtik Yphblog eéa&wmch&aqmn@raﬁea%mgcarbabeoe used
for -11 WD 2004/093003 PCT/ US2004/011001 . exanpl e,

togelign 0] Iy AtiPgR FECLRMY MUgelghtcd figphey of photons. e 5

ilakkRauAt KEmp1BSEhEn NPR60R dbReH 500fcontBiRRE QNsiBAY pEdor! sfrde 400-1
red. t dete m ne whether or nat _source 430
t‘gﬁﬂ%[# eEacg og H@ts&g, e photon sources 400-1 to 400-N operates in the same manner as

photon source 400 of Fig. 4 to detect and store a single photon. When photon sources 400-1
to 400-N all store single photons, any or all of the photon sources 400-1 to 400-N can be
commanded to release a stored photon to produce a photon state having a user selected

number of photons.
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For the nmeasurenent, the output state of source 430
becones the target state | TIN> that is input to
wW@b@itopdoe3 gate 110 for measurenment. A | aser orP@I/082004/011001
probe source 410 5 sinultaneously generates a
coherent probe state |I ~> containing photons of
angul ar frequency w c, and Mach-sender interferoneter
ggg‘pg&rﬂe 8%@1 & Hl\e/gn%g}x PPS be? gegs%ﬁ%tgg w1t{>1 irfbcllatg lp%r? %?rp %iboa ments,
tht dé&rqbtloﬁlld\bnly ﬂh@@mﬂle«»ﬂ the $xﬂ8nﬁdne rapplﬁteﬁcmraﬂd Ishxmld/\imiﬂab éaken as a
lt PI N élgc\t.%eseatd atlons ﬁ{él coa1%1erlst10ar1§ %é? élaeg Eo?gttéeogmbz)itd%t}]eglfsb@{sclosed
z!rh afﬁﬂumghabopa@f tﬂamvnm:umes Hefined bbtht fdilelvong ctdives.| evel 10
corresponding to a two photon target state. If no
photon is initially present in state | TIN>, source
430 remains active until a single photon is detected.
When the neasured current from photodi ode 328 confirns
that target state | TN> includes a single photon, the
photon is stored in photon storage 440, and a gate
435 shuts off further output from photon source 430.
Phot on storage 440 can be a device 15 such as a fi ber
| oop or an EIT system capabl e of rel easing a quantum
coherent photon state matching the stored photon. The
stored photon can be rel eased from photon storage 440
to determnistically provide a single photon state on
demand. |In accordance with another aspect of the
i nvention, an ElT-based arrangenent used in photonic
gate 110, which causes the desired phase shift in the
probe state, can also store a 20 single photon of the
target state. In particular, the duration of the probe
state can be extended to effectively slow or stop
propagati on of the target photon through matter system
112 until an output photon is needed. Accordingly, a
separate photon storage device 440 can be elim nated
if matter system 112 serves to store the target
photon. Miultiple determ nistic photon sources such as
illustrated in Fig. 4 can be used 25 together to
produce a photon state containing a user-sel ected
nunber of photons. Fig. 5 illustrates an exanpl e of
an N-photon source 500 containing N single photon
sources 400-1 to 400-N. Each of the single photon
sources 400-1 to 400-N operates in the sane manner as
phot on source 400 of Fig. 4 to detect and store a
si ngl e photon. When photon sources 400-1 to 400-N al
store single photons, any or all of the photon sources
400-1 to 400-N can be 30 conmanded to rel ease a stored
phot on to produce a photon state having a user
sel ected nunber of photons. -12 WO 2004/ 093003
PCT/ US2004/ 011001
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Al t hough the invention has been described wth

reference to particular enbodi nents, the description
WO g00a/0p3p08n exanpl e of the invention' s appli capCDOSzEN4011001

shoul d not be taken as a limtation. Various

adapt ati ons and conbi nati ons of features of the

enbodi nents disclosed are within the scope of the

invention as defined by the following clains. -13 WO

Yee4m593003 PCT/ US2004/ 011001 W claim 1. A device

conprising: a gate (110) capable of receiving a target

phot &nis‘{;g‘feecoﬂ’&m&g'pr obe photon state, wherein the
gat e aghte all1epcapiiblé dfaedervirpe tplaettphoros ktatt enda mbbdgi®tdnlate,

SERELS gffcButiR Rt e el dP APy dEp I p OF

piemasihehd thigetphatnggateyantthe probe photon state to

ror o e 5 O 2] 85N B Grab i Lo o 8 e
tg dttect (Whatbyr tiamgetipheton statedtciudes @y ot more(Ehdidhs. 10 havi ng

mul tiple energy |evels, wherein photons used in the
target photon state have an energy corresponding to a
first. Thadesict bilailnel wheninthegar{£r0y yorhierised smatfer syseem (112)

matter . system (112 hot ons i n. the probe, ph n

1@t BRpR R v el PRS2k B B At Hhve an emergy

corredpendingan a fise triveion béteeane guergydavelsof the ntatter systerh €112),
tem.(112),.and the matter system provi des -

B R etk pn a0 e En A s e TR BT A e ranstions

tetveecpthe smangy levels dfghetmaatigedystandl 12),@bé the mapgbiclystem ptavides .

.. The devjce.of .claiml or 2 erein the sur enent
BT Bfenp A S Rty Sae o MRS RS plbsontry F AR G5 Rbve
phoeh tttesnned to split the probe photon state into a
first spatial conponent and a second. spati al
conmponent, the first spatial conponent .being directed
i nt 03. 2Kk dehiee giatlam (11t Q) wisandin the seemrsthespgbteml (1200 nqpoprnd:
bei n ' t t ass t e 10):. a con m.
op 1 108} BEE B DRy PRRER G SATIR plobe Bho B RE R E RS Tia
cepatrical and e ngpomksphticd nempankg, thefivngatih edmpinerd dripg dizevted into

0 1501 00| eSSBS

f r one sdeenddean nplitlee@A3 )pkitivded to @R B)ine (RSt spilivd colepanem and

sl oo MR O HRR R0 Lo
phot aphottdateetoh2raboop r ligly pethdrogtthngpeoridrbesrh eplpten3a3).

photon state. 5. The device of any preceding claim

wherein the change conprises a phase shift in
4, The device of claim 1, 2, or 3, wherein the measurement system (120) measures a

number of photons in the target photon state by measuring the change in the probe photon

state.

5. The device of any preceding claim, wherein the change comprises a phase shift in

the probe photon state.
6. The device of claim 5, wherein the phase shift in the probe photon state is equal to

-14-
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30 the probe photon state. 6. The device of claimb5,

wherein the phase shift in the probe photon state is
weewaloozoes -14 WO 2004/ 093003 PCT/ US2004/ 01100RCT/U52004/011001

times the nunber of photons in the target photon

state, and the device neasures a parity of the target

photon state. 7. The device of any of clains 1 to 5,

e S PR PR e TP b A SRR 6 ek A Bl gy of

thhaigetphowhatae. has chances of including 0 or 1 photon
and a photon storage system (112, 440) that stores the
photon of the target photon state in response to the
nmeasdar en@detvwsysetrsmf cdleinedtto ﬁ,gfutt]lrmbommmgar get phot on

Zt ﬁh ﬁBthC %Joglrei‘:% 0%382&1% %%nerat?sltge éut'ge thgf"on sp ge rat gml(%::t]agrgett ipl%lon
@htf&'lwst:hmgestotﬁmcmém.@tor § plattan; ambl a probe st at e into a

gate éﬂ'c;lt?rﬁst&g tsa&%ﬂiflat 5 Ogﬁ’lgt olﬁ&et pcl)jgjcoﬂ ﬂht@g%réeq Bhoton state in

bet we

mepassa ta theg maasoreanegisystem ttectipg disethg tameephonmtstaaer ingladesfl pbetrn.
the non-linear interaction; and inferring the nunber

of photons in the target state fromthe changes in the
pr ob8. Atregtleod foﬂCEte@tingwambelt dfpbbtarfs ig bk tirget Batewompasing:

meas ?ff}écﬂg%ﬁlgt gget‘él rBlI;Eest Y 9{(}93 ag%%e?; @Iﬁ% e%%%on—hnear

interferi ate Wi ence eam
lfrﬂqectwetbh@@eroﬂle tfﬁlr@it ﬁats and/ﬂiepreberﬁtmasurl ng the change |n

the lee%kaﬁn%l éﬂaﬁgc lg 916?9({59 Etlat% t aris! frdeh itﬂéglo%l Iﬁﬁ% . R ERRE 1on and

state so that a first spatial conponent o pr obe

st at eférrngthenumber of thetonhia thetangeitstais fanethe chanispsin thy probe state.
first spatial conmponent of the probe state with a

second spatial conmponent of the probe state to create
an i bt Enefrestleniod clagm 8, vPSraimemeaywringgha dhengerin thefperbe sigts comprises

1&@&&&% tl{el})?ob%gﬁ&%thi ﬂe?e&%cﬁe%.e stat e._ -15

10. The method of claim 8, wherein measuring the change in the probe state
comprises: |

splitting the probe state so that a first spatial component of the probe state interacts
with the target state;

combining the first spatial component of the probe state with a second spatial
component of the probe state to create an interference; and

measuring the interference to detect the change in the probe state.
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