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Proposal
Superconducting circuit that acts as a toolbox to generate a basic set of
quantum operations on two microwave photon modes.

Ingredients:
I two coupled superconducting qubits → highly tunable 4 -level system
I two superconducting resonators (â1, â2)
I qubit-resonator couplings + separate qubit drivings
I designed dispersive four-wave mixing process

→ Effective quantum operations on the modes â1 and â2.



Circuit

Htot = Hq + Hr + Hp

I four-level system: Hq =
∑
j

Ej |j〉〈j |, (j = a, b, c , d),

I resonators and couplings: Hr =
∑
i

~ωai â
†
i âi + ~giσxi (â†i + âi )

I classical drivings: Hp =
∑

~Ωi (t)σxi , Ωi (t) ∼ cosωi t



Four-level system
e.g. 2 charge qubits coupled via Josephson junction

Hq =
EJ1

2
σz1 +

EJ1

2
σz2 + Hint ,

Hint = Emx (σx1σx2 + b0σy1σy2 + b0σz1σz2) ,

b0 =
EJm

4Emx
, Emx '

Cme
2

CΣ1CΣ2 − C 2
m

.

EJ1 = 8.9 GHz, EJ2 = 13.9 GHz,
Emx = 4 GHz

σx1 = cos(θ+ − θ−)(σab + σdc)

+ sin(θ+ − θ−)(σdb − σac) + h.c .

σx2 = − sin(θ+ + θ−)(σab − σdc)

+ cos(θ+ + θ−)(σac + σdb) + h.c .

where σij = |i〉〈j |.



Beam-splitter operation: Hbm = ~χbme
iφâ†1â2 + h.c .

e.g. to swap the states of â1 and â2, Hadamard gate for photon qubits.(
â1(t)
â2(t)

)
=

(
cosϕ −e iφ sinϕ

−e−iφ sinϕ cosϕ

)(
â1(0)
â2(0)

)
, ϕ = χbmt.

Selecting the couplings

I â1 ↔ σdc ,

I â2 ↔ σdb,

I Ω1 ↔ σca,

I Ω2 ↔ σba,

it leads to correction of the GS energy: σaaHbm,

Hbm/~ =
∑
i

δεbmi â†i âi +
(
χbmâ

†
1â2e

i∆F t + h.c .
)

χbm =
Ω1Ω2g̃1g̃2

∆1∆2δ
, δεbmi =

Ω2
i g̃

2
i

∆2
i δ
.



Two-mode squeezing: Hsq = i~χsqâ
†
1â
†
2 + h.c .

(
â1(t)

â†2(t)

)
=

(
coshϕ sinhϕ
sinhϕ coshϕ

)(
â1(0)

â†2(0)

)
, ϕ = χsqt.

Selected couplings:

I â1 ↔ σdc ,

I â2 ↔ σac ,

I Ω1 ↔ σab,

I Ω2 ↔ σdb.

Effective Hamiltonian: σaaHsq,

Hsq/~ =
∑
i

δεsqi â†i âi +
(
χsq â

†
1â
†
2e

i∆F t + h.c .
)

χsq =
Ω1Ω2g̃1g̃2

∆1∆2δ
, δεsqi =

Ω2
ī
g̃2
i

∆2
ī
δ
.



Single-mode squeezing: Hsq1 = i~χsq1(â
†
i )

2 + h.c .

âi (t) = âi (0) coshϕ+ â†i (0) sinhϕ, ϕ = 2χsq1t.

Selected couplings:

I â1 ↔ σab and σdc
I â2 effectively decoupled

I Ω1 ↔ σca,

I Ω2 ↔ σdb.

Hsq1/~ = δεsq1 â†1â1 +
(
χsq1(â†1)2e−i∆F t + h.c .

)
χsq1 =

Ω1Ω2g̃
2
1

∆1∆2δ
, δεsq1

1 =
g̃2

1

δ

(
δ

∆1
+

Ω2
1

∆2
1

+
Ω2

2

∆2
2

)
.

Arbitrary linear transformations: Hbm, Hsq, Hsq1 with Hph = ~∆phâ
†
i âi :

âi −→
∑
j

Aij âj + Bij â
†
j + Ci .



Cross-Kerr nonlinearity: Hck = ~χck â
†
1â1â

†
2â2

Controlled gate on photon qubits, e.g. CPHASE

(|01〉+ |11〉) (|02〉+ |12〉) −→ |0102〉+ |0112〉+ |1102〉 − |1112〉

Selected couplings:

I â1 ↔ σba + σdc I â2 ↔ σca + σdb

I no classical drivings: Ω1,2 = 0

Corrected GS enenergy: σaaHck ,

Hck/~ =
∑
i

δεcki â†i âi + χck â
†
1â
†
2â2â1

χck =
g̃2

1 g̃
2
2

δ

(
1

∆1
+

1

∆2

)2

, δεcki =
g̃2
i

∆i
.



Error sources
I unwanted transitions in the resonator-qubit

couplings and classical driving:

(â1, â2,Ω1,Ω2)↔ (σab, σac , σbd , σcd)

I cross-talk between circuit elements:

σx1(â†2 + â2) or (â†1 + â1)(â†2 + â2)

I decoherence of the resonators

CPHASE gate using Htot

I toolbox preserved in the ground state: weakly affected by the qubit
decoherence

Conclusion
I Toolbox: one single circuit can generate various quantum

operations, for both discrete-state and continuous-variable protocols.

I It makes use of a dispersive FWM approach to engineer effective
couplings and quantum operations between the resonator modes.


