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WD 2004/ 072806 PCT/ US2004/ 003788 QUANTUM | NFORVATI ON
PROCESSI NG USI NG ELECTROVAGNETI CALLY | NDUCED

WA BRANSPERRENCY BACKGROUND 5 Interest in quant uPCT/US2004/003788

i nformati on processing has grown dramatically in
recent years because of recent successes in
devel opi ng quantum systens and t he expected

ca it t c . ln particul ar

ok e A b ES QP e RN B G bisae g LY
if large (many qubiiphugEdTtRANSPARBLEYS can be built,
guantum conputers wll performmany tasks nuch nore
efficiently than can classical conputers. Quantum
processors having tens 10 or hundreds of qubits, for

BXGKOROUNDUl d be able to perform quantum sinulations
unregchable with a,néj cl assi cal .machi ne. Such guant um

pr oc SREEFs N Uep R RARP I RTOeRsEiRE Pas growa dramaticplie in recent years

beRAUsE B redbit lsadteRss ANEvEARRhE GRRtdnl Sétepfs 84 @H’étéiﬂ%cted capabilities of
conmuni cati ons. NMany candi date technol ogi es for

the, SETPRAN Eo P PeTtiSHlah AYoskiBg guasiuen exypPiosysiomy hgws hegn developed, and if
16l Pl ?Lw&b ghavel coRphaokaye ﬁdﬂ:ﬁ Nfafth dofplersPRLt JRer form many
practica dant um coher ent cohmuni cat fons W |

tPﬁkﬁ &ruph peore, é@ﬁ@aﬂx then cpm Rlawgah@mmu@m Quenfiny ryocessors having tens

R RERBRIOT &F g @Qe'f(ﬁngxaﬁlp%:t{rm%e%lg oy @Jrf%?m( glﬁagtum sunulatlons

photonl c qubits) seemid for conmunitation

qu[@g]@ fa Wit ayudlaspisal appghiner Sgcéqmﬂmumqqym@sagm also have the potentlal to

SRAHTUY R king 08 1aRGS AHS Soolib Mt of (BUEH Dfhuilntddfibnsd O

optical fibérs or eve rodﬁ ree space, can carry

qu antMﬁmyi qaﬁdirlatattéct)mlogwr for augﬁurnl |c9mautmgshardvmc ateecurrently being
B, ALY 3 85" OLTEE SR ot coneren

aqumlnw%rtlmpt Wxtlalhkepfr lm: axded for'llhtkmgrﬁeﬁﬂrae tguaiem qfrodeksets0 NSoherent

rtant ingredient i

b BbF Belof o el Gits £ RRT s ER P BRRGE Shoveeh fuantum

domphten;l aglyfor @attrdl hamtoml ¢dmmiricagiass bataust Nighf, Qﬁﬂ&lﬁfgtbelther down
matt er ubpits

tr hot on ubits and stationar

vt e e BeRBOwl Tofapacs, GG Rb iy plrpatgro et large distances.
Fpaad bﬁﬂl@@laﬁﬁm{ @nfputin®Mey Be!Berfor@BdlditeeBy anBhdtotla®ids, using non-
dir ecg}l %ﬁég}l qubits 25 encoded into photon states is

Iipesgiar yin UL 8PYC} PIeEE¥Squant um communi cati ons and

conpuhi Rfterabtidhs of phHIBME vl BARIR Bkely &Y 8L 8MNihPOtdnd 1ngredlent in
whi ch _photons interact with matter. 1n this exanple

%r%f?—?rlﬁ IDRIeEREItion e GRNBID fAfarmetion dechnglegy, lapd ghe ability to casily
iht@ReRwkOkavekil }Sﬂ%ﬁinleddpfbﬁg bi&d ﬁaﬁdﬁ@?%étﬁeg ﬁ{éﬂﬂ%llltl{e%\é@&éd” Further,

el ect romagnetic wave of angul ar y
thehahilityde perforgl qUant3m gates te-g1 one-abiirang To-ghbit gaes diresilybam qubits

AP RO SRIPhRH QRE 19 rhl%'fxw gesfi‘ltaglgsfor x:ngccngaﬁtﬁm Qer%lnge[tlons and

systems having at |east two accessi uant'um ener
compulizg. Two of the accessible energy

Fig. 1 shows an exemplary system 100 in which photons interact with matter. In this
example, system 100 includes an atom 110 and a low-loss resonator 120 that directs a
unidirectional traveling electromagnetic wave of angular frequency o, for interaction with
atom 110. Atom 110 can actually be an ensemble of one or more atoms, molecules, or other

systems having at least two accessible quantum energy levels. Two of the accessible energy



10

15

20

25

-1 WD 2004/ 072806 PCT/ US2004/003788 states 11> and

12> of atom 110 differ in energy by an anount hU012,
wobk@n®e71306 s t he reduced Planck constant. The BOEU§3004/003788

(h(oa) of each photon in the traveling wave may be

detuned fromthe energy difference between two energy

| evel s of atom 110 as indicated in Equation 1, in

whi ch a detuning paraneter Va is snmall relative to

senigUlaand Regiferey 100 diffeb inRetsalyl WNanlamdddng, N wBdrd 4Y @e reduced

If atom 110 only has two accessi bl e energy |evels,

om 11 i -, _have a absorption of photons of
R e R E RO RGP e Bl #REnB IRy gy be detuncd
ftdm the enevpe diffehedice Bdwednatvo Bsergy leveld ofatsre 3 dhayihdicated in Equation 1,

gr en of atom 110). The, absorpti.on.coefficient

iy R B s Yok omdl ST SRR ety b

paranmeter va. Electromagnetically |Induced Transparency
(EIT) is a phenonenon that can  make atom 110
transpd@ption b t he phoFdr(®ndtva) r equency coa in

resonator 120. For EIT, atom 110 has at |east three
accessi ble energy levels, and a | aser or other device

appl irestod 18b eGlly WRANEdckesdiblel &Rl (RERr k@G 100 3Rll3have peak
control field to atom 110 that creates quantum )
Foprplianedahe®np ef Gieesy it feWhesribe geiteing paramaler vris gerat(ke, when the
ghions 2R htSa Fesdfdhk Hel@DS) GRlatoRNEI@Y THRY BbsoffhiB BPficient generally
conparing the energy levels of the three accessi bll e
remainggonstose £ ofhpsvaluep of paspiaetars= of at om 110 to the

ener : ' . 1

ooy SEEARoRcANIEIAR gk SR P E DA g oo

aan %mrmm@ntﬁg thiephptenl a deeeeninoBguetongnr 120. thee EBlaetogy110 has

. j | of L. | I .

FER0 e SAELATONAR, 1l A £ 905 ot Blfed Bty dspeomagneti

feldatebsred 30 amm dort@b-figlfl tabtomn 11 0Chabkentes guakeinu iterfgrence between the
a aﬁllréetgr a}t/brsit eSsmal | relative to angul ar frequency

p«%&fﬁ’. B8 2% haab = h' ((032+ Vb) 25 Fig. 2B

i |1 ugig. areis at femi-elhesiqy edepyyelesel diagpmo detapariag alicesnelgf, levdls of the

B> of system 100. For product states I X, A B> Xis

three AccemiblSenengli tattd Ihg, 123 @ne Berofwtone VEI toalie aicepnitdOof a photon in

and A and B are the nunbers of photons of angul ar

P 50 ARR oEb BBAD bLYE s Pl REAIBAR 10, s
irdicpateiB Hoppticnsy ithe dnhegy hatweof efchgihstonpt ithervoatnal field is nearly equal to

stinmul ated em ssion of photons of
the energy difference hms; between energy states 13> and 12> of atom 110 where a detuning

parameter v, is small relative to angular frequency wy.

Equation 2: hrop = (03T Vb)

Fig. 2B illustrates the energy levels of product states IX, A, B> of system 100. For

product states IX, A, B>, X is 1, 2, or 3 indicating the energy level of atom 110, and A and B

are the numbers of photons of angular frequencies ®, and oy, respectively. Rabi frequencies
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angul ar frequencies e0a and O )b caused by the
el ectric dipole interaction of the electric field of
wWo b@4psoons with the correspondi ng di pol e noneeit/usi004/003788
atom 110. An exanple of an absorption or stinulated
em ssion of a photon in resonator 120 in system 100 is
a transition 5 between product states 11, na+l, nb>

and 12, na, nb> In a s neous e SSi an exci.t
Qapwhi ToPiea?B swasen thera %rfgtagﬁ’fl?’f}ﬂl&ﬂ lgﬁgggﬂs(sgngof pRtons of

aﬂr%ﬂlatr B%@.geﬁl@i@i&t élﬁ%bfcfa%u By Meolebtic digole ﬁiﬁe?adh@n of thatetecttit, field of
e control field frequenc

fan be tune of an
thieoploteat witlhy tlzen cermspondéer dipgls caogentt eato@t Li%s oF cxwple
Q%Qu S & fefRatorl 20 At inCld0ds e mhansition
Sf%’ttlggsor 1a%§?%%€@%gﬁb % angul arafrequeﬁggb(Oa In

1361 abson R b2 GREfRE! ah @npobehay eliBiodtamnexcited
bgfﬁ&i@%h §3}6Q§ ghotoﬁlof anguﬁar frequency Wa falls
to zero when detuning paraneter va is equal to zero.

A DRE110PRR! sbARr § PRbbRintd ek epach (sg. ks tratsivion Fikn state 12, g, > to
transparent to photons in resonator 120. For quantum
i nformati on processi ng purposes, one useful

staftigmaaiHpn of atom 110 w th a photonic signal woul d
i ntroduce a phase change in the expectation val ue of

t hemekg g(t) ot ﬁeflderédél ﬁl{)garnalf]e%n&i‘ tol HEatP QR4MRS iBEence of the

ato trans P hot ons or ot herw se ¢
sfa&.lSSb@ thuphbmns amdﬂmtmaltbat smlgxnaze the gae atpglighyapm MA élﬁsquhsephotons )

Hﬁ qtqg%fg:p/cgf bl 'ﬂ} ﬂlg’ alfsbit] oé QJefmléHt H&t& 2 for @om 110 to absorb a

causes m ni nal p ase
phb@ﬁ @€ anglak heql&h@t @, fofls tolerotwlen slﬁﬁunme darappiot vrigequal to zero. The

three-1 eve t hu o
A e

phot gn} quatialh tinfofhtion pufdxfeml@‘ parpffses; wme enefuk indgrection of fpgom 110

\gqrﬂ{ @méor’c]qeré(? s1|gx}sﬁ1é$vio é?tg)fél?l{:eo% drg%]t Ll e 19 t}% € ﬁ? R 10h WBRL of the electric

um states or
LS bé] at¥y cgfhché"ﬂtott&ﬂé whiys bRB1 110ds trm’[spznrelmcte thepjha's)es ohetheywise cause
In the P hot on quant um st at esgv"g(éahout ot

N O T
hilcASRPLAANER Wikdy BN (ARSRBRalOphabd) Shanpy aﬂthemtate of the transmitted
I nteractions of photons with an ato SYSEEM o g
preudnsg A thoee-laved @81 i5| thusRph SPTITALE CqRs "?;da‘i‘?r[’;a‘? {e}?ddg ptroducing
éﬁ%%?g&%iﬁagﬁagﬁggmgp coefficient and a tunable phase

otonic qubit. Two of the a CeSSI tem that
ener gy Vieverl the nyfremrﬁéatgpgfhemﬁ@\t}}eg@sgnnqe N ggqt féslﬁg a system tha

B e B e inca T rom . e
pige ehmpesyinathe ahghio oantes stotes Fidguig ]t“ﬁwfsﬁ é‘biﬂ‘ig &Nf éeprﬂasmg the
lg VWO 004/ 072806 PCT/ US2004/003788 qubit. Athird
B‘%@%g?ﬁie energy |evel is below the second energy

| evel, and a fourth energy

SUMMARY

In accordance with an aspect of the invention, interactions of photons with an atom or
matter system having four accessible quantum states can provide a negligible absorption
coefficient and a tunable phase shift in a photonic qubit. Two of the accessible energy levels
of the atom provide an interaction mechanism with the photonic qubit and have a difference

in energy that is slightly detuned from the energy of a photon associated with the photonic
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| evel is above the third energy level. Control fields
applied to the matter create quantum interference
wheiworsoé he natter and photoni c qubit states BeTUS2004/003788
control a phase shift in selected photonic qubit
states that interact wwth the matter system As not
previ ously appreci ated, 5 spontaneous em ssions
resulting fromthe transjtion of the atomfromth
aetiir A highsegpidiesnarey 1t g P ey pyctdne dhigph enerey
1Rl 8! Bbv Bl hBdrBhdreyd RVSINT Chtre PRl Bpplidd do dwhiattee ceeate quantum
.nearl y trans&grent four-level, matter s St&ﬁmﬁ’%lhat £t in selected
interfraierics betwepiyWe MagaiAnd pheferc G %‘a%a“é‘&ﬁ’ﬂf GRpLeSpift in selecte
pﬂ&gltl'lg Git Qs tiBat iHRRTREN AR B QYst&rhlP SR ipigidusl appreciated,
spont aneous em ssions fromthe fourth engqr&)gy %(81 | evel level
spariradeuscan s restiiog fing: te SARSition Abiliferto Higpt ihefuyrth enerey leve
sﬁ%}éés S(lr;] gliﬁbgéesrégtg'lﬂaiﬂaiﬂrb%ﬁﬂ{lﬁy BRI A&Bning tYtadt add@hieve a nearly

propagat i on of photons having the
tramspeten fiih lexslsmatica spstenmihah impapls Arsimnilinant RivpesTiilb s cqpragents of
pE}he .fcougittsh energy level. Aline defect in the photonic
%‘?‘&19515 ¢crystal can provide a path for applfy' n

cont Dak ridchirdsn tfor suppressingrthe whdnltaneessi qnyissiqns T 316 fourth energy
suppressi ng .t he undesjr 1 S5 :
R B G
BY¥taS S ASed i rpetohie pfopagatibn ofplentans Hagingltha weeleagth associated with

four-level, systemin which that fourt ik $and
smtggep%?rg{smgnlsr o e, f‘g@gh ?rgr%yﬁlgverlfe%kafé%acge]@&ef g%’tglt: gﬂgcgr# %at.l gap
dPtAr da EftoBld hepathiFomgprlying phigitod nEeldsr tot the atergnehide still suitably
optical effect. In either case, the effective

SUPRIASSING tundssied SPURRIERHE SFUGI0H energy |evel is

smal |anolidl hdtBarishh €S istippredting @hsiRpargansbust beissiomt from the fourth

field that drives transitions.t he_ fourth 20, ener
neres) leeglnnsse o BabisE DOeS U PBIPH it cengiel Vel Hetastable.

Filh 83 ns RD OBt AN Sta@ GaN B AV @Seiftler Bsing Basplvadis@r the magneto-
rate. nISn sel ected embodi ments of the inventi

opticacaffest: Treeithisr care. Herrblegléig) tEamsitigy gate @}Ib‘_ch’eotgﬁrthaenergy level is

[ CELARE iR lok QEERRY ot BhirdChcl@arh dfiariraneiies to the fourth
atomor nolecufe to a waveguide or _an optical fiber

andzyHeteh carsle radused toeasarotigt essibitbel nigel Probm shirsAGTHEnulates at a
rthat %’Pa!td cause 25 decoherence. One specific
eeraﬁ%%}f AERt of the invention is a device including a

. g
wav edui sgiected emdodigrents 9y she invertivg, a ngjgcplllaéégtpqeor a molecular cage
tructure. Th ' ' A LeG! &ORReRe thG 4
A ST Ozragl 11‘4‘;%\4%%%% gér?ﬁcg %%{Jhgff"t"%yreﬁé %ﬂtat ter syst emis o
POSplidadmi®er el help dscdase thei athms loe neflesstes day nberoas dhageapld cause

and has multiple (typically four or nore) quantum
8hg¥ Fevel s that are accessible for the 30 _
i Nt er@sd ipebisic winbbdinbet ofkiedbventiogn etdevicsingiding a Trageguide, a mater

DR 537N D AOARE, B Dbt s s
ARB6BHIEZUHIO THORKES Sysipohtsidons to értrssivitishé eloshrontegnetic signal
%} %gs;mg g{eg(gippcg }Il ‘i:omr Co?gm?e q%gﬂtltlrhce%!argwgvglsttﬁa% a%d Qctcgss%fle for the
interactions with the electromagnetic signal. The suppressive structure, which can be a
photonic bandgap crystal surrounding the matter system, operates to suppress spontaneous
emissions from the matter system, which can be critical when the state of matter system is

entangled with the quantum state of the electromagnetic signal.
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entangled wth the quantum state of the
el ectromagnetic signal. -4 WO 2004/ 072806

wWERIMOBRMO4/ 003788 One enbodi nent of the deviPET/US2004/003788
i npl enents a tunabl e el ectromagnetically induced
transparency (EIT) for a photonic qubit and creates a
tunabl e phase shifter for a single Fock state

photonlc q%P|t or a coherent state photonic qubit.
t he QiMaERRodmeas of din fAgvaqe, implsments) @ tynakle cﬁéecérﬁwgr@acatﬂa induced

tFa!ﬁ@pa@@lk;/ @m} YoHaSRofAR ABitvad bRsted AnnEhiE Phasd sRIABSRY a single Fock
i nduced when a 5 photonic qubit interacts wt

sﬁqﬁ@plmrtl%ﬁu@;@taéwherp@f sttt phosanicsambitc Forc i tustahle |pa¢qeysh1£@r contro]
fidiRy s@ﬁa& %‘dﬂﬂfe%mr i ATchOBS vglfledt t&ese@éaﬁar&lhsef {84 YRtuced when a

t hat ange the transparency of the matter system and
nhietesice qvhlfr diteragte tidy thenmatign systeme r aks gptieal gwilgh swon beimilarly be

B %klhgg%@ﬂb@gﬁm b R0 AEBCh SRR AP BhnsBrof )b the matter

ention ase gate operates on
yetem apd dom dommbwbﬁh@ thpmltcb traff§ts tombsqrdpb itte tpiveléng phatoes.

! 4SS b Rl FRLL SRV EM R o MY Gl first and

t wo or conponen
schndt Iﬂa)otoaroeqxﬂ)pxpl |Té1d twoiyebit Iph&Bb g]ahahdndias agfdoidevelsmstter system to

SHaLARS P Phiter Qyo R8T ol et PERPRS e bllilee papec. The

f?lbﬁpﬁo&ﬁlwtﬁmﬁelsaﬂﬂmmnatm derésipoﬁﬂlﬁgf @nsiréquencylefoyaegulirifeequency
rst. an n
imfis SRR B feroRiier Beriubith SkaTob hepgsn the fis

ikl abemd CAEdz? IPRRMLIME: fdar-&:vélrxﬁame Byxyeni.€ THe secand phcabmc qubit uses
f requenc eac% t hat |s htly 15 det uned fron1t
RHOEBSIHES CobesBRcitety fi FoHUSHOY (s PEH HERHGEDR Ophiba i slishtly

Quhed eReheYeshied Sssodted WEh b AAsiiRVIRbw BB theSiwoSotRdr %Hérgy levels
A control field applied to the matter system provid

it onslevel apttapysieny dyeratielfigldapplied tgﬁb@maqter ﬁysé@@] @mj@es photons
}%le)g aalﬁe%lg&ic?t(@ g, Mdubir 2RQRSY mB %srocﬁfed %ﬁramfthlﬂeﬁé‘ﬁj oFf en&éy levels

four-level “matter system The two- qubi t phase gat
¢frfh¢ durdes] maties|suitene T;b\h aserquhii phase gaig jatroguegs a relative phase shift

wo%dlsie&uc%gﬁ{eet?aﬁmw@% \33 gsfom% Qfgﬁal%qaa{c& 5 (o.g., angular

S|gna frequenci es , guenci es
@memm)mafaod mb)rfplemchn@lhwm the matfer systemerA €96 Tegnantym gate can be

gp@ constructed fromthe

mo-qg%??)p ase-ggﬁgglgy%ﬁ%er enbodi ment of the

i nvenﬂmodwr tinbediment off dﬁeuawtmmthammstbe uusetd ta cONORcigaE N Ol gate is a
two—qh on éotﬂm osﬂlflgrrﬁl%ﬁlfi h' ffhl?r-leve? Rgl & f-[ﬁg Ewé 0§$n o]?]hase shifter

ot on ase YRt ter
s d»mfpwtnptnhﬂlbmﬂ s&teﬁih&t 1hhadeslcm0bcbm£ms odideﬁunﬂeqxhb&n a@fimbers 0, 1, and

ef on n nd, 25 2. Contr
fon Pt BIGS Pp T i ool P o Gsterobive Sfnghfe (wencies
cfdhespmgamg g@trﬁmrdnmameh lﬂg seepntl raag shitd @fgyh@tﬁmm thé €ourth and
econ a | eve an t he oyrt and
PR B aR el e P Yyt e Senel pishS et Agglar frequency
R AW lRye-BiIf M8 Gdray diffeRAteREYeenals aebrt 4 Mkt dhergy levels of

ne- hal f the energy dlfference bet ween t he second and
tgp p@{teresa(étp@y Acgordpgly, the two-photon component of the input photon state which

has sufficient energy to induce a transition from the first to the second energy levels of the
matter system, experiences EIT and a phase shift, and the other components, which do not
have sufficient energy, do not undergo a phase shift. In one specific embodiment, the four-

level matter system can further have a fifth accessible energy level about halfway between
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the matter system Accordingly, the two-photon
conponent of the input photon state, which 30 has
W@ adoftiozisent energy to i nduce a transition fronmP¢hes2004/003788
first to the second energy levels of the matter
system experiences EIT and a phase shift, and the
ot her conponents mhich do not have sufficient
ener do not under e shift. In one spec
e BBHPH Atcond RRergdo {fvels S1 e ety lgvétpémlesalﬁterwl% @? the one-
ph@l’éﬁ statd itd teaua?f%@gﬁcii tn Ybe{v@éﬁ'oné-%ﬁdytbn hal ftwaphoton states,
bet ween - / 072806 PCT/ US2004/ 003788 the
vithegt phasrrhifipgthe oenBigsn % el s. The fifth energy |evel
Per M Sndiftr @6 AildRh: (ﬁfthé Hﬁerﬁi’(‘)ﬁ a BBRLER 1§$a§1§r@m519 device includes a
equal 1 ze propagation del ays bet ween one- phot on and
GN@T shisttbet can dedsiplemghied ysing pHaeubihipheseragte ¢fea two-photon phase
sRiter H{' E&@arﬁ:%%g f?l altglrﬁa%oénﬁ b%'aln?éﬂg%‘}'tﬁ@eﬂ(/enﬁgnt ITET CNOT %ate in the
I nvention el l-state nmeasurenent device includ
nSea@N@ﬁﬂergaiteec@ branvertseaactp epitinielesiase indela g@rasgmdlugmtmlu btw*@S-product
a r - '
sge{t;eC %ﬁc(lj g%%cgmgmc%rﬁseg%ﬂ%cg&r}g%n?l eﬁlgg%%gf %‘é{ﬁ% gnetth Gtﬁut cross-product state
todmemnnwmwlﬂmeBﬂmﬁmbgate in the nmeasur enent devi ce
conv s e d s
out p % Ingtggr Slng(?;‘lijﬁlg?n§ ot thteel ent 8H t 5 8? glrt‘an? 1191%'1%’(9)9 processing
msapal. arkd yeihdé mbdsfayquahwmf mfxtrmmorsslgtadasmmnmg @homnsphnvmg a first
Cr 0SS- duct, state,. to determ ne the input Bel
oy Mg ipaideS SRt iR [ B0 SROPLReFRY lgeel o
AR sy nh. nfBléd‘ﬂi’%Iﬂa%r&tl@ fRERSS¢Ndng ﬁiﬁdtb@dhav'ﬂgea pRoh® drequency that
uses a quantum i nforpgati on signa ntaln n
NEEN %@ll?%@tw?ﬁneaq%ﬂ Eeren Zﬁ%e ‘aéﬁ‘g%‘i %f%&ahlﬁvf‘g of the matter
spﬁémﬁla phofdnk Shvis %ftﬁhfd Ifeq@dnci m@ht Pr&fGeNdcRBRRG Yethvemelhe third
matter system ectrona netic fields includin

eﬁﬁl@v é‘??@l M3 Fpgﬂh eREBH ffyeliaf é%ﬁfé?«%ﬁ& sysiet arepBlisddadt éi@amatger system
Wikl du@ﬁ’tuEQM?)‘?rﬁihoﬂ sloRhIifldiBReddTYr dnaN@lac@ditviihBe $REOMNGstem. The
ener evel of the matter 15 system and phot.ons
cﬁértb rtinglpdgs PHRPERSERE SPORIIRIOUD BB PFIERSCORCONGNE Fyfransitions from
YR DI g ENERQY sy 18R AuBprEQidht flaP A hot
t@i@ ?Enﬁéknatter systeﬁ#are ﬁp Pg%.tonthéﬁna?g% @ photonic
teydgaprerystoh pureounding tha mated Syftonriabloghs sepajengbus wnigions of wgy select
tglé)ﬁ‘l ﬁé} s{yﬂérﬁ g‘ntaf tﬂ@fo%fx 'Enér%‘?le(@% lﬁétas?%% em The method
Urther 1 ncl udes SUppr essi'ng spontaneous em ssions
corresponding to transitions from the fourth energy
| evel of the matter system The suppression may enpl oy
BRIFHIDIGRIPZIOW 5 IgEH DRAVENKES sur roundi ng the matter
systemto bl ocks spontaneous eni ssions or may sel ect
t he Mg tleepresests@rsyson preaidingtreh¢roniintpragtinas hgrweenmiotang and matter
t ﬁ%’ DRAW NGS Fig. 1
£B ?§@§%§§k§§§h§§enmp OV|§¥ng %F gggnt i nteractions
bet wdidgs. oo 8Barebentitelie illusRe aictrssienl tenpngy levels and quantum

e%ereg%/tmé)n A %r 2 S)l/s¥en|1 Qld Hi%eg Jh%g%e%%{e?a@ﬁxyg atoms have three accessible

energy levels.

Figs. 3A and 3B respectively illustrate semiclassical energy levels and a quantum
energy manifold for the system of Fig. 1 when the interacting atoms or molecules have four
accessible energy levels.

Fig. 3C illustrates semiclassical energy levels for interacting atoms or molecules that
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Figs. 2A and 2B respectively illustrate sem cl assi cal
energy |evels and quantum energy nanifolds for the

waymemsod Fig. 1 when the interacting atons heeBUSTN€@3788

accessible energy levels. Figs. 3A and 3B
respectively illustrate sem classical energy levels
and a quantum 30 energy nenifold for the system of

Fi gr 1 i\g:‘\/ér}en t he .interact hng%lﬁéorrs of | ecul es have

L e R S 8 CIELYYEC il I ustrates

sem digsgAcaB, emb4Q)rd BMEl iak@ms iof tsRigRCAUbRzabds QR Bcrdance with
| ecul es t hat 6 WO 2004/ 072806 PCT/ U820C4/ 003788

g@ﬁ}ﬂf”é%"én@ﬂ@ﬁ?%%f&{%mﬁﬁ“@%l ons fromthe fourth energy

| eVe'FlgsFSQSSB 4hd 56 Bont@iﬂ@l(ﬁscbfaﬂﬁtr%t@qke ﬁéb@ﬁ%lc%fated dependence
single qubit gates in accaordance wth ternative

A agslactizg tndep faniahorptivnsaefiisignt, wdgsthirdsardes gscepiifilitcon the ratio of

oy Hétéﬁlﬂ% pdrafh&e@fana e ldéédh@x%héégatbshe respective
cal cul a e endence 5 of a refractive |ndex an

absorgs éA quéﬂ} illopteatg strughesan pgardines with alternative embodiments of
B SReRidnPhok '1ﬁt3(!jra9cﬁ1§ 431 evaflsbd b 5@@1@@%?8@&9 inja waveguide with a

paraneters an ecoherence rate and
mptfensystesit-e structures in accordance with alternative

nb ' . . . .
e oqj %%mlﬁsftt% eF g sﬂﬁcthlg\élr? g%gﬁg%%%tﬂ eﬂlt e%b‘%ﬁhﬁerr]lgoﬁg% mvx\//lex%tﬁ)n using

evanes I'n a wave
awhispering Igaldyy erde fak@otilipg aif evdnbgsitrimtdes paomns memmpﬁca'l fiber to a
lggt\%&gr)gs%%e wi th an enbodi ment of the invention using

a whispering gallery node for coupling an evanescent

fi el dFigst SAhod 8Rsrd odkndigpimcal twbidgobit gites ia acemaddnes with alternative
syst.em  Fi nd 8B are bl ock di agrans of

d&ﬁe&tst‘)fg}éetlgge’ﬂuﬂ“ accordance with alternative
enbodiigrenissa Glock hiagraiy @ifital ONOT1gatd-bigploPing S eonltbBeKphase gate in

di agram o | oying a controll ed phase

"lfﬁ? al}cﬁwngc,a&?%@gnw%tﬂﬁng 18¥bodi ment of the

| NVerdig. oA f5i 4 blodidgfand oPh A& K-pHb1BH HBAS ChifRr iNBcdRRh@Nwith an
phase shifter in accordance with an enbodi nent of the

‘?“FRPQH’?‘?“BH“IWZP"@GMIO@ is a block diagramof a controlled

phas&igang i§amidck WkoRth U Bt RS O catBirRA@S®ing two-phot
shlftegs such as illustrated in quga T oA Figs. ["F 4 o-photon

yep shiftsrasueh py iJexratiddy Figmt0%f Bel | state detectors in

Ia(r:n(j g 2 ?j €4 Wnkiht 1 P2l 1AL di¥BaRETBP BelTRALS aQbctdrf8n accordance with
alternative embodiments of the invention.

Use of the same reference symbols in different figures indicates similar or identical

items.

DETAILED DESCRIPTION

Precise deterministic control of the phase and intensity of a photonic probe pulse can

be obtained using a four-level matter system interacting with the probe pulse and a pair of

control fields. Fig. 3A illustrates the energy levels of energy states 11>, 12>, 13>, and 14> of a

four-level system relative to the energies of photons having angular frequencies ®,, o, and

;. Photons of angular frequency o, couple atomic energy level 11> to energy level 12>

-7~
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Use of the sanme reference synbols in different figures

indicates simlar or identical itens. 25 DETAILED
WORBTRIIBI4 ON Preci se determ nistic control of P¢EUpVaEE3788

and intensity of a photonic probe pulse can be

obtai ned using a four-level matter systeminteracting

wWith the probe pulse and a pair of control fields.

Fig. 3Aillustrates the energy |levels of energy states

Phbtons b2 angul@>freqaeity lfd>andf o acodPle frbel fretagtiible eGdtEY &l 13> to energy

relative to the energi es of photons having angul ar

frequencies 0 a, Cob, and cc,,. Photons of angul ar

levadqgide mog loc sespastipdle Betwming parseretpys V.ewe bnd USindicateshthe gyspective

| evel 12>. -7 WD 2004/072806 PCT/ US2004/ 003788

fxﬁ&ﬁlp&sde%1 Qﬂ%@ﬂ rfﬁre @1’@@5 939 bndid ﬁ%Bl EQH c@s éﬂﬁe energy level

net ast abl e energ ﬁ ener gy eve &

trapsitionseghthe tihatist yystqmatam md@tqdanaﬁrmm 3valn Hmlatlamﬁlvthe energy

i ndi cated the respective anount of detuning of

diffengnees betwequetatsh dls and, 12>, keteenddrd anb 2>f arshbateeamnan eg 14> are

of the energy level transitions of the nmatter system

28, higdl sRted, kdpdawali ons 3. In Equations 3, 't he

enérgy 5 di ferences bet ween states 11> and 12>,

bet wakjnatidz 3ankl ol 25h(oatd,pet ween 13> and 14> are

ho) 12, hao32, and hco34, respectively. Equations 3. h

co, = h(col2+ Wa)=hwGBbv,F h(U032+ Vb) h coc = h(C034+

Vc) 10 Fig. 3B shows a manifold corresponding to

product st at esh b= B v.>, where X indicates the

energy |level of the matter system and A, B, and C

i ndi

fr eqﬁ?}%gﬁ)ﬁm ﬁl (31&) é&?&?d’%krsto %8@??343\% IX,Tﬁ B, C>, where X

Illustrated manifold includes the states closest in
isdisstes the snargraeveb pf the Saatter sypten amnd A, 1B, angli§ findigate the numbers of

PRI eﬁar%maaﬁgqﬂeé&es 4.1 89 aﬁalsa &g&map ’PIIIEQHE?{EéteQ manifold includes

angul ar frequency Cob, and ot ons of angul ar

thé QEHENGYseSOR- enétg%ﬁosaoﬁfa&éln%@ééﬁl BMse i pn iy 8, BH&B&nof angular
to the surroundi ng enV|ronnent woul d nove t he' system

o an energy | evel a manifold that is simlar to
f@%@%maf Ry ROYORY Q@PE‘&%@P%“?PCWD@ angd . iptons 9§ pigylar figqpancy oc.
PoALRIRSS &fnshb@of Y PPtdnas thd @r r%ﬁkﬁhr%néﬁ‘vg&ﬁﬁ%mwoulﬁ%ove the system to

cal cul ati ons, g@groduct st at es of b
anaarerderel i 4 manfadbtbehis siggilar & e meaifo'd mlhtsga%@ Fig. 3B but having

R FHONE BE thB ¥ pe Rﬂ%%é“&vh@mﬁé:@ h product state an
entry indicating t 20 occurrence of scattering of a

phot dier Gﬁlcﬁlﬁ@a@eﬁéwf@blﬁt state® of &ig. 38, camhher eftgnded tq include energy
&15§1ﬂ%'n¥n to the environment by appending to each product state an entry indicating the

occurrence of scattering of a photon of frequency @, @, or @.. Therefore, a triply-
degenerate, non-resonant sub-manifold that captures dissipated energy and preserves the trace

of the density matrix can represent the environment.

Fig. 3C illustrates the energy levels of energy states 11>, 12>, 13>, and 14> of another

four-level system relative to the energies of photons having angular frequencies ®,, @y, and

4. As in the four level system of Fig. 3A, photons of angular frequency ®, couple atomic

energy level 11> to energy level 12> and photons of angular frequency o couple the

-8~
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degenerate, non-resonant sub-manifold that captures
di ssi pated energy and preserves the trace of the

waleongioragoérat ri X can represent the environment . PE/YS2084003788

illustrates the energy levels of energy states | 1>,
12>, 13>, and 14> of another four-Ilevel system
relative to the energies of photons having angul ar
frequencies co,, o)b, and 25 cod. As in the four
meMehbls yistr@Meod] 135 ©. endy 1498010 SHOGevar) Gt faiir- 16V QHHRAC YT Fig. 3C,
0)a couple atom c energy |level 11> to energy |evel 12>
and photons of angular frequency Ob couple the -8 WO
aefyy/ 6FR836, RET/ 52 00w/g9087188I13>mit astable andiagynd ewele-photon
13> to energy |levels 12> However, for four-I|evel

. : . e . > : .
DA A bl e A oty St o cBId B e spinangrt
wpmghtem s dheoenergyptaie ambaadabdaiossi ererdysstger ivistchettiat a conservation

t il Ve l. [ h

WL BT Ldoh ARl Eeblobon iR AR o e Fll et Contol it
drivang thbtansitoveto thedowth ety devd sn snecdy hdwathatds about one half of the

vatjon | aw for.bi ds em ssion of a,si I hot on
GRBRER kBT i B e Sy SR Rl PO RSy s
Altéruativglyt the magaeisidpiicad effect clheddeuht rassithgyo haveurtrenergy level.

ner gy, hopd.th i s,about one half of the transition .
BRSSO R Bior i aoabrsiy At Sbrh At Ikt B resuting
feduttion i€ BeIngneStsadndssiondltod! thatfowe ¥nerdyhRvel is beneficial for quantum

neto-optical effect can drive the transitions to
PHEImAUOR-BPCCEHT gy | evel . As described further bel ow,

t he mehastdbtd Wity a®hspbdi@f {0 Wivehti®f) 8y thE L8tk eﬂ@ﬂ)ny Pigotons and a
resulting 10 reduction in spontaneous em Sssigns from

oHElerguRetier syrtanyhaing/ e epasplenes ilkisated By Figudnt anh3B or Fig. 3C.

Fig.fm,rmg bR, AGRESENS ond-fubACHE HRAACENYHIiRe B ASBEGktter system

of the invention, a quantum gate enploys p%lot ons and a

1 18uFopelpes! magier wistesy/Al0ev! gerarally indedecanesngpmbileeqfedng or more atoms,

b I - ehd N s fteds - F 1.9 2 & Ay ni

{%’OIF&EEX%% ‘gh,’éri i r%%@ga g‘d g’ﬁg %Bie?&%ﬁg’efo@&g arévailablefor

igtepictgn Wih thewhotoay eded iraihe erte.s Yhy o arBrgyliovcisrditie thatee bystem are
i R i . AR e

G P SRR Al R PR COR BT

havi g . ar.e: ' .

for e LPLERE 0t AR Pl R B Y Bl Ry, which

The four energy |levels of the matter systemare L

fe8IcacB ey st pHbiip e meryiaevesridantin antiopl gy eeycasys fs guiding

Al thptR DRADRE qlibht fob ShrterstAioR Wit Four BART bRty @ 810490 db@8bed further

an 1nput photonic qubit state 1Qn>w t¥1 a frequency

KRy, WHLE BubiQaté RHinS A Eernel%}i%ta%ﬁbé} it ishes ISRAGKE IB>, where

wavegui de, or an optical fiber. ructures ftor guiding

an i nput photonic qubit for interaction with

fimeIQUbaumtseimtone binsy sk e dd 00)af thed@be bnd@de fQIStrBiEsents the other

bel ow. Input qubit state 1Qn is generally a

superposition of states 1Q0> and 1Q@ >, where state

hig@y velwpregen) sf tmeaubit.n&oy oncaqube date. 400A, Ohe of sththe IQ0> and Q1>

qubit and state 1Q |> represents the other

corresponds to the presence of a single photon of angular frequency w,, and the other of states

1QI> and IQ0> corresponds to the absence of any photons of angular frequency m,. The

vacuum (i.e., no photon) state does not interact with four-level matter system 410, but the

-9-
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bi nary value (e.g., 1) of the qubit. For one-qubit
gate 400A, one of states 1Q0C> and (QL> 25 corresponds

wo eootloz28ps esence of a single photon of angul ar PCT/US2004/003788
frequency Wa, and the other of states 1Q> and | Q>
corresponds to the absence of any photons of angul ar
frequency Oa. The vacuum (i.e., no photon) state does

not interact with four-level matter sgsten1410, bu% h £
stal@orrePoMIZO0HE DPBOE o PTPRAEROLENIES FEHITG] Gy ficracts with Tour-

corresponding to the presence of a ton of angul ar, .
el on)0.OiKing PBITE D DA Qoo DGy BPmayd Bithedte 10in>
causi ng an output qubit state I Qut> to differ from

| NpUf;quipl tinak@be ah Qnistferdmegor-b3dj lohergtbititeets 400B that employs
i nterferoneter-based, one-qubit gate 400B t hat enpl oys
AL &IRS Wi NBulieidl shatih -d18ve lcosyesit aningdtOqubs stabm @nt taan output
i nput qubit state 1Qn>to an output 5 qubit state

| Qut >. For one-qubit gate 400B, the conponent states )
qUsEBRtar QoL Foo bneguubiitt gast 4008, Hhei camipencnt ptatgs K¥erand 1Q1> of qubit
phot on pul ses with angul ar frequency cea but the

photons corresponding to states 1Q> and | Ql> quf r
state {Qinmnimer refiresenty ehotpn PubsentWith aREIRsr BEJUSREY fu O H-Ee photons
illustrated enbodi nent of Fig. 4B, states | Q> and

Q@ > correspond to differgpnt . ortho | polarizati .
cerospoxdingy o rrdRln =8 (QJF gt RS s Pedt aripiion. 1o
angul ar 10 frequency cea, and a beansplitter 430

e.g., a,polarizi li r paty y t ifferent
th sy CpRERT L TRoay et RS PR R p AR &5 diffren
alternative qubit encodi ngs, conponent states |Q0> .
thdgdn@l polnrzativepl 8 esirglp hleton o 19817 eriergnt PaiehPulshvth angular

i.e. . states that.dif I 2 t it Rebd; tl
Sk e oy VS drbleshe Ry SR PORTRD sy e fores the
nonment um h qubi n ' : h&dfhos, addchpbiéht stat
EPepmors ogt! RS Dgt GG M AHE (6T ShRufes gbRer st
separates conponent states 1Q0> and 1 Q > can be

Gt MhotdAS heRd HifRRGOSH NG .c. emsoyaddifftmin the z
léﬁ%%ﬁgggh%%%?g%%%%ﬁég?e 4008m%i}ectsqg g%oton in state
| QL> for interaction with

four-1evel . mat. )
epmpongrt tof rtheito apeufas AP, BT P Aoy ey Rl momentutn.
(P@e?qub‘?%‘é&ﬂﬁgs BX bbdsThl, hedifiel ondint &yE] pirki beefsgitter 430) that
roma mrror 434 into a beam conbi ner 438. A photon

2Barhfds SERbSehtQaRest 10BY 8h8 I -omnbRAREplel tit@rdid@® the qubit encoding
mrror 436, and frommrror 436 into beam conbiner

438, without interacting with four-|evel system 410.
#BRlRYConbi ner 438, which may be inplenented using a

pol arj zi.ng, beam splitter £ | agizati iteract; h
qubi t]§,F1g'-4]]_-30 %%@b &’7‘%%9%%21“5‘%5?' F%@g@@j’xb 8‘%’%39%9% interaction wi
combi nes photons fromthe two paths to construct

?olﬁtr-ﬁ)el%/tel I%lee'r tsys?etn?hﬁ). | SR Bar-level system 410 interacts with state |Q1>, photons

exiting four-level system 410 reflect from a mirror 434 into a beam combiner 438. A photon

in state 1Q0> travels from beamsplitter 430 to mirror 436, and from mirror 436 into beam

combiner 438, without interacting with four-level system 410. Beam combiner 438, which

may be implemented using a polarizing beam splitter for polarization-encoded qubits,

-10-
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A one-qubit gate 400C illustrated in Fig. 4C directs a
photon in state Q> for interaction with four-Ievel

worioser2886/st em 410 and directs a photon in staPer/UD84/003788

for interaction with four-level matter system 410'.

After interacting with respective four-level 5 systens

410 and 410', photons corresponding to input states

| Ql> and | Q0> enter beans conbiner 438, which

@orhidies photpisdion thettabd pathd © commsbtrougiut Qubigtie (Qobki>t St at e

| Qut>. Matter systens 410 and 410' have contro

fields fromindependent sources 420 and 420', so that

the A wneqult getastOfe Wlusitaeed inCliis. 46ddijeQB>a whatbn nmistager Q1> for
systens 410 and 410' have different effects (e.g.,

opposi te phase shjfts), and the output qubit state

PG d’YIFhr EuE-lgviel matter systeu 4ilp apdadigects1p nhgjor>in pratg 1Q0> for
manner that depends on the function of one-qubit gate
AREACHor Wit Feur-10vel atafter syepinl 418l BGUF GerdQg 30! e§Bctive four-level
el ectromagnetic control fields containing photons of

sagmb an 0 fane giaen) phemnsvborsddpbonding foOinh@Ustatdselgl HMIOOMenter beam
410. The control fields effectively induce gquantum

i nterference between photon states of angul ar

dormbinse A% valich eomebines pbotem gy testaisiEt ofitputequbé rstageyiQoetn. Matter
410. In particular, the application of the contro

sé/ist%lnggl(ﬂéhcpzf 1@‘/11%%0%# f@gg@%@ﬁgé%igﬁéen&foﬂcgg45029nrdq120’, so that the

nergy level, which a sorption an
ihREAGHSs f Stated #GY Hd 100U Lyith G :
1f r equensci eg Oo%and n? o?m phot g%%ﬁﬁg%ﬁégdc%@fﬁ%w%@ﬁt cffects
fields can be adjusted to cause the desired
(e8], @ppexitt PRask &hillis), ahd GO DRPUE RNt sl IGoutH 8FfefSBorR MPRE qubit state
shift) for photons of angular frequency coa. In gate
400C, a separate |aser or optical source 420" applies
1Q@inedh rammmgerebat depeadd oncthe fidGtidni dflode-quiongasd 40009 phot ons
of angul ar frequencies GI'b and Co", to four-|evel
syst Q... . e Il €S .CQ' e, . .
e uat aaery cthef B ol RS M B A Pony G Ofhtaining
piptona g whawlarf freqpesciesym aad wic tth fHwtievel ayeém syi8t eTheddditrol fields
Far..examl e, four-level systens 410 n .be adjusted
5 Cté\%i(sgﬁlécep uﬁ%télmslﬁﬁaffgref’%%qetaf"esen éﬁtggisfagestog a{’g@’ﬂj #éeﬂﬂf?gﬁ ©q and
theeficogy sthiey ef naytat @m0, B@artichit, thhepploata &hhd tomifol fields

AP AT SR 01 S b0 B phcn

rEDattive édek of fsk-avel dtemarid. %S'an§dhat5fi'sqa§hc£éblbb raﬁdiﬁt ib?ﬂhotons n
i Mmes | -11 004/ 072806, PCT/.US2004/ 003788 al f,

tht PRl P S P B0 s GHEeine IR GRICTHIPR e tghoparsiney and

desebidtphaseahlfy forpaviongoffaapilad ¥8éncy SYSt €ms i nteracti ng

wi th _both conponent states of the qubit may better

mat c i &HE 40Vm hisrapte leist pLertispiorsise 4e0 sweligsplecirgmagnetic control

flefRUEcntaitiRE pMbtbhd bY aﬁ)ﬁfulér heoqeaRRL ec% ARORY] & EQR-level system 410°.
transfer in four-level system 410 tor the 5 creation,

Aneahis frausmeips © bepeplicante adjusieddesaamtie deied sgsrgioppf photons of
ALARL HGub ity QS TR B0r-B&I sPfem 410°. For example, four-level systems 410° can

be adjusted to cause a phase shift that is opposite to that caused in four-level systems 410, so

that the phase shift of state Q1> relative to state [Q0> will be twice that introduced in four-

level system 410. Use of two four-level systems 410 and 410° thus can cut reaction times in

-11-



10

15

20

accessed through evaluation of the tinme dependence of
a coherent superposition of discrete states (e.g.,

wWGe@um7I8@ n>) that are input into the four-I| eveCT/US2004/003788

system For exanple, consider a conbined photon/atom
systemof Fig. 1 where the systemis initially in a
pure state ly> consisting of a superposition of two
ifoI..st t es i n Equation_ 4. nE tjon 4, state
eft, pegn Fiels Golieteioh gt i (i, ilogly dypving four-level
$yBiéRls nﬂt@ra@mg WilEb&h b pPorhedifds dnbe ?@di@m@ﬁ BtRPshatdh the timing of
resonator 120 of Fig. 1, and state na> represents
dutput pherbh iilsdsesthte I@dutener gy | evel and na photons in
resonator 120 Equation 4: | yr) 1VvVi10) + 11, na
uni t per at o

E
) SR P R B AP PR PSR Oh0 o e
aazdloanfrarmﬂlﬁtomprbcspmabt@fage fad frodq@dti®dbf qﬁanfcmﬁ(ixh&eﬂﬁaﬁoﬁ can be

a. The_ un far ha hift rato p) of .

ﬁﬁﬁpgﬁf Fol %/{WE‘P ¥ Hc’estlﬂlﬁ‘f Qeﬂesﬁi’-ﬂc‘i &%g& g ) g, SyRgFpositiga of discrete
t|o 6. Note at_ each Fock state photon

%Qﬁ%qu-%ﬁaé% B horCire it DR o EtEl AR oo Sy gonsider a

phase shift na(p bet ween states 11, 0> and 11, na>. t

{%%al{leld ?on/agc@‘ f?%%m O?%tl er \éfgge ?ﬁ agys%n} Hla‘ﬂ% Ha g epure state hy>

shift operator cli(p) can be simlarly appl ied to a

SAB8t: a ! t&h

B R UPOR R T By N Lk s FOn gy, LR, sate 1
7, Fock state In> represents a state of containing n

@ edpeentOthe ARGY irdthe fr @ P€iRE YeveDie.gdNHe BMouhS sthldP akBBHo photons in
-12 WD 2004/ 072806 PCT/ US2004/ 003788 occupati on

nunber. of the coherent state la(t)> Beginning with a
epetop 0230 bf Big. Dfandstagnips > repeconatieratandt thedokteneny level and n,
state 11, a> in place of Fock state 11, na> in the

%{O%jd#ﬁla%!rﬂ@s the phase shift result of Equation

I's In accordance with our intuition for

clas cal fjel Hq s | a(t)) =e- 21 aw,

5%31104 E@ g?%_ﬂ?‘(\/)leat Equation 8: 1)
—(D(p)lyf) = 1 U1, o) +e ));z*(!1,0) +e 2 11a)d Cate
400A mRRidhY aéHRk Ehnitﬁf?lpﬁﬁ%rﬁnﬂ &%rd@&&ﬁ&bt) %‘ef‘et op@&%r?ﬁbénd a are
if the interaction of phot on with four-Ievel
the sreatinand appibatica opemerdies p P]é‘HOYpﬁ%fﬁ%l“Wf@a The unitary phase shift
Simlarl if the 10 photon-natter interaction has the
%@sqt(?rélei@%%%@mre%ﬁrarts Vet Mzelericiate Wit ey shews irelEquation 6. Note
shown
that each Fock state photon contributes equally to the total accumulated relative phase shift

n,¢ between states 11, 0> and 11, n,>.

Equation 5: ®(¢) = eiWTa

Equation 6:  |p') = ®(p)|w) = %(]1,0) +el 'a?|1,n, ))

The phase shift operator ®(¢p) can be similarly applied to a coherent photon state,

which is defined in terms of Fock states as indicated in Equations 7. In Equations 7, Fock

state In> represents a state of containing n photons of angular frequency o, and ny is the mean
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in Fig. 4B could provide a physical inplenmentation of
a phase shift operator for a dual-rail coherent
WG penpsssé ti on. To characterize the phot on- mat PET/US2004/003788
i nteraction, the product states can be augnented to
account for the control fields and spontaneous
em ssion. The resulting density matrix 15 equations
of notion for a dipole interaction between the photons
2Bbatlod Bthbdr @Y &le dBRdrER stag)GERM Beghningeritbe supetpesitiont of an empty
determi ne density matrix elenments that allow direct
read out of the phase ep in Equations 6 and 8 in
resonaer afd exgerentreae H, by idelkes of Frell stager ldumet ér the stagchlvayields the
Rabi frequencies Qa, b, and Q and |aser detuning
pAadAmRE I%Flﬁt M%quéﬁ%m 2R §s in AeoRdanitd \ﬁittl?gur i616HSh FoF classical fields.

matri x el enent p 0] correspondl ng to he coherence

bet ween the st Il 29 na> is given in
Equaﬁhﬁﬁ“9§7Mh@K@§E “%3 32 %%es the phase Wo of
the density matrix el ement=0pld" when det uni ng
paraneters Va and v, e;Set to zero to mnimze

absor ption of “ éby‘ihe four-level matter
system Equatlon 9 plo 2 e(-Ylo+ilTlo t |[In(|2

+730(g Qt ol & ab 1, o W 10>+e’¢a [1 a))

Eah{ Re
Y2010c +(Y4O z%g%/'xm/a +H Qoj 2125 1 ions 9

and 10, 710, 720, 730, and y40 are decoherence rates

I €S pegdid Y& A cdnQPhydibdly 1mﬂthV\@ tHQQHUs@ ?hZﬂ @Perator if the interaction of the
PCT/ US2004/ 003788 firs ond and fourth
Ry I difeiou-(e e et D oSt Bfn R piBreteE Sty if the

b nOhatted GhterbAfoh heehe ek bfdﬁ&ﬁ&é @R MehF2hp@n dritél@erbtﬁeter shown
spont aneous emi ssions of a ot on when th%H%our-

indtig-AB edd pioviIde aridwiiead DI Aopess apPTRgor £Y S duatrai
?ﬁ&gﬁqm%%pg§ﬁ&;h energy level to a |ower energy

evel coherence rate 730 doesn't have a
cont riceherastsrizothe ebpemapiy inigrastiay BiotPARAYGH et iag 4 ghamented to
%%%untlf’o}( ef chr@roy Hids 129d] 4Sktaftees LRISBRNaBAN GBS deMBty matrix

our - | eve matter sSystemis in a state corresponding
equatiane afhipetipneine pglipdle istractiop hetresn Rk phrtensragf ek f%ff-éevel matter
%@%&r é%hh&]? n%%?ofvgﬁj to &'tgrmfn%rdeﬁ&lgﬁ%ﬁx %ﬂ%ﬁ"ck ﬁﬁgalﬁ%} @Yt 84 out of
i esired quantum conputi ng
thepham |cg:mtEcplntlcp1s Gpeadts] iggerde it ﬁem%rtmemﬁlb Id@iﬁmnned parameters such as

kar%ﬁr a&énlmoers] Q.nﬁ‘d 5145& cﬁﬁltun'é%t Uﬁa?:{%netéré’%t %mand vT A calculated

neous én1 S|on§ ron1t enerqy | ev

c‘%ﬁg*gy %apr g’lgrglgxgt ?rres Qndyégiﬁ Qlco%%r{ce YRBRSE Whds 11, 0> and

represen ase hot on state
encountered in the interaction with the four -1 evel

4.t ad %né’rﬁn%a@dh@ m@re'Eﬁﬁ%dﬁalroydeﬂﬁ‘éstth@l{)has@ﬁ@@@f tM¥ Gensity matrix

represénts a residual absorption of photons. If the

dephasi ng rates are nuch
element pio when detuning parameters v, and v, are set to zero to minimize absorption of

photons by the four-level matter system.

Equation 9:  pjo = %e(‘f’lo’ff”’lo)t
. 2 . 2
I[Flcl *‘730(?40“1Vb)]1£2a]

9@dQJ2+Q%o~ﬂ%(}m7m4WQH2)

Equation 10: W =

In Equations 9 and 10, 10, Y20, Y30, and y4o are decoherence rates respectively for the
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smal l er than the depopul ation rates of the upper
atomc levels, then the ratio of the real and

WO pwgionmney parts of phase WLO is given in EquapP@€DnsS1004/003788

A, and if rates 720 and 740 are about the 15 sanme and
(12b(2 is much greater than (S2C(2, the ratio
sinplifies to Equation 11E. Equation 1 IE

enonst t he detuni ng paraneter vc nust be
id @'@0?% %ﬁqs G%CP Bﬂbaleﬁr%leﬁeé%%fq}l%@a‘it%w%%f Degohgrepgegpte 20 0r ys0

RO ddsTBEinf o 661{'6%% SHAindkE speMiBious! dhibsiirs ofiaPhbton when the four-
Equati on 12 gives the approxi mate phase shift, and

evslapatish Syl%eng; irpesitions Tepat fp qorewonding Keconsngr ifewrdieensrey level to 2

E@ﬂ teiﬁezrgyf%;lgf ' ?@g&%z&ncg?e(téé\lygo)actk?égﬂnt ?gd?e ald lWJQ% gcgrespondmg to

IPRtUcDYs FDSipRkt Ide ratp: vmap(wgt dug tcademhaszngzwhen:thﬁ mmlezfel matter

tefiCls S seMe Cco?re%omﬁﬂ%% H@:Wh&&g enér%v%g? iégp&c?%we rates are

Cr §4° FSobl 2
grinerally desired, byt fperﬁabyls Explaingddslon? tdhaphieve élesiamd quantum computing

%@r A I#X%Qa]ftl (ﬂ)%rt P%em?e% ﬁ:&{) p?‘x%%? ?ﬁg&gg{lﬁ%ﬁlﬁzhfoﬁmleml matter

syst em excep
Qatemgosangius bllnssmnslﬂorﬂ\ﬂiez&ﬁﬂ]/ dﬁé’l&& e PGonIdS2 @@4}%@@)&37 88

t wo- lgvel stemis r aced i ve .det
par ardb et Bt G rdsd PdBEReN 4o SpECOER Miboon sare
gicwarterph as e Sitedttionamitlb ehedbiiraleved ehatter $ykent and tHeGmagmary part of
RUSE e 6765 ameSHi Qe tion s FHoRar 1) ngeap R Tas e much
@ilallléﬂmyn te depepulaidh ratbefahe Ghpet 85 lel el @hdhethe FatioF he real and
H}/ fhe rat |ﬁ§ $/4o%vc and . | | ndepende t of the Eurrber

2gia5 Raiio REPHERC (e iEYe8 i EAVRT /L Ly K. 1 RS Greighyare about the
dafnetahi@ (Ei,éci@ﬁiﬁé}ﬁg}@ﬁeﬁ tﬂéﬁgmaﬁlmﬁhpﬂﬁes@%uamn 11B. Equation 11B

%n{flmentl smal |, achieving a _phase shift "of -ic
opstiptas By e GROIMIRG PasRFIS Vb BIE terltiee FRJatiYa o T4 éqyiipkepthe ratio of

A0 rRNSLIRRS AR bHs R W 1888/ B thBNingX HyBRInY12 CQM the approx1mate
interaction tinme. In accordance W th an aspect

PresdHt apdiamtipoh3 gas teidsey mta pf the pmplifudannt mHB.

i nteraction region can be pl gvmthln a photonic
bandgag, i visha Re(/RBBC) _desi @
m(0)  yyole, | +740]Qb]

Re(774) __ Y
Im(79) 740

elof e,
Vlebl Ve

Equation 11B:

Equation 12:  @(f) = —

740{£2a‘2‘§20‘2

Equation 13: Im(7g) ~ )
Ve 'le
2
Eauation 14: v =122l
quation 14: ' =

e

The phase shift given by Equation 12 has the same essential form as the

corresponding phase shift for a two-level system except that the detuning parameter of the
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10 suppress spontaneous em ssions fromthe fourth
energy level in Fig. 3A This suppresses the

warees7sabl e spont aneous eni ssions, but may al BOT/DEmok003788

i nput of control photons with angul ar frequency co.
However, control photons with angul ar frequency o can
be injected through a defect in the PBGC )

T

’Hma“sneom §1V61Fpﬂ[atséﬂ eHift carl beBhyaikkal iR AsSolil-Rvd] Qysiam LIRS | a Zlﬁlcﬂ smaller

our, veI syst nol ecul ) .that can
deitnghon B g & B Pishaghit (et MR SReER OB the four

154D @ffﬁéﬁ N O EIRE T ] @ynhasamoﬁ/\v Qi i RdERHANR o £ MR h¥iber N of
| evel w thout enbeddin four level systemin a

AR e drigaetion regigp. Ceariﬁimgb« if the| dgeohgroppe FaletiaSartiobde made
Seiany sE, dchieFabia phﬁé’e%%f?@p%t Wbt H1%1 FUGR, SHaeploRr entropy may
t han Rabi fT equency 2 and 720In"12 1s nmuch greater
TefidFe anenepys ewmlh@vcraadfpbalmxtmmely&m intgragtionriégg-nar y

part

Dot o T ke PAAEE My S: BORSEIM b 000 Bg, Blow,
igfigraction reEipra¢anobe m@cedR@(thlhcey photq_mc (bandgmq Wselal TRBRGC) Zes1gned to

i : . I i-on 17 |-
SR 0o B b S ROV 2 B e
wikdesihbEgpertinsnss ehssions.drug map Ialsd block irtphieofl contird] phbtenewith angular
f2e5 inngo(Drlte g—l%gv ?ﬁ\:}\rbc%gnﬁol é:ﬁ'lgtog f\gr ga’r freslfeﬁ%b?qgc?a%tblc:(%ﬁleégtgd through a
cfeﬁm i eheelBGE V\mmmnwly,rmm Ifmlmﬁaarne@lyasﬁl shn hietag@ble® in Fig. 3C,
ed onto t t wo- | hoton |inear phase .
TRPF Song RSP B ey bt (NG PSR ¢ igesie a four
16V systdin [0y 04 mdWsilIEthat Wi Be Edrbic ﬁdlﬂgeel%ﬁoﬁﬁgﬁk@lc or chemical means,
paraneter v,. However, the dgtunl ng

1P GRS PRI RSCRESIATS FISE (e PRI 1éve B quh gmbedding the four
169 ke8P M h r&@ndghpwﬁtaﬁemry atrbINfidlew Bl RYEES éy&;de.m if Rabi
for th? 51 -15 WD 2004/ 072806 PCT/,US2004/ Q03788
frqagenay e aifdyhagentarthan Rabh fiepuengn Bt nd ﬁ%ﬁ%b is 1ygh greater than
L0, ARMhiiNSRhe RARSR imRkihiry oAk Hnas WAl @ pﬁ%e shif€and the decay
correspondlng | i near. phase shift indicates the
rpieasetherrestechyrbesivini fguationg é5.dp e kerr  nonlinearity
that couples t h ee lf.| el ds of angular frequencies
CO , Eqoatimn 1&nd ki-s—<nonlinearity nmay be achi eved
with only mdeém(%éi uni’dg to provide both a high
di fferenti al 5

2,

[+

Equation 16: ¢(f) »—

720/l 2
v'g

Equation 17:  Im(W;o) =

A system operating in a domain in which Equations 15-17 are valid, in the limit where
decoherence rate 40 goes to 0, is mathematically similar to a two-level system. In particular,
the four-level, two-photon nonlinear phase shift can be mapped onto the two-level, one-
photon linear phase shift simply by replacing the detuning parameter of the two-level system
with effective detuning parameter v';. However, the detuning v, in the four-level system can

be much smaller than the corresponding photon detuning in the two-level system for the same
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5 phase shift and a | ow absorption rate in the
sem -classical realm An absorption coefficient a(coa)
wane4@7ses r acti ve i ndex fg2(coa)-1 for phot onsPOf/US2004/003788
angul ar frequency eea can be cal cul ated using the
density matrix el ement P21 corresponding to the
coherence between the states 11, na, nb, n,> and 12,
ne>. Fig. 5A|IIustg82testhe cal cul at ed

%b@ﬁaéwbeeéhlfeﬂ ﬂ?d%‘@?"ﬁtsfa@ﬁ dbrifiis pordiear phassiitionan be as large as
tﬁ@EérEbsﬁcﬁ{dYr%hlrfe 8 pHabe 8f Gdidafk AR prdfndAbtiSer®im&Atthi®i-order Kerr
741. Ratios Val/ 721 and vc/ 741 are the ratios of
lro@@pﬁéety {het geynies thg theeealigddsepls angplpr Hfirguencios oo ey, and . This
ﬂoﬂﬁﬂe%ﬁh’ M8y HEEANREENES dnfil BSdedPder ittt t%‘bl‘oxhﬁ@ﬁoth A 4B fferential
ont aneous em ssi ons corres ondi n
nhﬂ@rﬁblft angradow ebsarptiea f@‘-eedh@lseandﬂafs% t%lmner gy level to
the f
ot o ARG B Bl AR ERAS: o AR R of angular
Iﬂ@lum{wrceamae treadadculaBA Bmgrtthacdblsﬁy aeatdx alecheangpy lcamresponding to the
frequency co is at resonance (i.e., vC 0), 15 Fig. 4A
whewscet teawecabie sfatels 0N oedf ie am:htz af-tomy) ni>s [FigedtAeillustrates the
than about 0.8 for all values of va/721 in the
r n t
da %ﬁg%l &gg@gﬁ%t clgfgann %’g{é fi?lg I%eefrf]ﬁcqenx ?1)(&';? %ngidtlc; 9/}{ bfor three different
\meres ofratin vine Ratidso./Vg ATdH./yisare theaigtios @Ifyespwlg@de(tmug parameters
ABTHEPE 208 Yephorepc R FREY o o b B stsppongagy emissions
d@&ei;@epdimg eade rtmbkxylonsl fovn theasegund guntl Heurtbngnategricfel egtherfoyt energy

80 o JeBer R 6B depi-GieiBnap i £ 4 SBAG HLRPR. SPhen we
&paiekdnic€ rdt¢ @f Wppohess ro afdl gnguldd freljhdnsy Atiest tebwmance (i.e., v=0),

ependence of the refragt.ive |ndex 112
G D Shevey 24 pionmri PR i doaredi S oY S A B Patues of
WS N tRei i dtatd fadgeOfFof qdeaiﬁb welugefhasd Ngy,D ebsogeion thficient a(w,)

first and third ener | evel s roaches zero. A
qf%??p'é’r PG Fetsr Wheydhe a\l,o/azn SR & gp ? &eSteater than about 5).

ARSRERIY, AN He R ESHefdnBN Fatd, £ ) thd FoustHBhbrgy 14181 &{ﬁbﬂe 1ke9masonab1y
systemstill causes an appreciable rel at | ve 25

has
IeWarY@@ngntheh@%%tf&ﬂu%%te fhéis eentiod figld owwitgh the. absorption

h8kpardt 19 8840¢ R SpdoictiR8lencRELOW, thi's
%&%%ge?ti(@%%ﬁv\é oﬁ%- ; 8?Aglgat egp400,& O%lé, gor 400C to

act dée IR llyeiptes th é@o@ndeepﬁ o 8¢ refiaphive igdex 1 (@l rost Talo valya: for
&1&@ dl&?eﬂéh\f 'vQﬁe@%f LAy FleOhd Blke SYSE ?e%tfaf@ 'd%}%ﬂaymé( b@fveen the first

Fig. as a unction of the normalize uni h
and/tl?mn_h.enmriewés appiqaghsp aetanet emparsangf Fégso3A Rod &B tsm;zts that when

?rgff&-l 90% 'ignp ggap?fs %’Eﬁﬁ Qfe %ur-f%tpﬂ 39&%9 gt?ll ?ﬁ%&’an 8{}1@%18@&: relative

Ive a sorpti‘on ari’ses at requen
péthﬁ diang@nub@phdtorf shate svhem o v mr{)mﬂnl'y)seleetﬁti Ahdgscribed further

bSO BAERy WoAELULH, cRAERIEUBE Vor £BESS oAt RIPRSiable phase

stan rela
shitfo.r pt| on (which is -16 WD 2004/ 072806
Sgls 20 4/ gu% 7t§s8 the 5% %qucl)r ofo the %hnfc{:I %er suscept1b111ty y of Fig. 5B as a
function of the normahzed detuning v./y41 when detuning parameter v, is zero. Note that as
detuning parameter v. approaches zero, a large relative absorption arises at the probe
frequency ®, (which is useful for a “quantum switch™), and that large values of detuning

parameter v, cause a phase shift that is substantial relative to the small absorption (which is
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EIT suitable for quantum i nformati on processing as
descri bed above shoul d provide transparency, naintain

wa@odvenesee, and avoi d spont aneous eni ssions t hetT/aff0e€003788

entangl ed photonic qubits. The control fields deplete
t he popul ati on of the second energy |evel of the 5
four-level nmatter system and provi de transparency.

rating the systemat a sufficiently |ow
ggﬁﬂ%W %P@WH%P se-SHEPIOW about 4 K, may suppress

dephasimngiitasle forRbtER iRfonAREANREREEE as dERGiILE@HbsveBUGIId provide
systens are_chosen so that the first” and third energy

[rapRIENGYy B3R IB SPRIPNSS, #1d Aol spRBlanprus opHEians rtkat affset entangled
bRt §RSIs9Yhb %Uﬁ%ol ?i@%ls aepal GreRdBhidfos RN Qé%gx?d‘%nr%r%yhlgvel of the

em SSsi ons, Contro 0_ spont aneous em SSI ons r :
Bwe-lovel reatisr gpptemeandipravidelnenseengnr Qpassing tleesysttheat & pwfGoiently low

flsglpgx%ﬁ)?’%] irer.’%i],hyélow GBSkt ReoRS %ﬁ%g&l@isg&li}h%@v&espa’e sHES §€8kconerence.

val ue e ratio in Equ
o fualerelusystetrs si ainssnfsp dimt theefitoandtthird erergyylev ey ele metastable in

' ed Qtonic.qubits.. .
I R ——
¢fospmntageops |earigony dioue thewsudrd erechyclevdl He vamicasglyeemise effective

t.he .phot.ani ubi.t. b ul I educe the .phase

Sholits P s BRI et A B G BE TS “ovever
sfiohfan@uus aspieddns ofrorh e | fougintenergy 1avedt daussk UdeRolicdéncd Sin entangled
i.nteracti.ng. prohe photons w a, four-level system
PRI R HBER R DR PP Rt iheehRle neites ey laree value
@onld $eduas therantingBR el plR@igYubitedie wolld de0E&etthe phase shift
%gp&?ergncedéﬁte Y40, Fig. 6A illustrates a structure

BAIEHEY therflib s n {acgeidprs svitirangisesbo b inyRation: ¢ Rirgpture for
iniictih@ pedbe PAbIoRE weiSd RI-RVEl SHIRRI RSNES SRRPUANEOHT suppressing
em ssions fromthe fourth energy level of interaction

Hropiaaeousemissipn ong the Aowricameigs &val 16 ey the dehererse rate Yo

mat erpigl 68 b AS AstRB@EOSI0A B éﬂ_@ﬁ’lé’ﬂiﬁﬁra‘éfi&%?@lprobe photons with a
silica, or another optical material containing a

(Rt by el raadtep S¥stenERid SpBPreyses spontapgoye guisslenseiiem dheufourtiy energy level
§MiGtefeRlich Qles 28Rl | ' A8 e ,
SAE0L, i 28 R i PR 1Y Bl s g o
bandeaprarl e onsnothiriopticdh amptsrialrmgnteiningfa etyseridy 6 . diquivalently,
WyeQtide %%hﬁeﬁg the Y€ g)!f”aﬂeop@lgzé fi '}Bgﬁ ocflaa%' h@otn%géo%ding to
andgap crystal 1n I ch phot'ons of ang%lar equercy
apdstiasmell . nWevageide v d diidenths pwibe pbetbuso Which dgueaeylaf ftqdency w,.

l;ﬁ‘%rﬁ RESRAGRLE S%Qeggﬁg 68% %&ggdse 0 %\é.')lhg'l%ai% P%)grlil Sg%}% ﬁiygti%igu\ghich photons

reauenCI es ( corr éspondi
efnangslianfrequeficyoms (e irf euret dmtedanagys dfevstroldfequency wy) can propagate
S 620 cannot, lInteractio

bR bR bR T B rfeadRE Bk i B SBFipy ing e emissions
fraxh ditecfdurdlseneidylleset ofahethciions kitgy.628 fammbt. 3C, are
osi tioned to. interac it h. photans traveling al on
Pavednbtreton st 8 & bhieBdes o AbruEle Bl BRds relted as
ifldGracinin 8. pA @€ 80, drifdsiidnv@ioa s iaciByithlfhofins GVeting elod® waveguide
vegui de 615 (as illustrated in Fig.,K 6A), where .
¥1Re dioAckIF BVPSTe Blereesion St cen B PleCeesids yaResls LS or outside
Whvebaidofs15 hes tleyeéd BO FRD mq,nsfhelzrgaﬁd@ra%ﬁ&n;e Ei%?,téz@nin&iréc@ with the
cal ci um a

620 can be an atom (e.g., a | om_ a
W%@&%;ﬁﬁ%dﬁ thepfrgvelipgp potests. Fidelt HEsraghien e 62Gbran, began atom (e.g., a
EMi@h YES), atéth, AP¥seodymium (Pr) atom, or another heavy atom), a molecule, or any

other system that interacts with photons and has four accessible energy levels. The angular
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accessi ble energy levels. The angular -17 WO
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probe pul se and the angul ar frequencies O )b and co or
cod of the control fields are generally sel ected

according to the energy levels of interaction sites
dhere to substrate

?"8 Q/ﬁl eq t%r t.eth 40 t hat
F Re oiree Lﬁﬁed*ﬁ‘ dhe anguigp Hegnengies pinendsor framenfahe control
dighls ureegeeersllﬁseldv&kl @cddkdlhg &)Qﬁ&@l@l‘!‘gymls%%tggctﬁﬁ | ¥I®R5E.

5 are well known

or ot er i al
i m’rl)bp/ﬁylﬁezc | rz]1 %i?l tggt adpere £ qubstate §1Q papding énteraction sites 620 near

IHEI sacfadecst SuWa&C(Uﬂ()a rMbiet e rt§th«‘3§ 82d Bt EF:Q% rl}ﬁﬁp%ng %t%(ér materials that

in Gay et al Nonequi
%re h‘gglil( g(?lBbePi‘ llfﬁmf"’fém%ﬁ’éf&?ﬁugéqmul@ly @(@Sﬁlc pholesuledf Molecular
ﬂ'edtei’@ﬁre(fuﬂdfﬁ% WeddriBKS for &Mlﬁle Eie@rak//:'e?ta "‘Noneglﬂpl%rlum Phase Behavior

é 42[%'3 and in Gray ostruc
B fheoRinda %qH@ttﬁabédmmtoneafﬁaﬂmm Hﬁéqllﬁmfll?ﬂys Rev. Lett, 85,

%425' grgd E{Ia rd(; Q) l‘,fj hls p‘%&go ;2[1831%@ rPeorm#aEﬂ ogn fj.&n%tlgs in the Random

egpontind Fglsorphian §f rHQb{dwpgseofFetbaeth Nanbpmﬁélai Moﬂél@@ fas G4d Disks,”

b
LTI PRALBALLY WEPRD ReSTHERL e Ao R BReS e erray

98I oagréticgty) damp @hamine eutited ih etéthﬁr 640sardr ©f £k Ph¥nons created in
ntrol field photons.

b
§u5§’tﬁ§@@f(ﬁ Nrpd Qofeff 1pt(3t% & ?}3& erglﬂy RRSPREEloGhe pwbmpct gontrol field

B Shows an afterna
Iﬁﬂm}éul ar cages 645 hold 15 respective interaction

sites i xed, |l ocati cul ar cages 645 can

be car%er anIE}O‘LS a%g}t%rggfvgﬁgtgcm@mm which ynolegudanesagesof4s hold

reipettivarinieiceaubits 620 Gk BsatioSH CMofe‘bﬁlHF&éé%@@ LA be, carcerands
or exanple ’

t art and . are describ
i?e@eﬁes’ %‘@éﬁﬁm l@rblfeée&‘ﬁ‘f &F Seiat mplelar sappkpsenSech shatturee are well-
®n (16364 )art 29+ 3& MReGhedd T Ge
ed( f oL, : I [ ca g godlfé& %ﬁl 15’} 211? g 'gb Ilalcnlt’ r gﬁog%gfr%re%ontamer
df% RO I%agg :ﬁg (g%ﬁ% % 36 Mardh phdPdng hamaew\ﬁd ton@dund used for
rgﬂmiﬂlchge o8B is ?fe%i&tﬂﬁ tehi®parkfi€o %e;ﬁblge' %ﬂ%&)gﬁ@g{e W@t% )gnd will

er%@ E usedd interactions sites
S Then ey iSEledrd ifor the gpeqifig atont er awldcole wied dor 628adtioho sites 620,

Caolise mupese%m&lﬁmaﬁcﬁ fat dihe interacti
het ween interacti on Sit éq eiagmﬂ]g@szé% e anqu?fgmund state that
IHRIUZSS |t néappsien bgasen l%@ra@loalsa@t@@rmgnm feadls? Wt molecular cages
gumduced transparency of four-level interaction sites
620 for 25 quantuminformation systens will benefit

f r onP8inp pleesanagnetinlly dnted neosparcacy Gﬁﬁomnlﬁvefl i@Pactioll Bites 620 for
0 for

qhAh M rEMEREY Si’ o Wﬁflbéngﬁteﬁ‘(glgélgp%{r]%gllglé %? %ﬁpgqpé Sipdssions from

reasons dgiven ove 0 su
therfpurdh @ngy oVl TR B0 amdfos efBors Wivieh @bovdl ctdl %F%SS these

PG RO Lkl I e T e L T
6%14 Wllgﬁeenrgtactxon sites 620 and their associated confinement structures 640 or 645 are at
point defects in photonic bandgap crystal 630. Photonic bandgap crystals are well known
and bandgap crystal 630 can be fabricated using a variety of known techniques. One;
fabrication technique constructs a photonic bandgap crystal through repeated formation of
thin dielectric films on interaction sites 629 to create a periodic dielectric material that

suppresses propagation of light of the selected frequency or frequencies. Photonic bandgap
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poi nt defects in photonic bandgap crystal 630.
Phot oni ¢ bandgap crystals are well known, 30 and

whandgzsocr yst al 630 can be fabricated usi hg aP@BRUSEDY003788

of known techniques. One fabrication technique
constructs a photonic bandgap crystal through repeated
formation of thin dielectric filns on interaction

9 to cre rlodlc dielectric materi al

AN ﬁﬁspar Bashe %? JB%? rFREion of Blons fayipgangsfag Geepncios ois

duideshy QB@ Oﬁdlﬁ RAME BahdSons Rt ol @uﬂe}a level 48 t¥kirst and third
2004/ 07 / US2004/ 003788 crystal 0 has a

GEFYIENS Sereﬁll’f‘&fw%r bi ds propagati on of phot ons havi ng
angu'l@lﬁtoﬁ‘lfceghiﬁ@% eéyse'c@lé’a'() Wﬁcl@)f@fbl&oﬁfoﬁﬁiﬁﬂg ;ﬂﬁtotng’ of angular

the transitions fromth ourt ener gy evel
frequenciesrens tanf rge ‘@Hegegyrallwéspsbloql%@p@cqﬂ pafrgl ﬁﬁﬁ@h@nng: angular

ﬁ’é’!ﬂ@&@r%c, %ﬁ&h@é ataPequaioC 8;!19{ ﬂécﬂ% cgrr (%g J9ah 'd?tgniﬂg %El%ﬂl%ter Ve is

ul ar frequenci es
-‘g’éﬂﬂer pledts &B%@U bersigRp pf’Yprt 6HfF payomitt apgllcanp@ Ioﬁ sonteptifielyl photons of

eﬁ‘%gfdf ql}efl{f&utg %Xrgg%% S’\}&?}en d éfg‘ctsaé)ﬁ%tan %9\\5@2[ varf)ety ri)f §eometr1es.

quency Uni'ng “par anet er
ElgaGA foDekaupls, BiBSratas dmmﬁgmpﬁm Visvinag s@ﬁﬁtephgfmmpes to respective

; j.cat.i f -.co eld otons of angyl ar . .
PRBIERHSTR rB° PR Bisnalel o RoRIELE0T s LPRM Bnepyice provies
o@atrohfislé photeay ioethyitipk 1g1emnﬁa¢1r sies.. ThE&ipartic@dy, cdnfiguration for defects

GRS ol b 3550 BT S B SERELEAS competn

doialy. of Gldnintikiug hﬁ@sﬁﬁﬂas;ﬁﬂfaﬁ?@l@ emlissions Whits ﬁllﬁpéﬂhﬁﬂh@apphcatlon of
I oVl contro

RGP HefF of G RearfiEy ey ronfcatioR GhePBIH LoD phpighe OF angular

fkefuesdyS, 1©3hetabtidingle® ALE chahdgiaRlefety B8 flor @A0edMidel 615 in different
eneral | y be designed according to the conpeting
Unegfs. m ni m zi ng undesi rabl e spont aneous em ssi ons

wWhi | epegidctd &35%&%6%@%&&6@@@4&&@&%&% &f regRObS 9lmeftér%k %t permlts
of angul ar frequency 0)b. Application of control fiel

PRRASRY rphatogthaing e cpriepl ahgyardirauency it énalcinisere embodunents
pHotdas }ﬁaﬁgcéﬁtrglead@uﬁr q%efcchﬁt?’ﬁ R[te%ﬁ%g);'éé?ecgl@ﬁ th photonic

different ~ enbodi ments. can per manent
kedgapt styetal £B0 deaas be dginpersryoflefactaethetr pegl tirhyah opertd toff rapidly

(f@fe@ﬁ@%ﬁly @p ofﬁgr\fﬁ Zt ?ﬂ@ g%ﬁtgdogﬁ%%%@cmgm}(ﬁsg Bﬁ@?}oﬁlgﬂ{%m for turmng a

requeniéﬁpo
dednvt pohndefgu(See Af NYerjucipyicyl Gdecyromics mrMacﬂqrw €bny1mudermwtss’ 5th ed.

@ﬁorgnl gi,}o)tonl c 20 bandgap crystal 630 can be
orary“defects that are turned on and off rapidly

(el e_cﬁerfc@m &3alih yhasoniobdndpan gptal 670 peralitedhseoopithe esfefrat tource of
% %¥ﬁt?°‘§2flee‘?%.et°$§?ﬁc€ D3 B a0 AR 9 B 55 o
1ﬁlarmtmi gtat b2n sWherﬁddgqufreqL(eﬁb(émcdmd LO%fg ndarlpetigalt def@B%35 will

ho%j{ghﬁ, %P a[%gglgﬁﬁ‘g S 83!4 tg %gca € Frgx]ntcrﬁtall %g&rbu? ghe propetties of
crystal 630 and defects 635 can stﬂl be selected to block propagation of light having angular
frequency m14. Even with defects 635, photonic bandgap crystal 630 suppresses spontaneous
emissions from the fourth energy level by reducing the density of states available for
spontaneously emitted photons. The geometry and properties of defects 635 can be
optimized to permit application of control fields while minimizing the available states for

spontaneous emissions. The spontaneous emission contribution to decoherence rate v4; thus
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30

25 the control fields to direct photons of angul ar
frequency (OC through line defect 635 to interaction

W@ Rae®7820. When angul ar frequenci es co, and (BPGHUS2084/003788

nearly equal, defects 635 will also permt |ight of
angul ar frequency 0)34 to escape fromcrystal 630, but
the properties of crystal 630 and defects 635 can

still to bl pck praopagation of |ight having

Sandrimate <Pl ety SOyl PEoB iR dHOR e s 5.

phot dnithe kandgiaRnsr ofstigd. G3aAns %Bp&l&sﬁﬁﬁb@mh@fh@ﬁé&ﬁ sidd 620 is
| evel by reducing the

ions fromthe fourt e
‘if PP? %fl U e gegnulgrye | efispted cof f@? Interefing g theyatispyatiop @r phase
&ﬁﬁg@iﬁ&he PioBe PIRAGEL ALY, radtdethOB&Irtd RS eOfTH @év%?&ﬁnt@l%@tlon depends
can be optimzed to permt_ application of control

o dhyy t| ef Himsi frinenghich eth%\P&moabn@te@ﬁtaw@é intgraction sites 620.

BRRAIRN BRUSuBHE: ST i8R Factidd Site3 PEYDL SREA %@ﬁésoﬁ]le lnteractlon time
contribution to decoherence rate 741 t

bavtweenclromobe Poynsgpd e feodrebsystiemn be rrade srral I
whi ¢ hy; %87 SRR Ld YrudiBE RBEHA! Q0 agﬁwﬁﬁgémg%ﬁ@ye% Ifrease the

t he enbodi nents of Figs. 6A an
inferastieie timerpfshe prebe Piptons withelnteaction sitest/AL Stmgture 700 includes an

%ﬁféﬂ%e@tﬂﬁ eln‘?efrzfic‘?l&tl sﬁ’és ’{]dgﬁaﬂéf%%,fll?ﬁ% mgé}g%ggrsggytob n@;?ucal fiber 710

tenuat|0n or
@lrlattséhe Ivlehﬂzlb’(wrlsmd délsa m@gospbare 730, Théchl adjaednt dfe core of optical fiber

C %{%%s ep%%ho%? grgmqlrc'e ?Véig% Ce%n@ %el?m? cgpfgbe% :7[)65 Ig%{agﬁgba’r@s 720 can

lbenmnﬁaeﬂ mgr theesurfaeheisiliod sphﬂtee’BaGising MnéchiRs teflds or molecular cages

ncrea s the, on ti
Ee S BB Roed oo™ G0 oP o euys S Tidgs a photonic
gy ayshlr @ot biogvnY At tsti@dunds @BeractiofWitsPELi BY s@plds€kyontaneous

to, i.ncrease the interaction tinme of the probe photons
WPHnt eraction sites 720. Structure 700 includes an

10 optice®phdré 180 hdd Q. didri@r Bet is Aharyl (eQS t};a@anyamlxﬁlo) times the
silicon n%cros here 730. tlcal fiber 710 carries the
BrGHEeEnet &is ProbhdPheion @ad i dsitiphrsh & vatple (it evanescent field

AetoasBRY the msreczﬁrosu&aﬂ fiopti16alastal r@ﬁl‘lt mIoks h&@9§01]51%$1des a resonator
photons fromthe evanescent field of o Flcal ber

il 2 Migh SHiReion GHlogingelsT Jorg igleFctioe Heh brAYEER ﬂ@anroltqwehotons and
Bkedase sitk 780 bl HPRRILE pﬁoo’cgné@ﬁuﬁg%or@n@& Yeef 7foet@&ﬁl%1 fields are

or_ mol ecul ar cages as described above in regard t
inpigent og AteraetiopmItesS2 yiaivavegwde el path T48c| udes a

h
phot ofjeGpnd aualf"?eg%a@g%r YRB2hnd RE oF g@“ﬁ)& %1%%&% EIUS AN H&da%y of the

interactio to éu press
snicegisoA S A 16Bs phérae f@s@e\hhsyswrdﬂbﬂmhm imHereenting weswjtch or a

(% nfm %ltigeoélﬁ rI )Thgg\?]géh 11'(3 ergﬂe gg% eﬁ@l’%q‘?ﬂa%ﬂh? 1figlontrol fields.

ot ons 03| 0 cou
Iévlmmaekﬁelds mbdde githe oanaiting swdwaeplmrehaﬁngqngmlmafrequency o, that

a8 st vo ool Bty PG PATO P e B Refims cavat 0
tesdnantefdquenty taeisenibd fveelevdl meatter olempiiae b di m@otdbility of absorbing
a probe photon having angular frequency ©, equal to ®3;. Otherwise, the probe photon will
be transmitted.

Switching of conventional optical data or photonic qubits is thus possible using the
same structure. In particular, using structure 400A of Fig. 4A, when angular frequency wy, is

tuned to a resonance (i.e., @s= ®32) of four-level matter system 410, tuning angular frequency
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interaction sites 720 before the probe photons return
to optical fiber 710. Control fields are incident on

WO ntogn2asbé on sites 720 via a wavegui de or pat hP@HOS2004@03788

one-quoit gates 400A, 400B, and 400C of Fig. 4A, 4B,
and 4C can use any of the structures of Fig. 6A, 6B,
or 7 as four-level system 410 when inplenenting a
h or a é %uantum ph shlfter The switch is
Bilor G B ERr G an s b T g oRopal e HEv g rbsulr hequency o

De@h#g anbiflar fRQueRtd Qb.of k& HEAS raBb Y Jgs Ala LBS between about 10 and
i nteraction site a photon having, angul ar frequency (0,

{1 ¢ causps Bl g0 thabigafiar system ekdrmasmity the @9@4@&9@@ gaml. aﬁmbrly, when
le%t&ﬁc Hﬁ?ﬁ)‘lﬂ d@)ﬁtaﬁﬁ Qlélo ?oﬂeﬁ?ﬂé{@' Bl lefr@tﬁx o}, Shat Eﬁéﬁ&%&h matter

frequenc 2, then four-| eve systen1
fistg 4b1r00 @pmp@rgﬁnbﬂatabebbemwmhedaﬁ or @Eﬁ@flrﬂh)otlmmht@dlongbsorbed) in
WA equal to w3l. Otherw se, the
%@%Hgé{ é%%%Hﬁ&?% 30 be transmtted. Switching of
conv eTitel iyaiures 0D 8 aft 008 and é@OCphﬁFlgnlﬁbﬁ\ dBpiand 4Cat biss implement
Rlﬁ&?ié IBL e 4R f{%% %028’8%%%3%4 u%\ Foai atrt | C%&e pHase shifter, for

usi ng S FUC ure en ang U|

e )
S IBAS  f P  ARIDIIER g o wo
frequency -20 WD 2004/ 072806 PCT/ US2004/ 003788 co, ,
410 FblEsthteS S FABRES ﬁdvu% 4y o, %ﬂ\]’o% o, fut ﬁ'cﬁe Rﬁubc@ii the form
signal having an an ar frequency
angul ar frequency co,, (e.g., so that ratlo vc/y41 S

EoQoe-+t 2IIgE >b Fowele el afapast 4 10inRedhceslOfhasE @S @ Sorfehelstats 1>, where
that mat t er syst em 410 transm ts the optical data

bi t

%o%se% hetc§ e°1o Idgﬂagﬂ Iﬂée?n"‘?l} 0 uf[elﬁge)l/a%ﬁ%n ?lﬁego%grﬁ‘lftg‘iséa@f) 4 of Fig.
t

W ?S Lﬂ%g c?;lp éﬂe%y&gt?%%\%%‘f @? ¢ %(r% ggr?egs&g tis?)%hea %eélFeb%rdz)‘esence ofa

in a quantum coherent manner. The structures 400A,
s Bphbeie PO 20fviE Gesuenta v.4ickaisdn 4€ lcanhahgof four-level matter
Xgi@ [{gnt  tunabl e phase shifters for photonic qubits.

si ngl'e Fock st ate tunabl e phase shifter, for
exa t fo
CXaIbe RS OB Mg ) el B GO O, LD
of phot ons haV| ng angul ar frequency Wa) to an out put
&t aingle!pibidh 3tak bbialial Bhou % V,
systgm 410 introduces g gg@ﬁ?ﬁ@bﬁ%iwg%ﬁﬁﬁ ko have a
Q> where O depends on the control fields and the
propaesr(e gf, pblatiestian) thetralidivs BeumsHlitted @B EspdiIk sopardte Gates 1Q0> and
4A has qubit conponent states Q0> and I Q 1> that
correspond to the absence or presence of a single
IMat divepuiesetian ofasiggel Q> forfogdleved ynaBdasysteti 410 then cans¢éshide phase
1-2 channel of four-level matter 15 system 410. One

gleblt ate 400B of Fig. 4B can use qubit conponent
savetestafa iRPoL> t hat

A photon in state 1Q1>, for either one-qubit gate 400A or 400B, passes (or cycles)

through the four-level interaction sites inside matter system 410 for a time sufficient to

establish the desired relative phase between the logical qubit states Q0> and IQ1>. One-
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are single photon states both having angul ar frequency
oa. States Q> and I QL> al so have a property (e.g.,

w@oedoanizmad i on) that allows beansplitter 430 t OPCT/US2004/003788

spatially separate states Q0> and 1QLl>. The
interaction of state 1QL> in four-level matter system
410 then causes the phase 20 shift O relative to
state 1QC>. A photon in state IQL> for either

quitt gitbid00Q Passest (8} oy0les OB, quBR T8RPoredt sta¥s @B and (?O> through
through t he four- Ievel |nteract|on S|tes I nsi de

| F ed‘% ‘%Iglle‘ééi er ﬁ%’%glgs gL({ Wg] t HE 011?0%‘1/ gg‘lzrl';‘%%g P’Eleh -qubit gate 400C
1 4/ 07
%Eﬁ'% AL R Q% 7860 TRhaURY e eyirmasipe form co

bot h qubit conponent states (QL> and (QC> through
5 peGHc e I I 4100, In,. |
%ne confc:égurlg%gl or?ﬁ% gn"‘é‘ﬁg& He %ﬂe@gislaékg sﬁgglfls %?Reand 410" only
hase of each state |QL> and IC£> by 0/2 so that
Rfa‘(lﬂfe&haéﬁf’é#@ Dheyshift thatdhe fyar ralnsystoms éi rs-qaibit @ates-4002\ and 400B
b
FIOBUEAT: SRAE R D BnilVgal ity GEh oHRLRE GYRLERD conerence
iHat the four |levels systens in one- qublt gates 400A
and
cut fiﬁn@ﬁgﬁr%@%’%ﬂ%ﬁ E@ﬁ ér g%ﬁ% g)‘ﬁ{: éé.tgée is't a%ieh ) oa %ler . The
magpitudeTpfethe phaso Gﬂ.l@le@bl@ h@tsfmlssbly ﬂte Imm(bér d)ﬂwclam d}rqughl the 1nteract10n

%ﬁ% glgf a:lsg) ﬂ:irg%ugst%gx ﬁ/roggﬂ uteﬁcg %cg?xgglf 162% cﬁpglged toa dlfferent

ttdmsmglg h)ftthﬁe mtfrm@ipacsiteson Thﬂs()alk)lw&m ebmémaﬂyslﬁeélkﬁ’ pm@ shified to be
field

/o uenc nt
SR PR Bhed GRENTRENU LGS SRl fot b Bhvsignon s
mitet cg@rate‘ﬁrmm alliflofigelanwaxt cdiRley 19 HRGdSE A AS ehesaink tohBe shift 6,

i shed. erence nd  especi al

R e T R8b TPEE EPTRap I hbeR 4ot P Sy e bt kgtonic bandgap
rgam@l aesidtd Sboviet dan ahelp gipplfebsd Qéphﬁsyn%q/ﬂ Fhe GHIAPIRI s@r%lé Bhoton phase
hg? dealﬁg %e for the sane phase ft 0, for

T A2@E Shaht &b 10?1“*‘6“‘5!3 gatehfgry %ﬂ%pmnq@nﬁt‘ﬁu information
précessiffe use of a photonic bandgap 15 materia
described above can hel p suppress dephasing. The
t unabl @nabldyHace MR Ofh AEASE mpRitechicd forl@b® AGte D 11 M6t is a coherent
nost useful quantum gates for |inear optics quantum
informati on processing. A tunable phase shifter can
stateslo(tperaibapthemne Rvddbtdt@contpiiing a 8éfmlite nhihber of PRdtodsS Acoherent state
coherent state la(t)> rather than a Fock state
1§§’t{rﬁngﬁ Q!B(ﬂ'g 1riaE Pblﬁle%j Qg %}g \g/ge%{plﬁ% q}%pm %Scol}ererl\t I,?pagehtyplcally has 3 to
Sere npmamymstyvst emoftihetoophelimildr ot tht &Fotly piatatdsy, thasoBerent state
to 5 as a nmean nunber nv of photons. Simlar to the
trpeRimey fhare aie initén] stetedQinohd terfbras td@e-+ctlQ insf arswput s@@IQout> of
an initial state 1Q n> of the formcol QO+cllQ 1> to

an_out put state | Qout> of
the form cglQ0>+c;e”1Q1>, where the logical states IQ0> and IQ1> carrespond to the absence

or presence of a coherent state pulse (with amplitude o) in the 1-2 channel of the four-level

matter system. A phase shift 8 is introduced on the 1Q1> state. No phase shift ocours on the
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the formcol QO>+cleil Q@ >, where the | ogical states
Q> and 1 Q> correspond to the absence or presence

wobooa/ocsher ent state pulse (with anplitude a) POT/URE04/003788

1-2 channel of the four-level 25 nmatter system A
phase shift 0 is introduced on the Q> state. No
phase shift occurs on the -22 WO 2004/072806

PCT/ US2004/ 003788 |1 Qx> state. The structure 400A of
jBiog stadA can i npl ement a coherent state phase shifter
in which coherent pulse la(t)> is cycled through the

ot atF e ehE GRS 5B 43icat FmpacobpT it BBt aRer in which
EHEETTES Fbue bk lsehiho RErbmel Renrig: si Wesiient tme to

states (or cat states) and is extrenely useful for

SEUBAEL 4342 DRI DL | L IOECE R 98l o

of the four-level matter systens described herein can

o aybitraphispethwiperpesibong wibithe Iyaicelsbagin dtatesr(di ¢at rages) and is extremely
NoYar N e¥:1 ' aubhiGn DA S an _exenpl ar 1

508 99, SRS aufln PGS0 Ao Mo b
miyinaigedr dance with an enbodi ment of the invention.

Stru r [ fqurqlevel tter, syst 410
and- LB Bl 4 3e Bulrrelel o sl e Bt can alo
itipitneapiwo-ghitaate md @ndifibed! dpticAbswitthes. . @Aailifstrates an exemplary

tructyr.e 8 as t ar get bit 1.QTin> and a control,
THEHE REGoRDte oot & £ BlosbBidetrcit a0y 1w &% SmbSdiment of
thé ivenisorof Stresyne B0 Macladeg Wl Bar-feh@ GHARE is@Sent @0 ARG aGBler 820 or
fo t%ettar et. and cgntrol. qubits gng 1g phot ans  of
aé‘ﬂ{?ﬁ‘i PRI Y Eh b APRlR @ COMEH dild | &5 Jppt Yanals sycture 800
820.. In an.a rnatjve enbodi t of __the invention,
R st A ICHRET B ¥ Spndil G4 TOf e B luti Satngy 800 uses
can be reversed so that the control qubit corresponds
fthotoph of esspectifve angldraireqhiereips encynd ambioaid thiget amiogtinirol qubits and

field f.rom, aser 820 cantai ns ph of . angul ar .
ot R e et B B AP RINT Fat 487 Aoy pttemarive
enfbotlingent nf/atinventiord, e 0RBLF photeHsiftan@0i RSRORES @, Qdind o, can be

hot gns of angul a Q frequenc and the contro
RS Bl B0 8% eI 8 e By o nd te
don@6lUBR$1E Virah® daser BE@ Bodtps phtoRY b ahddldr rl?eq@élﬂ’%/_log:' r é/et another
in_ an

re replaced with classical optical signals
Aematiye Sphoip s Ahgeiesy the capfiRd qebibeorssapndtp Rigions of angular
Mqﬁéuﬂ?az ', @nBRE comR] BEIAFroaSlader 82 EHntaiRMbton Oftah&@hr frequency wa.
switch that transmts optical signal Tin when optica
si gnaWheal idpit 0Bt 0TS NQCInS i28d fplackOREREIRS RN RS ignals Tin
of the angul ar frequencies that provide EIT. Signa
Tin. The

Ci.n..t hus cont{oI512§utransnissi n of S|g i L
L Ty PRSI s uEIeS o e Gy U AP boREres ag Ay qpndicional
cppgll switl that ttanphiid eptical sipabl Tis wWhe oprivabPdighal Q@ @rd the control field)

contains photons of the angular frequencies that provide EIT. Signal Cin thus controls

transmission of signal Tin. The switching capabilities of structure 800 are similarly

applicable to photonic qubits IQTin> and IQCin>.

When structure 800 of Fig. 8A operates as a two-qubit phase gate, each of the input

-23-



10

13

20

When structure 800 of Fig. 8A operates as a two-qubit
phase gate, each of the input -23 WO 2004/ 072806

WEOHI08R004/ 003788 qubits 1Qrin> and | QG n caPCh®s2004/003788

arbitrary superpositions of respective "photon
present” states |1Qrl> and I Ql>, which are one-photon
Fock states for frequencies wa and (DC, and
respective "photon not present” states |1 Qre and

THRI SR 18087 80 e ive, .
#‘%ﬁ%nci eﬁﬁmétgnnd%nogéaag{%ﬁ gtgﬁ?ro glbg%soﬁc?%&%ypﬁ eprlrltg.\)tnotn present
a conditional or controlled phase gate for two
fdred 1QRils and UQd 15 whidhi 2241 oheSphios@f Bdckf sBiftesOfdd flegiidneies o, and o., and
i nformati on processing with single photons. For the
control |l ed phase gate, an input product state
fegper e ptiPion noapigseat’ Balespl@r0-p protliQe0>,swisitleare zero-photon Fock states
| QCout >(r) I Qlout > satisfy Equations 18. A phase shift
ngggghﬁmpgigmgﬂ.state I QC1>! QTl > because only state
I QC1>1 QI'l > provides photons of both angul ar
f r equdiciues 8@acan naploinetiat conditipeal wi torftolled plewe baterfirttep photonic

. i i 1. he . i al
@%E&é, 1gﬂn'(i)st Es,ceéfdl gﬁgggangﬁp Px?g‘rgxalﬁgﬁ g%ogg%gfﬁr o\{?xpresxﬁ Ig golhgtons. For the
- bi |.S. . d.i
AU ORLE. LB FSER SO g s
the controlled not (CNOT) gate, which is one of the

QanRdemOtalt- §akses EHefitnd 18. AUasHa LR bURRE 08F on state 1Qc1>IQr1>
processi ng. Equations 18: | n>( DI QTi n> =
col QO >I QTl >+c1l QC1>) QT >+ 15
21 DrlyGldte 3 2QE1> piglides phdesuif bolhQ@bgulk>frequencies o, and o, that
col Qcl >1 Qri>+cll QC >1QT1>+ C21QC1>I QTl >+c3e' | QO >1 QT1>

t I 0.of Fig. SA the |logical_states .0 and
R IO B Sl @10 Jieot S S o o St G when the
fihnseshifnéris aquabouu thiotwaqubitngteds phited arphagheatezaidds phidéadsnt (up to

PR AR NGRS e BrTpBrCAns aPaH By ViR one of e

f5Bdaniental gxadpe in quahthmshfoahaon processigpl ary structure
850 for a two-qubit gate that separates conponent

st at éxuetionsq8HIQGENeRIQAH g tAQJIbIIO-QI)-asIQzBH ON.
Structure 850 includes: a four-level matter system
410 as descri bed above; a | aser 820 that produces a
control field; polarizing beed@splQ:i+enQc483Qrizand 438
and reflectors 434 and 436 that separate and direct
the target photons of different -24 WO 2004/072806
PCT/ US2004/ 003 E8ut53Q404t 5t%!0a k> Qulrdcyfet laiQ@iiphig
beansplitters 830 and 838 and reflectors 834 and 836

G 11 erent  pol ar i 2at i one. - Pol SI9STSy BEERABIARET 430

In structure 800 of Fig. 84, the logical states 0 and 1 for the control and target qubits
are represented by either a vacuum or a single photon. The zero photon state may correspond
to a single photon pulse in some alternative spatial or polarization rail. Fig. 8B, for example,
illustrates an exemplary structure 850 for a two-qubit gate that separates component states of
qubits according to photon polarization. Structure 850 includes: a four-level matter system

410 as described above; a laser 820 that produces a control field; polarizing beamsplitters 430

and 438 and reflectors 434 and 436 that separate and direct the target photons of different
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splits target quoit |1Qrlin> according to polarization
to spatially separate conponent states |QIr1> and

wo opo@e728a61d | nput beani splitter 830 simlarly BEI/UBR04/003788

control qubit 1QCin according 5 to polarization to
spatially separate conponent states 1Q 1> and | QO>.
In this enbodi nent, states IQTO>and | QT1> correspond
to different orthogonal polarizations of a photon of

BHeizetens; pac @aléﬂ%lyg dgamspligiery 330 p0d $3P cadrafiertordp4 and 836 that
&ﬁ%@%ﬁ@aﬁe& thedohif Q" ﬁ&tmsoaffdh@&a{a %Iaﬂiéln@ﬁé Zy%ﬁar%gggim&ﬂmer 430

oton of angul ar frequency 0 . I'n structure
far

Vv béﬁfﬁ%%'t‘l;“‘f‘q@%ﬁa%ﬁeE"%%Wa%‘f)ﬁeépﬂﬁm Spae geent states
controls interactions of state 10 I1QI1l> with
QaUr ahdlQed>,mat gt Bassisphtied 8OO sibiilartp E@It@cdn@@f&x&kqé&n> according
not. Control qubit 1Qan is input in the 3-4 channel
of four-level system 410, while target qublt | QTi n>
fogolanjgationitasipretic e sepa@tectvanpoednt stitelQold and IQu0e. &1 thimgesdiment,
so that four-level system 410 only nmakes a 1-2
transition if both photons are present (one photon in
Haie/Qof>a8é 2l pcorrespandeto Ydghiqrent g @Yéﬁl gelarizatigneof aphioton of angular

The system cycl es photons for sufficient tine to

st abl i sh 5th relalv hase Q. magni t ude of
FYERCY(§Pe4 A Sglltf'g lQ@ﬁT gor{;ﬁpqnﬁéo ;i%erﬁg} grgpgonal polarizations of a

i nteracti on si tes | n four-l evel system 410 but al so

/or f

}Seﬂ& Oglgograg | ca fl e T tﬁﬁetgsﬁgsg‘%? ﬁ%ﬁﬁ "é?fﬁ‘ftf gzﬁhtf%lréevel matter
di fferent tranS| tion in four-level system 410. Phase

h
%ls_tféﬁ';%ﬂro g&cskg%% ?C%%%ﬁdg‘é?gﬁtgs%ﬂﬂ&?f fs\%é@e FQ%IQ 0%&9&:@{56&33@ of state
fornms a universal two-qubit gate, capabl e of maxi mal |y
IR Gh Fdig-1dveDma€er kybtdnt 210, utuReNhamglRe nehot oni ¢
qubits. The tunability of the phase gives additional
flexibility. A CNOT gate can be created from
f unddimatrbledubgdPEim>aniapisdmtheSpt catied sf fobi-gvelSystem 410, while target
illustrates a CNOT gate 900 inpl enented using a
control l ed phase gate 910 and two Hadamard gates 920
@wE 198> ivaviriololteel 1 Bivharmely akhe polses wanarpwed apthetiont-keel system
using structure -25 WD 2004/072806 PCT/ US2004/ 003788
B0 mhkéd-a BB hahod FoRPRIAk R RedeaRIe rpﬁott)ﬁ’ n each Oof control

structure 850 are selected so that the phase shif

dtdte RBUSland Brdet statbRYADRI ThelRitaH A& pﬁﬁﬁn&%@ suﬂﬁéﬁtﬁlme to establish

operate on pol ari zati on- encoded target qubits,

erform a Hada dtr ormand can b
BEHE GBI P e nUBIERE R TLrEnb SregEHaBenb by e mumber of
1bemm $ifek ﬁfﬁur—mélaystaﬁ 180 bR ARG @it Srenh and/or frequency @y, of
hol o H? ngate 920, for _exanple, acts on
g al gEEﬁlQ 51‘4.6 daver Qoa%p@geq t@p@ffqﬁa qa@xggm fsfour-level system
41@8')%%@%0%{1 Mhus e wdlel @NSny 1R ueERUE LI @BsterkBan 4. R Bondi®onal phase
+
shift of =, gate 850 t)orms a universal two-qubit gate, capable of maximally entangling two
initially unentangled photonic qubits. The tunability of the phase gives additional flexibility.
A CNOT gate can be created from fundamental gates and beam splitters. Fig. 9
illustrates a CNOT gate 900 implemented using a controlled phase gate 910 and two

Hadamard gates 920 and 930. Controlled phase gate 910 can be implemented using structure
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jQriy 2 (QroyHQrl)) E. Knill, R Laflame, and G J.
M I burn, Nature 409, 46 (2001) introduced a 10
wa@oeougirases i on of a CNOT gate using a gate knownrCEHBESZH04/003788
nonl i near sign shift gate. Basically, the nonlinear
sign shift gate takes an input state IIN> of the form
cOlO>+clI1>+0212> to an output state |OQUT> of the
rmcO 0>+clll>+e2e' al2>, where states 10>, | | >, and

8§9 of Eite 8P 8y dhej apataling pastiprtplh & shucters &3¢ Ristslectedprithat the phase
shiP9 RNQfuINtoFO CKadhRtLSates! 920308 956 afiGE, %e?ﬁe 8 p@ﬁﬂ?a‘tfon—encoded

of the 1 nvention, a two-photon phase sh

targpf| Qbitht Redfoum iarldademetdoimnsfogn ind sam hel impleoented esneg kg@yn linear
o&}nl’aﬁ elleh e?&s) sulh! Eéml%s}ﬁﬁtrte%npgpﬁl%@ré :ﬁm m%§h1gasﬂtgjﬂdh%§§\r\s Hadamard

gate In speclal ca

%a%‘e) g t?aﬂéﬁé‘ TR et g Peprhsfont3t %‘Wé‘ﬁé@ﬁﬁ%ﬁ? Hgjoated in
the i nvention. Two-photon phase shifter 1000 incl udes
Equatinnsil9) evel systems 1010 that can be structurally
the same as four-level system 410 of Flg. 4A, but
t wo- plquations phrase sHofpOpr> ﬁgynhsl @))i nput 20 state
Ilhb t hat uses photons ha ng an angul ar frequency

'/ 20) a. NMItl-IeveI syste 1010  haye at |east the
four energy |evels |Ork t&fﬁ@ﬂo"ﬁQﬁﬂ 3A or 3C. Since
the probe photons have y one-half the energy

assoq, atgll W 1LhdnhiRe, td@nG] 11 REILRGL WRaRe be 44 (3001RRtroduced a
second eneQ%ﬁQTleve s in the multi-level matter system

copspyctigpngtyn €06 VRS & 7{C KBoHbRFefiontReat gen shift ﬁ@tﬁ Basically, the
sufficient energy to excite the EITfprocess th

nopkinegtisign shif gﬁfﬁg@@s aninppt staig N of e foup P@ﬂw#%ﬁz'%@ an output
t wo- phot on phase shifter 1000, nmulti-level matter

S 10 has i fth epner | evel th IS .
TS e o By bhehaih A Faiesdb™ b "G Baifue respectively
energy -26 WO 2004/072806 PCT/ US2004/ 003788 | evels.
2¢vothotdm, enaagzltoitamnatd twomhbtgm Fatk mte,s t he one- photon Fock
nggﬁ? 11€0rld$r§cf%;nas ith C%nn fa,ls ecpﬁl gtﬁ nV %&%m 1&\g ~ph§811 phase shifter
impleateaet nsing dﬁd»taryls qfitors ahfhe f@néevep(wﬁ“&alcﬁfélahﬁtttamj/stﬂne)perates as

t WO-, hoton in matter s tem 1010 wi ett ;
PR A e o ot s VB Pttt bt el Fig 104
sbwi bewsph@od piwRe E}ﬁ@@rrl@b@ #Bacebrdhdte Wlmeémbbﬁmﬁﬂ’mobﬁms invention.

Ti m.n @% a concern_for

i O Sk Beral oL T ider han it et 910 et e ptipctumall

RNEmRNREOR-16RE kysehpd 10 o|f Fi%> 4 bt tREbhdIGY Shade SHiRI 1006 BRtan input
phase shift unless multi evel system 1010 has

stk ITNB-ahdl useN plic@dns | Haviak Sin angulaPRéduestycan].r Multi-ietbidsstems 1010
that are selected to induce a phase shift in the

n Fock stat 1> Fi.g.. | i Llustrates
b 0] e S ke T B i oG PG % e phgtons have
dn¥yoenelfhifhe endgyp sdatehivith eliestrddizion deishedOB@. firktrand second energy
control |l ed phase gate 1050, both the target qubit and
levels in the multi-level matter system 1010, only the two-photon component state 12> has

sufficient energy to excite the EIT process that introduces a phase shift.
In one variation of the two-photon phase shifter 1000, multi-level matter system 1010

has a fifth energy level that is approximately halfway between the first and second energy
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the control qubit have conponent states correspondi ng
to the presence or absence of a photon having angul ar

wo e@aoesey Vz oa. The qubit states are unpol ar P@BUS2004/003788
havi ng an equal probability of having any particul ar
i near pol arization. A polarizing beamsplitter 1040
conbines a reflected portion of the target qubit with
a transmtted portion of the control qubit, and the 15
leeda| With ghis optiunabédnGiBuration, feline photbivBofhaite N PRt with matter
shifter 1030. Simlarly, polarizing beam splitter
s}{gtelgt IQ)\%H? %effﬂvg t%% a%stg]s c n ugaglo% flso{lllﬁt tfhe érgter:] tactbqngc%&ag? for the one-
pimd)ntsmtfsanddhéutvm pig)tcﬁmtd:te nahattm syseem DpBtwillbettsvangadtodoathat photon

BES St ety REroch Mshbni e eef @ PRaT Geigoer O Photors. Timing
qeluytiogeneratis 8ot a comt@h & theooterdptiotor ste @GANtthOVacand sta®). 9Ehe output
qubits acquires a phase shift (i.e., a sign change). A

ate-photoarHozi BigteltamEd Inbt have aldphificheppiaad st pRRsOMIIt-level system
corresponding to the control qubit from photons

pﬁ{%? B 9&@19 8}1&@% li]e%]@lts%ggeggl%% op&bl g‘xeri?l]s[ gr%asre]%gie%{m to induce a

anot her aspe esent 1 nve

;ﬁltaé‘ets‘?nffj%ttﬁec&% d%lofo%'i:oamgtgy?a CNOT gate i n’pl enment ed

hase gaté that can be inpl enented
MAth or MAthOUt two- phot on phase shifters. Bell states
are déndfB illystestas ntyloeqnby irhpssseaty { &0nignplmehted mstpglsi pair of two-

ﬁlﬂto‘ﬁrpﬁgste' sRitRrs 1@?6’ a@@ﬂgog & &t ég?&‘&%ts 11%8 (?, %_?g)gc}]‘gtafg%t qubit and

part y unent an st at es.
the sangroliquvdtrhaué cczmbnaalstates rareportdirgtto teypreseneer ibwnee of a photon

£Ph80 ,&tﬁ%_'%gue&g %%@%ﬁ@%’c@ﬂgE %rt*ér \6’1%)51 iAATRARE R cqual probabiliy

Qfd’mpmg eny wttahks llhé@r @»lagination Qch :polaﬂ?ﬁ’lg \WEni2 GPUHQ 71080 Gombines a

2004/ Q 7 Resul of . Appl.yin .
£ L&Sportu%n o%ﬁf. I ar§t aqtugtt th%t paut{angét ea §Pl§}08 I%Iepcdgttrﬂ, %1}%11:, and the
e gGanbinatibeis ihjad W(dpl@&ine;)haﬁh shifter 1030. Similarly, polarizing beam

s:p%%;lk)ﬂ %—%g s|:|_a>t|rq a’lgg é%gorjz; F I;q?%%-rﬂégnq};% a reflected portion of the
c[oh@l@rbit@td%h(sﬁ)séﬁ@%oh@bﬁéﬂ )sl 1@'1@%0 t\ﬁo-photon phase shifter 1020. In

>| >+ QC1>1 0>+l >
@%g & sg sli elsllgg grrchO%Q % &éﬂ?@n’c State 1nclud1ng photon-present

4800 bbiahe Edsdidol &d ﬁrcle%hb‘ri{s rabdnfdek 2 dhiagh shiifi (4., a sign change). A

|IIustrates a Bell state detector 1100 in accordance
Rl FingnbamspidicEelftS SEparaipie PRORASNEEHPONEBE | to fhecantrol qubit from

tﬂl@foﬁ@&&FeSﬂ&ﬁ&g't@@HeHﬂ%& qfﬁblgéNOT gate 1110, a photon

state detecto or photons having the
f r eqdiR AESPrdaseR With Yethanothehpspest o ik preseahimventionoa Ball state detector

&h %ﬁlﬁlog%t@%@ atd llﬁglef‘ngﬁtecpm &%{I‘_ﬁ' hfl% t %Eas% hiSte fﬂﬁa@ C%\Rgmented

used in the target qubi t. 11071 ncl udes
Wiu einitiapug afffeghotqmﬂlaam ghifters. 6 Belh @ltatas eisreengplbeentaigted states arising

Bh %uﬂﬂ' :lﬁtera&}otﬂg,r and CNOT gates are known to be able to partly unentangle Bell

states. Column 1 of Table 1 lists unnormalized Bell states that may arise from entanglement

of a target qubit having component states /Qr0> and 1Qr1> and a control qubit having

component states 1Qc0> and 1Qc1>.
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i npl enentations of the CNOT gate 1110 are suitable for
Bel|l| state detector 1110. As described above, CNOT

w@ai0e/01280€ (and a controll ed phase gate 1114) BemURE04/003788

constructed for 10 a control qubit enploying photons
of angul ar frequency co or Ob (or 1/20 a) and a
target qubit enploying photons of angular frequency O

fa’&ﬁeo 3 O%ﬂagm?%w‘B@}\ tgec f elTbOdLgEf; ?f r Elpgaml‘ or

_110pmpat ﬂﬁaﬁﬁd using c Qmmmm COd; Gate ¢ or f cAReriadamard Gate |

$.0 1 la;%oa MQHBGSGHWC@I@IWQE% of trePQCO>®|QT0>
__COL ﬁCh_D | hLL reguency

 1.nd msxsz@hfzalswhis of QL nYAMOL gft A JQéi@®lQT0>
Phoiﬁosmlﬂl@@b@%s; 11@@&‘2&;&;&%@%136 out qu4&5&@@>

LLA R Y2\ 4| yarc U uctT I ITI IIC [II\, Ol. l.t Ul T PTToT ot

hav IGQOHQQI:@:@HIHQTM r equ@z@@g& lQ@l:Q@}Qﬂs, . Cob IQ@¢1>®IQ11>

O

t2c)a)y—and—photon—state—detector—1130reasures—the-
output state of the CNOT gate to determ ne the state

of a Rigatl anilludtates ngBdilheate detgadr 106 du esvosdafe@. With arc bl}lbodunent of
ct or 112

1/ 2c) a 11 hot on
el ol oo BRI it ARt ntf sl detceor
128 For gHdcartidn gt EedoacP PRUak €% oBfitrol lGaBit, Ch@ﬂfarphbton state detector

tons to oVvi he resu states .in_co of
ﬁgﬁ fr ghotqag '%PVI% ﬂtﬁé‘g%%&ua Ifléfofargfé A | GO gate 1119 includes
9ol Gad@hartinpatts Beld sidatig1d r@lm hheori@asH r&lﬁﬁntgﬁte uhgf.  Other
photon state detectors 1120 and 1130 perform

igplameatptigns of the(eh@d: gite iiﬁbamgg@l@goraBelb ﬁ@feoﬁetector 1110. As

S£RETRE RBAE] OSOIYa&t Ale (dnmntrélféﬁ Rhide %bﬂ%alll 14)"1:@H be bRk Bcted for
was either Bell state or §

deaniel groitenmioyingahgioas Oﬁafrﬂ’}@f &ﬁq@aw @cscpsd%dphé%)cﬁné pdeiget qubit
é?fx%gé)? ng gﬂ&o&r biﬂgbx{lk%lar 'tﬂagﬂéncysbs Of ? ok hRY sReldc %@Jdﬂnent of

Tabl e etector 1130  measures a

Figgl Noezd0d 1572806 2PCRILsSA0E/ FO0BREBr 11X is esq@@nrgum ¢agaponent
Shad c%rﬂfgggﬁ&gg g(?ﬁ%gg%egééiiaj pr%sﬁﬁ) toff% ﬁ%@)ﬂ%ﬁme&f%& ntﬁﬁé k‘requency.

state ect
Gedaso2est Babishd tiwticates rthe sy oltsdd frapplyings€HOE da@Tl M0 tohike Bell states
&%%%Lmk‘i%‘f“r HLate was either Bell state 3 or 4 of
dl ccor di ngly, the neasurenents fromstate
det edthotos statel @eceomd 1201 B@asured itlcagutpud s@telif thadCOT adate to determine

|.u t un| uel dent i t he, i nput Bel |
HERHE Aol B R BB LR ERP(n b yor B gl HeEpypton sae
d}:iecmy $30 medseﬁ:p tlreg)uvput ktate o theINGE @hte tandleeertniigenthe btate of a photon

RS sbloRee 1 osct ogpofl o 115 R A fieeor 1120

ﬁclaadsmgwadsmaﬂal gatepiriopend 4 potGliddecas 1mﬂat1@zmamaw dake 122 operates on

fer ol ari zagti ons in, 0O Fig. 11B

ip pordief Sk ia ﬁmeawltaeﬁ Fftes Pl goetelblsrl- 1150 1 n

Whi CBefilitd Setdds? 1P00 REAARS mrbr@n@pﬁpﬁtgsen%%é fr&th #heemeasurements
ctor 1150 uses 10 (ﬁol arizjing beamsplitters 1142

tgﬁdo QPR AtafecfleleiorT HEl anth il YareHwt e perisugb hdetostey il bt measures a

photon corresponding to state IQc0>, the original input state was either Bell state 1 or 3 of

Table 1. If detector 1120 measures a photon corresponding to state 1Qc1>, the original input

state was either Bell state 2 or 4 of Table 1. If detector 1130 measures a photon
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conponents of the control qubit and pol ari zing beam
splitters 1146 and 1148 to separate and reconbine the

w@oedoanimad i on conponents of the target qubit. BST/ES2004/003788

result, only the state 1Qcl>IQI1l> acquires a sign

change through controll ed phase gate 1114. For photon

state neasurenents, polarizing beamsplitters 1128

and 1138 separate the pol arization conmponents 15 of
chreesporiding tocstand 1QaD>,ahE ofig@hi] @kputl stite t t

Phot on detectorggi124 aﬁ% 1126 thegﬁwﬁggggggEhﬁgierOdeﬂe1’
presence or absence of photons in the two polarization
erthifideteston] 1 Y0heeaswnt a photormedbietponding tpétar Ay 18ethe ©FBMal input state
1134 and 1136 neasure the presence or absence of

RO ERHRS Bl sfatéeB 01t X0r P | A3Ld& ?gl%t}ﬁg meflsg{eéneingst}?om state detectors

target qubit. The original 1npu

4 EF0Andhi 1#1%‘21 mfi%C@fﬁha 2thiedigieal Valneﬁasunmuemldaneﬁeﬂ the inp B8l state,
phOt OBl §hRCoRcRr 4 16d carﬁ ggd&’ d% 8 Cvraflg %Vwa[yﬁ in keeping with the

Al t hough the invention een
pissant dpysstionn plart ¢l tenbadiolemti Starget yebidesar b tdnOdted using

L e, e LU PARE b FeakdhiTy Pl GBR i Such as photons
‘a(ggc ﬁgﬁrm :Jslalamﬁo?m “‘h'é rmnmatu?{] Hig. ;’:\lﬁ Brlﬁ?n@{es b @Xemplary Bell state
i S c are wWithin the scope o
f?nvgntﬁgﬁ as\g}asl? %gs Qﬁaélz?tbqnl Brrhige: cll%ﬁunﬁtate dZ@C'WDIUO uses
@ﬂﬂﬂﬁ@?b&ﬁﬁ WérUSQ[@Q%IﬁOfBYLﬂS to \Mépedtdi dxH rlacon‘fbﬁ@‘fh@?olamzanon
%gp 1§ »a 3 §615 for a guantum coheren
SR o ?Tﬁgtﬁ‘éf‘?r&r Xfl%ﬁfaa[ﬂ PRlapizing bang spliters Idé@end 1148 to separate and
poEhiihe nigd pblarizakibe cd@pondhis ot he tﬁjg@ccﬁlfbﬂrragg%t kegult o O}l,.l rthe state

signal, the 5 matter system (620) having at | east

I EAOWS enRlrey a lsig ehsnge MBloug Hehtdldd 51%«3 %5%@ f191/4 ! %Xxebhoton state
a second energy level, a third energy |evel a

| evel re i ble f
%ﬁ#g‘%ﬁlg?@ o({} %lzmlgh SR élg{egsa]t %ﬁ]ﬁ;ﬁﬁé sgpagartﬁﬁlgpolag;?@ioa components
fupp retpsi qoetrslyzﬁ‘klemgétﬁﬁm)ts trEB’pEotB'B@f ?t]ﬁﬁ)ntdéte?tégpf 124%nd 1126 then
matter sys em

R BT b SPRE ot s BianEauppagasts vshe cortro

@pit ze;d]pthotﬂp dets@6rsd 1M‘IQIdQTIB@me@s@Mﬁ@Bre%nM@&aibse(n@g’Qﬁ hotans in the
Stem t epotonlc band yp (1

D RS gt G Bee Guth THagaml s el mbcie duerrained from

tht ot mesReArhi &s@ﬂs %ﬁi Hofth QLRGSR I\M m.&m iﬁ%ﬂ 136,
syst he devi ce of

t he g&‘ﬁ\gg‘s‘g? v e’%“%‘ﬂ’éﬁb%ﬁl degcsibeq with a@fenewgo pﬁnmuleif embodlments

the description is only an example of the invention's application and should not be taken as a

limitation. Various adaptations and combinations of features of the embodiments disclosed

are within the scope of the invention as defined by the following claims.
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the four quantum energy | evels being netastable. 4.
The device of claiml, 2, or 3, wherein the

WO naognz2asvé on of the el ectromagnetic signal 20P@i/Uk2004803788

matter system (620) introduces a phase change in a

conponent state of the electromagnetic signal. 5. The

device of claiml, 2, 3, or 4, further conprising a

w{%here (730) that acts as a resonator through which
Sla¥at t er system (720) interacts with the

el ectromagnetl c signal. 25 6. The device of any of

cl ai s 4 dE¥gcHPgIPrSINgher ei n the matter system (620,

720) d ®ave ?iéglqg) %F? g%ﬁﬁ?&h@@n&e@é‘c@mﬂ%@m Qiglqﬁl,l. n ?n

evanescen I e e(_:t romagnet |
The davittes systenatfy?Onfositiorddite interadt mathghe 6¢ctrbmagl’rbac si gnal the

&%?éﬂ;ﬁ%ﬂq 562@%% ks f&lﬁ%{ﬂﬁ{’ﬂ%lﬁ gne&%@%l? 1n‘tg A é’ltrs(% energy level,

4 g400d anrglyllwl layhittbenmpsgy lgyhlp almdmfouhhlbnargulleubl thas dre mbcetditde for

W@@%ﬁ)%&%ﬁf% Q’)‘a@neuf;ﬁeg“ e%dgg/ 8f7 2225 of clains 1

t hr ougluppressiversysien (630Nhai perages 20 sPpesIHpalitat@dYCerhiS4S)s from the
th@t sgrr?%pgs the matter system (620). 9. The device
HAR B i i

ims 1 through 6, wherein the matter
systemconprises a 5 plurality of atonshnol ecul es
(620) S|t|on%€|to interact with the el ectromagnetic
si gndl, e I5ERe Sfclaind, XPeTR /B TUBRIGISES SyBeD FomBRTHE PRenic
mugapqmml WBOR RONdytht BMRdrSyAGH BRSPS B¥hdga crystal (63 0) havmg a
‘ifre} @ctl ons, Wwth the el ectromagnetic signa 10

bt,hr%llgg which 2 sgqond elfctqua(gggw sggnak gyequgrwnh the matter system
rising a source (420, 820) 10 of a control field
that is directed at the matter system (620) to cause
el ectromagnetically induced transparency through
whi chy, t"["l‘l% dBREL S cIANSt %H%rélﬁ%@su?&%%;@%}éﬁéﬁgﬁﬁ@ ﬁlltat feQst two of
the electromagnetic signal evi ce o o1
the Eupguaptonh prsrgyhiessls hdinermestestabks t he device is a phase
shifter (400A, 400B, 400C) for photonic qubits; the
el ectromagneti c signal represents a photonic qubi t and
has d frhﬁsit?ViW@q:iﬁélndyltohéIthnﬁmﬂiedntsraaticmmfpﬂei abgptromagnetic signal

I ev %% t%'lnr(%o\; I‘?r@@ﬁ?éé;. lfl ﬁgar%'le 81% i }ns es g)% 1B ?tgtg . E%O)

@icttemegtteltlgmgaietl c control fields that includes a

phot on having a second frequency that provides a

coupling between the third 20 energy |l evel and the

secorid Ténele*gge dfelah 1and, ar 4 hathencdadrising aaplidie (7d0) that acts as a

rfesro%a c}/ugh QV%IChQﬁG matger System (720) interacts with the electromagnetic signal.

6. The device of any of claims 1 through 5, wherein the matter system (620, 720) is

outside the waveguide (615, 710) and in an evanescent field of the electromagnetic signal.
7. The device of any of claims 1 through 6, further comprising a molecular tether

(640) attached to the matter system (620), wherein the molecular tether (640) critically damps
phonons that could disturb the matter system (620).
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a coupling between the third energy |evel and the
fourth energy level. 12. The device of any of clains 1

WO booaiogiso®, wherein: the device is a two-qubit POBUS2004/003788

(800, 850) for photonic qubits; 25 the el ectromagnetic
signal represents a first photonic qubit and has a
first frequency that provides a coupling between the
first ergy. | evel and the second energy level; a
secony 6131 é% B @? Flain Ifhrangh rfhries somprisipsemelepdar cage
tdae) matshﬂéurﬁlyaieeﬁaweew@@&e(em a second photonic qubit
and has a second frequency that provides a coupling
between the third energy |evel and one of the second

ener gy T&\d%{rlc@ By e ch R 1L ehroBReS, nge;reEﬁY ﬁlle wr%a?t&dsy’s%cgm c@ﬁprlses a

device further conprises a source
Rty piogsanslecules 1630y positicapdito ltﬂﬁ@t:t witlntbp aldetonagpbtist signal,

RN bl BiohRinidledules myﬁ%lﬂéhzifeoﬁf @é&%ﬁ?el@rog?%%ls a@gesmbla for

between the third ener one the se

wiseactons wiflethe al@@rrqnmnﬂmgnhl energy |level; and -31 WO

2004/ 072806 PCT/US2004/ 003788 13. The device of any

of clainms 1 through 9, wherein: the device is a

t wo- plioflde deticese agh of dlgms ( IGO@H; 9, ﬁhﬂleed:cmqirfsmg‘&gﬂlﬁté @20, 820)

' [ e ntsthm ar,
G Rkl 05 AR o R AR B0 RS B Bl o Bl T P pgticpity
ndoep Mwmenmtbmugmwmh dteenditor sysiomt (623 beévnidd Gradspaent to the
%&?% %g% y that is about one-half of an energy

Hee meen the first energy level and the
second energy | evel ; and the device further conprises

a sour.c 20) that Ii s el ectr na netic contro
fielt}%%fl%ﬁ %Ef‘ é’gl efF‘

el ectiiodeipned 4 pha@@ﬂiiﬁdi? I(4dOAehMm uom:t) dp}ﬁtoald@u@ké)n
hawnganéz%‘f second, freguenc t hat provi des a cou

ng
bet welPlPhomeERStig Sigh FWGSP@%W&%C iyt %@é%ﬁ@ﬁwoﬁequency that
[20ad@¥ doaMale RAkeA tHéﬁHEt%HerEf’l}é'vélgan@ thte%cfogd feﬁe‘?&“l@?@}’and

t hat grOV|des a coupling between th hird ene@g
| eveltheaiyicp AEthenenpmiseeToyiFe (40P elqc.qronmmenq evnitrod figls that

irdu@s abRotoh wlmﬁ SR ORI BERY tifht gl%t/ﬁgé (o] L%g;&gﬁetwé&%ﬁé third

p05|t|oned measure an out pu S|gna
PEREY 5| %ndg]&ft weegooereg 5oy apd aphetor hdpdhothid fishesesthat provides

Soublif betvieen (tﬂquﬁ)a cne%ﬂ%%‘l thd Rt gﬁé}l@?le@&o m the

detector identif state Input to the device.
15. A quantun1|nfornat|on processi ng net hod

comiyS kel Rah (A8 aDLY RGLARtT on sl gnal for

interaction wt matter 8? wherein the
quanthedeiviet drantatorqubit ghtg K00, &@éﬁorphmbmnsiulhaw ng a fi rst

(O Rt A58y R ECHRL PR BTATER S e
that gtce'ndes anoupling between the ﬁrst energy level and the second energy level;

a second electromagnetic signal that has an access to the matter system represents a
second photonic qubit and has a second frequency that provides a coupling between the third
energy level and one of the second energy level and the fourth energy level; and

the device further comprises a source (820) of electromagnetic control fields that
includes a photon having a third frequency that provides a coupling between the third energy

level and one of the second energy level and the fourth energy level; and
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wherein an interaction of the quantum i nformation
signal and the matter system (620) inplenents a

w@@ansné nf or mat i on processi ng function; appl pETYS2004/003788

el ectromagnetic fields that use photons having a
second frequency that provides a coupling between a
third energy level and the second energy |evel of the

mat t er, 62 and photons having a third
freqde?’ngg‘ ﬁﬁva\?eogjra@w g‘é%lmélélgﬂ?ﬂ}ﬁ%&’ hgistveen the third
ener gite d&iRlis @R d@ofdhtﬁhhdésﬁiﬂ@fﬁﬂod)we' of the matter

systeg1(620 SuUppressi ng spont aneous em ssi ons
corré %ﬂﬁ(&f%g@%wﬂgaﬂgmwﬁ gomwﬁw et ¥ EerA-pheta eepyponent

itﬁh’ &l o g;hbt}aﬁ‘ cOBpdnRht sBYS bR {4 MotondBmphent fifte FRIHAGENOaving a
clai m 15, wherein suppressi ng spontaneous em ssi ons

fishinaueisy tha irabevirear-Half ofie avaney diffosspee brrvagnthe §rst energy level

Qﬁqﬁ@géb&ld%gggmep&y@tal (630). 17. The nethod of
claim15, wherein suppressing spontaneous em ssions

conp rihedayice f@thendmOtey DFRROEITTHUSRICHIGUBTESICtic control fields

QST B0 B LA SRR M g
S_B.gondf&,q}wncy tiat pMc%ﬂ eouphieg tptveeen hm thind me@/tlbmh and the second
Q’lre%grqg'\%i %%sat Ig%%%%gl?%ﬁ% eﬁmrﬂe%]ﬁésnc? ﬂﬁg? %slfléshe{ go‘ﬁp %lfetw%en the third

onen quant'um
d@rgyAcphasighsfufth ereryolevgdhot oni ¢ qubits, conprising: a
matter system (410) having a first energy level, a
second energy level, a third energy level, and a
f our til. ahedeycd d\elof 19} fwﬂiéﬁgiﬂﬂmiﬁméﬁli%cﬁ)ﬂﬂ 125, Qh@ﬂ)%biﬁoned to

uoi t hav requency V|des 0 )
et gbatdehot feowr Fot Bty HlabERe siPhden Bbessitiner
@060 Jyhdrei @leasudditlbnts fEb! e BeteddOillertity £Bel kbRIRMR RS the device.
control fields that includes a photon having a second

frequency that provides a coupling between the third

ener gy, laeyphtuandfohhicherarstingdRdh@)cohBMehg:and a photon
having a third frequency that provides a coupling

bet welFCHNgS QuARtEY infapeatieh sieaal é‘Pr lafﬁ@cteqvewwwwﬁeréﬁ%w {620),
xkiﬁéf&h thelqaifm Jtﬁﬁna@ﬂ&ﬁ%%nﬁ rx‘lbéstp%toﬁ’sf ha@ln%'arﬂrét%reqﬁ‘é%{] ﬁiaf‘pmwdes a

t he photonic qubit has val ues represented
eppkingsbetvpepn afing eptias Evalignd o sgcond ensreyilerel of thmett@. SMSfoh@nd

WHRLARh frtdstRioh oPfS qfantith HBorhBREESSRE 8 théRaf sBstem (620)

coherent state.
implements a quantum information processing function;

applying electromagnetic fields that use photons having a second frequency that
provides a coupling between a third energy level and the second energy level of the matter
system (620) and photons having a third frequency that provides a coupling between the third
energy level and a fourth energy level of the matter system (620); and

suppressing spontaneous emissions corresponding to transitions from the fourth

energy level of the matter system (620).

16. The method of claim 15, wherein suppressing spontaneous emissions comprises

surrounding the matter system with a photonic bandgap crystal (630).

17. The method of claim 15, wherein suppressing spontaneous emissions comprises
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22, A two-qubit gate for photonic qubits, conprising:
a matter system (410) having a first energy level, a
waewansenergy |evel, a third energy |evel, apdI/as2004/003788
fourth energy level; 25 a waveguide (615) for a first
photonic qubit having a first frequency that provides
a coupling betmeen the first energy IeveI and the
cond ene | evel ; and a urce 20)
S& eSB! ?rey Sygterg é??iO? 8 thet t%r yrth ﬁlzfrgy gt E?d’é@a%‘bﬂﬂﬁ ot on
having a second frequency that provides a coupling
between _the third ener | evel and one of the second
ener gy T8¢ @rethed of ¢lpian rgﬁ@t% g vdregnjn the geanturs fidorsptigmprocessing
REARITokPiSs a@ﬁ?s}: shififof 8 cSRFRIRA SPROSQN &uaﬂt‘&Qx‘ ihfotRatidd&ignal.
matter system (410), wherein the second photonic
gqubit has a third frequency t hat prOV|des a coupling
bet wegn o 51%34 ik for PRGLAY qhﬁréeéongreg ne of the second
energy level and t fourth ener vel. -33 WO
2004/2072R06ysRETHLSIBEIAL 0 63 88rgPlEvel/ tenmdineen fevphaderd energy
f 185 SQIP a matter system (1010) having a
%?%s ﬁenergyr%gélgm a second energy level, a third
ener gldeVegLaﬁq (6af)dfoma plmtmmd‘qwltéa‘gyg h ﬁrsefrﬁqtanc/yahﬁgmdwdt&s a

c(ogé'l?r}rg C?‘ﬁee%l tlpe ]‘tétoeg’] st g %ng gl}e asFCOI’lg g %PGB%O? nt hat are

conp@nemﬁeena}eﬁdamdmagfmmemMmtﬁﬂd$mﬂnmmmmtaeh@%m%éﬁnga
{ { hat
N A A M i —

@a@ygeml mdei ph@ﬂﬂ Hahﬁg 8 atAIftkqedney gt hrevides a enpling teeibet €he third
%ﬁ%ﬂ) p t@ EP electronagnetlc control fields to
R € g e?ﬁ%ﬁkﬂ the el ectromagnetic contro

fields |nclud|ng a photon havi ng a second frequency

t hat pro i des coup between the third energ

| evel2Vardde phase §1é%wé C‘éﬁ%r%}wgre@%‘rhe ahRtondC pHbd e vﬂw.rﬁgesented
@q&ﬁk@gwgrequency that provides a coupling between the
third energy level and the fourth energy |evel. 24.

The two-photon phase shifter of claim 23, wherein the

mat t en %8 bR SRR LIRS, @vheﬁe% thi Fﬁ(ﬂmﬁ@&ﬁ!ﬁ%ag s\&ehe  represented
wherein a photon having the first frequency provid
Wogshpisst $8¢-ween the first and fifth energy Ievels.

25. A Bell state detector conprising: a quantum gate
(1110) including: 20 a matter system (410, 1010)

havi 7g- & thiorgibit@pie fefyphplevielqubits, ewemisgener gy | evel

a matter system (410) having a first energy level, a second energy level, a third energy

level, and a fourth energy level,

a waveguide (615) for a first photonic qubit having a first frequency that provides a
coupling between the first energy level and the second energy level; and

a source (820) of electromagnetic control fields that includes a photon having a
second frequency that provides a coupling between the third energy level and one of the
second energy level and the fourth energy level; and

an access (615, 635) for a second photonic qubit to the matter system (410), wherein
the second photonic qubit has a third frequency that provides a coupling between the third

energy level and one of the second energy level and the fourth energy level.
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athird energy level, and a fourth energy level, a
control field being applied to the matter system

W@ 4000/07280d.0) ; a wavegui de (615) for a target ROI/US2004/003788

enpl oyi ng target photons, wherein an integer nunber
of the target photons has a total energy correspondi ng
to an energy 25 difference between the first energy

| evel,,and, the second ener | evel ; and an access (615,
635) ngop"gvoélg‘r‘i’?%%a L?E&Fr gq\’/i‘_bq”cﬁ&?rgng control photons; a
det ectméttet 3y5Reh (101G Mhvipga ifitst ot bl BRsMHISNSBy RYEIPY third
si gnal of %h? antunkg te, wherein the detector
$T%§§?w§fg § @géﬁpﬁgy ®a first state for the target
phot ?msa@gmda(@ sr@n8phoibPdife nefidinB ok AiHchRthaP BRtad8R-photon
30 -34
component state, a one-photon component state, and a two-photon component state for
photons having a first frequency that is about one-half of an energy difference between the
first energy level and the second energy level; and

a source (410) that applies electromagnetic control fields to the matter system (1010),
the electromagnetic control fields including a photon having a second frequency that provides
a coupling between the third energy level and the second energy level and a photon having a

third frequency that provides a coupling between the third energy level and the fourth energy

level.

24. The two-photon phase shifter of claim 23, wherein the matter system further has a
fifth energy level, wherein a photon having the first frequency provides a coupling between

the first and fifth energy levels.

25. A Bell state detector comprising:
a quantum gate (1110) including:

a matter system (410, 1010) having a first energy level, a second energy level,
a third energy level, and a fourth energy level, a control field being applied to the
matter system (410, 1010);

a waveguide (615) for a target qubit employing target photons, wherein an
integer number of the target photons has a total energy corresponding to an energy
difference between the first energy level and the second energy level; and

an access (615, 635) for a control qubit employing control photons;

a detector (1120, 1130) positioned to measure an output signal of the quantum gate,
wherein the detector (1120, 1130) identifies a first state for the target photons and a second

state for the control photons.
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