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PHYSI CAL REALI ZATIONS OF A %JNI VERSAL ADI ABATI C QUANTUM

COVWPUTER CROSS REFERENCE TO' RELATED APPLI CATI ONS Thi s
wogps/izatsi on cl ai ns benefit under 37 C F. R 11M(®)A908/000661

U.S. Provisional Patent Application Serial No. 60/91

0,445, filed April 5, 2007, and entitled "Physical

| mpl enment aPHWCAQrRBALJZNHONS ORUANINIVERGRUt er and

Rel at ed Coupl i ng Devi ces" ich is incorporated

herei n by ref &lRIAEATIR QUﬁl\deﬂMr(é@MPLBKERGQQJND Field

This disclosure generally relates to physical

i npl enment ati ons of universal adiabatic quantum

CROSS'REFERENGEITOMRELATES APPLREATIEINGO qubi t-coupling
architectures for universal adiabatic quantum conputer

pr ocessbhig appb@ailormlams beneflieinder 37 € F ARt 110 (@of ddS.

ProvRE Tt ApeieEeas gl NOTRPISH] Fhes i CRbuicr S Sh

entltI%Hf“P‘Flyg Bhl YnSbmehgit®ndnyr 5’ rgé'lr?%%rﬂ}’gﬁ?t%ﬁgrﬁ)dtér and Related

a Universal Turing I ne
Coumllmgrlhwifes”l m@lamlssnsorsbmted; hehaan bamgfgrenacd ircitd entirety.
conmput i ng nodel has either the equivalent or a subset
of the capabilities of a UTM A quantum conputer is
BACRMRAOXE) cal system that harnesses one or nore quantum
effects to performa conputation. A quantum conputer
that can efficiently sinmulate any other quantum
_computer is called a Universal Quantum Conputer (UQC).
Field nh 1981 Richard P. Feynman proposed that quantum

conput I Y ertal n c ut.a |on
o obl ent TR EY LR ToBles B DN inpRIRG G &
umvér@élaédhﬁﬁéﬁt h@t@ﬁﬂé@f’ﬁ dterd Nhd |f§:all§¢€|aﬁas9t0a JtEsiling
P., VAN 259421- 0083/ 6837461 . 1" Sinul ati ng
archlmgtswws‘ownwe@aﬁpdta@aﬁc quentusn catpsiter! processwas. of
Theoretical Physics, Vol. 2 1 (1982) pp. 467-488. For
exanpl e, Feynman noted that a quantum

Description of the Related Art

A Turing machine is a theoretical computing system, described in
1936 by Alan Turing. A Turing machine that can efficiently simulate any other
Turing machine is called a Universal Turing Machine (UTM). The Church-Turing
thesis states that any practical computing model has either the equivalent or a
subset of the capabilities of a UTM.

A quantum computer is any physical system that harnesses one or
more quantum effects to perform a computation. A quantum computer that can
efficiently simulate any other quantum computer is called a Universal Quantum
Computer (UQC).

In 1981 Richard P. Feynman proposed that quantum computers
could be used to solve certain computational problems more efficiently than a UTM

and therefore invalidate the Church-Turing thesis. See e.g., Feynman R. P.,
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conmputer could be used to sinmulate certain other
guant um systens, all ow ng 'e&ponenti ally faster
waabgu2ats on of certain properties of the si mHG@EV€s2008/000661
guantum system than i s possi ble using a UM
Approaches to Quantum Conputati on There are several

“SimARAAGHFhyRRI WAE 09%ng Refsh SN R LGEh A IBuARE bRITTHhEBrdlical Physics,
guantum conputers. One such approach Is the "circult

Vol. &b{&982)qip. 46dr&hn Congxarapleo feymman mcsedh tat @agugntum
bits are act upon by sequences of | ogical gates,
comi3} b8R8 ESaE o llhtP esrEELFIRET AN Sstamsodl ering
: e _ v
e e B Rl ol Hm
systarodiedn is possible eging &t TiMhat qubits remai n coherent over
time periods nmuch |onger than the single-gate tine.
This requirenent arises because circuit nodel quantum
‘ j naRR jons that are collectively
Apprgg?@ée%%égéﬁ% E:r%r or %@% ection in order to operate.

Quant urThesre aire seveet henerat appiaches e tHedd asign winthspération of
the circuit nmpdel quantum conputer's qubits being

quanggpANEPWersreP RE SUAN AEPERASH 6 e dudreedey ef quamtem

i . .1, 000,ti he singl e-gate.
comRElSf sy s BB BpR! sl Bftibd [BSn 0 eBLogh S5 Srical
gateslthita%e Wd Bompiled rEsiesentbtion ofAh ddgorftRin CheuiPRBHEI quantum

information units of circuit nodel™ quantum conputers.
compBéersehaye sestesal, sepions barniersddyractial iroplQuantation. In the circuit
moad) 89 1Sl e BBhe B BRI aRb i Bher
ran M0 SRRl TSR Beah LAY
compyiars nequae rqmtaiicms tAabarteecoll@ptivelpchlléd qqaatuhueTror correction

o S e L B st e
oo R 8RB cHHTAEERs T, SO S L0550 BFl B Gy

cohesdravet dveg tinie pedodaomthé brderdf 10U fihesitled single-gald tfe.
upon the gui ded physical evolution of a system of

MUCft?ﬂﬁﬂaé%h haw heamfesHsedman o\ﬂ@!@lpingtgwﬁitwgm @hetr@ncg%(sjmient to
orm YR BB 8 AR LBRRE o BB P ST e .

Shor, P. W. “Introduction to Quantum Algorithms”, arXiv.org:quant-ph/0005003

(2001), pp. 1-27. The art is still hampered by an inability to increase the
coherence of qubits to acceptable levels for designing and operating practical
circuit model quantum computers.

Another approach to quantum computation involves using the natural
physical evolution of a system of coupled quantum systems as a computational
system. This approach does not make critical use of quantum gates and circuits.
Instead, starting from a known initial Hamiltonian, it relies upon the guided physical

evolution of a system of coupled quantum systems wherein the problem to be

DM_VAN/259421-00083/6837461.1
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final state of the system of coupled quantum systens
contains information rel at|§g to the answer to the

wQroopiemst o be solved. This approach does not RGI0A2088/000661
| ong qubit coherence tinmes. Exanples of this type of
approach include adiabatic quantum conputati on,

solvedj e deet etoddedan thented MBNFAS isQstenPd Grdh@i}toﬁh%iﬁnéél fat the
onput ati on, quantum anneal i ng and cl assi cal

fma'aﬁﬁ@i@aﬂf thg: SY%tﬁfﬁ af eounled auBRiyM Syﬁtemaaqmtwnsumfoﬁaahmn relating

o v Bl os R 0 TR, 0 e o
qubiP8dhdrdABd timeP HxdhpleQPithis tyise Wéﬁﬁr%ﬁ@ﬁorgl %QHéb}ﬁtlc

%ublts can be used as fundamental units ornmati on
quantgm @qugtaiﬂtlom duaﬁetn{smte qisinturh lcobipudation, dhigbwag gbabisim
refer to at st t

ubi t
comfifaipf; Shartfin srancaiiig Anchngasical orinealioa 274 al ¢hscHbed, for
exarhPleOTREHAE] & 41t @Qﬁgntu?ﬁ‘ﬂdiatba%@'Ev%lllftg)nr@gSFl s wr%us

unit of information rtself, abstracte
Simyatesi Aamealig!’ aeXivBrgrqphatpbf029dd81 £200m)| pdel muant um
particles, atons, electrons, photons, ions, and the
l'ike. Q,Ibl ts general i ze the concept of a cI assi cal
Qubfsgital bit. A classical information storage devi ce
n encode two discrete states, typically | abeled "0"

and " 1As mé?hmedqiréwotlﬂsls@ﬂilt&%@ &Sk a%tfah@éméhfél units of
represented by two different and distinguishable
inforgiajiendar a guaﬂégn EPMPeTe | A With élltsmmLHri\ﬁatQLmﬁSma@rrager to at

Ieasl?t@%i %gtl Cuﬁfﬂn@ﬁe a{ @@ g%é%f% u%{mts,cgygewce in which

inforematiofiinetdree, dd it %bﬁ%@s&@?é\”t@&hé%ﬂrd?'lﬁfgrﬂ@tléﬁﬁsél?“"’s
of classical physics. A qubit also contalns

abst%a%ezd away ioys it physical dayicavhEsamples afl qubltlsend:labe lgedntum

particigs, 885, SlEAPNenBi o eoBR: SHhINEARS | nout shabl 6
physi Caﬂluﬁﬁ@b@ﬁer‘éﬁzé b E’é’r‘?&fp‘t‘@ b4y, s(ijaatI 'dgﬂa%f?r ?\gaasswal

devi ce, such”as direction of nmagnitude magne
inforfiaéibad stwageda\/;cemammam@etwo/wwcreté biater) apdicaly labeled “0”

ans SO U AR T o8 B s Ss arooralnge 1 e e
s BE5Ecsl s N RS OUPRIARATER R dbgod o o
directibn @r amariitudéhetmagneticifield|Wirtent, or voltage, where the quantity
encoding the bit state behaves according to the laws of classical physics. A qubit
also contains two discrete physical states, which can also be labeled “0” and “1”.
Physically these two discrete states are represented by two different and
distinguishable physical states of the quantum information storage device, such as
direction or magnitude of magnetic field, current, or voltage, where the quantity
encoding the bit state behaves according to the laws of quantum physics. If the
physical quantity that stores these states behaves quantum mechanically, the

device can additionally be placed in a superposition of 0 and 1. That is, the qubit

DM_VAN/259421-00083/6837461.1
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DM VAN 259421- 00083/ 6837461, 1can exi st in both a "0"
and " 1" state at the sams"{'rme, and so can performa
wamopuats on on both states simultaneously. | rPQEO£2008/000661
N qubits can be in a superposition of 2N states.
Quantum al gorithnms nmake use of the superposition
can &Xi§tNRHoth BOOSARE ' URRaROAENE GERE fithieOBARd sbitadl guttifla
notation, the basis states of a qubit are referred to
compgatiore oh et ptat¢d sinuilitanesusipurin wgnguaini mbite iepotlet incn,

ot b RO s R4
prop@ft%l?@bééd Mp%ﬁ)rr%cé’é’r%ht%%ﬁ%e | 0> basis state and a

taneous nonzero probability of occupying the |1>
basi s dhatanddvi notatin, tee bysis statapef pagibitiare referteaktiosas the

stT\tes means that the overall state of tr}e bit, .

10) aggh{ brstatesddistneayantimeampyation, the| sfgte-ora %' 4N gepgral, is
LK . . . r

o supsr RSB BAEAGS AL AR gcarespoRyRaat i oF

occupgiabfthei|@basia state ahd easimuitaeousabnzard probghiligrof occupying

conponents, which allows the phase of the qubit to be
the | brasig state .z Mathematierln asmpaERQsitiono®f kasisiplates eans that the

overERAFL X BB AHFE T G PBE L b oA LT 31015 where
a an§ bare Pbffidiénts ebirespOndiny o ehedprobabilifed Y4IF tindi|bfF,

retain this ability to exist as a coherent
respecipehpobhe coeffisientmgiandsh aaets have real raddueginary components,

. sufficigent i solated .from sources. of coherence, .To
whicf &g 86 phtss ot i fubit (X RalGieY. (e SRR Gpatffor o
Bl TR flatfty 1§ SE0LS bon Pt adbpostbanidasi
statesatna fer tiie staée giithiet qubst todrgveraphéase.| Asjubitndilltreiin this ability

superposition of basjs sigtae_s col | a\llglﬁes to either

. : t he
to exjsh2simmepRerenhewPeIPOositian i bagigstates iien gyl /s sufficiently

iso'agﬁﬁh igszgjé-{;éesso?a iJ1Rbtde t O @ conventional bit. The

a 0 e qubit after it has coll apsed
dependsT®boinpete modmbpltatioe sising| 2 qabitl therstateadf ¢hey qubit is
prior to the readout operation. Superconducting Qubits

measwedd/. ar searhAYt)diTpalye When avasasyamend of g @ubitis

r Ffer atl.o r ' m
vor GBI G5aiF A HRE B R Photiy ok e
superposition of basis states collapses to either the |0) basis state or the |1) basis
state and thus regaining its similarity to a conventional bit. The actual state of the
qubit after it has collapsed depends on the probabilities |a]* and |bJ* immediately

prior to the readout operation.

Superconducting Qubits

There are many different hardware and software approaches under
consideration for use in quantum computers. One hardware approach uses

integrated circuits formed of superconducting materials, such as aluminum or

DM_VAN/259421-00083/6837461.1
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integrated circuits fornmed of superconducting
materi al s, such as al um num or DM

WO/ZbE/2292821- 00083/ 6837461 1ni obi um The technal@yC£208/000661
and processes involved in designing and fabricating
superconducting integrated circuits are simlar in

niobiB MTETHE ERPRbfodids AR PPodESSEs irvol\e@Meldsigiiag and fabricating
integrated circuits. Superconducting qubits are a type

supeoforglueting intdgrated girdats are simidar nagorbe réspdatsitadthiose aused for
superconducting.integrated circuit. Typical
CO”"%UE%‘? é"ht&EEalt?ﬂ%"ﬁW ‘ts, for exanple, have the

advant age, 9t SGRAR dutit¥ RESH 1958 P80FERbhYuEHRPG LS that
S dboriaeR) 3 s eRs

depend on t I cal properties used to enco
can benfnefudsid iara superodndustingantegxatep lorcuit hdygieabsupgrbasducting
evi ces, phase or flux devices, hybrid devices,

d
qubitsptor iexpEple ipvedhs Asvantageiisceabiiy apd arg @&Pﬁf@é@rnq?@ﬁséﬁed

cencGUY B 162 bBRICNSFoHRER S0 8Bt B it REERSL Yo
exangﬁé,aérﬁérgé dnidt phasReddifces|, bHis@ el flok deeicds vinde ki dédces, and
i scussed in, for exanple Makhlin et a/., 2001 ,

the liRev iSsipsresdndustieg qubity sae HerBpappted Intp-seyeral gategpsies
devi ces,store .and manipul a information. n the charge
depe el g1e PhesicraRe Hedd o el Moyl £ s
they PhayPBé 58pafated fitd CABRES Alik @Rd GHRRETd VRIS as AieReBEd in, for
pait has a charge of 2e and consists of two el ectrons

exanppledakhdigettiats 2091, Reviewsatfiiedera Ritysisn’ 3, mpe B +#00.

cra g bR PR eSaR e T R SBA

devic(@'m{érg%?eégf?&(?%chg es %%s%f'?}f Pﬁ&é‘éf QI%Eerr%céﬂ&f @oPPer
I formation i n variable related to the magnetic ux

pairst WA Qogipes patt haard cladrgehd 2deandceondita o twe el antronstboued
information in a variable related to the difference in

togethgp by c 9 @xemniey HRAGRODbESIBEHOR W S &390 Relsen end

aus it} GEmRERh e AR EPYneR3p b RREAR B B E R o
Cam%ﬁggé g@@@b), §§£3¢3-945. Bk dEAESNBIOND inform3atforbPda aatkable

atent No. 7,335,909. Exanples of flux qubits
relatechéo theagnageetic 8dx throughsonte sUPDEE dedviesh Phasedeviges store

o eSS A B A8 NS YRS 5t PSR LR Bace
betweBRGRBTPidnER ithOPhhse HERLAC Fh RVt Wy IPRI ddVi&ds using two or
more of charge, flux and phase degrees of freedom have been developed. See
e.g., U.S. Patent No. 6,838,694 and U.S. Patent No. 7,335,909.

Examples of flux qubits that may be used include rf-SQUIDs, which
include a superconducting loop interrupted by one Josephson junction, or a
compound junction (where a single Josephson junction is replaced by two parallel
Josephson junctions), or persistent current qubits, which include a
superconducting loop interrupted by three Josephson junctions, and the like. See
e.g., Mooij et al., 1999, Science 285, 1036; and Orlando et al., 1999, Phys. Rev. B

DM_VAN/259421-00083/6837461.1
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Josephson junctions), or persistent current qubits,
whi ch include a supercondiacting | oop interrupted by
wa twge2dzssephson junctions, and the |ike. See RCTYCA2008/000661
Mooij et a/., 1999, Science 285, 1036; and Ol ando et
al., 1999, Phys. Rev. B DM VAN 259421- 00083/ 6837461

60, 15368, OB 9BcarkhiBS of %Q&:%bﬁétfﬂfnqsqus%ﬁrdb@ Fourd, wg%xasnple,

can be found, for exanple, IT"ichev et a/., 2003,
in NidPleysat dke2008ePhys. Rey. Lett790609M0G:; Blattartetal., 200007hys. Rev.

B 63 114414 808 Fesmam oLl 2008 NaHyB AT, Bitargedgiioganibrid
Chari@g?hé& g@yitgﬂmgoe{g% H%%ed_'rhe qubits may include a

respondi ng | ias device. The |ocal bias
devi ced heayubitsahadincudeed abriesppnding pocat biest gevice.aThe local
~superconducting qubit that provides an external,fIUﬁy

bias gp\ices BayHaclydsia Metal oqrPTokinly 19 pierersr)dugting quoit that

J.ncl i £p ' j :
provlf i 8548nB| bt e AABFLPAEIn AR Bltce B io ncude
a plufAEoRJSRIPhesRIitdas| Eeth dupascatrivctieg qublthetie guantom

fewer |ocal bias devices than qubits. In sone
proceasbodayeha\e a cheregeonding dpaabhigsudevigrior tiese mpavake fewer local

s SRR 13 D PO ERNENS RSBkl e
bias 6@\915% ME U%G%H‘.e‘?hé%édbl_ﬂ déivfdees ety miide Bigllvantyaof dc-

topol ogy.” The readout device may provide a voltage or
SQUU?J niagnetofibters,ce RQUNBudvehecomezated ta adifterentyqubit within a
of superconducting nmaterial interrupted by at. |eas
topolgge.” I DSABRABH JRRA TGN PAPUIGE YOIASBIRT GUrdte TARC SQUID
P . .
mao PR ThOGHRRE, A T oA Rty ot oo
one JUsepBssRljuridtion aas weliskrpavrcintlecdrt.ng quant um processor.

A superconducti ng quantum processor may include a
nunber of qubits and associ ated | ocal bias devices,

Quaf!or E nsCteangre two or nore superconducting qubits.
il and ermbodi ments of exenplary quantum
pr ocessREsmipifdr prBYedtdr s dtdke thefbramef A0 analdgprosessor, for
present systens, nethods, ‘and apparatus are descri bed

instanoe ESyURAtem:proaesSar SUch mSNDSUBET 06ROt BIoaB. antammpesgsor. A
supeRIET RS S PBEIM BroRRspRaciidd & ndiiBet St GIHE A"
associated local bias devices, for instance two or more superconducting qubits.
Further detail and embodiments of exemplary quantum processors that may be
used in conjunction with the present systems, methods, and apparatus are
described in US Patent Publication No. 2006-0225165, US Patent Application
Serial No. 12/013,192, and US Provisional Patent Application Serial No.
60/986,554 filed November 8, 2007 and entitled “Systems, Devices and Methods
for Analog Processing.”

A superconducting quantum processor may include a number of

coupling devices operable to selectively couple respective pairs of qubits.

DM_VAN/259421-00083/6837461.1
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60/ 986, 554 filed Novenmber 8_, 2007 and entitled

"Systens, Devices and Met hods for Anal og Processing."
wORess/peinzsonduct i ng quant um processor may i ncl rE/@A2008/000661

nunber of coupling devices operable to selectively

coupl e respective pairs of qubits. DM
ExaMpNs2504pbrEsHtAiIAG T6ABnd BxABes iikie SIEQUANNEHS WelSQUID

_?ggupl i ng devi ces i%cl uge g:-f-SQJ Ds and dc- SQUI Ds, FBQUIDs,
whighrgastple gubitetagetherdy get BBy indlude aSQPeRriducting o
.. superconducting.l oop interrup one Josephson . i
inte FOREH Y PreofneB g ioh Ghgt-SCUtn S8 fp dnsepiory uactions
(a AL DITheTESuptiRBRIVEsHRYY BB PBNIPEr &ﬂﬁﬁ‘@r‘r@m%n@f?& And

ferromagneti c and anti-ferromagneti c coupling,
antiferpemdgnetiocoumingt Hepemdipd onthavetheceoumingelevirelisibeingd

in the interconnected topology. In the case of
¢

L Wth
Ut"'Z\rgF’d’X'I”EBGW IHgreonesrisRdgReIPOY #ollls ¢arg @i enlingt
| . i cal .
RSBl cckRANE 3 P, SRS Ao ARANAEL A0 Sy anc
anti-férrreagretec engliogtimpiés shedtandreirhkel fibikbe araeh¥R]elically
char ge- based cougl i ng devices may al so be used. O her

favoraflipl AHEMtYele shame-brsedoeaupling slevicearmpa alsorbasgsed. Other

cou PR Egh AN Sr S3Ne AR PolaIR ot S8 2006
o147:r54pzhﬂmd1gJssmzu@rmgt«licb@li@étidnhgem“éJ_LM><£.i102901J|7f%,9LtaS.GPéEB}zéc,{@kfe1 coupling

tuned between zero and a maxi rum val ue, for exanple,
strengihg pbihedeopding slexipestay be taned bétyeameemeatricca maximum

C lin etween .qubits. Effective Qubit Throughout
valug R bRl W B et nagnetfb At aom aao e e
betweehf®Mitsve qubit" and "effective qubits" are used to

denote a quantum system that nmay be represented as a

two-1 evel system Those of skill in the relevant art
Eﬁv%/ill .,greciatethat two specific |l evels may be
%Qﬁ‘@_e- d froma nulti-level quantum system and used as

b 1 “EgUBBhls sSbARABRAAG b MoRRHEN cldfigsefs tfms
“effeqtiventuivit’syel ‘Sffectiv@ qubits'hraUsed UoBehok a GRYHERS sySBM that

may be used to represent a si nﬂg‘l e two-level system
may pgrrepreaapted ag agwerlaveksystgmi ddiose @fiakillquithe lerantizst will

apprg&ﬂpé ﬁ'l%t E\ﬁggbggi'fic ik?ve?sur%hayabe\/\{%y)lattcgcil %rom a multi-level quantum
system and used as an effective qubit. Furthermore, the terms “effective qubit”
and “effective qubits” are used to denote a quantum system comprising any
number of devices that may be used to represent a single two-level system. For
example, a plurality of individual qubits may be coupled together in such a way that
the entire set, or a portion thereof, of coupled qubits represents a single two-level

system.

DM_VAN/259421-00083/6837461.1
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the entire set, or a portiopn thereof, of coupled
gubits represents a single £wo-I|evel system DM
WO/ZbE/2292821- 00083/ 6837461 1Basi s Throughout t HCI/CA2008/000661
speci fication and the appended clains, the terns
"basi s" and "bases" are used to denote a set or sets,
Basi¢espectively, of linearly independent vectors that may
be conbined to conpletely describe a given vector
space. FHupughauithis spdeification sandfths teppeaded slaimsathe terms
o Cartesjan goordi ngtes conpris ree vectors, .the
basig” AR sbATHE 4° KRPE 16 JRAOHE S3t Shr s FrRBeE Y- aiinEarly
o fBiATToLEA (034950 e IRPIEGITEBIE D 8ocbred th ivtr
spacee Jarriedantfde; thedrasénst. stm)damitsaiatlahCIarteqlaardamndinates
mechani cs, two gperators or bases (A and

compighispinege éi‘?%t()?au”ée XX dRpnfras. |<'3\‘”dttH§;Z %’B%y Tthﬁée of skill in

mattef el Pryg 8 Sl b PasBt v PN B onerater

spacée, fwth eothuseausethtatddseribe peamiltonianer bases (C and D,
for exanple) for which: [CDl CD - DC O (b) Throughout
this specification and the appended cl ai ns, two bases

Con;ﬂﬁ E§5 commute" if they follow the relation described
' l e (b) above. Quantum Anneal i ng Quant um
anneal i [RdyUaht@mGAEBHEMES, W0 ehadrd Habasey(AendBetort 0
find a Iom#energy state, typically preferably the
exangplejace saidite C@ﬁnwt@ylétf@mot&yrtheaela‘tlnnconcept to
cl assical annealing, the nethod relies on the
under | yi ng principl /gb§£/galﬂmaiosystens tend towards (a)
| ower energy states because | ower energy states are
nor € St@f’b? |chB‘PﬁYt§ est Wh b&m%h?a’ii%h&%!fg@@%@#s‘ éé%%sthat do
cl assi cal "t her nal uctuatlons to qui a systemt
not donsmgten bBhates edgrattrsionbases) c(arahdr@,afonendampga)rmywu&e.
natural quantum fluctuations, such as quantum

tunneling, to reach[@,D]=CD_DC¢0 (b)

Throughout this specification and the appended claims, two bases

“do not commute” if they follow the relation described in example (b) above.

Quantum Annealing

Quantum annealing is a computation method that may be used to
find a low-energy state, typically preferably the ground state, of a system. Similar
in concept to classical annealing, the method relies on the underlying principle that
natural systems tend towards lower energy states because lower energy states are
more stable. However, while classical annealing uses classical thermal
fluctuations to guide a system to its global energy minimum, quantum annealing
may use natural quantum fluctuations, such as quantum tunneling, to reach a

global energy minimum more accurately or more quickly. It is known that the

DM_VAN/259421-00083/6837461.1
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gl obal energy m nimum nore accurately or nore quickly.
It is known that the DM VAN 259421- 00083/ 68374 6 1
wolme$/uniizsn to a hard problem such as a conbi rEXToCADS/000661
opti m zati on problem may be encoded in the ground
state of a system and therefore quantum anneal i ng may
solutle® teseHardOprobin tSihs@d HicoRibiratoAsICpt ML 8t PRIDRSM; may be
Adi abati ¢ Quantum Conput ati on As nenti oned previ ousl| Y,
encodei amthea groyndrataie Qf@wat@n:md thepefoeg tyantuooanrealing may be

| Vi stem f wn initial Ham | tonian
used% ﬁ'@dl-tlagnslo l@‘r\{?ﬂéﬂ SH&[‘?F@@W%@%’P& or whose ei genval ues
are the all owed energies of the system to a final
Ham | t oni an by gradually changing the Ham | tonian. A
AdiasatipQeartmm@loenmitation adi abatic evol ution is: He
=(l-s)H, +sHf where His the injtial Ham]ltonian, Hf
i s the A% MENtipARY Pf%\ﬂ%ﬁy agiabalic HENLYR) GaTRaERh typicaly

« V .
vl LR AT SN O ooy b
an o;@@@idrl\ﬂhcﬁﬁ eigegesiaes npartHe élmvﬂed shiergidsheft thatsystesn) to a final
begi nni ng of the evolution process the evol ution
Hamilignian lay\ Deadluady efaagingdhe Itamiiepieal A-gimnle SxpEIPIQAGARAL
of the process the evolution Hamltonian is
ad'a%qq&a?v %thrhlg final Ham Itonian. If the evolution is
too fast, then the system can be excited to a higher
state, such as the fifst(leedih sdtst ate. In the present
systens, nethods, and apparatus, an "adi abatic"
evol utl\mmeneSchmedﬁn@ﬁHtamultmam gvoikhé éinak Mamiltonian, A, is
satisfies the adiabatic condition, “wherein the
the eualtal@atqrcnsiantﬁntep@ﬁ H%mttsmlaesg@@ sdg anjquejutiqa goefficient which

corthfZ 7 o} el o7 shBRobTS B b B e

begir?fgﬁgfo‘f K e@d‘l@héﬁﬁrcﬁfe@%Qh@%vblhﬁoﬁYﬁirﬁﬁbﬁ@hS@ ehebeorthd |r(1j|t|a|

erein as the "gap size") as a function of s, and
Hamilmnaaan:amﬂ i thecend oiiihie presess therevblutitmeHemdtaniam is equal to the

S S e e
highe;’rgﬁ‘éfééu%ﬁh 18tReE fird G{x;gltéé sf’éﬂeﬂ\’m%é‘?rs or{\?vrsy%'f‘r%e}lrhé‘tﬁods, and

i'S nor nal constant an
apparatus, an “adiabatic” evolution is considered to be an evolution that satisfies

the adiabatic condition, wherein the adiabatic condition is expressed as:
s|(11dH,/ ds|0) = &*(s)

where s is the time derivative of s, g(s) is the difference in energy between the
ground state and first excited state of the system (also referred to herein as the
“gap size”) as a function of s, and ¢ is a coefficient much less than 1.

The evolution process in adiabatic guantum computing may
sometimes be referred to as annealing. The rate that s changes, sometimes

referred to as an evolution or annealing schedule, is normally constant and slow
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DM VAN 2594 21-00083/ 6837461 lenough that the system

is always in the instant and8us ground state of the
weexood/uiizsn Hami | t oni an during the evol ution, aGI/CA2008/000661

transitions at anti-crossings (i.e., when the gap size

is smal |l est) are avoided. Further details on adiabatic

eno %&Hhﬂme%vmmi@alv%tiﬁﬂﬁe inBamtadsoufGbuRRIPRERE dfXhar e
escribed’in US Patent No. 7,1 35, 7015. Adi abati c

evolufipanidamiltonigrudating the svelutigre dnal transitions atantircrossings (i.e.,
whof TG e bbbl ey SR LRGSR ST it
comﬁlﬁtir?; Jstern8, fBehdst a%'égp%%P?%‘r%H@s&#@d AUIEPHRRNt No.

ann i ng nmet hods rmay genera e I npl enented on an
7,138d04dbat i ¢ quantum conputer, and vice versa. Throughout
this specification, the term "adi abatjc quan

] um
conput erdiapatiqguantup eRBRHIabenas 8GREGHA AESS P5 ANkt

. . i c L

anneeind 35t AR h8 SFRehP P RS FRTenuty Pl L PR thflhout

the eVohpishatThys, THisecsrukipih thé artumill\appsediateythat guantum annealing
understood in conputer science to describe the scope

methgdsiraay geaerally hetimplernentedyhpi edispadig stuartum computer, and

c o otuniLv | conmputer” | I [ j d ”
vice ydikee SHBlafGRR b nes EoESLAhEnein AARLAR 8Fat g computer
is usel e eSO hiddenSMimgPsim thdt i9HBSIHNEE R PerfdrmAMMdtiRg

system that can be used for the sane purposes as any
quantymerorsputptionshgndips geanturpanaealingur poses of t he

present systens, nethods and apparatus, the term

"uni versal adiabatic quantum conputer” is intended to

; [ ' td ffitoym conput i ng system t hat
—Tm-mrmw—wnﬁy—e—vun'vg%%?%%aﬁe B o O Y r” SRy At
| east oOFfee eomoett ©f dnivergality” swmderstoed iasompydentaience to
rocessor including a first set of qubits; a first set

R “
deschpe dbe SRR CHEANISS, fRGHOMLPEa 6pBPHENG SYstese| ActNYErse!

comHHP i€ eRp RN BRLed® forlibocit PEinButia S5 Bl hafFan
emulate ang egedomilitingl systdra orj ihstheeterdt, gebiiptitingasyeteyn that

defining a first coupled basis AlB 1; a second set of
can b pped fordhe samepeim@ses as any other computing system. For the

purposes of the present systems, methods and apparatus, the term “universal
adiabatic quantum computer” is intended to describe an adiabatic quantum

computing system that can simulate any unitary evolution.

BRIEF SUMMARY

At least one embodiment may be summarized as a quantum
processor including a first set of qubits; a first set of coupling devices that are
operable to selectively couple information from a first basis A, in a first qubit in the
first set of qubits to a first basis By in a second qubit in the first set of qubits

thereby defining a first coupled basis AsBy; a second set of qubits; and a second

DM_VAN/259421-00083/6837461.1
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DM VAN 259421- 00083/ 68374 6 1 1lset of coupling devices
that are operable to sel ectiMe y couple information

wd nosnzaisecond basis A2 in a first qubit in tRCEeswN000661
set of qubits to a second basis B2 in a second qubit
in the second set of qubits thereby defining a second

set@Péplipthdoasvise\dt ardopERIble & sél@éﬂel?@@uﬂ@bﬁforﬂﬂﬁg{)ﬁ?rom a

first set of qubits is comuni cably coupled wit
segopddiasim: guaffirstiqubithie the secahdsett affqubitbitd zha,se@odd bc?sis B,ina

wh pn.the first I .basi s, Al and the secon ,
ettt e soROrb ST AN Sievkbu dernors pesoR GphRlad basis
ALRNEIGIR g 16T o€ bl e 5 30flof bIBTS 2B fidtBA80 coupled
witthaBleashgn® quhit frathiessetdnansbt off qubiés; emd \fhewti)r?md)ﬁtsg So%pled

A2B2 a basis XZ. The first set of qubits and the
ba%%go‘ﬁﬁg%@eoﬁe?ﬂm ¢QuRted Pasis AR dogiticommytepy er : ap,

h th . upi i

nol uded 15 o FREIEE BasAIA IR b3 BAJE PG i Focone

couple! basia A8y, piayCles sdrasieyZf Mhirfist édl?l@@aﬁs‘iﬁ&ﬂ% be a
0

readout basis wherein at |east one the bases A,
basf ZXgnd thepesend oupled bagieApBsmey be a hasisedlolihe first set of

oSBT s cPEF ot 0B A B D B 47 B s
onePqubitinaly beosinjunahEb@sIpindudid & BtA th@ dististdadecoRH Rt Sf

t hat couple the individual qubits to function _
qubdst ddei quanjumspracessagineay;fusther indudeeastefiond readmi basis

wneBh eSS R GBrEReE 4 Pe A Birieming sete bpabes the
readb\@ibdsPs. CANTEAEE 67O bi’trfeotalﬂi)i%doﬂtﬁe firsk sd¢ gf gﬁbifg n{?‘%%%dé’ﬁn
of at |east one of the qubits; a secon rogr anm ng

effective ntibit eotrpgised ©f agiunatitycefihgivicluabhebits ana@ihdividegr @riplers

of freedom of at |east one of the qubits; a first set
thatgoupl; e ing ViRl GBI i Einetian eertivsly ene Yioale aubd:

. ! : g ¥ e !
cont 1 guf Sarderi srmbodffiedt mAPHE SR TSR Darnun
protéesoZ-idelgding @pluralitg dbubits;at firseprigrameniag intBEase rhdtss

and a second set of couplin? devi ces, wherein each of
conragnieaklyIGonglagklpi & édagiee wéirsedemdfatdeast apewgfithe gubits; a

' [.S. Qe nnuni.cabl y coupl.e
soclY LS To T GEAEE A SN Le BB B s0emrc o
freedeasdf dveastforidsf tekjubits; d fitstReUBAEAUPIinGfdelittist vHERYin each
i ncl ude a nunber of superconducting
of the coupling devices in the first set of coupling devices is configured to
communicably couple information between the Z-degree of freedom of at least two
of the qubits; and a second set of coupling devices, wherein each of the coupling
devices in the second set of coupling devices is configured to communicably
couple information between the X-degree of freedom of at least two of the qubits.
The plurality of qubits may include a number of superconducting
qubits. Each of the superconducting qubits may include a respective qubit loop

formed by a closed superconducting current path and a respective compound
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qubits. Each of the supercolré‘ceiucti ng qubits may include
a respective qubit | oop f orieed by a cl osed

wosupginersduct i ng current path and a respecti veeGIoogosieh0661
DM VAN 259421- 00083/ 6837461 1Josephson junction that
interrupts the qubit loop and is fornmed by a cl osed

JosepHBSH fHtHBA tthAdnfaHURS thePglhit lobptaridsisifoireed bptaeclodad at
 east "two Josephson junctions, and wherein a first

supepcaryheting ey rient pathetbiat Issntesrupted bulst Jeass twe daserngafe
TN T N
the WBH) %9% Dégtgpi‘iﬁé BHtHPs i cERIREHG GubRs &PlaSPBecond

Ion o east one of the superconducting
progeprirtineg inkarddceois damemanicablyngpuhded toethei connpeurfd Jasepheon
~of coupling devjces may be caonfigured_to, c |l e .
juncipyAkatleasiene of @ﬁaﬂ@%‘éﬂﬁé’%”@ ﬂggtﬁ%bE@Ch &gﬁg‘* BpuRling

- [ [ f ' ' ;
oo SERRELINS BcS cAloIRESHRS FRISIELTBUIS Eoyfaiiualre
flux signaledsetweyn ige qabit iappsesf & @spediplecpaihaf the sipgmedrsducting

bet ween a respective pair of the superconducti

qubitgurach ofhe| coapling devises imihepanang st of KUP#NG:Hedees Eray be

i ef. Y it j
confilfed fo E3HIp EnARC TG B e oereSBRRYeR &l R0 er s
supdrBaid il qubitse Atnéethsticheadf tHE lubRs bptHelfiret s6tof qubits may be
effectively as a single qubit. At |east one enbodi nent
an effagtiveequhiteemprised aba pluralitital imgviduakguhitsi and individHal
luraljt f.,qubits: firs rogramm ng interface .
courfies Rrkodsaifif Biatignad sbits o o8 Bletual 5f's flfleyott
of at | gaghsPHSe @Fnﬂd&‘?rnSHlbrhb?ibeasLﬁﬁﬁ\‘éﬁge@%ggi QUBRLDE
interface that 1s conmunicably coupled to an X-degree
proceésdrm emtiatingt Eurdlityasftquinits; affirsthrograpiming iateiface that is
plurality of devi ces,

comBuiaiathy erdhod 82 5 B el esior o Shivanl G Py s

e+ o A pre
oo PR RS AT QAR (AFAEIR S kst
freed@a @Gt (st ohetdi¢h@lybbitss andhe pluralitpof tyupliingidddiites, wherein

i ncl ude a nunber of superconducting qubits. Each of
each pktheugneintiog dievicesds gomiigueddy commmyrieakly cedpledpfaymation

venfi o 42 BaF Lo RS SR RORNE B 4 e o
freeddrh&If U8 conidihedofthe dueme. and is formed by a closed

The plurality of qubits may include a number of superconducting
qubits. Each of the superconducting qubits may include a respective qubit loop
formed by a closed superconducting current path and a respective compound
Josephson junction that interrupts the qubit loop and is formed by a closed
superconducting current path that is interrupted by at least two Josephson
junctions, and wherein a first programming interface is communicably coupled to
the qubit loop of at least one of the superconducting qubits and a second

programming interface is communicably coupled to the compound Josephson

DM_VAN/259421-00083/6837461.1



10

15

20

25

superconducti ng current path1 that is interrupted by at

| east two Josephson juncti dn@,' and wherein a first
woroogramsi ng i nterface i s conmuni cably coupl edPQToCA9€8/000661

qubit loop of at |east one of the superconducting

qubits and a second programming interface is

junctiomunatdabstyoreoepthedsupe rddiriueonty QubRs.J Ba8R % &Mplinfg
VAN 259421- 00083/ 6837461. 1j unction of at |east one o

devi¢rs maydiecennfigurechty epinle snagnetin fluk sigreals bepweergthe qubit loop
of S 572 B B PAs R e ARl adasbhone uncton
of SERIROOERI6F i%ﬁ&&érﬁj@ﬂﬁg&{&%itgpmw oé@stﬁl?ll?éa[]bits of the

junction of a second one o he superconducti ng
firsiysatiaf ubits mayabe aoreffective labiebirtpsisell df laeplbialist ofsiativifual

i ve hebijul el
qutf i et Rl Bra i cafinibesndivithl ditsao Bodiarer

GRUP hindi vi dual qubits to function
eﬁég‘ﬂ?glgt [ velgglgl\ég&%b'gi ngle qubit. At |east one enbodi nent

may be sAineast aredlembodim@itimaly b ssinmihftédgs @aHpihoddbf
ns between at | east two effective qubits,

Simb%ﬁreg%%ﬂe%uﬁﬁfwonﬁmtmn ahleasbtmcaemgg quh'itﬁaéncluding
couflfin@ifadl Ro 738 /B S BB B bR A BBgiator qudt

andieduiglinganfariatios fron thetb£8s BNA tHe! BiddiatoRQUBRYo a basis C in a
simul ati ng AC coupling between the basis Ain the

secpnd gubfutherelnsimuiatingad Cscappling hietweert thredbagivi4 in thadirst qubit

' the first qubit and the nedi ator

and&ﬁéﬁésﬁgqﬁgﬁ\ggg%gcggﬁ%h ng; the coupling between the

nedi at orTHEIGbUpliAG DB § BSOSt ﬂHBittangﬁlMe *Fr??cﬁat%zrc]}gbit may be

coupling; and the resulting sinmulated coupling may be
an XX crEptogighe mgupbngbetwadnethi mediammmmétdmwth heténoclcbad qubit

T i bet nthe first qubit and the nedi ator _
may 8 o 2489 UBthal iR eiiing STrwidledurnsining e heen X eoupling

, _ : e . _
DotiBEh i firsAaRY seRafd BEIE P TAB Sl EMestR B3t aypitand the
mediatoX)qubdupdy bg dneXAeenpliftg thé cstplitdostacendha whedistor qubit
upl.ing between the first qubit and the nedi ator

a”dcT}BgiS(ég § aH8it N upX cABPING: @nddbprresting siwatadheoupling
ma{ TSR 06 AUl BER ST AURE TS T g
betweetZ theofist golgit Bad Wee mddigtof Hubit niYbé 8 @0 Eoupling; the coupling
between the mediator qubit and the second qubit may be an XZ coupling; and the
resulting simulated coupling may be a ZZ coupling between the first and second
qubits. Coupling information from a basis A in a first qubit to a basis B in a
mediator qubit may include coupling the information from the basis A in the first
qubit which is coupled to at least one other qubit to function effectively as a single

effective qubit.
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qubits. Coupling information froma basis Ain a first
gubit to a basis B in a nedi &t or qubit may i ncl ude
wamopliznzg t he informati on fromthe basis A i n RARCAINE 000661
qubit which is coupled to at | east one other qubit to
function effectively as a single effective qubit. DM

RMANOESER (IO B3 BB B B R AL BREWFS FSERIEPHRAWRG S F
SEVERAL VIEWS OF THE DRAW NG S) In the draw ngs,

i dent i can thefdsawings, identicalgefatente hymbiens Identigl similat slements

o B S R TGRSR R B
necFe%‘saﬁlgﬁﬂgJNﬁ'tots%le? %aﬁﬁﬂéﬂh‘e‘%‘l‘%};ﬁg %Qﬁéﬁjég%n%}% Ghd

are n rawn to s sone of these elenents are
angiedate aot drawentossogés] amaddsqros of thesedlémentyparevarbilraaly eglarged

eqgihili .. Further, the particular shapes of the
anJeP%ﬂ%%%A é%mmram dggwingdegipibye nlwdhere theopardigulanphapes of the
. . ; I _ _
clehBhR Tl SEOREERRCA5H Bl 570 0BububFecmrportp scua

shapassf thé pastiaddn dlementy) ahliehaleaydarosolelyi sels@ed feiuuge of
schemati ¢ di agram of a conventional controll able

recogniigh ipther draiggf-e 2 is a schematic diagramof a I
' duct i I
of °1 r anchBbie, P SRR SRR AR B9 ERYPrindl PRty ale
ZZ4obples, according to one illustrated enbodi nment.

Figure 3 is a schematic diagramof a systemthat
i ncl udedigureud itoh scbempatic diefuami of @ syaligindhatiaphioles aof

bl e.. - | i bet
supsH ARG EORRET GRBRTIe oSy arsRq X SOBRLYY PPINGSE:
supRPRQHUTRRAY quEitQ,%éé:of‘dihé t& oR B MRIRGk &Y ShdRuRAR 2
system that i1 ncludes a“tunabl e superconducting coupl er

capabl e Fagurteud &bh echemativ disgrandofcosystémghbtinsckeiestamunable

super conducti n ubits, .according to another
superandlicing GouRKS dARIE of HiRAR traNpyerserX¥repppling between two

ourhHGRELRG 00500 55k B DAL Sl vl 179
accor di riggtie o ixea sthewbtietirgramiuid §pém that includes a tunable

superconducting coupler capable of tunable transverse XX-coupling between two

superconducting qubits, according to another illustrated embodiment.

Figure 5 is a functional diagram of an embodiment of a universal
qubit-coupling architecture that incorporates ZZ- and XX-coupling, according to
one illustrated embodiment.

Figure 6 is a schematic diagram of a portion of a conventional
superconducting quantum processor designed for adiabatic quantum computation
(and/or quantum annealing).

Figure 7 is a schematic diagram of an embodiment of a system that

includes two superconducting qubits and both a ZX-coupler and an XZ-coupler,
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Figure 6 is a schematic diagramof a portion of a
conventi onal superconducti na guant um pr ocessor

woimes/gnezs f or adi abati c quantum conput ati on ( a@rai/©A2008/000661
guantum annealing). Figure 7 is a schematic di agram of
an enbodi ment of a systemthat includes two

eaoﬁ%%fﬁ@tﬁ]@%ﬁ[ﬁﬂaré’&m ESmAithi I cud&isorRhEON BEQN@éh the two

XZ- coupl er AN/ 2594 21-00083/68374 6 1. leach
qubithj amordlngdnfo@uhlesirated eorbngiineabl y coupl e i nf or natl on

bet cording to one . ill rat ed
orbod miiodred s A et Bl eGia PEah erehodiment 8f & Javersal
t t
oSOl 40 ) PRE BRI 51680

oneoigstrated emizddicheatrbodi ment. Figure 9 is a functional
di agram of a qubi tg{%?(st em conprising two effective
[

qubl ts dnaurg s ofakiliagrage ebAdURY systaspeomprising two
effeg bé’ﬁb[}ﬁ’é ?Hd %"#Hggla Ut%llF Iagblé@l énéllltjgf?g doé?ﬁi)odlment

rfam or anot on'pr

ef f ect | Rgerebid & @ﬂﬁoﬁoﬁ@lcﬂl 13im Gﬂéhd‘)thea §1t @Y:ﬂ@rﬁ Somprising
one ill ustrat ed enbodi nent . TAI LED DESCRI PTION I n

tworettective Oukits gnd esmedisterony bitg aceanidingsieeend jligstated erabodiment.
are set forth in order to provide a thorough
under st andi ng of various discl osed enbodi nents.

DETRWEEDESTRIFPKON ed in the relevant art will
recogni ze that enbodi nents nmay be practiced w thout

one or rorlke &dllowireg desqription| cediainaipesificatetails rectdidorth in
t hods, als, etc. |I.n ot

ord o RIude S Hrp dath e et anaing P ilisiBeBeas Gmbpdiments.
Hovgé&?é“rt HhE RkNEE F% ﬂ{esll'elé\}éﬁ'ﬁ artSwifl V@f@ﬂﬂi@%t%%o&ﬁ%ﬂ*é M3y be

devi ces and control systens Inc ng m croprocessors
praetioddwitiveutainecer moge dlathesaapebifie detdilsyor with deiser mbtibds,
in detail to avoid unnecessarily obscuring
Conwii)tm%ﬁ%'aﬁ ethelnertpbeingtances. wall @@@Wﬂrﬁér%?éﬁﬁSOC'ated

with ﬁ@é’r\tﬁﬁf’\%@tgggé%sgucﬁ S%QHQHI%% dg\r/}SeSQ’ pc%ﬁpllhﬁgite\/%gsaawi control

systemns Ricluaineg ietopficessuffamsdrive ;i(f)fglirz{rﬁ @ave {8 been shown or

conprising" are to be construed in an open, inclusive
desgebed in detatl to avoid unnecessarily obscuring descrlptlons of the
embodiments.

Unless the context requires otherwise, throughout the specification
and claims which follow, the word “comprise” and variations thereof, such as,
“‘comprises” and “comprising” are to be construed in an open, inclusive sense, that
is as “including, but not limited to.”

Reference throughout this specification to “one embodiment” or “an
embodiment” means that a particular feature, structure or characteristic described
in connection with the embodiment is included in at least one embodiment. Thus,
the appearances of the phrases “in one embodiment” or “in an embodiment” in

various places throughout this specification are not necessarily all referring to the
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iIs as "including, but not linited to." Reference
t hroughout this specificat rdRto "one enbodi ment" or
wO' zos/emzsdi nent” nmeans that a particul ar feat UrG/CA2008/000661
structure or characteristic described in connection
with the enbodinent is included in at |east one

san®TeAbodRNENt. TuherhitPe APRYHAANSScaturbS estAltt@®@sor | N

one enbodi ment” or "in an enmbodi ment" in various
chapaciedstiashnay decnmbihed irs pey stitatsle innanrmardn woe or more

necessarily all referring to the DM
88521 00083/ 6837461. 1sane enbodi ment .
Furt her oy gsed Wth@é%é&ﬁ&a@ibnfa‘?\gltt%ea}ﬁeﬁﬁé&%ﬁ h%,stheoéingular
ed In l'e

characteristics may be conbin y suita manne
forms “ahéargt andthediMobdieploral refdsentsanhleéss thkicontent clearly dictates

i fjcati dth ded claipms, th [ I
othé&\ﬁ% I-t;%ohl(g@]lgg bgrﬂpete{i1 Ergeget%géqarg@jgrgfslg%eera@ gmlﬁgu a)é;d in its

w5301 B0l RN RPOR S Rl
enpl oyedrHenhéddingenae Abstautibinte iscbstre prolviies Herein are for

content clearly dictates otherw se. The headi ngs and
conkgRienge ONdf arthdo mos fteietherssepa &l Mraning ohthe empodiments.

reani ng ' vARH5 EBERAEES dbRbMA Ryl BB et
metHeas minBeshpgaratels ToPisive el sXRbali® quaRfuRPEsmPlthtion. In
apparatus for universal adiabatic quantum conput ati on.

accorianceovittaificepraisent systemps ewetiodsianceagparatishadmivardal
a0 R Rl BB SRR AR e S B AL BTRUBAL and qubie
couplikk HEGEBS !(‘%luﬂﬁé‘r‘é"? Bfat(aré R4BH 86 Somnbiiitatd/efy H(gl?ﬂetirﬁ%ngation

communi catively couple 1 nformation between qubits.
betweemiqubits.ull be architesturetnftthe qupiticogplindéhai is, wirthaqubits are

bi | ed din wh
coufie) tbEAREE APRdR BB {1 LonaRtItsor s kBT Perfermance of
the B PSS Sa P p ok he s ieolle oF T hUBE S8R
influemgebehe eimiltediaby tiidtenay bs realizedasesecduartdingiratéssor.
guant um conput ati on may be inplenented in a variety of

di f f er efdigRatEe quaiiuml Empistation maybeaimplapiasiecine veristy of
N R e B R
computation are described in US Patent Application Serial No. 11/317,838 and
Wocjan et al., 2003, “Treating the Independent Set Problem by 2D Ising
Interactions with Adiabatic Quantum Computing,” arXiv.org: quant-ph/0302027
(2003), pp. 1-13, where the qubit-coupling architecture is used to realize a 2-local

Ising Hamiltonian with 1-local transverse field as given in equation 1:

H = Zn:hio_iz +Zn: Ao} +Zn:']ijo-izo-fz' (1)
i=] i=l

i, j=1
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Wocjan et al., 2003, "Treating the Independent Set

Probl em by 2D I sing I nteract fons with Adi abatic
woQeasiazmsConput i ng, " ar Xi v. org: quant - ph/ 03020E7/CA2008/000661

(2003), pp. 1-13, where the qubit-coupling

architecture is used to realize a 2-local Ising

Ham | t orHiéve, wirkprebehiscile AunmbeveTaditt! 81 ds &se PLVBZ-iBtrix for
qguati on 1. + s ; 1) DM VAN 259421- 00083/ 68374 6 1

the THavit, o e piecBavli &-matixfontie "ofubiubntdy , 8, and ¢, ake
BT bl ol o SR g Hhrreah ewaton 1 may
D e T Pl TaIE SRS bt 20 B pact]f aubit
Thecdetms in equatitins orayf bee ptgsicaliyt fealiZed by icouplingesighals dt fields
ation 1 may be physically

o bl A 1T nescaLon oy b iy el Ly
eallR3E oA oo, TR LBRUPLAD] B

togethegqubits (qubits / and y, respectively) together. The

behavi or_ of superconducting qubits is typically
cont r ol 116§ bRhayigs Qi syppiapneticling auwbiteisdypicallyiegnteelteddsy a

- " d freedom may be pro d
oo TS 880888 o e bG8 T AR B ARG mey
be prpgtaanmedanind Betogramsmingadyafdm ARRIH &2 tHeOFro %@Hin@@ystems
11/950, 276. Furthernore, these degrees of fieedom~
desgibgd el adatenbipplicatinn Gegial Moi dn/h&‘ilﬁ)eZ'éﬁJ fp_Euxtberdmng‘_ei thgse
[ ' .act W t t . irst qubit
deofdt on<ERory BINE s dnE G ey hichidne suppTcagOyeting
. . ar J | H
aunkEic 4 Ager o bt AR Ui e o
by theitpuplingsoldnfafriation betwsert b deyreabéfraetiomnndep éirdfudh and a

th e, of .ipformation being coupled and the degrees
deg%ﬁee?ﬁfg‘g@&me ROy e indlupaceipBetfestad$uch ame

e chon 835806 S FRATATN K851 S5RTRE 8 e coores o
freedonputhat ard involvedcase of a

As is understood in the art, each degree of freedom may correspond
to a respective basis element defining the Hilbert space of a qubit. In the case of a
superconducting flux qubit, the persistent current in the qubit loop is commonly
associated with the Z-direction in the Hilbert space. Thus, a Z-Z (or“Z2Z")
interaction may be realized between two superconducting flux qubits by coupling
information relating to the persistent current in the qubit loop of a first qubit to the
qubit loop of a second qubit. Communicable coupling of the Z-degree of freedom
of a pair of superconducting qubits may be realized by a superconducting ZZ-
coupler, such as those described in Harris, R. et al., “Sign and Magnitude Tunable
Coupler for Superconducting Flux Qubits”, arXiv.org: cond-mat/0608253 (2006),
pp. 1-5, and van der Brink, A. M. et al., “Mediated tunable coupling of flux qubits,”
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superconducting flux qubit, the persistent current in

the qubit loop is connonly1§5300|ated with the
wQ2ods/12e1s on in the Hubert space. Thus, a Z-Z K@QVCAZ#E8/)00661

interaction may be realized between two

superconducting flux qubits by coupling information

New lJoupidl o8 Ph9sicee (Q@O%? 986N ISrisfTRRkriptiort BEa @8RVénticMaP ZZ-
of a first qubit to the qubit |oop of a second qubit.

coupﬂngﬁ@mceablnewcwpldedg of the Z-degree of freedom of a
i f duct I
Super cdigdtd | ﬁﬁ%‘:@o%f{i%@?qa%% B of § sonvantth Ralerable
zz-c!fslg@@» J00RTHY cAlpler 160 8 ﬂfb@)l MHe%&fﬁuEHH%%ﬁeﬁQlUMﬁr

Superconduct| ng Fl ux ar Xi v. or
mternmhseﬂ mjua/ m&asan (U Bi6n, 1O|andlr5548edrtd coapld aérsthuibitkl 10 and
Medi at ed tunabl e coupl ing of flu

a Se(&ﬂj’tﬂ "H‘éb't 1%5191/If‘v 'Q@%meﬂt%@fm?@r 6 Firstigulj} h&isrf‘é?m%ﬁ‘sed
of a |BB HrSH Zrc,(o%ggg gﬁﬁ%tel‘%lblrﬂ%teq V\}/' 20bribo elgﬁd )J__oseLPhson

vent Penal ng device | provid

junctibrshm/\and is cogpted ite cdhirgitaie obupler d)OGIem’bughahe exchange of
control | abl e ZZ-coupl er 100. This coupler 100 is a

flux 1%@6@%@&&4@&%&5&@%6@?@#6%&9 ﬁf«mnﬁtm&bﬂét& aynprised

of a R “oRBraaREL e ey e e By St widintpor

junctIrPE23 8R4 is Eblisikd &o'ebhtrdifdbié SoGsIBPN DS ﬁ%ggh ahé esz@haﬁge of
a superconducting material 111 interrupted by a conpound
ux 11)5@

betvasm gaupden 610 ar.ut saeend qutmbm%ﬂ) etioop oéeupe@lohdbctmg

cO r 100 throu exch of  fl ux 10
mategh3p £fs dpedshBY e 1B ciaied 1Y ei8asnt Pt 0w ffougn a
magSERPAibeReueiora 3poop of superconducting material 121

|nterrupted by a conpound Josephson junction 122 and

|s counﬂédoumecdﬁOmnhbbhhemmmapbﬂweQéKhﬁQWhquhthﬁﬁcunent

xchange of flux 104 between coupler 100 and secon

in th%aaptt logr 11 LeBﬁu%'f 140 e fheopriigistemeumand in Hie quit |iOQP 121 of
qublt% T%%%ﬁg%ﬁ Y vbisuX Thils 57! %BLS%{ %O%o@é&rs&ﬁ%{g%%ﬁ%ttween the

rough a magnetic

Z-degreecofifptefont @ qabitph e aindrthe 1Zvaégree dfégaiddmnth guist 120.
persistent current in the qubit Io&ﬁ’ 111 of qubit 110
to the ﬁiéxép§tr§ﬂdumbaemagn@tlt:rﬁléxw qton b%%tmadsapr of

supeftihugtd P lal  EFedERfun e st B Blltts Cowaier 19
Contétikible ddéblantlod RecapAR8 beEBraRfucingeL96m dulingidetddbn first
qubit 110 and second qubit 120, an anti-ferromagnetic coupling between first qubit
110 and second qubit 120, and a ferromagnetic coupling between first qubit 110
and second qubit 120.

Variations and, for some applications, improvements to the ZZ-
coupler design shown in Figure 1 are presented in US Patent Application Serial
No. 12/017,995, and US Provisional Patent Application Serial No. 60/915,657, filed
May 2, 2007 and entitled “Systems, Devices, and Methods for Controllably

Coupling Qubits.” Those of skill in that art will appreciate that the present systems,
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Control | abl e coupler 100 is capabl e of producing a
zero coupling between first qubit 110 and second qubit
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. l\/bth(t)ds f&r Control | ably Coupling Qubits." Those of
wide(grigty phadighatic,apanium Céﬁﬁptéfaﬂ QP@'Q&WQ(‘SI nRWeYers B as shown

T T T

aerorgz@luasramedGS@ﬁJ‘mo Q0063 dp) M-2 0 it tisik IHEMiltbATan @R be used
nBI enented using a wide-variety of coupling devices
to CongEMELR HEiverial %abqtlpmwa@élm@omwéerc oliye iHaMitfeniapeghat can

d The Ham |t on
oo uSET8 BB R AN el B PR L Bt o
al., ‘R@Ellﬁbfe efanaiflbnibas fer @Hl@éi%ﬂ@@ﬂ%ﬁb'@lﬁhrﬂﬂm (‘.‘,Sﬁ‘l Lo’
however, it was shown in S. Bravyi et al

arX“Géﬁ@p(ﬁl@Gtth/@?O‘Bﬂ 33042007, ppchk. Hae mmeanasysmmbj ewtiods and

Vi gAY h/ 0606140 .(200 -21 that thls
apef e GeSrall ShcrBe Bencalnid htechles tadt ey Beaisato
physﬁﬁ'll?*?@éllz@ tAE3E HAMIRORRBHE € As aTﬁAQXé_llﬁ el EI‘EE‘ AIsRn} Q}?étel‘ﬁ@n

be used for universal adiabatic tum onput a
methads qmdwmaratmm desBrllamsnperoemdabtlng fieitcoapliigearchitectures that

%m | t r Universal Adiabatic ?.Jant um
may S|ca Y 56 lzgrtbe%la-lﬁmllgtﬂﬂl@n@w ith grpereaygiprtingp.

lary: sent systens, nethods and apparat us
quangené)rr F%S%Egscrl be qubit-coupling architectures that

may be Ttmeﬂvd Blaptiysiiged preseatdd meBibhrige BRA] i@ BiveRsa
As an exanpl e, the present systens, nethods and

equaligns 2Aangs3:descri be super conducting qubit-coupling
architectures that nay be used to physically realize
t hese Ham [toni ans i th superconductin
. hio-i + . Aio-i +ZJUO-I'O-] + Kijo-i O'j (2)
1 i [ i,j

H:Zn:hl. +ZAO‘ +Z 0'0 +ZK00' 3)
i iL,J

where K;; is a dimensionless local field coupled to each qubit (similar

to Jij). In Biamonte et al., both of these Hamiltonians are proven to be QMA-

complete and suitable for universal adiabatic quantum computation.
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quant um processors. The twg Ham | tonians presented in
Bi anonte et al. are gi ven - id? 'equations 2 and 3 : Hh J

wosjoes/k2s38 (2) © ' 1 J 1" " " J 1 J where K J RCI/@A2008/000661
di mensi onl ess local field coupled to each qubit
(simlar to J,j ) . In Bianonte et al., both of these

Hami | t opirBIh@DERAIQYRE HambenWArRITLIeES tearbverid fditi given
for universal adiabatiC quantum conputation. DM

in equaniba 5ioi4 Xnodo0a/t6 sB7urBYersahitl cant hremadeodivernsel biyadding a 2-
Ham | toniap with .1-local transverse field

(0CalGGRRVEGTF €07 SHURUIR G 25 8 BROTHvar SxiproyBU¥gasried. the
pers[Bdf dereiPite @biﬂ%gr&ﬁ a% 'eééd?ﬁ%sﬂctih@ 0% \bREs Bommonly

coupli’ng termas in equatio . pr evi ously
assodtsted Withdthet hdirpeticsi sfttbetqubitisr difitert spadee Qoidhe otlyphasid, the
a superconducting fl ux bit is co nl ssoci ated
flux fireading dne Cohh & suRerentucing bk LB GRS B DIl ynel
o AT B S PR PO 66t Hipr
spadP| intddcpedandd with ttee preseRnbYstems pmietiiats awd hpparatus, a qubit-
X-direction of the qubit's Hubert space. | n_acc_:ordatnce

couplingrarchitgegukestbat isswdetﬁgr,eah@q ﬂ@dlgca gingopamiliqpéan yith 1-local
wandiaroe SR NGB G e e Ratr CodlreGcguen
betmlfénéfﬂ fe(epuats 8nqdbitdBing anmaoupier e Ertbodinepesiof i ng

ormati on between the X-bases of qubits using an
supetsondugtingr XX EcbiptErsane ﬁllkyfdempbe@anbt'@cl?rqvgslooelg’cﬁj@mfer s

Appﬁé?ﬁﬁn%éi%%iféﬁﬂfﬁfﬂ&é& 31 daftas ¥ Zopgd ey Systems.
oo ELF BB HR S CRtelED CRPS RO Aesbagiofor
exe?ﬁ%?pb@(—;toﬁ@(mgod&mw@isdmw pewided.now provi ded. It was

057003 {aBIheWAIn AubdbPLaL RS AN DpPTRTS ShP 03
(20 o BngBDas M bR e R AURUBRIRGIfIEN between
sup@entiléting qubits. Figure 2 is a schematic diagram of a system 200 that
includes a superconducting coupler 210 capable of providing transverse XX-
coupling between a qubit 240 and a qubit 250 and is used to transversely couple
qubit 240 and qubit 250. Qubit 240 may be comprised of a loop of
superconducting material 241 interrupted by at least one Josephson junction 242
having an intrinsic capacitance graphically represented by a capacitor symbol 243.
Qubit 250 may be comprised of a loop of superconducting material 251 interrupted
by at least one Josephson junction 252 having an intrinsic capacitance graphically
represented by a capacitor symbol 253. Qubit 240 and qubit 250 are connected by
a conductive path 220 and a conductive path 230. The conductive paths 220, 230
may, for example, take the form of one or more wires or traces of material that is

superconducting below a critical temperature, to form superconductive paths.
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i ncl udes a superconducting coupler 210 capabl e of

provi di ng transverse XXCOU'p,‘M ng between a qubit 240
waoazods/g2apsbi t 250 and is used to transversely cIpeA2008/000661

qubit 240 and qubit 250. Qubit 240 may be conprised of

a | oop of superconducting material 241 interrupted by
Supéfcongastin® pathIBEERNERArUpRE b Altotdling @4pa&itc 221 having a

intrinsic capacitance graphically represented by a
capagafpace odmagnitode ©Q43. Qubit 250 may be conprised of a

| cast oSS BfasTaplrE FTRAmA Wa5 thERslh T PPrCYeS
systém Rg@g&%ﬁﬁ’éig%é'algu SPERENSACE Y13 RPREADRitance 312,

nd qubit 250 are connected by a
(as is@hduact inveysterh 30020 Figue )aorzdcarhpoengdose3on jThetion loop
conducti ve, paths 220, 230 rmX for exanple, take the
41512 I Frowhin Brstemr 0 phfdguis 413 Bneblefraparespe spupleamay be
achiﬁe&uperconducti ng below a critical tenperature, to
of M super conductive paths. DM VAN 259421- 00083/ 68374

61. 1Supahcsxeetsiahngmpadime? @f asuhatblertdebagiebys shown in the
COU&I?I ng capacitor 221 havi ng a capacitance of
scheragtic diggearof Figurgolil & systedie PP Aigsa contsg)iabiairanevarse

coulyef AR GAe o v BB A VB SRNG BeRRE 41 § Rl oo and
a qub®t ZBOIY [susaroaramersdly Ebabequblt 390 and §0BIEBBY. Qubit 340
Josephson junction loop 4 15 (as is shown in system

may4gcompAsediobadyomof supicendudingveatesiat ddipinderraateddey at least
%:th eved.. An_.ex | ar) errb(%gi.ment of .a tunabl e |
one }@sephigAniuncuon VR e W?é?rﬁ??%c'%nﬁﬁrgéﬂﬁ)@f;abf gur e
r :
roprEggtoBy F Bap R Sl 300 C A g G ekl &oop of
supérebndecting mabertal 350 iated upterliby at @36t amel Joseplssen jtoction 352

e Bt b g b 5.
Qu qﬁ;’%tldng&g é[u IH%‘P%%Q ¥ c@hné&@ﬁtba/gég SOH&I%E’REZ%‘?T J)C/%Q@ Hrld®h c3ductive

ntrrnsrc capacrt € graphi

patH 8B0.eFA8ceadhytive 54the G200B36 yndyg forsébdmfdebidke3he fomy of one
be conprised of a | oop of superconducting material 351
or mare avirasRrdiaess eftmatesiat thaharg surgreadustinecheleyy asntical

temsééit ) e%@iﬁﬂ\é@ip}%&@gﬁ.@qﬁ?g iptazrﬁg%ﬁﬁ%ﬂggb&%t‘ﬁ@ path 320 includes a

coupling capacitance 322 and a coupling capacitance 323. The coupling
capacitances 322, 323 may take the form of discrete capacitors. Alternatively,
coupling capacitances 322, 323 may take the form of inherent, intrinsic or parasitic
capacitances (commonly referred to as parasitic capacitance herein) associated
with the first superconducting path 320. Tunable inductance 311 and capacitance
312 connect superconducting path 320, at a node 321 located between coupling
capacitors 322, 323, to superconducting path 330. The tunable inductance 311

may, for example, be provided by a tunable or adjustable inductor.
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Qubit 340 and qubit 350 are_connected by a conductive
path 320 and a conducti ve ‘p%&’h 330. The conductive
wQuoss223%0, 330 may, for exanple, take the forraTEA®NE000661
or nore wires or traces of material that are
superconducting below a critical tenperature, to form

super comdganasilityasf ke ntroNNE GRRAVEISENDURRIB 1229 achieved by
i ncludes a coupling capacitance 322 and a coupling

adjustipathe inpRIBRES. shiméng de patiytheeygtc couplingscagzrito 32322, 323.
. ke the fo. f di t ' .
ThistR beh YR ARG Br tAtis fmBe R £22. 523 may take

the for mmithbPELEMAPlary EMIOTRESt Sa RALBRI Jé@cougler is shown in
capaci tances (conmmonly referred to as parasiti

the schsmaticadiegrame o Figurads ok isustech 400 mdues a cenhtrollable

duct i th 320. bl.e i nduct 3 11 and
oo SERRESSIAATG B B2 ol AL 2055 12 20,
oy S35 e e UEENAED 010,508 S ERELAREH e g s

and Lubitehp0. fQubie440pha; bd eompeiged el alyomof smedrcendlicting material
adj ust abl e i nductor. DM VAN 259421-00083/6837 4 6 1
441 intpEuptasady af legsiopne daserhiscarectionaAfd Bayeg @supiresica10

comd R A B8 ARSI B8} 180 may b
compeibe@ved 160D BREYDeBohdctingnaklicsial ADEHRBAEPRIBY atleast one
urther exenpl ary enbodi nent of a tunabl e XX-coupl er

Josephsondumction 4%i2having mat intringicaganasitencageaphically. represented by
a caBYaTTen IR Aoapaniat 340 BPe e Brlineeted ) & Mnductive

[ i b¢ ; [ IS
oo RS ae BRI BRI a2 gty

exargQplg, takedtherfaymind ooerrmisredwinés ar tracgs of material that is

super conducti ng terial 441 interrupted by at |east
SUPGIRENGI AW} L HEG3 ARG G Wg{%rﬁl supereendugstive paths.

SupSRAE) A ANt { SRUTRIPA: B, #0360
capacifaere d2du o ouingedapiaicidndesld 22) 423 mpy eakedthedformestisiiscrete

one Josephson &uncti on 452 having an intrinsi

. 0 . - C

capaGiigsei Alematiyelpaeerlingcanasitarean 442, M23mey falks ther form of
: . 45 it,. 4 ' nnected by a
e o Bl e B e e RIS
supdrebadGdtingepatp 29 . 48 QonmbalniRbseHRSorENABTIGR lodpdkEs, HRing a

formof one or nore wires or traces of material that
first ygsephson junction 416 with an intrinsic capacitance graphically represented
by a capacitor symbol 418 and a second Josephson junction 417 with an intrinsic
capacitance graphically represented by a capacitor symbol 419, connects
superconducting path 420, at a node 421 located between coupling capacitor 422
and coupling capacitor 423, to superconducting path 430. There may exist
additional coupling capacitors along superconducting path 430. One coupling
capacitor may be positioned along superconducting path 430 between qubit 440

and compound Josephson junction loop 415. There may be a voltage difference
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superconducting below a critical tenperature, to form
super conducti ve paths. Supe?r3cnnducti ng path 420
w0 wod/uxtezs a coupling capacitance 422 and a cOWUT/@42008/000661
capaci tance 423. Coupling capacitances 422, 423 may
take the formof discrete capacitors. Alternatively,
betwe@HRh& Ao ISRACH @RSt dosephdoMBindtd8obp @ 160rCBRpound
i nherent, intrinsic or parasitic capacitances
Josepbsopijuaionioom 41 hendy betsesn@sra smanididtwgep suped2ddugting
coggoag Josephson junction |loop 4 15, having a first
pathg 4<8pfidln junction 416 with an intrinsic capacitance

020 O RNESFTL e 1 8 V) b fund

impetaipaeishantieg gieapaihctardugh equptiag tapdciyrsat22a@28i tBy changing
synbol 419, connects superconducting path 420, at a

the fhixdbreasting 6eaPeLNe JoRRRISALIPFIIoRYORrEL. e IMmpedanse
shurﬁ.ﬁéﬁéé :%}tﬁ gﬁ?géﬁ géaﬁ’lfrfgo%%rfacﬁgpseﬁﬁﬁ’,%fs' d?’t%ng%h T‘h%?efore, by

couplT'mg capacitors al ong

charigitig tHoasietht ooflbethredlNg cORMotnt RlosBghsEPReIction ldory4 15, the
be positioned al ong superconducting path 430 between
coupdinpistrength israffestetbound Josephson junction | oop 415,

There be vol t difference DM

VAN 250 RASEIAReN Y i pisEnh SYsie e melfiod 2 apparatus, the
univEREP PRIt INSR BRgEMb DG ELQBtidIP2 R Be pRYERAIN Fealized in a

Josephson junction | oop 415 may be seen as a shunt
quaritetm\eecessqrewitto Zd and RGX-pauplingietwesBaubitisdint addition ta vy

of tunahl e caupler 410 is achieved by .adjusting. the
cougigeha eSO BT HAE AR bEbHS Siad LRGUONE! didgram of

oJ| . g 2L 9 f t i .

on RRRANERY 54 8huebih o B SRR Bk i o M paraes 22
and shaodupingt Meoysink drbhitembrecsipshags éapaaficctive qabizs 5823504,

i s changed. Therefore, by changing the ampunt of fl| ux

thoughrteess AbSHbpberelereat BRI rperanizeothat simAaECoumipg
schoifidBuf'6e SbPIREI sy BN e ket Eincy GRAREREBrateb R0t Fror
instdrie I aMbAaydr atticd of ghvits Geapiing arkchi@yture 500yeswalpryvide
realized in a quantum processor with ZZ- and
bothyX cangh ZZnepusdingdativgen nesrgst angd dext-nearas neboring pairs of
effecf;tr&%cqstfbgt%gllﬁ &ﬁi@%ﬁt@% %osgl(éps grlébﬂ.e&))rese'ﬂtga‘ ‘b? s%lib ¥in8s joining two
effective qubits and in each case the type of coupling (“XX" or “ZZ”) is indicated
next to the solid line. ZZ- and XX-couplers do not commute, that is, [ZZ,XX] #0.
As previously stated, those of skill in the art will appreciate that a
similar coupling architecture may be applied in a quantum processor involving a
different number of qubits. However, it is recognized in US Patent Application
Serial No. 12/013,192 that the operation of a single qubit device may be adversely
affected if it is connected to too many couplers. In such instances, it is possible to

combine two or more individual qubit devices as one effective qubit such that the
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t echni qURE postioef quamtintastocés @GOG Howrainskigares intay be
~diagramof a portion of a conventional superconducting
implgunentesioppisicallyresgline thedigmieniasy desnrissihceqiationumwhich
. 4 C tation nd/ ant n ' . qhe . e} .
G 3 A0 S 008N Bl o
2 an@l 3.NH HEeP td pROVIAEPBIeEBNA U AOefMB] G¥antum processor 600
includes programming interfaces 621-624 that are used to configure and control
the state of quantum processor 600. Each of programming interfaces 621-624
may be realized by a respective inductive coupling, as illustrated, to a
programming system (not shown). Such a programming system may be separate
from quantum processor 600, or it may be included locally (i.e. on-chip with
quantum processor 600) as described in US Patent Application Serial No.

11/950,276.
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601 , 602 and a tunable ZZ-goupler 6 11 coupling

i nformati on therebetween. Te the portion of quantum
wroogexszsr 600 shown in Figure 6 includes onl yGroA2008/000661

qubits 601 , 602 and one coupler 6 11, those of skill

inthe art will appreciate that quantum processor 600

may i ncinuge Eoyramb ofcfudtitbmt frocesksbr®0Y, programnsihg
coupl i ng devi ces coupling information therebetween.

interfanesgudtt arch 684 nopaacibpusedde cpupier Bwoignahint guespastive

i ml d i cal | [ .
comPtnd SonFalhFTost 6o By ARl o 4T ehe) erseteatizing
the ARErrd& Fethelsyafsh HARItBRIaAS THIs EBEIITRIBIOVRIZISAAE o* terms of

escri bed by equations 2 and 3. I'n order to provide

equatiomsel -andimilady mroganamingringeriases a2 &#00 628 chaydeach be used
rogr 1 ng interf 621-624 t hat dt
to cdpl plibesiGl Taigrm FeseERie UK looproT il B A 802 dhereby
. . . r 3 . C . -
et E351y e RAGSLTOEH Rl AN RCTHATRAAG BB e

termis|df esunéiors 1-3.olraFigung 1 atmel cuptritytiomnof(eazh oflppagiamrBingh

. a&ﬁamﬁ ng system may be separate fraom quantum

interfa lob24 to thepsystempagmpionjaitis ipigaleddn ioxes b2d a-624a,
~chip W th quantum processor 600) as described in US

respBBifely Appl i cation Serial No. 11/950,276. DM

VAN 2591835 B8PSAN FBtheAe willLlapprebiate treg tisemangltohian described
guant um pr ocessor 600, programﬂ' ng interfaces 621 and

by egpatiomy reay hephyaisally tenlized pycoapfingrrehilgetires thas differ from

cou T Enist U ARG 8o HEFRIE Pl ReRah zoly By ogiments
it mdy'Se BYBHIAKER IncRRicAEX-cBlipfing BURdAIOsANe ubRS ez

erns of equations 1-3. Simlarly, progranm ng
couplimgebdteveen spRE gubits b8t matnecassably hath KX-arsbdgiosugling

e R BT o SRR e
o Y90 S T DRI PSS P IS ety
providing aagahing rgchiteicturbdc edid XXeduiplingtame A¥-sbepling are both

Ham ltonian is indicated in boxes 62la-624a,
presegt putheves|sharet belwesn R §aMe Ray 98 AHPHS wi | |

appreci g g ahndd\GithAHL bH R By 48R Hfflods and apparatus,

quantum processor architectures that provide physical realizations of the universal
Hamiltonian described by equation 2 have been described. However, in a further
aspect of the present systems, methods and apparatus, quantum processor
architectures that provide physical realizations of the universal Hamiltonian
described by equation 3 are also described.

The universal Hamiltonian described by equation 3 includes the
same ¢ and o terms as described for equation 2, but substitutes o’¢” and o*o*
terms for the o’o” and o*o” terms of equation 2. In accordance with the present

systems, methods and apparatus, the universal Hamiltonian that is described by
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by equation 2 may be physi flly reali zed by coupling

architectures that differ T4%m coupling architecture
wehDos/shomn in Figure 5. For instance, in sone PCT/CA2008/000661

enbodi nents it may be appropriate to include

XX-coupling between sonme qubits and ZZcoupling between

equé?cm Y B8 phisitalRoimplesentsty by % dudittcodtingaechitecture that
ZZ- coupli ng between every pair of coupled qubits. In

lnClL@@ﬁBZ)é-rﬂm’HX&mﬂt@Jlng betwgemaubiteie addiiondowoepting theoseand o*
f bet f gub

terms BB g S L rnBltrs rany Fe diepd

Des&%tﬁﬁ%lﬁtg'm e%dz%zso%w& g p%ﬁdé@ﬁbsfﬁe‘%@ﬁi ABHﬁca&‘i@H Herial

sha etween the same pair of qubits. In accordance
No. unamgmmj ﬁﬂ%Aptll ‘sy&ﬁ(m;rﬁandrmmhedés}iﬁa EAND aMETIHODS AND

APPARR TS RORARTErEINEr 6 SR bollnANG! diuEBrekey
240%!%%@&%% @¥&|&ﬁ)‘?\%f@é§ﬁél%§p){ "%’M? L eodd] Je'x”cteg% now

aspec e present syste s an a par at us,
provilgant um processor architectures that provide physi caI

real i zations_of the universal Hamltonian described by
equat i ofilgeira’ ds 3 sshematicrdiagi@m ohan gRikpsirggnt of a systen 700

that IR CNPLUIGRERGRIAY AR Zg%% Idgkf]étg%e%xic%%pise?rw and

an XUBslpletY €3, Sachnst whitk isBorfRjurédi @ somnfticably cbeples of
equation 2 . In accordance wth the present systens,

unfornmtmclsetmenavp@dsgmsand &2 .uRiubE | meladesmumwopha?m
i s, desc VAN 259421- 00 [ 6837461 ation
formgd Hi° Elo s mubbrrafintichng 2heAttorBynat S bbb  hy
comgbﬁﬁdj UBSEpHisd hﬁ&t.érwbvdsﬁnzaﬁy wglt%zqaémbb@@ RAJitesp 742
ubits (in addlltlon to coupling the sl and s* terns
formiett oy eamseqmpte)rconmctmg sugadt pati-thahig inBriuptasd by @ may
be used

compow0 deaepTPATHUPSHGh T Sap ITIa P ek PhPUREIEoRdLcting quantum

pfoa%%%f‘%%%%&%é%& RS RN AT

prog@lﬁﬁn@wgﬁhb& 72At71234 witiok kedy blo us@d €d rédlizé6B6 * land A terms
description of exenplary XZ- and ZX—coupI [ ng devi ces

of thesumwsawdamwanrﬁgw@eﬂ byseguatinedmEireh Gif REPIIRIMBTINGN
mter%%%d'}'fﬁ?ﬂ %afbg\‘éél%‘d?bqpa respective inductive coupling, as

illustrated, to a programming system (not shown). Programming interfaces 721
and 724 may each be used to couple a flux signal into a respective compound
Josephson junction 751, 752 of qubits 701 and 702, thereby realizing the 4 terms
in the system Hamiltonian. This coupling provides the o” terms of equation 3.
Similarly, programming interfaces 722 and 723 may each be used to couple a flux
signal into a respective qubit loop of qubits 701 and 702, thereby realizing the h;
terms in the system Hamiltonian. This coupling provides the ¢” terms of equation
3.
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that includes two supercond ctlng qubits 701 , 702 and

both a ZX-coupler 7 11 and @n™ XZ-coupl er 712, each of
womwg2iz configured to conmuni cably coupl e i rf@VEA00HO00661

between qubits 701 and 702. Qubit 701 includes a qubit

| oop 741 fornmed by a closed superconducting current

pat h t hpi accortianes Withtiesl phasent §9§§ﬁ+§1%e1ﬁ§@§3ﬁﬁ@%pgaratus
junction 751 . Simlarly, qubit® 702 includes a qu

syste@ofD0raownimeiguny 7dancldee ansxesemiaiydrobodigiant of entX-coupler
t,h. t hat d.b ph

711 B R mES SnfopiBediot R 27 RUBRT 21 geroGRatcer Ay

mclu%%fﬁ HB5 84 %Séﬁc%hdﬁ&%gsm\“éht' gt i784"tRalis: In(ﬁ}’cﬁﬁ@g‘ dRBled to

shown in Figure 7 i1 ncludes programing intertfaceés
bothAa¢-Gudit lodp ¢H1mhyubi 704 exhd thercomhpaend Jesephaod juriction 752 of

qubip 02 TTBHS a2 KeeOnIes i RIGVBRCRY PTG BF MRSIS R4 Ppgieaal
free@?rpugglygﬁe@1bé/noathree)?-@% tde 6t fré@d‘kﬁ{\ Bﬁ’ V@b't@ﬂngﬂ@&nvely

to a prog amm ng system not Sh

coughinggharparsistentterréaciathe Jubansbp 241 shygubid? b1 blﬂolihe &ohtpound
couple a flux signal into a respective conp

Josem@‘@pn@,quump bit402. Hxmbis Odugubwtamq taﬁa thv@s!'rectlon of

persiF ST Ao ah ek o 78 T ioabeS (R PePlye ofine

tunn@qh@m@nn 3he SbMpbahd YosepiRrajintiich 752 of Gaery0222 and
23 may each be used to couple a flux signal into a

r espect Inveagysipplicatignsoft iz ntsafered ¢a havel “thoablet kentsplover the

conEBA b SR kDS AT 5P igRanil)'
reahi/é\a‘vbgft% tgnﬁa QQOBRNES3KARY sLiRr&fieRICHARG €arrdht Bathhfm is
resent syst ms, nethods and apparatus; system 7
mtersmmm byratFFeg&irwe?Joseohsdawrmhnoaﬂé’nmm pdoeattbedpemnduttmg
11 and ar exenpl ary enbodi nment

currdo RSt FParS nchchiyslS doupliat 157 brodr mnmag@tsrfep%géa?”fhese

tuni@t’gg%: eg ?gﬁ%.ot ﬂet% ﬁééﬁﬂﬁ"w Foog%ﬂ of”qﬁ it %%d‘é%défescribed
in At Maasserpoanded Grrpheical., New tl i Phys/ 52 260 (3005). 702.
Thus, ZX-coupler. 7 11 provides coup Ilng bet ween t he

Z- degr e&hese f sl sniherariuil] appresiaie éhat ke xtryelyreanef
oper3iSE 8 ResborBt 117 el PR s Bty anc
opetafibf df FX-6QURNEHNH . That is, XZ-coupler 712 includes a closed
superconducting current path 762 that is inductively coupled to both the qubit loop
742 of qubit 702 and the compound Josephson junction 751 of qubit 701. Thus,
XZ-coupler 712 provides coupling between the X-degree of freedom in qubit 701
and the Z-degree of freedom in qubit 702 by inductively coupling the persistent
current in the qubit loop 742 of qubit 702 into the compound Josephson junction
751 of qubit 701. If qubit 702 is bi-stable, then the direction of persistent current
flow in qubit loop 742 will influence the magnitude of the tunneling rate in the

compound Josephson junction 751 of qubit 701. XZ-coupler 712 may also be
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Josephson junction 752 of qubit 702. If qubit 701 is
bi -stabl e, then the direct#8n of persi stent current
wd toosmazmsqubit [ oop 741 will influence the ma@dTosm®0%600661
the tunneling rate in the conmpound Josephson junction
752 of qubit 702. In many applications, it is

mad®tfidé B¢ the cBﬁr‘bﬁwathrtﬂ%S tuifg l&he RS EIdSBE s@r@éﬂidn@lﬁctmg
strength” between qubits. In thé case of ZX-coupler

currebl pathunGdid interripged bxlat reabt IoryretJmsephmm gme:trenﬁﬁfﬂsand closed

cl osed superco du t curr IS interrupted
SupefRpTafcHiag CHEREP B RO e SHbIe o arodaBuning
”“eﬁgggq@@onductrng current path 761 is inductively
pl'ed to a progranm ng interface 731 . These tuning

eI errenﬂéhcmel afwkilhia tlselactaplllIdmplrettratedhatZﬂ(reoembberme'hté of ZX-
to be tuned as described in AL Maassen van den Bri nk

and X¢-cguplersistiown ipfyaure argzforthe psyposassfdheprasant sysigms.
methtggg a"i‘nrdtacﬁr@er %tu%zﬂrg%ﬁdpq% %gé faérée Ff‘@l#&td’l{ﬁcﬁ&ly and do not
limit tH8 $dople-ofitRE Presint tshstephd, nsdtHbes and appardtut @d implementations
coupler 7 11. That is, XZ-coupler 712 includes a
of X&IMM@H@%@@W asgdbawm BnigpeR R- 762 that is
duct I both the qubit 742
qubi t - 1D FoREATE U Bt ot BT meRtlsc payptus, the
T, Y%

unrvé}'s',QI' tHarffldbnian B8Scrivdé- W%%g&%ﬁéy %Bﬂféi%%ﬁli}#@ahi& ina

bet ween the X-degree of d the
quanZlidggoeessair WitheXdoand rZan;mmhngO@t\Wem qubis (imeldgition to

oupl i n er si st ent cur . 742
coupfipd BisPt and s Teires T oeonBHh HELELRLA ariarRblagim of
an e %9@@?%#2#““';%%?2#@%% GG SAR S90 M et Roryss X2
and m(ldoulpnfrg uemr@rm@ erchiigoture 390chowsefotusfiettivegqulztse30 1804,

he conpound Josephson junction 751 of qubit 701

thougdztwfék"bmzhﬁwleaa%arrt)ev"brﬂcvmrzgsbatzqsmd%wﬁﬁvae1

schebfERE A B AR AT B a b liRanepr, For

instahbé erhrdrpéﬂély by latficd €RQibIRN Cod@&@ﬁ\%hlﬂecttum:w@ WwollRprovitie
cl osed superconducting current path 762 is inductively

both é@nﬂr@dzmoapbmg)gewﬁﬁm@earﬁﬁbamqaa@xt?rwre%@@l@hb@rm pairs of
effeche abuS: Iy Elgee B BieCotlErora!E upbrE3eBRREY §Y ¥ ioining two
effedBVE RRBAS afll ik BACRCASE Mhe BYELEUPling (“XZ” or “ZX") is indicated
next to the solid line. XZ- and ZX-couplers do not commute, that is, [XZ,ZX] #0.
As previously stated, those of skill in the art will appreciate that a
similar coupling architecture may be applied in a quantum processor involving a
different number of qubits. However, it is recognized in US Patent Application
Serial No. 12/013,192 that the operation of a single qubit device may be adversely
affected if it is connected too many couplers. In such instances, it is possible to

combine two or more individual qubit devices as one effective qubit such that the
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met hods and apparatus, intended to serve as exenplary
devices only and do not |i#”t" the scope of the present
wosyes/es28 met hods and apparatus to i npl enent atR@NCAH8/000661
XZ- and ZX-couplers exactly as drawn in Figure 7. In
accordance with the present systens, nethods and

desir8BRAUNT&If doBIer VRS 5akp Flfv’é)}i IWitROIEI R SEY iamRetifYy the

equation 3 nmay be physica realized in a quantum
operatiatektherqubit devicss. and ZX- coupl i ng bet ween qubits (in

aubi 1) T4 ReeR ha% of Skl . il gparetisfe 7 the
HamFﬂ‘&JﬂFéﬂL JEHribel bs/o é{%hsﬁhag% )ﬁhﬁ%ﬁﬂly r@ghz'@'ocﬁ\( Fﬁgélh'{ge

800 I ncor tes XZa coupl i'ng
archn:aeroinhmeisetbatmlﬁeBﬁGnsd:meng auchisfcteret800es lpvian trsF@me 80&0r
t hough those of skill in the relevant art wl

instapge i g eRRedinentsii may bsnnraeriatedetciney Xb?ecoup"ng
betw8BR lsbﬁ% é@bl%né(ncf'?&b&fu ‘ﬂfwg BaBlESh 50md cg}fﬁ't{é P{R not necessarily
process I h

tan In an array

both XIBidng, Zxxmpbhm? betwdunt @iéry pair&I Cowpldddyubinyi Id@ohﬁ:é h
XZ- and ZX-co i ng between nearest and next-nearest

embe@mﬁ%rlt MGy e mrgf@fecbtor leeq POl CepyPe of FRURNgGLP@iwgen any

aivr P HBBES S8 PRV RS Eag ot icouin

and Z,Qld@ulp X% érﬂotkﬁbres@ft Buti revieRdhardaesbtiesh the shhte sait bfl

l'ine. and ZX-couplers do not commute, that is, [XZ
qubltz_X] O As previously stated, those of skill in the art

R Lk e L A R e
the ud bfdcf f8E sEYBTHRIN- &gmﬁﬂﬁﬁhb%oub*é‘f‘@’t’c?éffed:ﬂve‘lyssmﬁﬁé’t@rﬁ §é‘ébnd
in Pat ent Application~Seri al . , 192 t

set of Uéfeneretrcaiupdmsp\ivhm;hsthegjb@f apuniirns dﬂw unwema}nt;bef the fnrst set of
adversel y affect dif it is connect eggt 00,

non-GoPILEING COURITE c O instafRe: @ CqUPIng SEBETIPHMMON ISR and

ZZ-CB‘S%Iefg nﬁg/ht?et Hggd ﬁqg%wﬁ&é@ﬂb's‘éﬂéﬁln%ﬁnr@ echhyex-

coup?élrs 08B Jice8r4H 1 Slide scagremsimutationd neanuipé ebsonmpysrtmi through
pplied wi thout adversely affecting the operation

‘medisier qubits” Wigh seay DEGHTIATIRGHECIU H2 Breyfousty ﬂeswbwblts
art e e
ot B3 sk B i) bR bR rtve
qublt@r (Efféc,@l%lyf gsmédiatordubftenay bemisea dsl 4 frensitieR ipbft bétween two
800 shown'in Figure 8 . For
types of couplers. Full details of such mediated qubit-coupling are described in
Biamonte et al., a brief overview of which is now provided.

Figure 9 is a functional diagram of a qubit system 900 comprising two
effective qubits, Q1 and Q2, and a mediator qubit M1. Actual couplings are
physically implemented between Q1 and M1 and between M1 and Q2 in order to
simulate an alternative coupling between Q1 and Q2. The actual couplings that
are physically implemented between Q1 and M1 and between M1 and Q2 are

represented by solid lines and the actual coupling type is indicated adjacent to
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i nstance, in sone enbodi rrents it may be appropriate to
i ncl ude XZ-coupling bet weeRVsone gubi ts and

w2tegopisi ng bet ween sonme qubits, but not necesSACA098/000661
both XZ- and ZX-coupling bet ween every pair of coupled
qubits. In some embodinments, it may be preferred to

eachUf@. TRkffRavé ¥BEpIfHg @@@ﬂnhf&ﬂe@%w@ BCRRY nEdVaBdRBUPling)
of qubits, thereby providing a coupllng architecture
¥

betwian i bio Effectiveptiubity @hadnQZ iipidicatec aadﬂshqdrlwemﬁh the

effeciys cRgpine RBe T raEnatree B BadnthuseFifliaLd & ot
emb@@%n%Hémrfg ﬁ(%\g)@?earﬂfz.?-c%hr)@rs aily 8 camanféamugwa

couplers toeffectively sinulate a second set of
medidtdriqubitrivl 1 co sirhelats X¥Haodth Z)@@oabyn@o'ﬂihe isirsulabed XZ coupling

betwggh i Lagd Gbis aaeermiehed by oupiia doCEHaaT hh anhgZ from
M1 QY Kg(shawﬂ .%% H %ﬁn)(ﬂ%ufa%r cdifib erWiltr"F“a d7_5‘coupler

coupling sc coupl ers, vice

throud®r & Bnec&tohgubl@wml l@r sﬁiuﬂﬁib&i’z wUpIn‘@y(ob@Immmmily shed
t hrough "nmedi at or qubits" which nay be simlar in
coupbngue@twe@nttwomf&ﬁtlua§||uylta Elcanth - oﬁngufesﬁ fti@n @émpéary

o AR B RO £ B Dl

howd(RY, st TP SkillSn thd AN tapredmenhathﬁbvy@m Emc.pne@eﬁapbe
coupl ers. Full details of such mediated qubit coupling

applieddo @esystenepmprisBigaon nember af qubigdpyices. over vi ew of

whi ch i i d
i ngr arsBMaE SERUH i arebbrabiRefantl 3wl Chysem 1090
comBHidthg fwo @ffécﬁ\ﬂéj Bits @“?dQ@ éFRP'é Aetiadr Bubit M1 A@fdé%oupllngs

coupfings are p ysically inplenmented between Q1
are phyaivdllp @hpleereriiéd @etwm 1 anddel arad béetwdent M1zand Q2 in order

alternative coupli t ween e act ual
to smalﬂ&@ PRGY temﬁ&tveaﬁ%mﬁﬂg eO%PETy 81 CE&@QZG&% %Wg%ﬁ’PRb”QS that

e BTSSRSO s

repréﬁén@@d?by sbiid m%é/éhﬂ ﬂ@é@&eDG@&ﬂh@&@ﬁé&lmﬁ&m@ bd]aeent to
The effective coupl (as simul ated by the actua

eachHling. af kel etfocipie mphﬂaﬂ%éwlﬁt@q other a@pal medmﬁ P%umyng
ot e F oReHT4 B RIREY B S TRIEHeH P Habhed W win e
effectivB@ouplin$ typel ifldicatdd a§adént to the line. Thus, Flgure 10 is an
embodiment showing how XZ- and ZX-couplers may be combined through a
mediator qubit M1 to simulate XX (or similarly ZZ) coupling. The simulated XX
coupling between Q1 and Q2 is accomplished by coupling XZ from Q1 to M1 and
ZX from M1 to Q2. As shown in Figure 10, an XZ-coupler may combine with a ZX-
coupler through a mediator qubit M1 to simulate XX coupling (or alternatively ZZ
coupling) between two effective qubits Q1, Q2. Figure 10 is an exemplary

embodiment that uses two effective qubits Q1, Q2 and one mediator qubit M1;
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enbodi nent showi ng how XX- and ZZ-coupl ers may be
combi ned through a nedi at o1 qubit ML to sinmulate XZ

wq 2081122X38 coupl i ng. The sinul ated XZ coupl i ng HHAVQE®NS/@0661
1 and @ is acconplished by coupling XX fromQ 1 to M
and ZZ fromM1l to Q2. As shown in Figure 9, an

howetér CtPieBE &F sRIYIn BETRHNAI WbPFéc?at@lh&ﬂH@'s%"mé PfiR&iplsanay be
medi ator qubit ML to sinulate XZ coupling (or,

applietitte arsyisterelopmisingany nug1)bebef aekit deviceef f ective

that  usde a”q%%efawpﬁeg sppt e oRE & At saare 10 EMows
multip} yBéQrof a88biin <¥§'b fé@@?ﬁct%% ehbpibr fyBesNEani Ean
that e %e yg

appr eci at princi p es nmay
provndpmreatﬂarwersatﬂmheammpm riosgssonywmeretibe ao€hitpchire is best-
devices. Simlarly gure 10 is a functional diagram

suitegforsprAic tYW§tOéﬁP?'L@'@05 cERPINSEANGE: B\RYPEFGAECULTRG GHBN“@

oroofich e 8 Sin i Yo PR Bt v
and M!( cOupld rmay icdesorbte Siuldtat coaplimg treoogh invedigton nhbit@to

between Q 1 and %dtThe actual couplings that are
realizthihs %féﬂqt§0fﬁmlé X4 apdt4reePURING. and ML and bet ween

M1

act ual Hots P E8 et Fil abbrddatetnpl G RHbrbes o
realizih the qOBIt-LbHEwHd M\%hﬂ@é‘ﬂ%kéé“&u@ﬁ‘émsﬂh@ﬂré&@ﬁ d)%tdhe, methods

actual nedi ated coupling) between the two effective

and gpparatusQthe vagousenbaditaenid obyOa, déshiel, ana&Xrweuplerse

MR CHAR S SR O e
coupgﬂgidtékﬁc%@%s%flﬁe@ﬁyt s&rﬁggf‘?ﬂ é}%@erﬁ@rrﬂ@%cﬁ é@é@éé}’étus may

ML to sinulate or simlarly ZZ) coupling.
be mibldifies macabaﬂnw@tedhplremgrémdammi tie $pa¢|ﬁc @stem m which they

accompl i shed by coupli XZ fro
are haingrRalemenigd, otdo oRg WQQ |ar§9ﬁ°5l9rr?€”§@“aj'ﬁng@t &%Yaéﬁageous
h a ZXcoupl er through a nediator qubit
in a chlgpgpﬁu?égftob XX coupling (or alternatively ZZ

coupl i nMhe peiseweBydtemse hriatitddy andlabpamt@ descibe thegrhyaical
10 is an exe Iar enbodi nent that uses two effective
realigatisin of univerep! agiabalieuaret epmpuiation y; theymplementation of at

e ) SRR BB g At
coupmﬁgaﬁ@éhaeﬁsmq)r@wawb@aplc@méw@em ﬂr@Yaﬁd@ﬁfcoﬂU tswis tfor
examr()al\éI goetfpllng between X and X, X and Z, or Z and Z), thereby defining a
“coupled basis” (for example, XX, XZ, or ZZ). In accordance with the present
systems, methods and apparatus, qubit-coupling architectures that each include at
least two different coupled bases, where at least two different coupled bases do
not commute, are used to realize the Hamiltonians for universal adiabatic quantum
computation. For example, the various embodiments described herein teach that
universal adiabatic quantum computation may be physically realized by the

simultaneous application of off-diagonal couplers in a qubit-coupling architectures.
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The sinmul ated coupling described in Figure 9 and
Figure 10 allows nmultiple- gpes of coupling to be
wO mas/izers by fewer actual coupler types. Thi s RGANCA2008/000661
provi de greater versatility in a quantum processor
where the architecture is bestsuited for specific

ThoskYdteskilloh the @Rl Will apprédiatethbiteecomcept PRI \COREHE td RBuplers
guant um processor that, for whatever reason, is

that ihelsideghe tYebiasie, sunsl sk, VXt Y ZZZdepere-couplers.
e at oG SBPEEC T B IR A SRR
impléEntéifoR§ VP digablENeSRi@hiaHs fof uhVetdf adldbalic!duantum

appreciate that, for the purposes of realizing the
comtbis by depionsyating hintvertal qabiticaupling architaetupeeséhere is a
comBHR SHTHERT © B SRBeITENts SEuniversal SripaRcpemes deseribed
e [ j = it A I -
here A e B8 B e R AT of et R S8 obing
devigigsisativeed qubits hwhereethentespystiveriaseseddupiis] aynthe two different
paratus may be nodified to_acconmodate the

sets ngwnl@s@ﬁvgcezﬁ de Ret egremute.c TBose ehskilh iiecart ik gparesiate

g o ¢ . . S _

that A ork ERAIG s BoLhBLaaG R PRPGSLF of diferen

emb&diRdrtehh@ mpEhterBBSHNANG ¥l 5808 eniBidideatsadithnot practically
appar atus descri be the physical realization of

be digaloged émthiagpagificationgubiu PnioivsupRYSieH epybadiments, the XX-

22 ooy b i fao i S22k colPIR eleBliEMlrd Hfidetbhed norein
with fRURICOBAitIBRGARNAFBnRr SPEkAEh tRE vhkl At waﬁmr@mw% the
and a Second basi’s (for exanple, coupling between

exteragion ¥ aity qudniim procgsantlaThjtectuee gbyledwntingmpnacommuting
"coupl ed basis" (for, ex | e, w XZ, or ZZ). 1In .
couplgTBo RUREE NI A OTR ORI Bhihe Pl 25D el flat ghdain quantum
- I )
oo g O LSRR A, BB SEAER L41orahe on o
numberesht effestive igubits énthecqupitenh frasessat@ndddr themamtesr Gir e
used _to realize the Ham |tonians for universal

couplgi a J A RIegaR SR EBnpathadssnd arparausseriberie use of XX
and Z?Féo%ﬁ?eﬁ@gﬁ%@g{éf)?z%ﬁﬁc  BEGIBRY. %'s%él?é‘é?ngwyé Egé of XZ and ZX

universa I'abati’cquant'um conput-ati on

coupidr¥ 6 eahlilatd XX areBZ puplees stherdbyaneoing thapa paitof eanof
of f -di agonal couplers in a qubit-couplin? _

commuing ceuplerse i a quantum processor may be used to simulate other

coupler schemes.

Throughout this specification, reference is occasionally made to
“each qubit” in a quantum processor or a qubit-coupling architecture. Those of skill
in the art will appreciate that the term “each” is used in a general sense, where in
fact some embodiments may include a qubit or qubits that do not portray the

specific feature or characteristic that is generally being described for “each” qubit.
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DM VAN 259 4 21-00@83/6837461 1Those of skill in the

art will appreciate that s concept may extend to
wamoplens t hat i nclude the Y-basis, such as XWCT/(YA2008/000661

YY-, ZY-, and YZ-couplers. This specification and the

appended cl ai ns descri be physical inplenentations of

real i zapheablbye HeSEHABA df MuskatdEesBodAdémRainicfiding what is
guant um conput ers by denonstrating uni ver sal

descgibbd in Srupbsingctaisototirtended o betexhaustiveaorionimoihthe
embéaieﬂﬂéerfgnemg tcsj ;;Prfeggs& ﬁghgﬁnﬁfc?%%f&i.gﬂﬁoﬂ a%q@%%%é%Bgdiments of
and é%ﬁf@%@r@ﬂe@@ri@é%%réiﬁ ?&Iill%é@%tﬁb%u‘?ﬁ%gs, %ﬁFiéué’Eguiyalent
coupl i ng devi ces between qubits, ere the respective
modifiastiensccampbe dndde witkotitvabeptirfiep frent theetmritcdnd seqpd ofgthe
. devi ces d@ not corrg?yfs e. Those_q)f ,sk'bll inthe art wll |
disclgpiyiee8p Al PERGECHUESF Ry Hhesentitgchiy theupleypat aky The teachings
L . : £ .
orovERBMEAER dfInd wAREEL Pl SRS, SARA ERAhey 8ioms.
methpdaciriccapparats ofi prntsadoniputhiion, st oetessdripthe Skaraplary
only two physical enbodi ments, the XXZZ coupling )
syst%mé,wmﬁté@cf;@da@]@parﬁm{zr avarlyapremgutation qeneralfedesariged
etailed herein with the recognition that anyone of
kKill in the relevant art will acknow edge the

ext ensi e {Aric Y efiBBainEAts HesESISET aBb ¥ LAE BbWombined to
i mpl ementi ng non-conmuting coupl ers. Furthernore,

providedugher emlbotiménist Wl cfithe W.B1 pateptsa &i.&t patemaappligationn

oot L L ARl USG5 Rl e A fons
and h&n el YRBISMINALRT A tARAhRIsPgdrficBUaR @hdRJr listed in the
coupl ers. The present systens, nethods and apparat us

Applaation iDzda Sheetigeclotingbuimit idited dp b Bs Pravisionall PateniXZ

AopiEatiph sl oo poka B Sctled Bponb. 245 Bnd Shufled ofysica

Impl%gméﬂi%nk H3t 4 @Jn‘i\?éréal%géﬁﬂwgﬂlﬂguﬁ‘& Rbﬁarté?]gbuﬁling

um processor may be use si mul ate of
Devicesiples. Bateatrble. 68886@hduS. PaitentNed,835,80800S Patent
reference i s occasionally made to f'each%ubi t" in a
Publigatian INg- 200821685 Up Gatsnt ApsligationgSaniaiie e/t e 192, US
Provigi@?a?.#gteﬁlf/i\ﬂ)élicbﬂoﬁ R&raf NoWblos %4%&85\\%\%%9#&?007 and
erm"each” i'sused 1h a general’sense, ere i n’'fact

entitlﬁg?ﬁgm;@lﬁ& amy Metlsdbdsior Ardidy Praveseitel  9StHEEndO
Publication No. 2006-0147154, US Patent Application Serial No. 12/017,995, US
Patent No. 7,135,701, US Patent Application Serial No. 11/317,838, US
Provisional Patent Application Serial No. 60/915,657, filed May 2, 2007 and
entitled “Systems, Devices, and Methods for Controllably Coupling Qubits”, US
Provisional Patent Application Serial No. 61/024,125, filed January 28, 2008 and
entitled “Systems, Devices, And Methods For Controllably Coupling Qubits”, US
Patent Application Serial No. 11/950,276, and US Patent Application Serial No.

unassigned filed April 4, 2008 and entitled “SYSTEMS, METHODS AND

abov
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specific feature or characteristic that is generally
bei ng descri bed for "each“3ﬁubit. DM
WO/ZbE/2292821- 00083/ 6837461 1The above descri pt iRET/©A2008/000661
illustrated enbodi nents, including what is described
in the Abstract, is not intended to be exhaustive or
APPARAH’UQ FowRqum@ﬁmmmct@uBmm@Pme e Docket No.
di scl osed. Al though specific enbodi nents of
2401@&4@@0&3; aae énabeporatdek Hetedn by mefevendd, Ilmﬂtmraemtvety Aspects of
oses vari ous | ent nodjfications, can he nad

'ﬁ%L¥ i 1 1 nsand
the e dﬂ]?“ ey ke AP HRECSBRM O G VIFEF: ¢
conofp§ SR pd iy el capin serpMclEe s HAdahtmer
embodimieatss enbodi nents can be applied to other systens

nmet hods_ and eﬁggratus of quantun1conputat|on

necessdihesg aTkeotBReRANGSP Gfshe maderer H@cfsfn%‘?ﬁjments in light
of th@%%\/@ﬁ# iibg rde%ﬁ@ﬁ iR Oéﬁ)rjrgr?f; 'irPfhegr%pg\Rl %aﬁi&s Ghd P{rﬂws

e varil o s descr apove can

used GPBRIEEt Bedcorisiriedetof limit trey cleimmotd therdpecifitl dmbbditdents
U S. patents, U S. patent application publications,

disclases inghe speciiipplionand dies claims.cujshesicebe sonstaied tninclude all

poss{Pf EFnodM At oR B B RAT S PRl B M rueh.e

clalmg%b'éiﬁﬁléén A@@bﬂil@?eﬂhe ddifrsUshentbt Biriteaaty iﬁlt\agﬂhé@ds@r@

Provi si onal ent Application Seri al
60/910,445, filed April 5, 2007, and entitled
"Physical Inplenentations for a Universal Quantum
Comput er and Rel ated Coupling Devices", U S. Patent
No. 6,838,694, U S Patent No. 7,335,909, US Patent
Publ i cati on No. 2006-0225165, US Patent Application
Serial No. 12/013, 192, US Provisional Patent
Application Serial No. 60/986,554 filed Novenber 8,
2007 and entitled "Systens, Devices and Methods for
Anal og Processing", US Patent Publication No.
2006- 01471 54, US Patent Application Serial No. 12/01
7,995, US Patent No. 7,135,701 , US Patent Application
Serial No. 11/31 7,838, US Provisional Patent
Application Serial No. 60/91 5,657, filed May 2, 2007
and entitled "Systens, Devices, and Methods for
Control I ably Coupling Qubits", US Provisional Patent
Application Serial No. 61/024,125, filed January 28,
2008 and
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entitled "Systens, Devi cg§ And Met hods For
Control | ably Coupling QBPrs", US Patent Application
woBmo$/ad21do. 11/ 950, 276, and US Patent Appl i catRGINCA2008/000661
Serial No. unassigned filed April 4, 2008 and entitled
" SYSTEMS, METHODS AND DM VAN 259421- 00083/ 6837461
1APPARATUS FOR ANTI - SYMVEINRSC QUBI T- COUPLI NG' (Atty.
Docket No. 240105.46201 ), are incorporated herein by
Weclaim:ref erence, in their entirety. Aspects of the
enbodi nents can be nodified, if necessary, to enpl oy
systens, circuits and concepts of the various patents,
appl i catg aﬁéntéﬁﬁjp%%é&ﬁédrﬁﬂﬁsiﬁ@ provide yet further
enbodi nent's. These and ot her changes can be nmade to
t he fgsbeeti ofenutbitsi n 1 i ght of the above-detail ed
description. In general, in the following clains, the
t ePnteROEPL REGHRI 0t be construed to limt the clains
to té i £ Gl i j ed,i
SpiciE] SO coDIATRRTLER ek ALREIREREl dberabie to couple,
informatiorn betwerruddirstidasjzod sinbd Grst b iinree frstbeingf qubite dnitea first
) _full scope of equivalents to which such clainms are ]
basis B; inghpeeonchaulit boihgifireh set of gubis thargbwdefinipg 3 fingt eeuplpg basis
AB. the di scl osure. DM VAN 259421-00083/68374 6 1 1CLAI M5
1D+, and Ve . .. . .
claim 1. A gquantum processor conprising: a first
seta sdcomdddt ®F caupiafPdelisss thak afsBélestively bbERdblS & caliple
coupling devices that are selectively operable to
informatiors bapyaen asecard basisretinedirshadbit it theasicondbet af gubity and a

second baf Bz ind st it fesgcott spt il atdbasst R a gecond
coupled bégsﬁg ADBNGyierkin StleSSUHEEURERI theAirdBbt oRBdbRs %etfc{?ﬁﬁ’\uinﬁ,tably

coupling devices that are selectively operable t
coupled witlhapleast afieqohit inthebstaoresead of gubitsl dreswherin the first coupled

: fir ubit in the second_set of qubits and a second
basis A B2 DEEEGoRTLOUISHBASIS BB (R "OREOTERURY set of qubi t s
thereby defining a second coupl ed basis A2B2, wherein
at least one qubit in the first set of qubits is
coraruni ddlel quantum processor of claim 1 wherein the first coupled basis

AByis a basis XX and the second coupled basis A2B; is a basis ZZ.

3. The quantum processor of claim 1 wherein the first coupled basis

A;B;is a basis ZX and the second coupled basis A,B:is a basis XZ.

4. The quantum processor of claim 1 wherein at least one qubit is

simultaneously included in both the first and second sets of qubits.
5. The quantum processor of claim 1 further comprising:
a defined readout basis wherein at least one of the bases A, By, Ao, and

B, is in a same basis as the readout basis.
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coupled with at | east ong qubit in the second set of
gubits, and wherein the" Prst coupl ed basis AlBl1 and

wa tves/seezsnd coupl ed basis A2B2 do not conmut e.PCA/CAL068/000661
quant um processor of claim1l wherein the first coupled
basis AlBlis a basis XX and the second coupl ed basis

A2B2 | S Thed@SadrurZprodessaref QAR HhRF&1A & fetist ©hedfahén
1 wherein the first coupled basis AlBlis a basis ZX

qublts of thantirst ket efequils is @@Fﬂf@tlb@gublt,@@mrged di asplerakity ofaindividual
L
aubits anc PR ATHBIC R R € e R ooty o

a single quificond sets of qubits. 5. The quantum processor of
claim1 further conprising: a defined readout basis
wherein at | east one of the bases Al, Bl, A2, and B2
's'\j/n a sane basis as the readout basis. DM

25945 4UBRYFBPEWEFIBCOMBPIISAG quant um processor of
cl %l?hi‘aIWSfﬁuﬁ ! | east one of the qubits of the

first set’ o ItSIS an effective qubit conprised of

a @ ﬁwsabrdg,ramfnmgmmrfdmthalutbcbmrrmrdcamﬁbuuplladlto a Z-degree
coupl ers that couple the individual qubits to function
of freedo"b‘f’ff%td?%/téﬂﬁ Alsthg quibitgl e qubit. 7. A quant um processor

Co@éé acegerﬁg{é%w&hwrfé’ge Plst %omﬁuh‘%a% Y @Ppgéé‘%ﬂ&-

I nter nmuni Ca egree

degree of fiteddraedtemadst dhelcfalsé qabies; Of the qubl ts; a second
programm ng i nterface that is conmuni cabl y coupled to

an el selofgioupling dewices, wWheregnsacky abthsf cquémqmwo:;s in the
. t .of ¢ evi ces of th
first set of Galifing: R vicks BaTMRHE S (PERuolaBhediidmagnaldf paween
the Z- degrbé of Preled8 T SCatt|eastalLbTiteabLyits4Hy € i nformation
bet ween the Z-degree of freedomof at |least two of the
qula secondreet &f seupling deticed, vdwrpini eachdefthe eouplvhg devines in

the second §&f Gaunlas ieubes & eaa-itH s CoamauivaY catbly iBiuppton
between tHenf(CH éé%’ﬂ;@@ﬁ&ﬁ%\‘ éthéagf't\%%% glibitg. €edom of at

eas e qub

8. The quantum processor of claim 7 wherein the plurality of qubits

includes a number of superconducting qubits.

9. The quantum processor of claim 8 wherein each of the
superconducting qubits includes a respective qubit loop formed by a closed
superconducting current path and a respective compound Josephson junction that
interrupts the qubit loop and is formed by a closed superconducting current path that is
interrupted by at least two Josephson junctions, and wherein a first programming
interface is communicably coupled to the qubit loop of at least one of the
superconducting qubits and a second programming interface is communicably coupled

to the compound Josephson junction of at least one of the superconducting qubits.
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8 . The quantum processor__of claim7 wherein the
plurality of qubits i ncrédes a nunber of
woesuwpgIzorsducti ng qubits. 9 . The quant um pr oc @IVCA9D8/000661
claim 8 wherein each of the superconducting qubits
i ncludes a respective qubit | oop forned by a cl osed
S UPHD.CONTING GuBBtUAH bF It s BRGICIANE 9 WHEA B RESA dHY6f theBRRBISY
_ ~Josephson junction that interrupts the qubit |oop and
devices injthefligstrasd ob goaplifigodendcesisaxonfigdiest forzpuple magnetiatlbx signals

hat . i.s interrupted,_ by at |l east two Josephson .
between tﬁﬁ HHPFE?%D,S %{ r%p&cgy% pﬁ'rﬂfﬁ%ﬂ SIRYGPA 'tﬁ'@ qkﬂ%”érf ace
is comruni cably coupled to the qubit | oop of at |east
one of the superconducting qubits and a second
pr otyt.anmT mgyquantani preessorcofitiaim 8 allereinceguhest the dobpling
npound , Josephson tion of at |east one of the

.. C junc :
devices indIBEREERYSEL PHpHRIBDCEViceR v ARMBaIsad 1o souBls diuua signsls
: af ekaim9 wherein each of
between %t#%pggﬂﬁﬁﬁ%ﬂf&é{%&e‘?ﬁn %Ee‘ngﬂug)ftg'set of coupling
devices is configured to couple magnetic flux signals

bet ween the qubit | oops of a respective pair of the
supkt-conth euartugupracessariof clajm gu\dmralm Prersismerofghe

, ' PN : | devi ' he. .
auoitsof (6 8T8 BRI A Lo SRS AR R Dot B
qubits andCinalvitfush conpless el vBEPleahe AANFELEVEURA tb fhctidifeffectively as

superconducting qubits. 12 . The quantum processor of

a single quiki m 7 wherein at | east one of the qubits of the
first set of qubits is an effective qubit conprised of
a plurality of individual qubits and individual

coud. er A ghahtup® BRIRssBEcomPhyihgual qubits to function
effectively as a single qubit. 13. A quantum processor

corgpplusalitg of gqubitsjral ity of qubits; a first progranm ng
inte.lfégce that is.co nicahly coupled to a Z-degre

, gree
of & I'SbRIErBMMAING|RIgERCS Heatds ComBlieRkIK codpleddamis-degree
Offreedonpép%@ggg&%{?%%ri 22. that is comunicably coupled to
an reedo

egree o m of at | east one of the qubits;
anch seqing plogtamnfing inieifactgthdeis caramumitaibty Sosied tokn X-
% he coupling devices is .
degree of freedom of at Ieast one of the qubits; and
a plurality of coupling devices, wherein each of the coupling devices is
configured to communicably couple information between the Z-degree of freedom of a

first one of the qubits and the X-degree of freedom of a second one of the qubits.

14.  The quantum processor of claim 13 wherein the plurality of qubits

includes a number of superconducting qubits.
15.  The quantum processor of claim 14 wherein each of the
superconducting qubits includes a respective qubit loop formed by a closed

superconducting current path and a respective compound Josephson junction that
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configured to conmuni cablc;%/3 coupl e information between

the Z-degree of freedome® a first one of the qubits
waoands/11re28X- degree of freedom of a second one GfCTVE&2008/000661

qubits. 14. The quantum processor of claim 13 wherein
the plurality of qubits includes a nunber of

interrupts Wepqﬁlglﬂ f&)\ﬂféhd]& farhbd 5by aléosé—c'i‘ §uﬂé‘t%ﬁhgﬂétmgg&ﬁ§éﬂrpa% that is
claim 14 wherein each o0f the superconducti qubi't

interrupted hylal mt &wo dgpepmsmjuqumns landpwtiereired fibst mogriamremg

erconduct i ective conpound

n th and_a res
interface i§ 855}51%%'83?' Repld orife C%%ft\ﬂw 9%@%%&*%@5%)8@/“@837461
I
superoond BB sl s B0 IRy i eSS BByl
to the compeagid fosepbesre phretion jofiat tdastene af thegsercondudtingsdubits.
progranm ng interface i s communi cably coupled to the
qubit loop of at |east one of the superconducting

S, S0 SR R APR A ASLI 6D g o coumin

devices |smnagumm tofcatipld rrghetit uRkignats SetneiehaRE WibitN8op of a first
bits. 16. The quantum processor of claim 15 wherein

one of theé&@ﬁf@ﬂ@ﬁen@ Supits Agd dies cewwousd closeplgareiyinctior ofipisecond
one ofthe;@%gfédon;&uc lHétqﬁbﬁgal s between the qubit |oop of a

‘'uper conducting qubits and the
compound Josephson junction of a second one of the
superconducting qubits. 17. The quantum processor of
cI al fm 13Tfkhauantunapraceaser afraiaiot 13 M&heqexbla*td;eaa‘t otnleeof the

t. of ublts s.an ebgectlve (ﬁlt co ed. of

qubits of tl'ée sthlsﬁff’i 9“% 15 A §ffeRtixe iCER{58d H A RiH /0 individual
qubits andCiﬁélMcﬁ.fa‘«F chigiers Mgk b@uﬁl@%é 'KHI\V Hqglad%ﬂifég?thfgraétg)ﬁ SREHNER as

fectively as a single qub
astKBQQMhulatlng coupl i ng |nteract|ons bet ween at | east two
effective qubits in a universal adiabatic quantum
conmput er processor, the nmethod conprising: coupling

i nfay matA %tﬁ@c‘i §|ﬂ1tﬂatk?rﬁ%bc?up?1nﬁgn%r£ét[o§fs SR En%??%a%lt]two

basis b ator couplTng "AFGr T

effective gbbitsvrea uhh@rsk&lﬁd&tﬁtlbrqmwmeﬂhﬁﬁ%r Brolebs e theamdtd
Cin a second qubit, thereby sinmulating AC coupling
comprisingiet ween the basis A in the first

coupling information between a basis A in a first qubit and a basis B in a
mediator qubit; and

coupling information between the basis B in the mediator qubit and a basis
C in a second qubit, thereby simulating AC coupling between the basis A in the first

qubit and the basis C in the second qubit.

19. The method of claim 18 wherein the coupling between the first qubit
and the mediator qubit is an XX coupling; the coupling between the mediator qubit and
the second qubit is a ZZ coupling; and the resulting simulated coupling is an XZ

coupling between the first and second qubits.

DM_VAN/259421-00083/6837461.1



qubit and the basis Cin the second qubit. 19. The
nmet hod of claim 18 whereid® t he coupling between the

walo0g122ap8bi t and the nediator qubit is an XX cpeA2008/000661
t he coupling between the nmedi ator qubit and the second
qubit is a ZZ coupling; and the resulting sinulated
couphi NThé néthdd of ekl THwRBE B Eling!tsdtwaBH the first qubit
second qubits. DM VAN 259421- 00083/ 6837461. 120. The

and the meslidtotlqabit tsl an KZ1@uptieg,ine aciplicg bptwesn thet mediatormgubit and

first, .qublt and.the nedi ator,..qubit | n caupl i :
the secongigihig s 2% SO0 R GG e | Fedidd Simuaiad Coinorts 28ebhng
coupling BBREEN tRe AirsPAng hB%upatd the resulting sinul ated

coupling is an coupling between the first and

second qubits. 2 1. The nethod of claim 18 wherein the
couEI i ng_between the first qubit and the nedi ator

qubt- i s TReZetBed g clam tehwnemsiphagourlingeaiwera the first qubit

nﬂ@%ﬂé ; o, dikg: §&5 auhi i ng;
and the an t?fwgﬁ?'gé%) ?I ng g“ﬁ‘gl @?e@@gﬁgrgiehﬁé?%ma% ’é%dgagﬁ’g l|Jtnngand
the secondejuisieis anheZ fcouplingirhdsthe easuitivg sirsulatyd calpginges baziz of
~claim 18 wherein coupli ngI i nformati on between a basis
coupling betygen the fisgt apdoiacoaddu®itBasis b in a mediator qubit
i ncludes coupling the information fromthe basis Ain
the first qubit which is coupled to at | east one other

qubpp. t oThymeéthea ot kit 18/@hireds causlimpinforfidtiedtiatfeen a
qubit. DM VAN 2594 21-00083/68374 6 1.1
basis A in a first qubit and a basis B in a mediator qubit includes coupling the
information from the basis A in the first qubit which is coupled to at least one other qubit

to function effectively as a single effective qubit.
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