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quantum computer that can be used to simulate quantum systems or run specialized
quantum algorithms. In particular, solving a model for the behavior of a quantum
system commonly involves solving a differential equation related to the Hamiltonian
of the quantum system. David Deutsch observed that a quantum system could be
used to yield a time savings, later shown to be an exponential time savings, in certain
computations. If one had a problem, modeled in the form of an equation that
represented the Hamiltonian of the quantum system, the behavior of the system could
provide information regarding the solutions to the equation. See Deutsch, 1985,
Proceedings of the Rayal Society of London A 400, pp. 97-117.

One limitation in the quantum computing art is the identification of systems
that can support quantum computation. As detailed in the following sections, a qubit,
which is analogous to a “bit” of a classical digital computer, serves as the basis for
storing quantum information. However, qubits must be able to retain coherent
quantum behavior long enough to perform quantum computations. The loss of
coherent quantum behavior is referred to as decoherence. Further, techniques for

reading the state of qubits are needed in order to determine the result of a quantum
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systems to tﬁe point that many calculatlons are performed before quantum

information stored in the quantum system is destroyed has not been satisfactorily
achieved in the art.

Another approach to quantum computing known as “thermally-assisted
adiabatic quantum computing,” involves finding the lowest energy configuration of an
array of qubits. This approach does not make critical use of quantum gates and
circuits. Instead, it uses classical effects, and quantum effects in some cases, to
manipulate the states of a system of interacting qubits starting from a known initial
Hamiltonian so that the final state represents the Hamiltonian of the physical system
in question. In this process, quantum coherence is not a strict requirement for the
qubits. An example of this type of approach is adiabatic quantum computing. See,
for example, Farhi et al., 2001, Science 292, pp. 472-476.

2.2 Qubits
A quantum bit, or qubit, is the quantum mechanical analog of the conventional

digital bit. Instead of ounly encoding one of two discrete states, like “0” and “1” ina
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To complete a computation using a qubit, the state of the qubit is measured

(e.g., read out). Typically, when a measurement of the qubit is done, the quantum

nature of the qubit is temporarily lost and the superposition of basis states collapses to

either the |0) basis state or the |1) basis state, thus regaining its similarity to a

conventional bit. The actual state of the qubit after it has collapsed depends on the

probabilities |a|2 and Ibl2 immediately prior to the readout operation. For more

information on qubits, generally, see Nielsen and Chuang, 2000, Quantum

Computation and Quantum Information, Cambridge University Press, Cambridge, pp.

344-345,

2.3 Superconducting Qubits
There are many different technologies that can be used to build quantum

computers. One implementation uses superconducting materials. Superconducting
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qubit. The Josephson energy of a qubit junction (e.g., Josephson junction), in turn, is

related to the critical current of the qubit junction. Specifically, the Josephson energy
of a qubit junction is proportional to the critical current Ic of the junction and satisfies
the relationship E; = (2 /2e)l,, where k is Planck’s constant divided by 2x. The ratio
of the overall Josephson energy and the overall charging energy of a superconducting
qubit can be used to classify superconducting qubits. For example, in one
classification scheme, when the overall charging energy of a given superconducting
jubit is much greater than the overall Josephson energy of the qubit, the qubit is
leemed to be a charge qubit. And, when the overall Josephson energy of a given
superconducting qubit is much greater than the overall charging energy of the qubit,
‘he qubit is deemed to be a phase qubit. As used herein, the term “much greater” in

he context of evaluating two energy terms means that one energy term may be
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control inf gaii@hit@p largeTiResHINEUr&S oDthe MIOMIxCD | SRS SSRBRRESE!] bed in United
States Patent No. 6,838,694; and United Stat es Pat ent
1997, IEEE Teans. Appl Superconduct 7 3638. “Phase-only” qubits, on the other

hand, are characterized by a small inductance and are magnetically inactive. A
“phase-only” qubit stores information in the form of a phase drop across a Josephson
junction interrupting the superconducting loop. See, for example, loffe ef al., 1999,
Nature 398, 679.

Another type of qubit is the hybrid qubit. Hybrid qubits use both the charge
and phase degrees of freedom to control information. Some examples of hybrid
qubits are described in United States Patent No. 6,838,694; and United States Patent
Publication No. 2005-0082519, which are hereby incorporated by reference in their

entireties.

2.4 Superconducting Flux Qubits
One proposal to build a quantum computer from superconducting qubits is
Bocko et al., 1997, IEEE Transactions on Applied Superconductivity 7, p. 3638. See
also, Makhlin et al., 2001, Review of Modern Physics 73, p. 357—400. Since then,
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Review Letters 91, 097906. Some other types of flux qubits comprise
superconducting loops having more or fewer than three Josephson junctions. See,
e.g., Blatter et al., 2001, Physics Review B 63, 174511, and Friedman et al., 2000,
Nature 406, 43.

The sign of the coupling interaction in the system Hamiltonian that describes
the coupling of two superconducting flux qubits can be used as a basis for classifying
qubit coupling types. According to such a classification scheme, there are two
coupling types, ferromagnetic and anti-ferromagnetic.

Flux qubits typically interact via their respective magnetic fluxes. That is, a
change in flux in a first superconducting flux qubit will cause a change in flux in a
second superconducting flux qubit that is coupled to the first superconducting flux
qubit. In ferromagnetic coupling, it is energetically favorable for a change in flux of
the first superconducting flux qubit to produce a similar change in the flux of a second
superconducting flux qubit to which the first superconducting flux qubit is coupled.

For example, an increase in flux in the first qubit will cause an increase in flux in the



qubit coupling types. According to such a classification schene, there are
two coupling types, ferronmagnetic and anti-ferromagnetic. Flux qubits
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When J = 0, there is no coupling. Thus, switching the sign of J switches the type of

coupling from ferromagnetic to anti-ferromagnetic or vice versa.

2.5 Measurement Techniques for Qubits
Generally, qubit measurement is conducted based on the assumption that the qubit

can be in a quantum state. However, qubits can be restricted to hold only classical states
and then measured when in this restricted state. Regardless of whether measurement relies
on the assumption that the qubits to be measured are in a quantum state or on the
assumption that they have been restricted to a classical state, methods and structures in the
art that can measure a large number of qubits in the same circuit are lacking. Usually, a
readout mechanism for one qubit requires a certain amount of circuit board space, as well
as at least one control wire to operate the mechanism. Traditionally, for every additional
qubit in a circuit, an additional readout mechanism for that qubit is used, as well as at least

one additional control wire. This creates a problem in circuit design when a large number
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the state of a flux qubit, the SQUID’s supercurrent is read out because this
supercurrent is dependent on the state of the qubit. As such, a measurement of the
SQUID’s current can determine the state of the qubit to which the SQUID is coupled.
However, SQUIDs have the drawback that they take up a considerable amount of
surface area on a circuit board or chip. For higher numbers of qubits, having a
SQUID for each qubit becomes cumbersome and space consuming.

Paternostro et al., 2005, Physical Review A 71, 042311, (hereinafter
“Paternostro”) disclose a method of transferring a quantum state of a qubit through a
multi-qubit coupling via a bus system. Paternostro combines quantum optics and
SQUIDs in order to create a network of spin chains on which quantum operations can
be performed. However, including a bus to couple all the qubits together can

introduce increased noise interference into the system.



SQUI D-type device can be used to couple flux qubits together, |ike the
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71, 042311, espbsidliyiqabitsti the intéik ofhsirtay. ) di scl ose a nethod of transferring a
guantum state of a qubit through a nulti-qubit coupling via a bus system
Pat er nostro conbi nes quantumoptics and SQUIDs in order to create a network
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including a bus to couple all the qubits together can introduce increased
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State of the Art G ven the above background, there exists a need in the art
to provide systens and nethods for efficiently reading out the classical
state of qubits HigurcalB itiwstratgs, the epergelandséapg/ofdhelf-8QUIDNN Fl€e 1ANnt eri or of the
array. 3. BRI EF DESCRI PTION OF THE DRAWNGS Figure | Aillustrates the two

circulating current states of an rf-SQUID, Figure IBillustrates the energy
| andscape of t heFigufe 1ISGUsEatesa split@nctioa flukqubisriwack@dankd wigt thepriosart spl it junction
flux qubit, in accordance with the prior art. Figure 2 illustrates two flux

gubits and a coupling device in accordance with an enbodi nent of the
present met hods Figuk Silhastratesswo Rlingaubits aBda ¢oupling devige dsacemdpnenwithah st eps i nvol ved

in ferromg%ﬁ%‘id&eﬁ%ﬁhgg&&gy&%dg&ds @g_r dance wi th an enbodi nent of the
0 systens. Hi i

present net S an gure illustrates sequential steps that
follow the steps of FIG 3A involved in ferromagnetic state copying in

accor dance wi t h iy PHOAGIR o ithial s RIAARN reBIBARS s@DChpyRY L €. Figure 4A

illustrates sequential steps invo d in adiabatic state Copying in
accordance with an embodiment of the present methods and systems.

Figure 3B illustrates sequential steps that follow the steps of FIG. 3A involved in
ferromagnetic state copying in accordance with an embodiment of the present methods and

systems.

Figure 4A illustrates sequential steps involved in adiabatic state copying in

accordance with an embodiment of the present methods and systems.
Figure 4B illustrates sequential steps that follow the steps of FIG. 4A involved in
adiabatic state copying in accordance with an embodiment of the present methods and

systems.

Figure § illustrates an array of coupled flux qubits with readout devices around the

periphery in accordance with an embodiment of the present methods and systems.

Figure 6 illustrates a persistent-current qubit in accordance with the prior art.
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In yet another embodiment, a method for reading out a classical state of a
qubit in an array of qubits is provided. The array comprises perimeter qubits and
interior qubits. The method comprises initializing a classical state of a perimeter
qubit having an associated readout device, copying a classical state of an interior qubit
to the perimeter qubit, and reading out the classical state of the interior qubit by
reading out the classical state of the perimeter qubit. The perimeter qubit is coupled
to the interior qubit via a coupling device having a coupling strength. Further, the
coupling strength is adjustable between a minimum coupling strength and a

predetermined coupling strength.

In still another embodiment, a method of copying a classical state of a first
qubit means to a second qubit means is provided. The method comprises means for
coupling the first qubit means to the second qubit means, means for adjusting at least

one of a tunneling barrier of the first qubit means and a tunneling barrier of the second
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to the interior qubit via a coupling device having a coupling strength.
Further, the coupling strength is adjustable between a m ni num coupli ng
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second bar r medulechmisisesanstrucanss foe caupliy the At qubis torthedecadjubiorTheai si ng t he
second tungeeclli]ng be?.ré.i %émlmr(l) St igl riancglt]sPecrt.logs oogi rre;ﬂge,s a gorrput er-readabl e
medi um st ori n& exeCutdh 8 |ng'f?ﬁc9fp| SRS OO hL P ae |n§ 29fir st qubit to an
initial clasmhdmpbatiate is provided. In this enbodinment, the first qubit
has a potential energy configuration conprising a first potential well
having a first @D idofHer &1 ﬁﬁ’eﬁ! SLANE Hak: | aving a
second potenti aﬁgn‘i n%ﬁr?y_r?{%ﬂr?g t é??ﬂ?ﬁfg[&g as@?féﬁgtg@a%te\é}@%ugab{éocat ed in the
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first potential well to a third potential mninmumthat Ts higher than the
second pot epetrraial welthavingn Girst petentigbmipivernpandesedond potensie] welhhgeing a

conput er - 1 egAa goteRBAl imiMiub, Lrhiﬁﬁe iﬁitinrc@agsi@al( %ayts?wa@d lng@é fildehodania for

coupling the first qubit and the second qubit for a duration t. 5. DETAILED
DESCRI PTI onwell. The computer-readable medium further stores executable instructions for

adjusting the first potential minimum of the first potential well to a third potential
minimum that is higher than the second potential minimum of the second potential
well. The computer-readable medium further stores executable instructions for

coupling the first qubit and the second qubit for a duration .

5. DETAILED DESCRIPTION
As will be described in further detail below, the present methods and
systems provide for copying the classical state of a first qubit to a second qubit. In
some embodiments, the first and second qubits are coupled and the escape probability
of the second qubit is tuned. In other embodiments, the tunneling barrier of the
second qubit is initialized to a high value and decreased, the qubits are coupled, and
then the tunneling barrier of the second qubit is raised to copy the state of the first

qubit.
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As will be described in further detail below, the present nethods and
systens provide for copying the classical state of a first qubit to a second
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outer perineter of the array [ e states are r out using
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the state ofrrafUul soneiiddtahdds, thid pREdsOEonfhuek With qubit dreadifplyp QuaPeriiiihé ances, this
ARG M O R
array unti | its in the
interior of mtegefbaltﬂeawamyy b@dc](cill@ﬂﬂltlﬁwﬁﬂep{oﬂn&réaw&_ cﬁr@cyldfﬁfe@s%f‘e&\eatlcCur acy of
nmeasur enent . [ ) tion as. two-levyel systens.
That 1 o a qubi e Oubits Sidhgs B it dohGHon 8 bve HAE v, THGH AERON. * For

exanpl e, aﬂhd’si\;'cﬁﬁkﬂlna sidi3Ahat W1t form@tivn. IFer u&aﬂeaﬁr@som?mubwmlch is shown in
FIG 1A The rf-SQU D,100A conpris ucti.n oop 103

nter  ant ed By SETELHABHP L TRNA Mg 1At SBE A ruRa e hr 't - soui o
| OOA are tdﬂﬁnkwparcdmd’uem{gllwlﬁmOﬁntﬂ'mpfedbﬁﬂdsf;{ljscﬁlljmfcﬁﬁﬁI(Hl‘ quedvo t he | oop,
respectivel y. sho an be in
either a cI%{%t S esé’fg%’glﬁmgﬁgaré etgﬂfimfc '°'}SI°8W°H§%J$1°W8“&?"P ction only in
the super cuhabbup,trespgp_tnbﬂpmomras Rrifoves lqmalahcumzslu pBSQUIzD lOOrArnaobe mt ates, where
current is flro 143 allQ hc dlur ECL owl m (ﬁre e y i Ehe! he
superconduc?*ﬁ&ﬁ %. ﬁ?ﬁf il ‘%W% eg 3G H& énergy di agram f or
rf-SQUID | sf¥condinting tiop,riired quamamgyperﬂoanoisdapes M}@ﬁ: dugeridhi st abl e potenti al
160-1 oan bE 0B R2 8t b sl Al SR RO BT 688 BB L ™ R some
i nst ances. shnwothheorrespradiag ewesgy dmgmmmr FEQUID d AQA. 1 B@-potential energy

landscape 100B is a bistable potential with two minima 160-0 and 160-1 and an

energy barrier 140. Minima 160-0 and 160-1 can be degenerate, meaning that they
have the same energy, in some instances. In other instances, minima 160-0 and 160-1
are not degenerate. When the minima are degenerate, the energy landscape is referred
to as symmetric. Current directions 102-0 and 102-1 in FIG. 1A respectively
correspond to potential wells 160-0 and 160-1 in the minima of FIG. 1B. However,
this specific correspondence is arbitrary. Using this correspondence, a qubit having
the classical state corresponding to current 102-0 of FIG. 1A is said to be located in
the left potential well, well 160-0 of FIG. 1B. Similarly, a qubit having the classical
state corresponding to current 102-1 of FIG. 1A is said to be located in the right
potential well, well 160-1 of FIG. 1B.

The state of qubit 100A can tunnel quantum mechanically through energy
barrier 140 from one minimum to the other. The frequency of this tunneling depends

on the height of the barrier. If the barrier is high, less tunneling occurs. If the barrier

12
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Josephson energy of Josephson junction 101, which is done using methods such as

those described above. These features allow greater flexibility in the behavior of rf-

SQUID 100C.

Initializing a flux qubit means that the qubit is put into a known state using,

for example, initialization methods known in the art. This is usually done before the

start of a quantum operation involving the qubit. To initialize an rf-SQUID, such as

100A illustrated in FIG. 1A, to a classical state, the state of the qubit is localized to

one of its potential wells (e.g., well 160-0 or well 160-1). One way to accomplish this

is to make the energy landscape highly non-degenerate. For example, if the qubit is to

be initialized to potential well 160-1, the energy minimum of potential well 160-0 is

raised to a value slightly lower than the height of energy barrier 140, thus making well

160-0 “shallow” compared to well 160-1. Adjusting the amount of flux applied to the

superconducting loop of the qubit can raise the potential energy minimum of well
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device are
achieved by raising the tunneling barrier 140 between the two states of the qubit as

described above, then the states of qubits without readout devices can be copied to
qubits that do have readout devices. Such a technique does not violate the quantum
“no-copy” rule, which states that a quantum state cannot be copied exactly. Since the
qubit is in a classical state, meaning that it is not a superposition of two states, there is
no physical obstacle that prevents the copying of the state. Aspects of the present
methods and systems include two techniques for inductively copying the classical

state from one qubit to another.

Ferromagnetic state copying
FIG. 2 shows two rf-SQUID flux qubits 201 and 203 and an f-SQUID
coupling device 202 that can couple the qubits ferromagnetically or anti-
ferromagnetically, or tune the coupling close to zero. Other inductive coupling
devices, like dc-SQUIDs or flux transformers, can be used in place of rf-SQUID 202,
as long as the device still fulfills the attributes of the coupling device described
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the energy barrier 140 of both qubits may be raised to a high enough value to prevent

quantum tunneling from occurring, effectively projecting the state of the qubits to one
of the classical basis states. This is illustrated in step 302. If the energy barriers are
already high enough to prevent tunneling at the end of step 301, step 302 can be
omitted. Black circles used throughout FIGS. 3A and 3B denote the localization of
the state of a qubit to a single well. Thus, the black circle in qubit 201 in step 302
indicates that the state of the qubit is localized in the right well. This choice of
localization to the right well as opposed to localization to the left well in the
iflustration of step 302 of the inventive method is arbitrary and only for illustrative
purposes. In practice, the identity of the well to which the state of the qubit is
localized will depend on the quantum operations or time evolution performed on the
qubit before step 301. Raising energy barrier 140 of a qubit can be achieved by
tuning the Josephson energy of the qubit, for example, using any of the techniques

that have been previously described. The patterned circles in qubit 203 in step 302
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usually at the end of a calculation or evolution. The states of qubits are
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whi ch wel | tathe leftiwellj but thistchaiceyis atbiteaan The getigsorld baveAeerdinitiakized §y barri ers 140
have been rgjesgg“j,ém_ optional step 302, any couplings between qubits 201 or
203 and ot her devices are reduced to zero or near zero in order to prevent

further interactiJaa34hia step Pt theprigrgal miniguayofthe well thay gubitd9Bit s. Reduci ng

the coupl i NghifaPzedQ5 B ritked) EthisZBIeOhoRE Wol iR, FOGRWoRRI Y W th the raising
of energy barriers 140. Thus, stef{)s 302 and 303 nmay be done at the sane
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during step 303, . 1In ste@ 303 ubi t %03 IS arbltrarey initialized to one of
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the wel | s. Ppieatialener wegéga value close to but less than the €nergy barrier
height 140 increases the probability that qubit 203 will tunnel through the barrier from
the left well into the right well. However, tunneling from the right well to the left
well is highly improbable. Changing the depth of the well can be achieved by tuning
the magnetic flux through the superconducting loop of the qubit. If qubit 203 were
initialized to the right well then, in step 304, the potential minimum of the right well
would be raised.

Optional step 305. In step 305, a strong ferromagnetic coupling 330 is
introduced between qubits 201 and 203 if there is no coupling already present.
Coupling 330 can be introduced by turning on a coupling device between qubits 201
and 203, like rf-SQUID coupling device 202 in FIG. 2. In some cases, a strong
coupling may be defined as a maximum potential coupling strength that coupling
device 202 can achieve, and a strong ferromagnetic coupling may be defined as a
coupling strength that is equivalent to J = -1 in the Hamiltonian of the coupled

system, where J is the pre-factor of the qubit coupling term. In the case where a
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descri bed previously, by raising one of the potential wells, thereby
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Optzonal step 307 Ferromagnetic coupling 330 is removed in optional step

307. Alternatively, ferromagnetic coupling 330 may not be removed, in which case
step 307 is omitted.

Step 308. The minimum of the left well of qubit 203 is lowered (e.g., to its
original value) in step 308. This is achieved by biasing the magnetic flux through a
loop of qubit 203. Thus, at the end of step 308, the state of qubit 203 is the same as
the state of qubit 201. The classical state of qubit 201 has been copied to qubit 203.
The time interval in which steps 304 and 308 are completed (that is, the process of
raising and lowering the potential) is called the tipping time. Those of ordinary skill
in the art will appreciate that the selection of a suitable tipping time may vary. In
some cases, the tipping time may be between about 1 ns and 800 ps, e.g. 10 ps.

By way of illustration, a numerical example of the strength of coupling is
presented. Qubits 201 and 203 are rf-SQUIDs, each with a loop size of 25 pm x 25

pm, a loop inductance of 50 pH, and characterized by a critical current of 15 pA.
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isinthe right well and the state of qubit 203 is in_ the shallow | eft

wel | . THEO3pMW130948ubit 203 will tunnel through the enBFYEARUSOPI4 | nto the
lower right well in order to reduce the energy of the coupled system as
shown in step 306. This is because ferronmagnetic coupl ing 330 causes it to
be energet|Q°A‘P\“§B%‘F%z(??d%b‘r%ﬁﬁpyﬂp(‘}‘r“h%‘t%St}ElBﬂSs}mt6 hmga loAR  same st ate.

Si nce tunnqhaaeaneerbf@e' tanagln naﬁ%m%@wmd%e b ilifgudlafl C]Jetw&@ﬁf' ing
barrier, only qubit I's able to change 1ts state in order to match the
state of quiwbit 201xnd coqpﬂmgéervlqet%@Z @@M@xmaa'mpﬁmdﬁleap?@msfbeWMt 201 was in
the left stead woul d
stay in t\rll\ﬁh% F rw(\g/\‘féffIt;m‘\Nn[)h muﬂiﬂplh%uec&ggé ‘é@%k&j?d%ﬂtzo% %H(gi?: %L‘leg/rtqf‘} here is a
smal | pr obaﬁoalnsdpyroxnhatelqullﬂﬂhndz&aspamglutt\MentHemtmzrhwd1p.mn this case. To

el i m nate copyin rors r.rant nne , oper ations
can be perforrred%ﬁh‘é g‘b@ﬂ(ap "tdt%ﬁ'gf"pgfcgrb IOQEé’,f&’%tﬁge?{gg?C coupl i ng 330
i's renpved Kept abfpi/R Ontitke ¢61@ﬂne ni@rietic ALk QuaRin, Wﬂ{eylxhefqﬂblmlgﬁb‘éﬂ atc coupling 330
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m ni mum of i ampyn.the gifferense ingingulating gyrrong b F@Hn}aés‘i? SateySi ts  orj gi nal

val ue) in sik&nd30RA. Ebigleri202 mmﬁmdn@m&u&speretfeﬁom@ga@tlc flux through a
| oop of qubit 203. Thus, at the end of ste 08, the state of qubit 203 is

the sane ascoumﬁébgttvainéhmub&ab\vbenzmstatem@neﬂ'abéts(facxépl)gf svitechedh thijubi t 201 has
been copi eqxédacegubhﬁn-é%magnﬂ'@cohpu@ bb@k@quhzmnan\dﬁabmnga@m 2804 and 308 are
conpleted (that is, ﬁlg rocess of di”% p Aowerlﬂgthe potential) is
cal led the -'EhFﬁ'Eﬁ"ﬁbmth ating crzent ineth °o°t°Hl? Qupit P01 switchipgstatesis i | | appreci at e
that the salr&ﬁavgn qius%oﬁ&pmbtoea&mehmxtmfmcmyerummsdo some cases, the
tipping tine may be between about | ns and 8 e.g.. 10 Its. By way of

illustrati ér\ke“%isenttl]ﬁé”r"éaln fuxAmibe é°"(8f‘“&4?é‘°§?‘f’@f?§s("r1°h6‘l‘g°d@)ﬂ\5’f i“rﬁ'@f is presented.
Qubits 201 mﬁq&@%mgsur&unﬁwlaﬁdu&@m Msma%ettm&15F2ﬁntmug@&em x 25 m a

| oop i nduct ance of aracteri zed a critical current of 15 A
17 WO 2006/aubigusscoppied @E@UW!&DG&‘?W t°@5’lfﬁ!‘ﬂlﬁgd?j’é‘\?1 heququb¥ an rf-SQUID with
a loop si Zecg@&m%éxe&%d Bpth@ouplih@@Rick RALEdnRReRic Hf naBfle. Pikis RBpling icr i ti cal

current of he nmutual i nduct apce between qubit 201 and coupling

devi ce 202 stangsapverehehat the sttepopyipgfidelily of p sepying optRdsgrcater

than 99.999% at sufficiently low temperature (<100 mK). The spin copying operation

can be performed multiple times to increase the overall copying fidelity, if required.

Adiabatic state copying

An embodiment of the present methods and systems for adiabatically
copying the classical state of one qubit to another, like from qubit 201 to qubit 203 in
FIG. 2, is illustrated in FIGS. 4A and 4B, with the steps in FIG. 4B sequentially
following the steps of FIG. 4A. The energy landscape of both qubits is a bistable
potential, like the one illustrated in FIG. 1B, and may or may not be degenerate.

Step 401. Step 401 shows the initial condition of the qubits, which is
usually at the end of a calculation or evolution. There is no requirement that the state
of the qubits be known in step 401. Thus, the state of qubits 201 and 203 is
represented by unfilled circles in both minima of the bistable potential for both qubits
in FIG. 4A. The energy barrier between the minima may or may not be low enough

to allow quantum tunneling between the minima.
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Step 403 In step 403 the energy bamer of qubrt 203 is adlabatrcally
reduced to bring the qubrt from the classrcal regrme to the quantum reglme Reducrng
the herght of” the bamer can. be achteved by tumng a magnetrc field transverse to qubrt
203 or by tumng the J osephson energy of the qublt The mmunurn amount of tlme
needed to achleve step 403 is the amount of | txme needed to sufﬁcnently guarantee that
unwanted tunnehng events will not be 1nduced Those of ordmary sklll in the art will
appreclate that the tlme needed for step 403 will vary. . For example m some cases it
may be between about 1 ns and 1 ms, e. g 100 ps. The helght of the bamer may be
reduced to zero or near zero Once qublt 203 is brought into the quantum regime,
‘tunneling between the potentla[ wells of: the. qublt canoccur.

Step 404. A strong ferromagnetrc couplmg 430 is lntroduced between qubits
201 and 203 in step 404 In some cases, a strong ferromagnettc couplmg may be

defined as a- couplmg strength that is equlvalent toJ=—t inthe Hamiltonian of the
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the energy barrier of both"qubits is raised to a high enough value to
prevent quantum tunneling fromoccurring, effectively projecting the state
of the aqudedos/1309490ne of the classical basis states. THECBCAM6ANA06EL rat ed i n
step 402. If the energy barriers are already high enough to prevent
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achieved by tuning a magnetic field transverse to ﬁ it 203 or by tuning

t he Josephgféﬂﬁ'béﬁ@rtgveb?g'E’H’éhh'&%ﬁ”t’“ ifpptcalrgadyiimibad Int of tinme needed to

achi eve step 403siSq0shen mstn 19 Shotwin iRt RO hisQocalifeliifhe Binley guar ant ee t hat
unwant ed tunneli ngéevents will not be induced. Those of ordinary skill in

the art wiftptea & %&Fé°f°ﬂ3{"a$'ﬁ%°°t°f‘h‘ﬁ‘gr‘?é%ded for step 403 will vary. For

exanpl e, in SONEsEARRES I iepdﬁ@,&kh&&eﬁgﬁbm%fqmwm is dafbafaily ns, e.g. 100s.
The hei ght of the arrier may be reduced t yo or near zero. Once qubit

203 i's brolffimedigg V%‘H@‘&d%ﬁf@ﬁf‘f‘%‘ﬁ‘? uan%ﬂwg? B §eBWIHBYS t he potenti al
wel | s of t hearf3itibhihg tha QuiiEedn the JlMpuntigime Aacklinto €@ clasyidaDRB@REtThis coupling 43.0

NG W TR e e NI G TR e
equi val ent fekromdgnetic couplingt43e caretgirérhaved Hidesiréd. t THe time taken to complete

step 406 is long enough so as to not induce unwanted tunneling events, and may be of

the same order as step 403.

Step 407. In step 407, qubit 203 is back in the classical regime and has the
same state as qubit 201. A flux bias of half a flux quantum is maintained on both
qubits during the entire copying operation (steps 401 to 407). The flux bias is within
a certain tolerance in order for the copying operation to succeed, and may be equal to
the amount of flux coupled from qubit 201 to qubit 203. For example, if the amount
of flux coupled is 0.01®y, then the accuracy needed for the qubit flux bias may be
greater than 0.0 ®y,
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19 WD 2006/ 130948 PCT/ CA2006/ 000674 coupl ed system where J is the
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qubit 203 i&rrblﬁ(éﬂeﬂd’lstdlh&)pmhgs&d(ahitlcrs@glcmltw’td sys&esn i(lOeBysepmgstheat e as qubi_t
201. ATl uxcla%'sn%% sthe Ol?ﬁ‘lel tg'lor qLI)Xtts géégg' ﬁ‘lg Ber{rget%%r}{s?%‘ﬂ lﬁﬂenol% blts qubl ts during
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equal to : f it 203. For
onanpl o 1 {PTARILHR (R)ishpepf Uit s 1B BYONS o oclehgdtidbly 200 o0,
needed for devise.qRasimeter Qubits KA )ease mgllyb@cated around the periphery of the array of

qubits as illustrated in FIG. 5. However, as the termed is used herein, there is no

absolute requirement that perimeter qubits (A) be on the perimeter of the array. As
such, an interior qubit (B) is hereinafter defined as a qubit in the array that does not
have an associated readout device. Thus, a qubit that does not have an associated
readout device is an interior qubit (B) even if it is located on the periphery of the
array. Readout devices 540 may be placed around the periphery to reduce the layout
complexity of the array.

As an example, the state of qubit 510-2 (B) can be copied to qubit 510-1
(A), and then read out by one of the readout devices 540-1. Coupling devices 520 are
capable of ferromagnetically coupling qubits together and are capable of turning the
coupling off. Coupling devices 520 may also be capable of anti-ferromagnetically
coupling two qubits together. Coupling devices 520 may be similar to coupling
devices 202 described herein. The coupling strength of coupling devices 520 may be
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greater than 0.0100. 20 WO 2006/ 130948 PCT/ CA2006/ 000674 Readout of an
array of flux qubits FIG 5 shows a two-dinensional array 200 of flux qubits
510. Fl uX¥VQy9pHa948510 in the interior of the array are RGHEAWA6/H06Hd ar e
coupl ed to four nearest neighbors by coupling devices 520. Flux qubits 510
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shown in FI taqu&;smaz/mmgbeaumaadﬁurhnmwurmhﬁtme staea ofthejothertqubiesadones a conpl ex

desi gn probl cia f.or bi,ts (B), in the inter the array.

Even in the" ‘ggﬂslxewmﬁ’ c(5%B‘I'bl'tr‘?é&g'eogt?:“ééw%lﬁactou%l%gf‘gcetsﬁg&?ﬁh’ﬁe §° together are
used as reaqirbutsmiévnaydaspnaddehw@sés@ﬂﬂmqﬁﬁﬂse«uplcﬂtoqnbatsno-lzaurade3| rably high. An
aspect of t r met ho . f

ferromagnet F@v@t gnttgﬂg%seyeivﬁ"%gug% g%’ ?‘% fﬁg& ts%lgtze %6@8%&?}} OSEageflg em 500. By
copyi ng theothQrIqalstﬂmlcamdm:neﬂwhathmstmdrqubltswmsbs:a@a)allm otlee peri neter
qubits (A) %{é\%t g,l‘l or qubits (B) can be read out wthout having a
specific reaofou evice associated with it. A perinmeter qubit (A) is

herei nafter defi ridd sat of amadpcentighbit thitdsa primasspbitaqubd Ste@adout  devi ce.
Perineter g : t of the array
of  qubi 15 A s AREq Y B of e FEBE L ALL NG e REILPIET | i hor o1 .
there is nodonglyews thaneones quéver multiplettimes, t@epnemﬂerf defiti iof measuxpmend. on t he

peri neter o r rei nafter
defined as g"%ﬂ%llﬂfoflﬁﬁ?ﬂép%rbrﬁgw’ '?)eé oegardr?g m&%zeftgeﬁauglstg%ﬁat ed readout
devi ce. Thuiitialized trantarhitrry stdge Nexigthe ¢lassical statenf gt 4 P-Rds copigdfout device is an
interior qU&Ubﬁt st uﬁ?(f&)uglfmg'JevnEéSjOQCq{hgﬁcﬂﬁgfepﬁr9l§§sic Qﬁ'ﬁé’cowm he array.
Readout devices 540 | aced around eri pher edlce the |ayout
conpl exi ty wecifigpdy éﬁrﬁoaygnengstancmmﬂ@ Squéa@@bap@stgp CQPXE'Bl(F@l@vZ (B) can be
copi ed to qufi Beeﬁ@l&chbed(pﬁ)v:ouﬁ??orttm%pstén?ﬁchgq h¥seQ€Rnigheschifne €adout devi ces

540-1. Coupling devices 520 are
applied in the same way to qubits in the array of FIG. 5. Once copying has finished,

qubit 510-1 will have the same state as qubit 510-2. Qubit 510-1 is then read out by
one of the readout devices 540-1, thus effectively reading out the state of qubit 510-2.
The state of qubit 510-2 can be copied to qubit 510-1 and read out multiple times to
increase measurement fidelity.

Qubit 510-2 is not limited to copying its state to qubit 510-1. The state of
qubit 510-2 can be copied to any qubit it is coupled with, provided that the state of the
qubit it copies to is either already known (e.g. has been read out already) or is not
needed so that information is not lost. The state of qubit 510-2 can be copied and
propagated in any direction until it reaches a perimeter qubit, at which point the state
is measured. The path that the copied state of qubit 510-2 takes to reach a perimeter
qubit may be the shortest path possible. For example, the shortest path for qubit 510-
2 to copy is either the qubit to the left (qubit 510-1) or the qubit to the top, since both
are perimeter qubits. Qubits to the right and to the bottom of qubit 510-2 are also

interior qubits, so the path to a perimeter qubit is longer in this case.

22



capabl e of ferromagnetically coupling qubits together and are capabl e of
turning the coupling off. Coupling devices 520 may al so be capabl e of
anti-fer NEHYHEPEal |y coupling two qubits together. @STEANE6MGI4ces 520
may be simlar to coupling devices 202 described herein. The coupling
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t he_ ot her %ﬁ%s&lggﬁhg%%wim'g{gghgd "ﬂ'{%?&i“ cBEQNt qubit that is a

peri neter Irst read out by one of the
r eadout deV| ces SEIIG-1shoWIs|a$xrmm,wtutﬂlayonb@teasﬂonsalnmoéarghana)once or even

mul tiple tipges, %re%dgg{ﬁ&fs e Po? E) eggrr % s. sﬂm&%ﬁﬁé{ \g%rggc{ggec'rig?aqaﬁa%t he

information™ 0 aine e qubit can be
initiali zedxt4@rr@n "Hiahsttlieep’eyimteﬁqublts Nemd out Hfiiest aldatBegi theit stad¢sarereet. qubit 510- 2
is copiedt bi t usi.ng caou 520: 1. e techni ques for
i aselcal s NataN BT g RS o e S BertraShiganteat af bEpyi ng (Fi G 3)
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the systemin F tech ues can LN, the sane way to
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have t he sagmerspeamteaabqtbbrdadﬁd;@nazto@ubgmeﬁékmaeﬂcrqdntthmdammd out by one of

the readout flewt ety BN ELLE6E RNSho: REANB WS [t ate Of qub

510-2. The's e copi e and read out
mul tiple ti h&f@et@h ot'thc poimaterqulits areaeasiout. \Cpptedndtrgadm@gmratlom_@nzﬂ s not limted
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to any qubi coupl rovi hat e state o
and readout operatxons can be done tw1ce, three times, four tlmes five times, more

than five times, more than ten times, or more than 100 times.

Coupling devices between qubits may couple the qubits together
ferromagnetically during state copying, so that the state of the qubit being copied to is
the same as the state of the qubit being copied. Alternatively, coupling devices
between qubits may couple the qubits together either ferromagnetically or anti-
ferromagnetically during state copying. Anti-ferromagnetic coupling has the effect
that the qubit being copied to has the opposite state as the qubit being copied. In
some cases where anti-ferromagnetic coupling is used, there may be an even number
of anti-ferromagnetic state copying operations between the qubit being copied and the
perimeter qubit that is being read out, such that the state of the perimeter qubit is the
same as that of the qubit being copied. Alternatively, if there are an odd number of

anti-ferromagnetic copies, then the perimeter qubit will have the opposite state as the
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qubit it copies to is either already known (e.g. has been read out already)
or is not needed so that information is not lost. The state of qubit 510-2
can be cWPi20eh/13AW8 propagated in any direction until i PCTEAMSO®Tdher i net er
qubit, at which point the state is neasured. The path that the copied state

of qubit 510-2 takes,to ach peri met er ubi.t may be the shortest path
possi bl e. FPItbsingapied ap g‘egﬂﬁb‘?’l?té@ts%?ewgfﬁg °E1'1JE)?HP°¥JT(59 thy statg °20py is either
the qubit tie §de bkiaf torieltiiytbe 2dMpehatad foil il Bostphitéssihg@ the top, since both are
perimeter qubits. Qubits to the right and to the bottom of qubit 510-2 are
also interior qubits, so the path to a perineter qubit is longer in this
case. 22 WO 2006/ 130948 PCT/KA#0a&sigdn8 pdrambieradout devi ces 540 may be pl aced

on all sides of e. two-di nensi onal arra here i readout device for
Sery qubr s on ¢ THEVist Hevigns it haravints oes Aragpsciler the Brgma Efq o Fl 6 b Cor my
gzopllaceg gzoom;uytmeﬁimdoénﬁybfmagz%e dsﬁgn§4>@mno 4k201anaeaﬂout devi ces

-1 an - e present ile -2 an - e
Al ternati V@V,mfggégﬁ?faé} RSESISESAS SPrrEt QUi Hoiome gRses: ﬂ\éb"é%lcﬂggb%ri meter of the
array.  ThemdyHahed 106p ark£5vsth ablRY 5 GRS arMB0000E. BéfeRihSie, iht806OPY pat h taken

fromthe qubit to.  be copied to a perineter. qubit that has a readout device
as wel | as arepef Aekite 28} end 207 may be seusre ansk ave djmensiongef 25gim k@S 4mbit that is to
be copi ed. F3Y SnBSEUIRRbI Hithis SiBE 4RlUHpGduBhnce dpplokifnafiPéd sit | Thet N copy path
are al ready( ggn%nv\ﬁ or qgéel notlsneédeé(.?othl C‘i %°°sh8&s aa%%g Aa{arrgy, but the
concept easiritial sureeintef qubits 291 ged 203 magpe betiveeaabourBd wAcamd 308 npragzedur e f or

| arger arrays J S.siml.ar t described faor a 4 carray. That is,
t he peri ne?pegr“Aqu f?@%?eé’é‘ggﬁﬁglﬂ »%II?'I’[% 'ﬁ%ﬁg?%éaﬁgg%giafeagf?ﬁ"et% are reset.
Next, the sX0atmb203fmayrbeelosadbut getlthetssmar e copi ed to perinmeter qubits and read

out in the mann esgrib ab . .dhe LS _NO I L hat all the
peri neter qubi ts%%%?os?pglg%foeﬁg rg%’eag%rﬁ‘émér@{hgfmfcﬁlerl uﬁﬁ’&?%hgﬁg%%f’é s are read out.
Al | that i Juncgopinrqebitsi291 ainb203anay e twaeable eFunabid¢ Fsephsdnienergemeebad out prior to

usi ng the pef. Pt t : . f | pterd aor qubit. Thus,
it is possiagﬁlcea‘%?tgg?%lrér@gitmﬁtseFlregfrm%g?‘@J E&PS%JB%E‘?%%%E[SU}‘%JS?%@ each of the
peri met er cfoini 2 bomothervgsedmawn aGopiit janrtion.cAniexamplopéa split pmetiondluxbe  done

mul tiple tipes: R i d4y . Ear e, the same copy
and 1 badour b e R DRERE. IRRGMGRBRI takd £ e R REABED, L 0° TV
times, nor ehroughthe opr/ef the splitjunciign ehanges theteéfactive fasephsasrengrgy ef thhan 100 ti mes.

Coupl i ng deyjGERtE WHRARISH tiinks dIFRYitiGH LieRt. [TaRing HR1bS3pHsBPfh&fh
also has the effect of changing the height of the energy barrier in a qubit. Tunable
Josephson energy can also be achieved by applying an in-plane magnetic field
through the junction.

In some cases, coupling device 202 may have a loop area between about 5
pm? and 1000 pm?. For example, coupling device 202 may be an rf-SQUID, with a
square loop area of dimensions of 25 um x 25 pm (625 pm?), and a loop inductance
of approximately 50 pH. In some cases, the critical current of coupling device 202
may be between about 1 pA and 10 pA, e.g. about 5.5 pA. Coupling device 202 may
have a split junction and its Josephson energy may be tunable.

In some cases, the mutual inductance between qubits 201 and 203 and
coupling device 202 may be between about 0.5 pH and 20 pH, e.g. 3 pH. The mutual
inductance is determined by the geometry of the devices and the distances between

them. In some cases, the spacing between each of qubit 201 and 203 and coupling
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ferromagnetically during state copying, so that the state of the qubit being
copied tois the sane as the state of the qubit being copied.
Al t er nawwy/sdoy/1309048.p! i ng devi ces between qubits may c®QI/€A20b&0096MSi t S
together either ferromagnetically or anti- ferromagnetically during state
copying. Anti-ferromagnetic coupling has the effect that the qubit being
copied to Haﬁcd%émp;bobéﬁveer@batt@ 1agn andd 0 grorbe.&. lbeﬁngpompheﬂheln some cases
where anti ti I use an_even nunber  of
anti-ferr orlrgxal0 ﬁgg%gél{%n 2§1 S%B "{r? gver'%? ape ol?lns ng}é HS0p nq')é?‘f?zmﬁd%'fcf‘ bei ng copi ed
and the peb2. nEnrexamplﬂaapomh:aofwuszfmmmbopd@de@yicpmwbhplammntdpe state of the
peri neter i ei i ed
Al ternati vg%%ngthkﬁ?*g ofa ﬁggréﬁfsvg}g% n%’gé &Hgd%"" efeilr?’rglgﬁrg%netl Cc copi es,
then the pesivand @mtaqlhgtweemlthhlde\tmeotdnlapmtmwsﬂsureregseatle magual he 23 WO
2006/ 13094 Chad fact that the
state bei ngnalraé%-éf out Q‘?'{stglg%‘zces 3%1?’ e;eﬁ?gfngrgasg (fequ lﬂ%ds"J " being copied may
be conpensat ed hcpmcmsmﬂttmm@mtn@chswlﬂeautémighoaﬂutemisamaters Devi ce
desi gns an [am;g r f that would
suit the p(rggtg'g%\ Etelhrﬁxéggag‘}\ ?Qroe?&ﬂ lé?’%rt&g a é%@ml&séﬂ'& (l?ts 201 and 203
may be rf - SQUPTHO Omratgen@ib;tabmwﬁlmkewmchadpsestothbmasr@mpcases, qubits 201
and 203 n about 5 n2 and 100000 n2. For exanpl e,
oY Ganfe { L mp
the | oop a?jaea oﬁmﬁelb sg e??e“ﬂ’g %3 may be square and have di nensions of 25
mx 25 m (625 m. For a qubit of this size, the |oop inductance is
approximately 50 pH The c}itd,658) et ubits 201 and 203 may be
bet ween about 0.1 A and 300 A '}hﬁr agﬁyfs %mﬂfl ggome cases, the critical
current, |oop |ﬁdmmesﬁﬁeﬂ4b9¥ﬁpf°m°éﬂnz)1‘defal§iﬂts§t°0'29&6%H‘?t!tOZOB may be cl ose

but not th &ﬁe’?ﬁ Jdase PASORSREhEE: e iR e critical current,
of the Jos%& Ublﬁ({&née}?‘gﬁ (lhn rJ |tsm2éoco@ﬂzglng Eeﬁtﬁzﬁgtgt unabl e. Tunabl e

Josephson &ieeeyy, il bsélearaterh%mferdww%‘ﬂl '&&eﬁgﬂlah@t Piggcet Josephson j unction
W th two paleloli@dndisystdnls! mmﬁe coliftédogetheP AHRi-feRbRn¥caly. kdyemn as a split

junction. An exanple of split junction flux qubit is showm in FIG IC
Wien the qo&piRlias ijaeferred t%b?'F'f‘ 2§ wﬂcffrrwsmtt\sﬁ'iaﬁgmw #Alhquehithetefyh t he | oop of

the split J“Mic&h&ﬂagﬁ&&rkﬂa@e%obhﬁ%ﬂ§ {RE tWPbelDIGRBSDRat AN DY caPtatk he  spli t
the critical current. Tunjng.the Josephson

unction, which a ha
i unction &nob! "ﬁ'&by ‘E‘ﬁ’éed ngﬁrt the farge abifito yhich e prale gHan SRIEHAE ener gy barri er

in a qubit qubitis3sYicd using the anti-ferromagnetic state copying method adopts a state that is

(

opposite to that of the originating qubit. The techniques for anti-ferromagnetic state
copying are similar to those described for ferromagnetic state copying except for the
fact that the coupling between the qubits is anti-ferromagnetic, not ferromagnetic and
the target qubit has a state that is opposite that of the originating qubit. In some cases,
some qubit pairs in a given array are ferromagnetically coupled while others are anti-
ferromagnetically coupled. All that is required in such topologies is correct
bookkeeping of the coupling types between the originating qubit and the target qubit,
so that a determination can be made as to whether to reverse the state of the target
qubit upon readout or not in order to achieve a representation of the state of the

originating qubit.
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Josephson energy can al so be achi eved by applying an in-plane magnetic field
t hrough the junction. In sonme cases, coupling device 202 may have a | oop
area bet WE0EEWA8 5 nP and 1000 nR. For exanpl e, couCTHA28e5/0086E4202 nay
be an rf-SQUID, with a square |oop area of di msnsions of 25 mx 25 m (625
n2), and a | oop inductance _of appro t el I n sone cases, the
critical current of coupli n&oﬁcélegg@%g?"ﬁ g e bet ween about | A and 10 A
e.g. about 5.5 As“ﬁ]d)bmdpbﬂgntd@thbeeklﬂ&ﬂmm)art the.vaioas éﬂiﬁddtmdnttnctl on and its
Josephson e casg t he t i nduct ance

bet ween qub‘{‘]’f‘gI Wﬁ%ﬁ"?&?’ﬁwﬁ%%ﬁﬁﬁ ﬁE&hﬁié% %démm% °efdbeet ween about 0.5
pH and 20 njrbsem sgstentd, pethodshaad ﬁppmmls camhedtwtfamdﬁ\ecssaﬂgtteemm;ed by the
geonetry of th es_an di s e I n . sone cases, the
Ipac ng’ bervaiERs BEREE Forat pnEis iRl AP BB Tt PG i ERRonsabey 50061 190648
PCT/ CA2006/fblidaiiehs tdmwdeyaﬂﬁ‘ﬂmteeynbbdmbm vftbepredomtuibetibdd anginysterds. 10 gm e. g. |
gm A portipn of, the op. . i t her b|t 20 yeQverlap a portion
of the | oop&)o Jh r"pﬁ'l eq l'ﬁ"e\‘/ilt’ou% MHHS VIO PR a‘f%““%g%@@ of of wire froma
| oop of onesm@\mame Fm;hemrqoIvarmdnsomthbcﬁq;bnca(tmmdemlstoheav:deamar 3020f a portion of

wire from a,|90p, ol ARANCLedPHL £8wn TSl Sol STHRQ an8BhYARLE, COMt act bet ween
t he devi ces. apprng wres | ncreases e mut ua ance between two

devi ces, ard Maldetoehc)pr&senmsteasesthandmpptatua@l@xtcﬁ’nl@ptdbovd n sone cases, the
tenperature / 5 bet ween about 1
mK and 4 K. del?—’n‘Py\%‘xgp “rﬁ%’%l ?'L%‘g?&bmg Simsy 9'9%"%\,\1‘613&5@‘?15‘?“@%‘8@200 and/ or 500
oper at es rrmpnmedatbchmlt thOidvenkipn tnhil@hequ: e(mboélmem@dlmi@edrmh@scopl c quantum
tunnel i ng E h i e copyi ng

Enbodi nment ?5%2%% gﬂg’%&ﬁ\/@ Pl(rl)tr% %%G:CRB%EC asgl:a%:gl? q:s%lg{ee of one qubit to
anot her qutmtboéiwctsiallgwwmn\hefu}lescmrofma@hev@itccwludwch ﬂyﬂbem\een the qubits.
However, il ABGorihiRtnd vl @&fmﬁw @k Yisciule) bltnsledie@r t that in the
pr esent ﬁﬂgs ] @g errlsv q&E (s | B’g collsjp{g“(fl t(;gl;Ie. félrt

ant i -ferrorPa‘gﬁetfP@aﬂ‘Ft;m"SdGN"e]d@uHlelf‘ﬂbwgCﬂaéﬂ%rred to herein as
anti-ferromagnetic state copying. Although the term "anti-ferromagnetic
state copying" is used it will be understood that the classical state 1is
not literally copied. Rather, the target qubit to which the state of an
origi nating
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qubit is copied using the anti-ferromagnetic state copyi ng nethod adopts a
state that is opposite to that of the originating qubit. The techni ques for
anti-ferromagnetic state copying are simlar to those described for
ferromagnetic state copying except for the fact that the coupling between
the qubits is anti-ferromagnetic, not ferromagnetic and the target qubit
has a state that is opposite that of the originating qubit. In some cases,
some qu¥etcldmirs in a given array are ferromagnetical ly coupled while ot hers
are anti- ferromagnetically coupled. Al that is required in such topol ogies

I's corrget  RQRMKEEBE &op gtéélﬁsﬁ&w%ter&'atﬂﬂg?&uﬂ?ﬂo%@oﬁ& B, kgl nati ng qubi t
and the target qubi t, so hat a determ nation can be made as to whether to

r ever semethed §pmpasiog: t he target qubit upon readout or not in order to

achi eve a re L qj 25 V\D

5006/ 130948 %ﬁ%%%?%é’gé?&%g&ﬁﬁﬁsu o'naggﬁ%f Bt g&%&;}%@gﬂ%@gh&% Wi ll

appar erunitdxas lagpoéential ¢rneegly canﬂgumt@ntcpntphmmgar firstipotentiad dveleletving alescr i bed
b rrb dt f th

or csont ByRTERE THBFRBDanEAaKsR s e el PR R B e ccossary, 1o

enpl oy mhiaus)end thetifididbclassiibatelis levateddn tiefist peentidlevelRr i ous patents,

applications and publicati ons to,.provide yet further nts of the
present met HRSUStRg dhe{jest pptential minjraumy of thefirst potgatialaysH t°a"og‘U nmeans within

appr oxi gidrfttal mimndun ﬁ{&%sq{lgﬁéi‘%hmﬁhéké%n&%t&tnai:ﬁl'iﬁlﬁuw e s¥c@ngations in the
fabrication details of devices 201, 20 and 203 are within the scope of

t hd Opr epptentia]l welnandon. These and ot her changes can be made to the present

syst ens, net{zﬁgﬁ?%\r}ﬁ %u éﬁ%th@sJ{ gﬁlhugf[féﬁed‘%m ouI description. In

general , al s terns use d not be construed to
limt the invention to the specific enbodinments disclosed in the
speci f i%at i obheamethpd ef claith s whirgin thesobplingstep eemprises femomagretidallyal |

possi bl i full scope of equivalents to which such
cl ai s g gﬁﬁgﬁt |f{$ter%‘%l %ncgg%lggﬁé*}?/?ﬁ?he invention is not limted by the

di scl osure, but instead its scope is to be deternmined entirely by the
f ol | owilag clHiemethod ofelairh di wherkin the woupling s¢p corppriseg aatic| assi cal state of a

fir §t r%r%aér?etf%aﬁ}? S&Pp(i'm%‘{Pé First E]Qﬁt and the second qubit.

4, The method of claim 1, wherein the first qubit has a potential energy
configuration that comprises a first tunneling barrier and the potential energy
configuration of the second qubit comprises a second tunneling barrier; the method
further comprising raising at least one of the first tunneling barrier and the second

20  tunneling barrier prior to the initializing step.

S. The method of claim 4, wherein the third potential minimum is at least slightly

lower than the second tunneling barrier.

6. The method of claim 4, wherein the raising step comprises applying a

transverse magnetic field to at least one of the first qubit and to the second qubit.

25 1. The method of claim 4, wherein the raising step comprises tuning a Josephson

energy of at least one of the first qubit and the second qubit.

8. The method of claim 1, further comprising adjusting the first potential well
from the third potential minimum back to approximately the first potential minimum

after the coupling step.
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met hod conprising: initializing the second qubit to an initial classical
state, wherein the second 5 qubit has a potential energy configuration
conprising a first potential well having a first potential mninmmand a
second potential well having a second potential mninmum and the initial
classical state is located in the first potential well; adjusting the first
potential mninmmof the first potential well to a third potential m ninm
t hat i s%hi gh@hem&wdtmlmbrmngmmnrwnwm@mseumlm%@@sﬂu 10 potenti al
well; a i i i i I tiont. 2.
The net E%&‘Eg*jmg I fg}lgtn‘#"rlﬁt %dnd{aarsgﬁﬁ&tb%&élp %S%Wﬁ%éﬁ‘gdgggg%%ﬁ géerg PR, ef%{}r‘ggneti cally
coupl i nipitdlizifg steg. qubit and the second qubit. 3. The nmethod of claim1,
wherein the coupling step conprises anti- 15 ferronmagnetically coupling the
first qupit f Wi ' erein the
first qEQ‘i t ﬁ'ggmaet\-g)gfogﬁc?{l% f]’ener‘iéfyc%m ggﬁgﬁéﬁ%ﬁ%@a@%ﬁ%%es a first

t unn®el i between thesecamidqutitcanc deviceadoupledrtgvhe secorid gubitto aboubferd Ipeiosecond

qubi t co ri Sﬁéfa second tunneling barrier; the method further conprising
rai si ng'%ae B2 EBT the first tunneling barrier and the second 20
tunneling barrier prior to the initializing step. 5. The nethod of claim4,
wher ei n11.he The methdtefdaial 1,nvirdreinnhe firsapotentéa tmiaimadatik ybout@geil tbhan t he
second tunnelin ba.r[i er.. 6. The nethod of claim4, wherein the raising step
conpri s&¥ 5§ gl mIRg-o se magnetic field to at |east one of the first
qubit and to the second qubit. 25 7. The nethod of claim4, wherein the

rai si ng13t epThoMmethodast claim Novikerdiaaginatial erigy Ohfiguration sfaké fieste of the
first qubit, and the secand,qubit. 8. The thod of claim 1, further

conlfti sAVR]t 5@ isteh ﬁ@omegﬁr dyrine %‘afr@mlfzamg,%&uptm&raaﬁqcm%hrtaﬁtm- pot enti al

m ni mrum back to approximately the first potential mninum after the

coupl i ng3 St efhe Métidd ofitaiffet,Valkréth thd diritidn ¢ & Wetwidh 2bBHPI L§hAd 10€duci ng a
coupling strength between the first qubit and a device coupled to the first

qubit tmps.about zero prior to the initializing step. 10. The method of claim
1, further conprising reducing a coupling strength

14. The method of claim 1, wherein the duration ¢ is greater than about 1 ns.

15.  The method of claim 1, wherein the coupling step results in a final classical

15  state of the second qubit matching the classical state of the first qubit.

16.  The method of claim 15, wherein the final classical state is reached by a

tunneling from the initial classical state to the final classical state.

17.  The method of claim 1, wherein the second qubit comprises a superconducting
loop and wherein the adjusting step comprises tuning a flux bias through the

20  superconducting loop.

18.  The method of claim 1, wherein the second qubit comprises a superconducting
loop and wherein the initializing step comprises tuning a flux through the
superconducting loop such that a state of the second qubit tunnels to the initial

classical state.

25 19.  The method of claim 1, wherein the coupling step comprises:
increasing a coupling strength of a coupling between the first qubit and the

second qubit from a minimum value to a predetermined value; and
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5 between the second qubit and a device coupled to the second qubit to about
zero prior to the initializing step. 11. The nethod of claim1, wherein the
first potential mninmumis about equal to the second potential mninmm 12.
The nethod of claim 1, wherein a potential energy configuration of the first
10 qubit is a bistable potential during the initializing, adjusting, and

coupling steps. .13.. The thod of .claim 1 erei,n the duration t is between
about 1 s an%aiﬂﬁgﬂgc%gr‘gﬁﬁgerf@? ﬁ8ﬂ’%?p5§d§¥%“ﬂe Yeeto |I'l’f’Hte Buration t is
gr eat ermidimmaaud. 1 ns. 15. The nethod of claim 1, wherein the coupling
step results in a final classical 15 state of the second qubit matching the

cl assic state of th I.rst bit. 16.. The met ho f clajm15, erein the

final cfd;\ssi _m§fh8fié’ F;“F‘ela?eﬂ’ rejp, the m‘l“HﬂWé'l‘iaiﬂj ‘%r GFe ‘_"Sﬁfrﬂ‘@nhcl assi cal

state tigabbift zetd@d the phedefediridd/afue of the J&@uﬁgtst}eggms&hakml&n wherein the
n

second qubit conprises a superconducting |oop and wherein the adjusting
step coyplingstrength pfthg cpuplingsi as t hrough the 20 superconducting | oop. 18.
The nethod of claim 1, wherein the second qubit conprises a superconducting

| oop angh whetwrd fefhd@ Jfidimal9, WhBgkirs thePrédediiifabvdltbBe dodiplihg t hrough the
super conducting | oop such that a state of the second qubit tunnels to the

i ni ti alstrepgthds greater than ene-lalf afca mypximuse conplingrstrengthraf the ¢puplisgn t he coupl i ng
step conprises: increasing a coupling strength of a coupling between the

first it pRdmbiied ot M 998k Her Earﬁ@ﬁnghmmmgéﬁg%gg@a%mﬂg&t erm ned

val ue; and 28 reducing the coupling strength from ernined value to
about tdt¢he predétemminedvalue forgthe Rhrationt.hod of clai m 19, wherein the nini num
val ue of the coupling strength 1is about zero and the predeterm ned val ue of

t hgqaco ing-*-ﬁet oy F@ﬁﬂl R olHRld sémBAsdsh of the coupling. 21.
Thgorret%c')d o] C@g@%ﬁ% pd\’ﬁel?gﬂre\ the pr eggééeél%?n%rhﬁva ue of the coupling
strengt h i s tyrrdng en atchuplinglestivaérf theffirst qubitiamd thesagphd qubit farghgt h of t he

22. The nmethod of claim 19, further conprising maintaining the

couplin ratod -
coupl i ncg‘"sf rengt
turning off the coupling.
24, The method of claim 1, wherein the coupling step is performed using an rf-
15 SQUID.

25. The method of claim 1, wherein the first qubit and the second qubit each
comprise an rf-SQUID.

26. The method of claim 1, wherein the first qubit and the second qubit each

comprise a split junction.

20 27. A method of copying a classical state of a first qubit to a second qubit,
wherein the first qubit is characterized by a potential energy configuration that
comprises a first tunneling barrier, and the second qubit is characterized by a potential
energy configuration that comprises a second tunneling barrier; the method
comprising:

25 lowering the second tunneling barrier;

coupling the first qubit and the second qubit for a duration #; and

raising the second tunneling barrier.
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at the predeterm ned value for the duration t. 10 23. The nethod of claim1,
wherein the coupling step conprises: turning on a coupling between the first
gubit and the second qubit for the duration t; and turning off the
coupling. 24. The nmethod of claim1l1l, wherein the coupling step is perforned
using an rf- 15 SQUI D. 25. The nethod of claim1l1, wherein the first qubit
and the_second qubit each conprise an rf-SQUI D. 26. The nethod of claiml1,

wher ei n2&he The methpdmficlaimi2?, nhezedn 8 daxdias of at lnant onsfghe Sestqubig) it
j uncti Oghd g sgc%nd'augﬁtapé)ﬁxgm;taiﬁé’d)éﬁ' dbBuhdif £k aaénﬁ&%é@fat fedsi &t qubit to a

second qubit, wherein t Irst qubit 1s characterized by a potenti al
ener gy efthe lowering, oouplingtandgaisingisteps. a first tunneling barrier, and the
second qubit is characterized by a potential energy configuration that

conpris a ] [:ery : r st ng, | oweri ng

t he sec?ﬁd tzﬁ%&aﬁ]ﬁtg aﬂl{nﬁ’%ﬁﬁﬂhﬁgﬁ%%%}%oﬁw dgﬁgpﬁuggg)econd qubi t
for S| dam ahount of fluarcdupledifwinm thet first quibitatndhe secomd quigit.barrier. 29 28. The

met hod of claim 27, wherein a flux bias of at |east one of the first qubit

and t he3(§.eco?g? ﬁlgh-iotg V@c?a%n&?i@éﬁ%ﬁ?ﬁa%x}?ﬁ%ﬁﬂ@ﬂst ut“ W\gﬁ.ﬂﬁ%um during at

| east ohé o I'ng and railsing steps. e met hod of

cl ai m 2Bystexksis eeigiort dfethé Fiost gobadutiag atleastbee afithe lawetihg, egupling and 5 an anount
of flux _coupled fromthe first qubit to the second qubit. 30. The nethod of
claim 2PSREHIFRS n a flux bias of the first qubit is within a hysteresis
region of the first qubit during at |east one of the | owering, coupling and
rai si Nng3Et epThe mhkthodluf chadin W] wifereih at leas? 6ne vhithedowerihg hediadisingieteps t he

| o i ng and. rai si st eps 10 are perforned adiabatically. 32. The nethod
of i HEPFT °%"éfae£%’al"ﬁ§l Xoupling step conprises ferromagnetically coupling
the first qubit and the second qubit.

32.  The method of claim 27, wherein the coupling step comprises

ferromagnetically coupling the first qubit and the second qubit.

33.  The method of claim 27, wherein the coupling step comprises anti-

ferromagnetically coupling the first qubit and the second qubit.

15 34, The method of claim 27, further comprising raising at least one of the first

tunneling barrier and the second tunneling barrier prior to the lowering step.

35.  The method of claim 27, further comprising reducing a coupling strength
between the first qubit and a device coupled to the first qubit to about zero prior to the

lowering step.

20 36. The method of claim 27, further comprising reducing a coupling strength
between the second qubit and a device coupled to the second qubit to about zero prior

to the lowering step.

37.  The method of claim 27, wherein the potential energy configuration of the first
qubit is a bistable potential and the potential energy configuration of the second qubit
25 is a bistable potential.

38. The method of claim 37, wherein the bistable potential of at least one of the

first qubit and the second qubit comprises two nearly degenerate energy levels.
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33. The nethod of claim 27, wherein the coupling step conprises anti -
ferromagnetically coupling the first qubit and the second qubit. 15 34. The
nmet hod of claim 27, further conprising raising at | east one of the first
tunneling barrier and the second tunneling barrier prior to the |owering
step. 35. The nmethod of claim 27, further conprising reducing a coupling
strength between the first qubit and a device coupled to the first qubit to
about zéto prhemethpdiqfclaimep wherein theraising step comprises applYinga c| ai m 27,

furt her ogQ0Brsk HldgdetiCHLIAID Gt RaSVhRoF ik Y GitHl dhd RESNRAA qubR. second qubi t
and a device coupled to the second qubit to about zero prior to the

| ower i n{ctj st e&h 37. The nethod of claim 27, wherein the potential energy
conf i guf@t i ohhemethed aficlaim 27 yierein theseppnst qubitthas s dansical state@ndhe pot entii al

ener gy GRee] 0] i il ' tial. 38.
The rretﬁoﬂfeiol?mg?g%lnpgf%p ct\/?/ﬁg)rrglgﬁﬂtg ﬂeerglg‘%st{l%f)\%gsl p%ts%ﬁ%{)%gg#&gta ggst one of

t he S fi frem tyorElingand t he second qubit conprises two nearly degenerate energy
| evel s. 30 39. The nmethod of claim?27, wherein the raising step conprises

ol cl ai'n _ ng step comprises
The Loohhia qihe HRHGHYE ABRNE, Whotdifh brlcudthed PR B EoBnk MR UL 01 s

cl assi cgreatat thiagt abodt 1 pherein the rai sing step conprises preventing the
cl assical state of the second qubit 5 fromtunneling. 41. The nethod of

claim?2 wherein,a ti .d tion.tz .of the.lowering step is .greater than
cbout 142 "4 EhSmaRdlariTaim A7 Wil & #e duisian > 2F tieoVatRE SRRt 5 of ¢ he

| ower i ngetak@Pabiout 10@hyvaed 1 agout 100 ns and | ns. 10 43. The nethod of claim
27, wherein the second qubit does not tunnel during at |east one of the

| owering, sten and .t he rai.si tep. .44. The thod of claim?27, wherein a
D s hng e odaretin 26 et e secondrquintatbes aahrapd durgat e Crhe
met hod ghstehebhthe lowéhifig Slep add theMistig'stiég.on t 3 of the raising step is 15
bet ween about 100 ns and | ns. 46. The nethod of claim27, wherein the

: ) X T X
second 5‘4“ bi tTﬁg nm%{}{o%leosf c?airipﬁ, twl#eyeri]r? Ex Iti(r)nré duration ¢; of the raising step is .

greater than about 1 p.s;

45. The method of claim 27, wherein a time duration #; of the raising step is

15  between about 100 ns and 1 ms.

46.  The method of claim 27, wherein the second qubit comprises a split junction
and wherein the lowering step and the raising step each comprise tuning a flux in the

split junction.

47. The method of claim 27, wherein the coupling step comprises:
20 increasing a coupling strength of a coupling between the first qubit and the
second qubit from a minimum coupling strength to a predetermined coupling strength;
maintaining the coupling strength at the predetermined coupling strength for
the duration ¢; and .
decreasing the coupling strength from the predetermined coupling strength to

25 the minimum coupling strength.

48.  The method of claim 47, wherein the minimum coupling strength is about zero
and the predetermined coupling strength is a maximum coupling strength of the

coupling.
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and wherein the lowering step and the raising step each conprise tuning a
flux in the split junction. 47. The nmethod of claim27, wherein the
coupling step conprises: 20 increasing a coupling strength of a coupling
between the first qubit and the second qubit froma m ni mum coupling
strength to a predeterm ned coupling strength; nmaintaining the coupling
strength at the predetermned coupling strength for the duration t; and

decr eastthg e methpr iof glaimAdn yherein Bipredstesmanrsk coupling strengtibis ng strength to
25 the rg%:ﬂb:”&lﬁﬂ Sﬁélﬂﬁl'fega%a[ﬁﬂgﬁtgcouﬂﬁrg gﬁgﬂﬁét gc&fxplﬁ'lg' m 47, wherein the

m ni nu oupling strength 1s ut z e pre erm ned coupling
strength is a maxi mum coupling strength of the coupling. 31 49. The nethod
of cl aiif-47, Theraetdpd of ﬁ@lrpﬂédg;r@eﬁpman%wmaiwnmgr pgewpling stigngtt er t han

one- halgtﬁ%ﬁﬁ%igmwm ggn?,_hrfgp@;lau&fﬁohtp.e coupling. 50. The method of

i
claimd4v/, conprisi 5 mar ntai ning the coupling strength at the -
predeter m ned cou Iin? strength for the duration t. 5 51. The nethod of
cl aibm 254, whEheanethpd of elaimI27nwhereirpthe sapplingestep camprise§: on a coupl i ng bet ween

the first quhLt i Q u | . turning off
the coupli n%ﬁggﬁégﬁgﬁﬁg&ﬁﬁké}g&g}ﬁrﬁ&ﬁﬁ%ﬁgrtﬁeiel Jr?%#éa%%h& |r1€1eg step is

per f or ndedlatiomi thandan rf- 10 SQUID. 53. The nethod of claim 27, wherein the
duration t is between about I s and 100 P.S. 54. The nethod of claim 27,
wherein the W%ﬁ%’,\ﬁﬁh"tc‘?@ Weeater than about 1 ns. 55. The method of claim
27, wherein the first qubit and the second qubit each 15 conprise an
rf-SQUIS2. S6rhelmethogbhicklim27¢ wherir’the colysling step i perforinéd ugngagpf-conpri ses
tugBeI 1’{& hrough the second tunneling barrier such that a final classical
st dte second qubit matches the classical state of the first qubit.
57. A nethod for reading out a classical state of a qubit in an array of

qubi t s,53t he The method of claim 27, wherein the duration ¢ is between about 1 pus and 100

us.
54.  The method of claim 27, wherein the duration ¢ is greater than about 1 ns.

55. The method of claim 27, wherein the first qubit and the second qubit each
15  comprise an rf-SQUID.

56.  The method of claim 27, wherein the coupling step comprises tunneling
through the second tunneling barrier such that a final classical state of the second

qubit matches the classical state of the first qubit.

57. A method for reading out a classical state of a qubit in an array of qubits, the
20  array comprising a plurality of perimeter qubits and a plurality of interior qubits, the
method comprising:
initializing a classical state of a perimeter qubit, wherein the perimeter qubit
has an associated readout device;
copying a classical state of an interior qubit to the perimeter qubit;
25 reading out the classical state of the interior qubit by reading out the classical
state of the perimeter qubit,
wherein the perimeter qubit is coupled to the interior qubit via a coupling
device having a coupling strength that is adjustable between a minimum coupling

strength and a predetermined coupling strength.
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20 array conprising a plurality of perimeter qubits and a plurality of
interior qubits, the nethod conprising: initializing a classical state of a
perimeter qubit, wherein the perineter qubit has an associ ated readout
device; copying a classical state of an interior qubit to the perineter
qubit; 25 reading out the classical state of the interior qubit by reading
out the_classical state .of the perineter qubit, wherein the perineter qubit
i s coupb®d t Sh¢ msthoskficlaim %M‘FT‘W Qwammm GRyPling strength 8AbeYt 2@ oupl i ng
strengt g, t t MR I QR th and a
predet er gtﬁggrdgiﬁﬁ%%??g%%)ﬁ 3218%8 The net hod Sf&g“?tg%%% wherein the
m ni numqsmhpgi ng strength is about zero and the predeterm ned coupling
strength is a nmaxi mum coupling strength of the coupling. 59. The nethod of

claim 54q m%@h@uﬁ&%ﬂiﬁ&%ﬁ&iﬂe%ﬂuﬁ%ﬁ%&%iﬁéd Jﬂﬁ sﬁ'e%%th eater than

one-half of a maximum coupling strength of the cou he met hod of
cl aiSm Sgreattythan ene-heipfiaghayjmuspeupling strength of theaqouzimg copyi ng and

interior qubit readout steps for each of a plurality of interior qubits. 61.

The netgwd oL ehRiHBd el £ N tializing

t he peérﬂtiprret i(1a-lr“§qug.mt Qt%c(): agﬁlegai’ |treg§?/}n§h%§g!récﬁaﬂg% eelﬂlt%g%%g &%?‘ﬁéjret hod of

cl ai m 5ahd integioe qubit readpet stepstfer eaghlvifa phuralityi af@stedior gubitsc conduct i ng | oop and

wherein the initializing step conprises tuning a flux through the

super copduct t f r “ﬁ%ﬁ neI s to an

ar bi traélg cl g@m cﬁi%s Pﬁm %"ahh?‘n%a}eqﬂﬁal&lggc gdo ks Aelizrliﬁ e coupling

devi ce permaeragibit to@alarlyitrafyoclassical statet he i nteri or qubit to t he perineter

qubit and wherein the copying step conprises copying the classical state of
nt gy i or~quhi 0 .t ubl I ghetic coupling.

O'T 7} Bt h‘g@b Qxfeit.ho%i of ¢ agr?psefme'ﬂ?}ee?rh t}}% en%ng\’érﬁu%ﬁ%gg&nsgsn?
ant i-f esupenasagdmitmgabéyand:whaieesthe liveitialidisy stop cqmbntsesttunhgea fed i meter qubit

"t or | ol ke siperspodfetieBrn i iBRea 978 of P Peifedior aitiRBRAEI & Coupl i ng.

arbitrary classical state.

63. The method of claim 57, wherein the coupling device ferromagnetically
15 couples the interior qubit to the perimeter qubit and wherein the copying step
comprises copying the classical state of the interior qubit to the perimeter qubit via the

ferromagnetic coupling.

64, The method of claim 57, wherein the coupling device anti-ferromagnetically
couples the interior qubit to the perimeter qubit and wherein the copying step
20 comprises copying the classical state of the interior qubit to the perimeter qubit via the

anti-ferromagnetic coupling.

65.  The method of claim 57, wherein the perimeter qubit is characterized by a
potential energy configuration comprising a tunneling barrier, and wherein the
copying step comprises:
25 lowering the tunneling barrier;
coupling the interior qubit and the perimeter qubit for a duration ¢; and

raising the tunneling barrier.

66.  The method of claim 65, wherein at least one of the lowering and the raising

steps is performed adiabatically.
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65. The nethod of claim57, wherein the perinmeter qubit is characterized by
a potential energy configuration conprising a tunneling barrier, and
wherein the copying step conprises: 25 lowering the tunneling barrier;
coupling the interior qubit and the perinmeter qubit for a duration t; and
raising the tunneling barrier. 66. The nethod of claim65, wherein at |east
one of the lowering and the raising steps is perforned adiabatically. 33
67. Thebhet hbae method oif slais 65 firthes compriping siaimfaimingr Bhxbiag of at least bi as of at

| east ] [ ' - ' r [ ﬁpﬂ t half a
fl ux quéé{r%teotﬁed%llr&?'r%%F{%ggég%ﬁér%nggg#bm%é%%;ﬁ%hn&%%g%#@al m 37, wherein
t he perthaeomyingstept i s not adjacent to the 5 interior qubit and the copying

step conprises copying the classical state of the interior qubit to at

| east o i i.at i : : n Jdnterior quhjt and the
or et Uil HERGE P ctR 37, LACRIFeRRHAREN BT 1L A bentioithe, (07 g

copyi nginteridr quitieandthe gopying stepasbmprised egpyiny the plasficalseate obthe ihtesior once. 10
70. The_nethod of claim57,. wherein th rray.is a.two-di nensi onal array of
(PGBt 8t egst obf ShRbmetin BRI abe et time PSRN g devi oo | 2
confi gusepindtér quRnt rol I ably ferromagnetically or anti-ferronmagnetically
couple the interior qubit to the perineter qubit. 15 72. The nethod of.

claimb5 rein_at | east gne of the . interior qupit, the  perinmeter qubit
and th 9coﬁ€ﬁ¢d§°‘&8bi°€é aHBr?%r wherein;the ipitia] E).c"g?é‘.“gﬂ‘?é 'H’é?ﬁga“'?ﬁ clai m57,
wher ei regdoukt @@?ga,@%rfg{.,n&&gmir@gﬂhioqee_qubit and the perineter qubit
conprises a split junction. 74. The nmethod of claim57, wherein: 20 the

initializing step conprises _initializing the perineter qubit tQ an initial
cl d9si 4 st eemethﬁéggewrﬁéﬂewha{fm thejagray i trq-dimensieng) amanet wt i al  ener gy
confi guypafdson conprising a first potential well having a first potential

m ni rum and a second

71.  The method of claim 57, wherein the coupling device is configured to
controllably ferromagnetically or anti-ferromagnetically couple the interior qubit to

the perimeter qubit.

15 72 The method of claim 57, wherein at least one of the interior qubit, the

perimeter qubit and the coupling device comprises an rf-SQUID.

73.  The method of claim 57, wherein at least one of the interior qubit and the

perimeter qubit comprises a split junction.

74. The method of claim 57, wherein:
20 the initializing step comprises initializing the perimeter qubit to an initial
classical state;
the perimeter qubit is characterized by a potential energy configuration
comprising a first potential well having a first potential minimum and a second
potential well having a second potential minimum;
25 the initial classical state is located in the first potential well; and
the copying step comprises:
adjusting the first potential minimum to a third potential minimum that
is higher than the second potential minimum; and

coupling the interior qubit and the perimeter qubit for a duration ¢.

34



potential well having a second potential mnimunm 25 the initial classical
state is located in the first potential well; and the copying step
conprises: adjusting the first potential mninumto a third potenti al
mnimumthat 1is higher than the second potential mninmum and coupling the
interior qubit and the perineter qubit for a duration t. 34 75. A nethod of
copying a classical state of a first qubit nmeans to a second qubit neans,

t he netPod cbrfmthgd afeonyinga clasgical stapd ofrryfirshqubit meangytoa secomdqubit o t he
second r adjusting at |east one of a tunneling barrier
%Er st quﬁl EOd g&ﬁEESIEg

of the nean and a tunneling barrier of the second qubit
means; and nmaass fbocouqﬂmg&ht figst qubny meahs to thé sex:opdtqabtt mdangner ay
configurati first gquh t he second qubit

nmeans. 76. ?ﬁ‘gwﬁﬁ@“&“&?ﬁnﬁ 836 °€?e1§‘r“8?lfpgc 6?1 qét’g] LIEaPS g t he

tunrel | 1 Denhélfig batAORST thE SecdRA QEbit fleans]jadat | ng a Josephson energy of at
| east one of the first gubit 10 nmeans and .the second qubit nmeans. 77. The

met hod of cl BEaRsAsr a‘HH%‘F"&ﬂ hsymRelRE ah 8 Prisptial gngeayi sonfigHEationebal leayy barri er

Conpri sgg dfRAfirst bt HraAdar HBYEndGublt@idanbl as transverse to at |east one
of the first qubit neans and the second qubit neans. 78. The nethod of

claim75, wherein the nmeans for adjusting the symmetry of the 15 potenti al

ener gy “onf i The method of slaym; Se Wheteiiy themagans for %“%‘"BI‘G@(“BP&'S"&)P“T‘% first
qubi t éﬂ?ﬁﬁ}%eéﬂfiaﬁ%r 268fufifk §98ephdBnader 70? -at 1636t SFRLJTqHe ﬁfst %hﬁ't m 75, wherein

t he means for coupl |$ conprises neans f tuning a coupling strength of
t hel 0c oupkansgndehamsecosd quiit meansem f or copyl ng a classical state of a first
qubit to a second qubit, 20 wherein the first qubit is characterized by a

pot ent i g glf?)ﬂfo!f%érxﬂt'}so%%%t Gﬁéﬁ% 'fér%%én?stm rtﬁé tunHEY; parrier,

and the seco aracterize nti energ con?l guration
t hat coqqmpr&esmamfoommlngmnmlgnﬁ@ ﬁddrhlasrtransmssymtécast conplrtheifing: a first
barrier 3’ ust ment nodul e l%)mrlm ng instructions for lowering the 25

second TS HARE Tepnd a ears

78. The method of claim 75, wherein the means for adjusting the symmetry of the
15 potential energy configuration comprises means for tuning a flux bias of the first qubit

means and the second qubit means.

79. The method of claim 75, wherein the means for coupling comprises means for

tuning a coupling strength of the coupling means.

80. A system for copying a classical state of a first qubit to a second qubit,

20  wherein the first qubit is characterized by a potential energy configuration that
comprises a first tunneling barrier, and the second qubit is characterized by a potential
energy configuration that comprises a second tunneling barrier; the system
comprising:

a first barrier adjustment module, comprising instructions for lowering the

25 second tunneling barrier;

a coupling module, comprising instructions for coupling the first qubit to the
second qubit; and
a second barrier adjustment module, comprising instructions for raising the

second tunneling barrier.
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a coupling nodule, conprising instructions for coupling the first qubit to
the second qubit; and a.second barrier adjustnent nodule, conprising
instructions for raising the second tunneling barrier. 35 81. The system of
claim57, wherein the first barrier adjustnment nodul e and the second
barrier adjustnent nodul e conprise a single nodule. 82. The systemof claim
57, further conprising a flux nodule, conprising instructions for

mai nt aidli. ng Ehefdystenmbofclaind 52t whereintthe fiest birrieh edjustngnt qndsiule ambithehe second 5
qubit at %% ut .hal § £l.ux ant um.duy i.ng, at ast a portion of the copying
pr ocess’ e .QDaR’%rgad ‘ﬁs?lgfgtr%gcgéﬁf:ém%m ik eé??‘h’ge'execut able instructions for:
initializing a first qubit to an initial classical state, wherein the first

qubit I82s a Theolystem of claine b5@yfucthexf dogprizingonfloo modulE, ngmarisingst pot enti al
wel | having.,.a first .potential . mni nd a_.secgn atenti.al wel] having a
second ! ﬁ‘%ﬂ??sa or H%F‘H{HW ﬁﬁl&xtbﬁ’_e‘ qg}j Pﬁ%ﬂ“ﬁlofilfeag‘:??ﬂg?“%?_ {h‘g F€N%cat ed in

t he sf i rqubitROAYt half aWRlx quaa:dtmahﬁﬁgattlh@stﬁlpb&ﬁommekbﬁym%p%&u@ of the first
potential well to a third potential mnimumthat is higher than the second

poLent gl T DL 0% e ocont ROLETL AN A1, SRUPI 0 e Firs
initializing a first qubit to an initial classical state, wherein the first qubit has a
potential energy configuration comprising a first potential well having a first potential
minimum and a second potential well having a second potential minimum, and the
10  initial classical state is located in the first potential well;
adjusting the first potential minimum of the first potential well to a third
potential minimum that is higher than the second potential minimum of the second
potential well; and
coupling the first qubit and a second qubit for a duration ¢.
15
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