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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.
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Ingredients:

v

two coupled superconducting qubits — highly tunable 4 -level system
two superconducting resonators (&1, 3,)

qubit-resonator couplings + separate qubit drivings

designed dispersive four-wave mixing process

v vy

— Effective quantum operations on the modes 3; and 3,.



Circuit
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» four-level system:

» resonators and couplings:

» classical drivings:
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Four-level system
e.g. 2 charge qubits coupled via Josephson junction
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bo
Ejp =89 GHz, Ej = 13.9 GHz, where o5 = i) {j].
Emx = 4 GHz



Beam-splitter operation: Hp,, = hxbme"qbéiéz + h.c.

e.g. to swap the states of 3; and 3, Hadamard gate for photon qubits.
a(t)) _ cos —ei®sing\ (3,(0) - t
a(t)) — \—e?singp Cos ¢ 3,(0) )’ ¥ = Xbmt.

Selecting the couplings
> él <> Odc, > Q1 < Oca,

Id>

> 3y <> Odb, > Q) & Opa,

it leads to correction of the GS energy: 0..Hpm,
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Ham/h = Z(sebmaTa, (xomalae® + hec.)




Two-mode squeezing: Hsy = /ﬁxsqala2 + h.c.

a1(t) __(coshyp sinhy 3,(0) B ,
al(t)) ~ \sinhp coshe ) \&(0))° = Xsqt-

Selected couplings:
> 31 & Ode, > Qi & 0,
|d> > 32 ¢ Oy, > Qs <> ogp.

|C> Effective Hamiltonian: o0,,Hsg,
|a) . .
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|b) X9 = TANs T 0 T A%

Hsq/h = 256 505 (quéT abelBrt 4 h.c.)
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Single-mode squeezing: Hgq1 = ihxsq1(8))° + h.c.
3i(t) = 3;(0) cosh o + 4/ (0) sinh o, = 2xeqit.
Selected couplings:
|d> > 31 <> 04 and oy > Q1 < 0
> 3, effectively decoupled > Qs < ogp.

Heqr/h = 669303, + <X5q1(§{)2e—"AFf + h.c.)
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Arbitrary linear transformations: Hpy,, Hsq, Hsq1 with Hpp = hAphé}Lé,-:

5 — > A+ Byl + G
J



Cross-Kerr nonlinearity: Hy = hxckéiélé D

Controlled gate on photon qubits, e.g. CPHASE

(101) +[11)) (102) +[12)) —>  [0102) + [0112) + [1102) — [1112)

Selected couplings:

> 31 <> Oba + Odc > 3 & Ocat Ogp

> no classical drivings: Q;, =0

Corrected GS enenergy: o,5Hcx,

Hee/hi =" " desala; + xaca]a]ardy
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Error sources
» unwanted transitions in the resonator-qubit

couplings and classical driving: CPHASE gate using Hior
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(31,32, Q1,) <> (0ab, Oacs Obd; Tcd)
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» cross-talk between circuit elements:
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» decoherence of the resonators

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

Conclusion

» Toolbox: one single circuit can generate various quantum
operations, for both discrete-state and continuous-variable protocols.

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



