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Deterministic quantum network for distributed entanglement and quantum computation
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We propose a simple interaction protocol to be implemented on a scalable quantum network, in which
the quantum nodes consist of qubit systems confined in cavities. The nodes are deterministically coupled by
transmission and reflection of a single photon, which is disentangled from the qubits at the end of the coupling
operation. This single photon can generate an entangling controlled-PHASE gate between any selected number of
qubits in the network. Our multiqubit gate reaches a much higher fidelity compared to schemes concatenating
one-qubit and two-qubit gates; thus it forms an efficient basis for universal quantum computing distributed over
multiple processor units. In our analysis we consider atomic qubits coupled to optical photons, while the scheme
can be readily generalized to other architectures, such as superconducting qubit nodes coupled by microwave
photons.
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Introduction. A quantum network consists of quantum
nodes that locally process and store quantum information.
The quantum information is then shared between the nodes
by linking them via quantum channels [1] which mediate the
interaction between the nodes [2,3]. The division of tasks
between stationary and flying qubits provides a route to
extend quantum computers to operation on large numbers of
qubits [4], it is at the basis of quantum repeater networks
for long-distance and multiuser quantum communication [5],
and it has applications in metrology [6]. Several theoretical
proposals use single photons to couple separated nodes, either
in a deterministic [7] or a probabilistic (heralded) fashion
[8,9]. Experimental realizations range from atoms [10–13],
trapped ions [4,14–16], nitrogen-vacancy centers in diamond
[17], to superconducting qubits [18–20]. So far, experimental
studies were restricted to the coupling of pairs of nodes.
While pairwise entanglement and gate schemes are theoret-
ically sufficient to perform general operations on a larger
network, this requires the concatenation of operations and
drastically limits the experimental feasibility. Here, we pro-
pose a quantum network scheme, in which a single photon
is sufficient to mediate a multinode interaction. Instead of
applying a sequence of pairwise operations on quantum nodes
consisting of atoms inside optical cavities, our scheme treats
the entire network as an interferometer. Subject to the phase
shifts incurred under reflection and transmission of a single
photon, our scheme generates a controlled-PHASE (CPHASE)
gate on all qubits involved. The scheme readily lends itself to
application on nodes with several atomic qubits, and it should
be equally well suited to superconducting circuit architectures
with microwave excitation frequencies.

Basic idea. In our system we consider a single-photon wave
packet that enters and leaves a quantum network through a
single input-output channel (Fig. 1), such that the photon pulse
duration �T is much longer than the temporal delay τi of the
ith optical path inside the quantum network. In the N cavity
configuration, the quantum network consists of a single one-
sided and N − 1 two-sided cavities containing atomic qubits

[Fig. 2(a)]. We employ interactions, where the cavity mode
couples the ground qubit state |1〉 and excited state |e〉, and
does not couple to the qubit state |0〉, as shown in Fig. 2(b).
Hence, the photon is reflected or transmitted from the cavities
with phases that depend on the qubit states. In the ideal case, a
qubit occupying a |1〉 state causes the reflection of the photon
with a 0 phase, whereas when a |0〉 state is occupied, the
photon is reflected with a π phase from the one-sided cavity,
as demonstrated experimentally in Ref. [21], or transmitted
with a π phase from the two-sided one. This permits the
analysis of the entire network by concatenating the different
components in analogy with the analysis of linear classical
interferometers, treating each component of the state of the
qubits in the product basis |q1, q2, . . . , qN 〉, qi = 0 or 1. The
phase factor of this concatenation is a property belonging to
the joint quantum state of the photon and the qubits. However,
if the photon wave packets depending on the different qubit
states sufficiently overlap after the photon leaves the system
(see Fig. 1), the state factorizes and the qubits are disentangled
from the photon at the end of the operation. Therefore, we can
associate the qubit-dependent phase factors with a multiqubit
operation.

Ideally, in the N cavity configuration [Fig. 2(a)], when all
the N qubits occupy the state |1〉, the photon reflects from
all cavities with no phase shift, and the output single-photon
wave packet is in phase with the input. Otherwise, the photon
is reflected until it encounters the first cavity with a qubit
in a |0〉 state. Here, it is transmitted (or reflected if the first
|0〉 qubit state is encountered in the one-sided cavity) with
a π phase shift. The photon is reflected by its subsequent,
second encounter with all the previous cavities since their
qubits are still in the |1〉 states. We thus obtain a change of sign
of the one-photon wave packet, and the photon mediates the
multiqubit CPHASE gate between the qubits, where the state
|1〉⊗N acquires a π phase relative to all other qubit product
states.

Qubit-light interfaces. To study the physical case, where
the reflection and transmission processes incorporate delays,
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FIG. 1. A single photon with a long-wave packet �T interacts
with a quantum network (QN) containing qubits. For different qubit
states the photon propagates through different paths and accumulates
different phases, giving rise to a multiqubit phase gate. Depending on
the qubit states, the photon wave packet is distorted and delayed (by
τi), and close to unitary (deterministic) operation on the qubit register
requires a high overlap of the different transmitted wave packets.

decays, and losses, we shall employ the input-output formal-
ism [22,23]. The one-sided cavity [Fig. 2(c)] with a single
qubit with states |q〉 is illuminated by a single photon, oc-
cupying a wave-packet mode function, specified by the time-
dependent amplitude bin(t ) arriving at the cavity input mirror.
Using the input-output formalism, detailed in Ref. [24], we
obtain the relation between the input and output wave packets
in frequency domain bout(ω) = R1q (ω)bin(ω), with the reflec-
tion coefficient

R1,q (ω)

=
[

1 − 2κ (γ − iω)

2
(
gq

2 − ω2
) + γ (κ + κ ′ − 2iω) − i(κ + κ ′)ω

]
.

(1)

Here, ω denotes the detuning from the cavity resonance, gq

is the coupling (g0 = 0, g1 = g) between the qubit and the
cavity mode, κ (κ ′) is the cavity damping rate by transmission
(absorption) losses, and γ is the decay rate of the excited
atomic state [25]. Following the convention in Refs. [21,26],

FIG. 2. (a) A network configuration with N qubits (blue circles)
located in separated cavities. A CPHASE gate between the qubits is
mediated by a photon entering from the upper right in the figure.
(b) Qubit lambda system: The excited state |e〉 with decay rate
γ is coupled with strength g to the qubit state |1〉 by resonant
exchange of a photon with the cavity mode, whereas the qubit state
|0〉 is uncoupled. (c) Input-output fields of a one-sided cavity with
damping rate κ , containing a single qubit that is coupled to the cavity
mode. (d) Two input and two output fields of a symmetric two-sided
cavity κL = κR = κ , containing a single qubit. (e) Scaling to more
qubits with registers consisting of K qubits inside each cavity, where
a single qubit (blue circle) interacts with the cavity mode and is
controlled by the other qubits (black circles).

when |1〉 is populated, the cavity resonance frequency is split
by the strong coupling g1 = g � γ, κ, ω, and the incident
photon is reflected at the input mirror with a reflection co-
efficient R1,1(ω) ∼ +1 close to resonance. When the qubit
populates the noncoupled state |0〉 with g0 = 0, the photon
enters the resonant cavity and is reflected with R1,0(ω) ∼ −1
close to resonance.

Photons far from resonance are reflected with R1,q (ω) ∼
+1 irrespective of the qubit state, emphasizing that our
scheme will not work with large frequency bandwidth photon
pulses. We note that by writing the solution in the frequency
domain we do not assume steady-state driving of the cavity
at detuning ω. A Fourier transform back to the time domain
yields the buildup and decay dynamics of the cavity excitation
amplitude [24]. In addition to the desired phase shift, the
reflection coefficient R1,0(ω) causes a delay by ∼1/κ of the
wave packet, and reduces its amplitude by ∼κ ′/κ due to cavity
absorption loss, while R1,1(ω) reduces the wave packet’s
amplitude by ∼κγ /g2 due to atomic decay, but causes little
or no delay. These effects reduce the fidelity of the qubit
gate operations and use of our proposal is restricted to long
incident photon wave packets and qubit and cavity systems
that operate in the high cooperativity (C ≡ g2/κγ � 1) and
overcoupled (κ � κ ′) regime, which is indeed the regime
explored in experiments [21,26].

The two-sided cavity [Fig. 2(d)] has input and output
ports on both sides of the cavity (index L,R). Using the
input-output formalism as detailed for the one-photon wave
packets in Ref. [24], we obtain the effective beam-splitter
relation, which for identical transmission and absorption rates
κ = κL = κR , κ ′ = κ ′

L = κ ′
R of the left and right mirror reads(

bR
out(ω)

bL
out(ω)

)
=

(
R2,q T2,q

T2,q R2,q

)(
bR

in(ω)

bL
in(ω)

)
, (2)

where the transmission coefficient reads

T2,q (ω) = − κ (γ − iω)(
gq

2 − ω2
) + γ (κ + κ ′ − iω) − i(κ + κ ′)ω

(3)

and the reflection coefficient is R2,q (ω) = 1 + T2,q (ω). Ide-
ally, the qubit state |1〉 splits the cavity resonance and prevents
entrance of the resonant photon into the cavity, giving rise
to R2,1 = 1, and T2,1 = 0, while the inert qubit state |0〉
corresponds to an empty cavity which transmits a resonant
classical field (and hence the wave-packet mode function)
with a negative amplitude, T2,0 = −1 and R2,0 = 0 [27].
Similar as for the one-sided cavity, delay of the reflected or
transmitted wave packet by ∼1/κ should be kept much shorter
than the pulse duration and damping should be minimized.

Interferometer analysis. The complex frequency-
dependent transmission and reflection coefficients permit
calculation of the output field of the setup in Fig. 2(a), that
takes into account the distortion and damping of the photon
wave packet. This is done by either summing the amplitude
contributions from the multiple photon paths through the
system, or by solving consistently for the field amplitudes by
matching the incident and outgoing wave-packet amplitudes
to the reflection and transmission coefficients at all optical
components. This yields a complex transmission coefficient
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between the input wave packet at the first input port R1 and
the output wave packet at the last output port L1, bL1

out(ω) =
T (ω, {gqi

}N1 )bR1

in (ω), depending on the N qubit states. For the
two-cavity configuration, the transmission coefficient reads

T (ω, gq1 , gq2 ) = 2g2
q1

[
g2

q2
− (γ − iω)(2κ + iω)

] − (γ − iω)
[
2g2

q2
(κ + i2ω) + ω(γ − iω)(2ω − i5κ )

]
2g2

q1

[
g2

q2
+ (γ − iω)(2κ − iω)

] + (γ − iω)
[
2g2

q2
(κ − iω) − ω(γ − iω)(2ω + i5κ )

] , (4)

where we have assumed the same damping parameters κ and
γ of both cavities and qubit atoms, and (for simplicity of the
expression) κ ′ = 0. One can see that if the qubits populate
the qubit product state |11〉, with couplings gq1 = gq2 = g �
γ, κ, ω, the global state acquires no phase shift whereas in the
other three qubit cases, |10〉, |01〉, or |00〉, either gq1 , gq2 or
both vanish, and the global states acquire a π phase change.

In addition to the delay and loss by cavities, the photon
wave packets suffer temporal delay and loss associated with
the propagation between the cavities. These are incorporated
by introducing a frequency-dependent phase factor eiωτ and
an amplitude factor e−η for each optical path traversed by the
photon [24]. The photon follows different paths through the
network and for the outgoing pulses to be disentangled from
the qubits, the propagation delays should all be kept shorter
than the duration of the pulse (cf. Fig. 1). Further below, we
shall separately discuss qubit gate errors caused by optical
phase fluctuations, e.g., due to mirror positioning errors in the
different arms of our interferometric setup.

Fidelity. The fidelity of the gate is calculated by eval-
uating the overlap between the various output wave pack-
ets T (ω, {gqi

}N1 )�in(ω), and a single, normalized, reference
function �ref(ω). Note that it is convenient to evaluate these
overlaps in frequency domain, and while the input mode func-
tion �in(ω) is normalized to unity, the output field may have
reduced norm, due to loss of the photon. We conservatively
associate photon loss with a complete gate error, and we
hence obtain a lower bound for the multiqubit CPHASE gate
fidelity, averaged over all d = 2N register qubit basis states
|q1, q2, . . . , qN 〉,

FN =
∣∣∣∣∣∣

1

2N

∑
{qi }N1

∫
dω eiωξ |�in(ω)|2T (

ω, {gqi
}N1

)
CP

({qi}N1
)∣∣∣∣∣∣

2

,

(5)

where, for simplicity, we assume the desired reference out-
put photon mode function to be on the form �ref(ω) =
�in(ω)e−iωξ , and we optimize the expression with respect to
the real variable ξ ∈ 	. The ideal multiqubit CPHASE unitary
operator is described by its action on the qubit product states,
CP({1}N1 ) = −1 (all qubits in state |1〉) or CP({qi}N1 ) = 1
(otherwise).

We have calculated the fidelity for the two-, three-, and
four-cavity cases, as a function of the following physical pa-
rameters: the cooperativity parameter C = g2/κγ , a Gaussian
incident wave packet |�(ω)|2 = exp (−ω2/2��2)/��

√
2π

with a bandwidth �� = 2π/�T , identical propagation de-
lays τ between neighboring cavities, identical cavity trans-
mission and absorption loss rates κi = κ, κ ′

i = κ ′ for all
i ∈ {1, 2, . . . , N}, and identical photon losses between the

cavities η. We provide here the first-order expansion of the
fidelity in the small parameters 1/C, ��/κ , τ��, κ ′/κ ,
η � 1,

1 − F2 ≈ 2.5/C + (2.3/κ2 + 1.1τ/κ + 0.95τ 2)��2

+ 1.8κ ′/κ + 3.7η,

1 − F3 ≈ 2.25/C + (1.3/κ2 + 1.5τ/κ + 2.1τ 2)��2

+ 1.6κ ′/κ + 5η,

1 − F4 ≈ 1.6/C + (0.76/κ2 + 1.4τ/κ + 2.7τ 2)��2

+ 1.3κ ′/κ + 6.3η. (6)

As expected from our analysis, the optimal value of the ad-
justable phase shift variable ξ of the reference mode function
leading to these expressions represents a suitable median de-
lay with ∼1/κ and ∼τ contributions [24]. We recall that with
photon pulses of duration longer than μs, their spatial extent
of several hundred meters readily exceeds realistic distances
between cavities in laboratories, and the main time delays
are caused by the reflection and transmission processes. In
Ref. [24] we show by comparison with a numerical evaluation
of Eq. (5) that the analytical expressions provide correct
lowest-order approximations of the gate fidelities.

There is no principal lower limit to the different terms in
Eq. (6). We have arranged the terms in descending order ac-
cording to typical current experiments, e.g., in Refs. [21,26],
{g, γ, κ, κ ′} = {7.9, 3, 2.3, 0.2} × 2π MHz and {�T , τ } =
{5 μs, 10 ns}, leading to a two-qubit CPHASE gate fidelity of
F2 = 0.65.

As the cooperativity parameter C clearly constitutes a main
current limitation to the fidelity of our gate and other matter-
light interface protocols, it is important to note that this pa-
rameter may have more favorable values, e.g., in circuit QED
implementations with superconducting qubits and microwave
photons. We may also use other mechanisms to control
the cavity reflection and transmission of optical photons by
atomic qubits, such as recent theoretical proposals, increasing
C by applying the collectively enhanced cavity coupling to
an ensemble of atoms, which is, in turn, controlled by the
Rydberg excitation of a single atom qubit [28–31]. It is thus
possible to obtain higher fidelities than the ones pertaining
to our single atom example. For example, for NRe = 2500
Rydberg atoms, the coupling strength is increased by a factor
of

√
NRe = 50; thus, increasing κ by the same factor would

result in F2 > 0.99, perfectly sufficient for the distribution of
entanglement between network nodes [32], and even above
the threshold for direct implementation of the surface code
[33].

It may appear surprising that the fidelity of the multiqubit
CPHASE gate is higher for an increasing number of qubits N .
The multiqubit CPHASE gate fidelity indeed increases with N
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as FN ≈ 1 − (4N − 3)/2N−1C in the �� → 0 limit. Such
favorable scaling is due, in parts, to the fact that only one out
of 2N states has a different output than the others. A more
crucial observation for applications is the favorable scaling
of our multiqubit gate in comparison with the growing loss
of fidelity by sequential application of O(N ) two-qubit gates
[34].

Dynamical decoupling against phase fluctuations. If the op-
tical paths of the network are stabilized, e.g., with a classical
continuous-wave beam [35], small phase fluctuations δ � 1
will reduce the fidelity F ≈ 1 − O(δ2) [24]. Otherwise, we
can use the fact that such fluctuations have a finite bandwidth
and can hence be compensated by a dynamical decoupling
approach in a manner inspired by Refs. [17,36,37]. This can
be done due to the ability to rotate qubits, and to exempt
selected cavities from the multiqubit CPHASE operation [38],
in combination with the transmission of two or more single-
photon wave packets. Let us explain the protocol for the case
of two cavities. Assuming φ1 and φ2 random phases of the two
optical paths between the cavities (see the figure in Ref. [24]),
our CPHASE operation yields the unitary operator UCP2 =
exp [iπ |1〉1〈1| ⊗ |1〉2〈1| + i(φ1 + φ2)|1〉1〈1|]. The following
sequence yields the CPHASE gate and refocuses the random
phases,

�1 · UB2 · �1 · �2 · UCP2 · �2 = −ei(φ1+φ2 )eiπ |1〉1〈1|⊗|1〉2〈1|,

(7)

where �i denotes π pulse rotations of the ith qubit, and UB2 =
exp [i|1〉1〈1|(π + φ1 + φ2)] results from the transmission of
a second photon while detuning the second cavity [38]. In
Ref. [24] we show numerical and analytical results for the
accomplishments of the phase cancellation in the N cavity
case by refocusing sequences, involving the transmission of
N photons, while detuning specific cavities.

Universality. Single-qubit continuous rotations can be re-
alized using separate driving fields on the qubits, and together
with our proposed multiqubit CPHASE gates they constitute a
universal set of gates for quantum computation [39], e.g., a
multi-controlled-NOT (CNOT) gate can be performed by oper-
ating with Hadamard (H ) gates on the target qubit, before and
after a multi-CPHASE operation on the target and the selected
set of control qubits [38]. The fidelity of a two-node entangled
Bell state prepared this way is exactly F2 calculated for the
two-node CPHASE operation [Eq. (6)], while neglecting errors
of initialization and single-qubit H operations [24]. Note that
the fact that the photon wave packet is much longer than the
physical setup implies that we cannot separate the interaction
of the photon with the different qubits in time and, e.g.,
perform gates on individual qubits between their interactions
with the same photon.

Increasing the Hilbert space. To expand the number of
qubits, we can incorporate local K-qubit quantum registers
[Fig. 2(e)] on which we can perform mutual quantum gates,
e.g., by short-range Rydberg blockade or state-selective

contact atomic interactions, motional gates in ion traps, or
on-chip gates between superconducting qubits. A single qubit
may then be assigned the role of communicating with the
other registers via its selective interaction with the cavity field,
and our single-photon protocol coupling any number out of
N such cavities. We note that the local K-qubit registers may
also be employed to correct errors and distill the entanglement
provided by the photon scattering [32]. Finding the optimum
trade-off between the use of fast local gates and relatively
slow, but simultaneous, multiqubit entangling gates presents
an interesting challenge for distributed quantum registers [4].

Let us conclude the analysis of our proposal by recalling
how our multiqubit CPHASE on all qubits is, indeed, the only
entangling gate needed for an efficient implementation of the
Grover search algorithm [40]. This is because the Grover
algorithm assumes a π phase shift on the targeted element
|x0〉 ≡ |q0

1q0
2 · · · q0

N 〉 relative to all other states, which we
obtain by first applying the rotation that takes all qubit |q0

i 〉
states into |1i〉, then applying the CPHASE gate, and finally
rotating the qubits back. The crucial inversion about the mean
in the Grover algorithm is obtained in a similar manner, by
application of Hadamard gates to all qubits before and after
the CPHASE gate [41]. See Ref. [42] for the related implemen-
tation and application of collective CK -NOT (Toffoli) gates,
which, together with intercavity CN -NOT gates, can form the
basis of error correction protocols.

Summary. We have proposed a network architecture where
a single photon generates a deterministic multiqubit CPHASE

gate between qubits embedded in different cavities. We stress
that this architecture only relies on the well-established tech-
nology of atom-photon interfaces [21,26]. Since a single pho-
ton suffices to mediate the multiqubit CPHASE gate, the fidelity
of our scheme is higher than other schemes involving one- and
two-node gates alone. Therefore, our proposed architecture
is a promising candidate for distributed quantum computing
applications such as implementation of the Grover search
algorithm. Our scheme needs single photons as a quantum
resource as a weak coherent state contains both odd and
even photon number components, the latter acquiring identical
phase factors by the reflection and transmission processes.
Fourier-limited single photons are becoming readily available,
also in architectures that lend themselves to integrate cavities
and transmission lines [43], and we recall that although we
considered an optical setup with single atoms coupled to
optical cavities in our quantitative analysis, our derivation is
readily generalized to other quantum platforms that interact
with traveling quanta of excitation, e.g., including microwave
photons, spin waves, and phonons.

Acknowledgments. We thank M. Saffman, F. Motzoi, and
A. H. Kiilerich for helpful discussions. The authors ac-
knowledge support from the Villum Foundation and from
the ARL-CDQI program through Cooperative Agreement No.
W911NF-15-2- 0061. I.C. acknowledges support from Marie
Skłodowska-Curie Grant Agreement No. 785902.

[1] H. J. Kimble, Nature (London) 453, 1023 (2008).
[2] N. H. Nickerson, Y. Li, and S. C. Benjamin, Nat. Commun. 4,

1756 (2013).

[3] N. H. Nickerson, J. F. Fitzsimons, and S. C. Benjamin, Phys.
Rev. X 4, 041041 (2014).

[4] L.-M. Duan and C. Monroe, Rev. Mod. Phys. 82, 1209 (2010).

030302-4

https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/nature07127
https://doi.org/10.1038/ncomms2773
https://doi.org/10.1038/ncomms2773
https://doi.org/10.1038/ncomms2773
https://doi.org/10.1038/ncomms2773
https://doi.org/10.1103/PhysRevX.4.041041
https://doi.org/10.1103/PhysRevX.4.041041
https://doi.org/10.1103/PhysRevX.4.041041
https://doi.org/10.1103/PhysRevX.4.041041
https://doi.org/10.1103/RevModPhys.82.1209
https://doi.org/10.1103/RevModPhys.82.1209
https://doi.org/10.1103/RevModPhys.82.1209
https://doi.org/10.1103/RevModPhys.82.1209


DETERMINISTIC QUANTUM NETWORK FOR DISTRIBUTED … PHYSICAL REVIEW A 98, 030302(R) (2018)

[5] H. Buhrman, W. van Dam, P. Høyer, and A. Tapp, Phys. Rev. A
60, 2737 (1999).

[6] P. Komar, E. M. Kessler, M. Bishof, L. Jiang, A. S. Sørensen,
J. Ye, and M. D. Lukin, Nat. Phys. 10, 582 (2014).

[7] J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi, Phys. Rev.
Lett. 78, 3221 (1997).

[8] L.-M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Nature
(London) 414, 413 (2001).

[9] J. Cho and H.-W. Lee, Phys. Rev. Lett. 95, 160501 (2005).
[10] J. Hofmann, M. Krug, N. Ortegel, L. Gerard, M. Weber, W.

Rosenfeld, and H. Weinfurter, Science 337, 72 (2012).
[11] B. Julsgaard, A. Kozhekin, and E. S. Polzik, Nature (London)

413, 400 (2001).
[12] C. W. Chou, H. de Riedmatten, D. Felinto, S. V. Polyakov,

S. J. van Enk, and H. J. Kimble, Nature (London) 438, 828
(2005).

[13] S. Ritter, C. Nolleke, C. Hahn, A. Reiserer, A. Neuzner, M.
Uphoff, M. Mucke, E. Figueroa, J. Bochmann, and G. Rempe,
Nature (London) 484, 195 (2012).

[14] D. N. Matsukevich, T. Chaneliere, S. D. Jenkins, S.-Y. Lan,
T. A. B. Kennedy, and A. Kuzmich, Phys. Rev. Lett. 96, 030405
(2006).

[15] D. L. Moehring, P. Maunz, S. Olmschenk, K. C. Younge, D. N.
Matsukevich, L.-M. Duan, and C. Monroe, Nature (London)
449, 68 (2007).

[16] D. Hucul, I. V. Inlek, G. Vittorini, C. Crocker, S. Debnath, S. M.
Clark, and C. Monroe, Nat. Phys. 11, 37 (2015).

[17] H. Bernien, B. Hensen, W. Pfaff, G. Koolstra, M. S. Blok,
L. Robledo, T. H. Taminiau, M. Markham, D. J. Twitchen, L.
Childress, and R. Hanson, Nature (London) 497, 86 (2013).

[18] N. Roch, M. E. Schwartz, F. Motzoi, C. Macklin, R. Vijay,
A. W. Eddins, A. N. Korotkov, K. B. Whaley, M. Sarovar, and
I. Siddiqi, Phys. Rev. Lett. 112, 170501 (2014).

[19] P. Campagne-Ibarcq, E. Zalys-Geller, A. Narla, S. Shankar,
P. Reinhold, L. D. Burkhart, C. Axline, W. Pfaff, L. Frunzio,
R. J. Schoelkopf, and M. H. Devoret, Phys. Rev. Lett. 120,
200501 (2018).

[20] C. Axline et al., Nat. Phys. 14, 705 (2018).
[21] A. Reiserer, N. Kalb, G. Rempe, and S. Ritter, Nature (London)

508, 237 (2014).
[22] M. J. Collett and C. W. Gardiner, Phys. Rev. A 30, 1386 (1984).
[23] C. W. Gardiner and M. J. Collett, Phys. Rev. A 31, 3761 (1985).

[24] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevA.98.030302 for photon-qubit interaction us-
ing the input-output formalism, numerical simulation of the gate
fidelity, generating entanglement, and dynamical decoupling
against phase fluctuations.

[25] One can relate κ, κ ′ to the cavity free spectral range FSR =
2πc/lc and the cavity finesse F = FSR/(κ + κ ′).

[26] S. Welte, B. Hacker, S. Daiss, S. Ritter, and G. Rempe, Phys.
Rev. X 8, 011018 (2018).

[27] K. Ujihara, Output Coupling in Optical Cavities and Lasers: A
Quantum Theoretical Approach (Wiley-VCH, Tokyo, 2010).

[28] Y. M. Hao, G. W. Lin, K. Xia, X. M. Lin, Y. P. Niu, and S. Q.
Gong, Sci. Rep. 5, 10005 (2015).

[29] S. Das et al., Phys. Rev. A 93, 040303(R) (2016).
[30] A. C. J. Wade, M. Mattioli, and K. Mølmer, Phys. Rev. A 94,

053830 (2016).
[31] F. Motzoi and K. Mølmer, arXiv:1801.07241.
[32] L. Jiang, J. M. Taylor, A. S. Sørensen, and M. D. Lukin, Phys.

Rev. A 76, 062323 (2007).
[33] R. Raussendorf, J. Harrington, and K. Goyal, New J. Phys. 9,

199 (2007).
[34] V. V. Shende and I. L. Markov, Quantum Inf. Comput. 9, 0461

(2009).
[35] P. C. Humphreys et al., Nature (London) 558, 268 (2018).
[36] L. Viola and S. Lloyd, Phys. Rev. A 58, 2733 (1998).
[37] L. Viola, E. Knill, and S. Lloyd, Phys. Rev. Lett. 82, 2417

(1999).
[38] To choose which qubits are included in the multiqubit CPHASE

gate we propose to detune the cavities whose qubits shall be
excluded from the operation, so they reflect the photon with
certainty.

[39] M. A. Nielsen and I. L. Chuang, Quantum Computation
and Quantum Information (Cambridge University Press, Cam-
bridge, UK, 2000).

[40] L. K. Grover, Phys. Rev. Lett. 79, 325 (1997).
[41] K. Mølmer, L. Isenhower, and M. Saffman, J. Phys. B 44,

184016 (2011).
[42] L. Isenhower, M. Saffman, and K. Mølmer, Quantum Inf.

Process. 10, 755 (2011).
[43] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P.

Schneeweiss, J. Volz, H. Pichler, and P. Zoller, Nature (London)
541, 473 (2017).

030302-5

https://doi.org/10.1103/PhysRevA.60.2737
https://doi.org/10.1103/PhysRevA.60.2737
https://doi.org/10.1103/PhysRevA.60.2737
https://doi.org/10.1103/PhysRevA.60.2737
https://doi.org/10.1038/nphys3000
https://doi.org/10.1038/nphys3000
https://doi.org/10.1038/nphys3000
https://doi.org/10.1038/nphys3000
https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1103/PhysRevLett.78.3221
https://doi.org/10.1038/35106500
https://doi.org/10.1038/35106500
https://doi.org/10.1038/35106500
https://doi.org/10.1038/35106500
https://doi.org/10.1103/PhysRevLett.95.160501
https://doi.org/10.1103/PhysRevLett.95.160501
https://doi.org/10.1103/PhysRevLett.95.160501
https://doi.org/10.1103/PhysRevLett.95.160501
https://doi.org/10.1126/science.1221856
https://doi.org/10.1126/science.1221856
https://doi.org/10.1126/science.1221856
https://doi.org/10.1126/science.1221856
https://doi.org/10.1038/35096524
https://doi.org/10.1038/35096524
https://doi.org/10.1038/35096524
https://doi.org/10.1038/35096524
https://doi.org/10.1038/nature04353
https://doi.org/10.1038/nature04353
https://doi.org/10.1038/nature04353
https://doi.org/10.1038/nature04353
https://doi.org/10.1038/nature11023
https://doi.org/10.1038/nature11023
https://doi.org/10.1038/nature11023
https://doi.org/10.1038/nature11023
https://doi.org/10.1103/PhysRevLett.96.030405
https://doi.org/10.1103/PhysRevLett.96.030405
https://doi.org/10.1103/PhysRevLett.96.030405
https://doi.org/10.1103/PhysRevLett.96.030405
https://doi.org/10.1038/nature06118
https://doi.org/10.1038/nature06118
https://doi.org/10.1038/nature06118
https://doi.org/10.1038/nature06118
https://doi.org/10.1038/nphys3150
https://doi.org/10.1038/nphys3150
https://doi.org/10.1038/nphys3150
https://doi.org/10.1038/nphys3150
https://doi.org/10.1038/nature12016
https://doi.org/10.1038/nature12016
https://doi.org/10.1038/nature12016
https://doi.org/10.1038/nature12016
https://doi.org/10.1103/PhysRevLett.112.170501
https://doi.org/10.1103/PhysRevLett.112.170501
https://doi.org/10.1103/PhysRevLett.112.170501
https://doi.org/10.1103/PhysRevLett.112.170501
https://doi.org/10.1103/PhysRevLett.120.200501
https://doi.org/10.1103/PhysRevLett.120.200501
https://doi.org/10.1103/PhysRevLett.120.200501
https://doi.org/10.1103/PhysRevLett.120.200501
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1038/s41567-018-0115-y
https://doi.org/10.1038/nature13177
https://doi.org/10.1038/nature13177
https://doi.org/10.1038/nature13177
https://doi.org/10.1038/nature13177
https://doi.org/10.1103/PhysRevA.30.1386
https://doi.org/10.1103/PhysRevA.30.1386
https://doi.org/10.1103/PhysRevA.30.1386
https://doi.org/10.1103/PhysRevA.30.1386
https://doi.org/10.1103/PhysRevA.31.3761
https://doi.org/10.1103/PhysRevA.31.3761
https://doi.org/10.1103/PhysRevA.31.3761
https://doi.org/10.1103/PhysRevA.31.3761
http://link.aps.org/supplemental/10.1103/PhysRevA.98.030302
https://doi.org/10.1103/PhysRevX.8.011018
https://doi.org/10.1103/PhysRevX.8.011018
https://doi.org/10.1103/PhysRevX.8.011018
https://doi.org/10.1103/PhysRevX.8.011018
https://doi.org/10.1038/srep10005
https://doi.org/10.1038/srep10005
https://doi.org/10.1038/srep10005
https://doi.org/10.1038/srep10005
https://doi.org/10.1103/PhysRevA.93.040303
https://doi.org/10.1103/PhysRevA.93.040303
https://doi.org/10.1103/PhysRevA.93.040303
https://doi.org/10.1103/PhysRevA.93.040303
https://doi.org/10.1103/PhysRevA.94.053830
https://doi.org/10.1103/PhysRevA.94.053830
https://doi.org/10.1103/PhysRevA.94.053830
https://doi.org/10.1103/PhysRevA.94.053830
http://arxiv.org/abs/arXiv:1801.07241
https://doi.org/10.1103/PhysRevA.76.062323
https://doi.org/10.1103/PhysRevA.76.062323
https://doi.org/10.1103/PhysRevA.76.062323
https://doi.org/10.1103/PhysRevA.76.062323
https://doi.org/10.1088/1367-2630/9/6/199
https://doi.org/10.1088/1367-2630/9/6/199
https://doi.org/10.1088/1367-2630/9/6/199
https://doi.org/10.1088/1367-2630/9/6/199
https://doi.org/10.1038/s41586-018-0200-5
https://doi.org/10.1038/s41586-018-0200-5
https://doi.org/10.1038/s41586-018-0200-5
https://doi.org/10.1038/s41586-018-0200-5
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1103/PhysRevA.58.2733
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevLett.82.2417
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1103/PhysRevLett.79.325
https://doi.org/10.1088/0953-4075/44/18/184016
https://doi.org/10.1088/0953-4075/44/18/184016
https://doi.org/10.1088/0953-4075/44/18/184016
https://doi.org/10.1088/0953-4075/44/18/184016
https://doi.org/10.1007/s11128-011-0292-4
https://doi.org/10.1007/s11128-011-0292-4
https://doi.org/10.1007/s11128-011-0292-4
https://doi.org/10.1007/s11128-011-0292-4
https://doi.org/10.1038/nature21037
https://doi.org/10.1038/nature21037
https://doi.org/10.1038/nature21037
https://doi.org/10.1038/nature21037



