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Photonic quantum gates are fundamental building blocks for a wide range of optical quantum information
processing tasks. We propose an efficient linear-optical scheme for implementing a postselected three-
qubit FAN-OUT gate (also known as a controlled-NOT-NOT gate) using only two ancillary single photons and
linear optical elements. The scheme can be generalized to an n-qubit FAN-OUT gate, requiring ðn − 1Þ
ancillary single photons and ð3n − 3Þ polarizing beam splitters (PBSs), with a success probability of
ð1
4
Þn−1. Compared with the standard gate decomposition approach, which requires ð2n − 2Þ ancillary

single photons, ð5n − 5Þ PBSs, and yields a success probability of ð1
8
Þn−1. Our scheme significantly

reduces the resource overhead and improves the success probability. We further evaluate the gate
performance and demonstrate improved robustness compared with gate decomposition-based methods.
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I. INTRODUCTION

Photonic quantum computing [1], which utilizes pho-
tons as information carriers for quantum state encoding,
manipulation, and storage [2], has emerged as a leading
platform for demonstrating quantum computational ad-
vantage. Quantum computing with photon qubits has
shown remarkable superiority over classical systems in
boson sampling experiments [3–5] and random circuit
sampling tasks [6]. The inherent advantages of photons,
including long coherence times, multiple accessible
degrees of freedom, and high-fidelity single-qubit oper-
ations [7], make them particularly suitable for various
quantum computing applications [8–10]. However, in
photonic quantum information processing, a fundamental
challenge persists as the implementation of deterministic
multiphoton quantum gates remains elusive due to the
weak nonlinear interactions between individual photons
[11]. This limitation results in inherently probabilistic gate
operations, significantly hindering the scalability of optical
quantum computing systems. Consequently, developing
resource-efficient methods to enhance the success proba-
bility of multiphoton quantum gates has become a critical
research focus in the noisy intermediate-scale quantum
era [12].
The realization of two-qubit entangling gates using

linear optics and photon detection was first demonstrated
in the KLM scheme [13], which has since inspired

extensive efforts to implement controlled-NOT (CNOT)
gates or their equivalent controlled-phase-flip (CPF) gates
[14]. Nowadays, experimental implementations of CNOT

gates in multiphoton systems can generally be divided into
three categories. In the first category, no ancillary photons
are required, and a success probability of 1/9 for a post-
selected CNOT gate [15] based on linear optics has been
reported [16–20]. The second category improves the
success probability to 1/4 by employing an additional pair
of maximally entangled photons [13], and this approach
represents the highest success probability to date [21–25].
Considering the challenges and imperfections associated
with generating entangled photon pairs [26], a third
category of schemes based on ancillary single photons
has been theoretically proposed and experimentally dem-
onstrated. In this category, CPF gates with success prob-
abilities of 1/16 [13] and 2/27 [27] were first proposed. By
introducing two ancillary single photons and Bell-state
measurements, the success probability of the CNOT gatewas
further improved to 1/8 [28,29]. Beyond these basic gates,
research has also extended to more complex multiple-
photon gates like Toffoli and Fredkin gates, though these
typically exhibit lower success probabilities [30–38].

FAN-OUT gates [39], commonly known as multiple-
target CNOT gates, represent a fundamental and powerful
class of multiqubit controlled operations [40]. An n-qubit
FAN-OUT gate, denoted as controlled-NOT-� � �-NOT or Cn

gate, operates on one control qubit and (n − 1) target
qubits. These gates serve as essential components in
quantum information processing with critical applications
including quantum error correction [41], fault-tolerant
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quantum computing [42], entangled state generation
[43,44], measurement-based quantum computing [45],
and circuit optimization [46]. Recent experimental
advances have successfully realized FAN-OUT gates in
both Rydberg atom systems [47–50] and photonic systems
[51]. For photonic implementations, current schemes rely
heavily on multiphoton entangled Greenberger-Horne-
Zeilinger (GHZ) states as ancillary resources [51].
However, generating large-scale photonic GHZ states with
high efficiency remains a significant experimental chal-
lenge. Although an n-qubit FAN-OUT gate can theoretically
be decomposed into (n − 1) CNOT gates sharing one control
qubit [39], this approach becomes impractical for large-
scale optical implementations due to its substantial resource
requirements and heightened sensitivity to noise.
In this paper, we first propose a postselected three-

photon FAN-OUT C3 gate assisted by two ancillary single
photons by using only linear optical elements. This scheme
is then generalized to realize an arbitrary n-qubit FAN-OUT
Cn gate with the assistance of (n − 1) ancillary single
photons and (3n − 3) polarizing beam splitters (PBSs).
The gate operation succeeds when each output path
contains exactly one photon, yielding an overall success
probability of ð1

4
Þn−1. Notably, the previous scheme [51]

requires an ancillary maximally entangled GHZ state,
whereas our approach eliminates this requirement and
relies only on ancillary single photons. We further analyze
the impact of imperfect PBSs on the fidelity of the Cn gate
and demonstrate that our scheme exhibits greater robust-
ness to such imperfections and achieves a higher success
probability compared with the gate decomposition-based
method [39].

II. MULTIPHOTON FAN-OUT GATES
WITH LINEAR OPTICS

A. Postselected three-photon C3 gate

The three-qubit C3 gate with one control qubit and two
target qubits is the simplest FAN-OUT quantum gate. The
operator of the C3 gate is given by

UC3 ¼

0
BBBB@

I4 0 0 0 0

0 0 0 0 1

0 0 0 1 0

0 0 1 0 0

0 1 0 0 0

1
CCCCA: (1)

Here I4 denotes the fourth-order identity operator. The
C3 gate describes that, if and only if the control qubit is in
the state j1i, two target qubits will flip; in the other case,
the two target qubits remain unchanged.
Figure 1 schematically illustrates the implementation of

a three-photon C3 gate using two ancillary single photons,
several PBSs, and the postselection technique. The com-
putational basis in our scheme is encoded in the horizontal

polarization state jHi and the vertical polarization state
jVi. Let us explain the scheme in detail below.
As shown in Fig. 1, the initial control qubit and the two

target qubits are prepared in general single-photon polari-
zation states, which are given by

jψic ¼ α1jHic þ β1jVic; (2)

jψit1 ¼ α2jHit1 þ β2jVit1 ; (3)

jψit2 ¼ α3jHit2 þ β3jVit2 : (4)

Here the complex coefficients satisfy jαij2 þ jβij2 ¼ 1
for i ¼ 1; 2; 3. Two ancillary single photons are prepared in
the horizontal polarization state

jψia1 ¼ jHia1 ; (5)

jψia2 ¼ jHia2 : (6)

Therefore, the five input single-photon states in the
whole optical system can be expressed as

jΨiin ¼ jψic ⊗ jψit1 ⊗ jψia1 ⊗ jψit2 ⊗ jψia2 : (7)

First, the photon in path t1 and the first ancillary
photon in path a1 simultaneously undergo a diagonal
PBS1, which operates in the diagonal polarization basis
fj�i ¼ 1ffiffi

2
p ðjHi � jViÞg, transmitting the jþi component

and reflecting the j−i component. Similarly, the photon in
path t2 and the second ancillary photon in path a2 pass

PBS1 PBS2

t1 t2

c

a1 a2

1

2

3

4

5

6

7

8HWP1 HWP2

6H
D

6V
D

8
HD

8V
D

PBS3 PBS4

z

FIG. 1. Schematic diagram for implementing a postselected
photonic C3 gate in output paths 7, 2, and 4. PBS1 and PBS2 are
diagonal polarizing beam splitters in the basis fj�i ¼
1ffiffi
2

p ðjHi � jViÞg, while PBS3 and PBS4 are regular polarizing

beam splitters in the basis fjHi; jVig. HWP1 and HWP2 are half-
wave plates set at 22.5°. The diagonal PBS can be realized by
inserting HWPs set at 22.5° at two inputs and two outputs of the
regular PBS, respectively. The numbered labels denote the
optical paths of the photons.
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through a PBS2 with the same diagonal polarization
operation. After the photons from paths t1 and a1 arrive
simultaneously at PBS1 and those from paths t2 and a2
arrive simultaneously at PBS2, the initial state jΨiin
becomes

jΨi1 ¼
1

4
ðα1jHic þ β1jVicÞ ⊗ ½α2ðjþi2 þ j−i1Þ

þ β2ðjþi2 − j−i1Þ� ⊗ ðjþi1 þ j−i2Þ
⊗ ½α3ðjþi4 þ j−i3Þ þ β3ðjþi4 − j−i3Þ�
⊗ ðjþi3 þ j−i4Þ: (8)

To improve readability, Eq. (8) can be rewritten in a
more compact form as

jΨi1 ¼
1

4
ðα1j1Hic þ β1j1VicÞ ⊗ fα2½j1Hi1j1Hi2

þ j1Vi1j1Vi2 þ
1

2
ðj2Hi1 − j2Vi1 þ j2Hi2

− j2Vi2Þ� þ β2½j1Hi1j1Vi2 þ j1Vi1j1Hi2
þ 1

2
ðj2Hi2 − j2Vi2 − j2Hi1 þ j2Vi1Þ�g

⊗ fα3½j1Hi3j1Hi4 þ j1Vi3j1Vi4
þ 1

2
ðj2Hi3 − j2Vi3 þ j2Hi4 − j2Vi4Þ�

þ β3½j1Hi3j1Vi4 þ j1Vi3j1Hi4
þ 1

2
ðj2Hi4 − j2Vi4 − j2Hi3 þ j2Vi3Þ�g: (9)

Here the notation jnHik (jnVik) denotes a photonic state
containing nH-polarized (V-polarized) photons in path k.
For simplicity, we drop the photon number index when
describing states postselected for single photons. When
exactly one photon exists in each of paths 1, 2, 3, and 4
after PBS1 and PBS2, Eq. (9) reduces to the following
normalized state

jΨi2 ¼
1

2
ðα1jHic þ β1jVicÞ ⊗ ½α2ðjHi1jHi2

þ jVi1jVi2Þ þ β2ðjHi1jVi2 þ jVi1jHi2Þ�
⊗ ½α3ðjHi3jHi4 þ jVi3jVi4Þ
þ β3ðjHi3jVi4 þ jVi3jHi4Þ� (10)

with a probability of 1
4
.

Second, the photons in paths c and 1 are interfered
at regular PBS3, which is aligned in the fjHi; jVig basis
and transmits H-polarized photons while reflecting
V-polarized ones. The PBS3 can postselect the even-parity
states jHi5jHi6 and jVi5jVi6 when exactly one photon is
present in each of paths 5 and 6. Subsequently, the photon
in path 5 and the photon in path 3 are interfered at PBS4.
Similarly, the PBS4 can also postselect the even-parity

states jHi7jHi8 and jVi7jVi8 when one photon is present
in each of paths 7 and 8. Therefore, when exactly one
photon exists in paths 5, 6, 7, and 8 after the PBS3 and
PBS4, the state of the whole system is collapsed into

jΨi3 ¼ α1α2α3jHi6jHi8jHi7jHi2jHi4
þ α1α2β3jHi6jHi8jHi7jHi2jVi4
þ α1β2α3jHi6jHi8jHi7jVi2jHi4
þ α1β2β3jHi6jHi8jHi7jVi2jVi4
þ β1α2α3jVi6jVi8jVi7jVi2jVi4
þ β1α2β3jVi6jVi8jVi7jVi2jHi4
þ β1β2α3jVi6jVi8jVi7jHi2jVi4
þ β1β2β3jVi6jVi8jVi7jHi2jHi4 (11)

with a probability of 1
4
.

Finally, the photons in paths 6 and 8 pass through half-
wave plates (HWP1 and HWP2) set at 22.5°, each of which
implements a Hadamard operation in the fjHi; jVig basis

jHi⟶HWP 1ffiffiffi
2

p ðjHiþjViÞ; jVi⟶HWP 1ffiffiffi
2

p ðjHi− jViÞ: (12)

After the actions of HWP1 and HWP2, the five-photon
state jΨi3 evolves into

jΨi4 ¼
1

2
½I7C3ðjψi7jψi2jψi4Þ ⊗ jHi6jHi8

þ σz7C3ðjψi7jψi2jψi4Þ ⊗ jHi6jVi8
þ σz7C3ðjψi7jψi2jψi4Þ ⊗ jVi6jHi8
þ I7C3ðjψi7jψi2jψi4Þ ⊗ jVi6jVi8�: (13)

Here the product state jψi7jψi2jψi4 ¼ ðα1jHi7 þ
β1jVi7Þ ⊗ ðα2jHi2 þ β2jVi2Þ ⊗ ðα3jHi4 þ β3jVi4Þ repre-
sents the output state in paths 7, 2, and 4, identical to the
initial input state in paths c, t1, and t2. I7 is the identity
operation acting on the photon in path 7, and σz7 is Pauli Z
operation acting on the photon in path 7.
Based on Eq. (13), a two-photon coincidence measure-

ment is performed on the photons in paths 6 and 8. The
measurement outcomes and the corresponding feed-for-
ward operations are presented in Table I. If the coincidence
detectors DH6

-DH8
or DV6

-DV8
click, then a three-photon

C3 gate is implemented on the output photons in paths 7, 2,
and 4, where the photon in path 7 serves as the control
qubit and those in paths 2 and 4 serve as the target qubits.
Alternatively, if the coincidence detectors DH6

-DV8
or

DV6
-DH8

click, the C3 gate is still obtained by applying a
feed-forward Pauli-Z operation to the photon in path 7.
The gate operation succeeds if and only if exactly one
photon is present in each output path (2, 4, 6, 7, and 8);
otherwise, the scheme fails. Notably, the success of the
scheme cannot be heralded solely by the responses of the
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detectors set in paths 6 and 8. But the instances in which
only the path 6 or 8 contains one photon or multiple
photons or no photons indicate that the scheme fails. The
total success probability of the scheme is therefore given
by 1

4
× 1

4
¼ 1

16
.

B. Postselected n-photon Cn gate

Our method can be scaled to implement an n-photon
FAN-OUT Cn gate. Figure 2 schematically illustrates the
implementation of such a gate using ðn − 1Þ ancillary
single photons and postselection techniques. The n input
photons, located in paths c; t1;…; tn−1, are prepared in a
general product state given by

jψic;t1;…;tn−1 ¼ ðα1jHic þ β1jVicÞ

⨂
n−1

j¼1

ðαjþ1jHitj þ βjþ1jVitjÞ: (14)

Here the complex coefficients satisfy the normalization
condition jαij2 þ jβij2 ¼ 1 for i ¼ 1; 2; :::::; n. Each of the
ðn − 1Þ ancillary photons is prepared in the horizontal
polarization state jHi, i.e.,

jψiaj ¼ jHiaj : (15)

Therefore, the joint initial state of the entire system is
expressed as

jΨ0iin ¼ ðα1jHic þ β1jVicÞ

⨂
n−1

j¼1

ðαjþ1jHitj þ βjþ1jVitjÞjHiaj : (16)

Step 1: Similar to the argument in Sec. II A, each of the
n − 1 ancillary photons interferes with one of the n − 1
target photons at a diagonal PBS in the diagonal basis
fj�ig. Each PBS performs a parity-check operation; it
routes photons with the same polarization into different
output paths and those with orthogonal polarizations into
the same output path. After the n − 1 PBSs, when exactly
one photon appears in each output path, the system evolves
into the normalized state

jΨ0i1 ¼ 2−n−1
2 ðα1jHic þ β1jVicÞ

⨂
n−1

j¼1

½αjþ1ðjHi2j−1jHi2j þ jVi2j−1jVi2jÞ

þ βjþ1ðjHi2j−1jVi2j þ jVi2j−1jHi2jÞ� (17)

with a success probability of 1
2n−1.

Step 2: The control photon in path c sequentially
interacts with the photons in paths 1; 3;…; 2n − 3 via a
series of n − 1 PBSs in the fjHi; jVig basis. For each PBS,
only the even-parity components jHijHi and jVijVi are
preserved when exactly one photon exits each output port.
Under this condition, the state in Eq. (17) reduces to

jΨ0i2 ¼ α1jHi2n−5 ⨂
n−1

j¼1

½αjþ1ðjHi2j þ jVi2jÞ

⊗ jHi2ðnþj−1Þ� þ β1jVi2n−5
⨂
n−1

j¼1

½αjþ1ðjVi2j þ jHi2jÞ ⊗ jVi2ðnþj−1Þ� (18)

with a success probability of 1
2n−1.

Step 3: All photons in paths 2n; 2nþ 2;…; 4n − 4; pass
through the HWPs set at 22.5°. These HWPs can realize
the Hadamard operations on photons H and V, and evolve
the state in Eq. (18) into

jΨ0i3 ¼ 2−n−1
2

2
4X
μ⃗∈E

ðjμ⃗i⊗Cnjψi4n−5;2;…;2n−2Þ

þ
X
μ⃗∈O

ðjμ⃗i⊗ σz4n−5Cnjψi4n−5;2;…;2n−2Þ
3
5: (19)

Here ⃗μ ¼ ðμ2n; μ2nþ2; …; μ4n−4Þ is an ðn − 1Þ-
dimensional bit string with each μj ∈ fH;Vg. The sets E

TABLE I. The correspondence between the measurement
outcomes of the ancillary photons in paths 6 and 8 and the
required feed-forward operations on the output photons in paths
7, 2, and 4 for implementing the C3 gate. The symbol “–”
indicates that no feed-forward operation is required.

Measurement Feedforward

Path 6 Path 8 Path 7 Path 2 Path 4

DH6
DH8

– – –
DV6

DV8
– – –

DH6
DV8

σz – –
DV6

DH8
σz – –

t1 t2

c

a1 a2

1

2

3

4 tn – 1

an – 1

2n – 3

2n – 2

4n – 4

2n – 1

2n

2n + 1

2n + 2

4n – 5
z

FIG. 2. Schematic diagram for implementing an n-photon Cn

gate in the paths 4n − 5; 2; 4;…; 2n − 2. Here the photon in path
4n − 5 serves as the control qubit, while the photons in paths
2; 4;…; 2n − 2 serve as the n − 1 target qubits.
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and O, respectively, contain strings with an even and odd
number of jVi components. jψi4n−5;2;…;2n−2 is a general
n-photon state in the output ports 4n − 5; 2;…; 2n − 2,
consistent with the initial input in Eq. (14).
Based on Eq. (19), the Cn gate can be implemented in

the output paths 4n − 5; 2;…; 2n − 2 by measuring the
ancillary photons in paths 2n; 2nþ 2;…; 4n − 4. If the
number of V-photon in the measurement outcome jμ⃗i is
even, then no feed-forward operation is required.
Conversely, if the number of V-photon outcomes is odd,
then a Pauli-Z operation will be applied to the photon in
path 4n − 5 (the control qubit). The Cn gate succeeds only
when exactly one photon is emitted from each output path
(4n − 5; 2;…; 2n − 2; 2n;…; 4n − 4). Otherwise, the gate
operation fails. The success of the scheme cannot be
heralded solely by detecting photons in the paths
(2n; 2nþ 2;…; 4n − 4). The total success probability of
the postselected scheme is therefore given by
1

2n−1 ×
1

2n−1 ¼ 1
4n−1. For n ¼ 2, the FAN-OUT Cn gate simpli-

fies to the linear optical CNOT gate with a success
probability of 1

4
, see Fig. 3.

III. PERFORMANCE OF THE SCHEME

Our scheme primarily relies on a series of PBSs. Under
ideal conditions, the scheme achieves unit fidelity.
However, in realistic implementations, imperfections in
PBSs inevitably degrade the gate performance. In practice,
PBSs can be functionally replaced by calcite beam dis-
placers (BDs), as both devices spatially separate photons
based on their polarization. According to the experimen-
tally characterized imperfections of BDs [52,53], we
analyze how deviations from ideal PBS behavior affect
the overall fidelity of the proposed scheme.
The imperfections of a PBS for polarization-encoded

photons can be characterized by its nonideal behavior in
different polarization bases. For an imperfect PBS with a
finite extinction ratio and angular deviation, its action can
be modeled as the following unitary transformations

jHi⟶ÛPBS 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jrjp ½ðcos θ − ffiffiffi

r
p

sin θÞjHi

− ðsin θ þ ffiffiffi
r

p � cos θÞjVi�; (20)

jVi⟶ÛPBS 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jrjp ½ðsin θ þ ffiffiffi

r
p

cos θÞjHi

þ ðcos θ − ffiffiffi
r

p � sin θÞjVi�; (21)

jþi⟶ÛPBS 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jrjp ½ðcos θ − ffiffiffi

r
p

sin θÞjþi

− ðsin θ þ ffiffiffi
r

p � cos θÞj−i�; (22)

j−i⟶ÛPBS 1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jrjp ½ðsin θ þ ffiffiffi

r
p

cos θÞjþi

þ ðcos θ − ffiffiffi
r

p � sin θÞj−i�: (23)

Here the θ denotes the deviation of mirror mounts and r
denotes the polarization extinction ratio of the PBS. The
term

ffiffiffi
r

p � is the complex conjugate of
ffiffiffi
r

p
. Under these

imperfect conditions, suppose the initial two-photon state

jΨi ¼ ðα1jHic þ β1jVicÞ ⊗ ðα2jHi1 þ β2jVi1Þ (24)

undergoes an imperfect PBS3 as shown in Fig. 1, the real
output state is given by

jΨreali ¼
1

1þ jrj ½α1α2ððcos θ −
ffiffiffi
r

p
sin θÞjHi5

− ðsin θ þ ffiffiffi
r

p � cos θÞjVi5Þ
× ððcos θ − ffiffiffi

r
p

sin θÞjHi6
− ðsin θ þ ffiffiffi

r
p � cos θÞjVi6Þ

þ α1β2ððcos θ − ffiffiffi
r

p
sin θÞjHi5

− ðsin θ þ ffiffiffi
r

p � cos θÞjVi5Þ
× ððsin θ þ ffiffiffi

r
p

cos θÞjHi5
þ ðcos θ − ffiffiffi

r
p � sin θÞjVi5Þ

þ β1α2ððsin θ þ
ffiffiffi
r

p
cos θÞjHi6

þ ðcos θ − ffiffiffi
r

p � sin θÞjVi6Þ
× ððcos θ − ffiffiffi

r
p

sin θÞjHi6
− ðsin θ þ ffiffiffi

r
p � cos θÞjVi6Þ

þ β1β2ððsin θ þ
ffiffiffi
r

p
cos θÞjHi6

þ ðcos θ − ffiffiffi
r

p � sin θÞjVi6Þ
× ððsin θ þ ffiffiffi

r
p

cos θÞjHi5
þ ðcos θ − ffiffiffi

r
p � sin θÞjVi5Þ�: (25)

While the ideal output state after the PBS3 is

jΨideali ¼ ðα1jHi5 þ β1jVi6Þ ⊗ ðα2jHi6 þ β2jVi5Þ: (26)

PBS
1

t
in t

out

c
in

a

1

2

3

4HWP

4H
D

PBS
2

z

4V
D

c
out

FIG. 3. Schematic diagram for implementing a two-photon Cn

gate with n ¼ 2 (i.e., CNOT gate).
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To quantify the performance of the Cn gate affected by
the imperfect PBSs, we first calculate the average fidelity
of a PBS, which is given by

F̄PBS ¼
1

ð2πÞ2
Z

2π

0

Z
2π

0

jhΨrealjΨidealij2dxdy

¼ 1

64ð1þ rÞ2 ½−20ðr
2 − 1Þ cosð2θÞ

þ 19ðr2 − 6rþ 1Þ cosð4θÞ þ 5ð1þ rÞ
× ð5þ 5r − 8

ffiffiffi
r

p
sinð2θÞÞ

þ 76ðr − 1Þ ffiffiffi
r

p
sinð4θÞ�: (27)

Here we set α1 ¼ cos x, β1 ¼ sin x, α2 ¼ cos y, and
β2 ¼ cos y. Figure 4 plots the average fidelity F̄PBS as a
function of the imperfection parameters θ and r. As
expected, the fidelity improves as both θ and r decrease.
Specifically, for θ ¼ 2 × 10−3 rad and r ¼ 0.2 × 10−3, the
average fidelity reaches F̄PBS ¼ 0.9992. In our implemen-
tation of the C3 gate shown in Fig. 1, a total of six PBSs are
required, operating in either the fjHi; jVig or fjþi; j−ig

basis. Assuming all PBSs exhibit the same performance,
the overall average fidelity of the gate is estimated
as F̄C3 ¼ ð0.9992Þ6 ¼ 0.9952.
The n-qubit Cn gate (n ≥ 3) shown in Fig. 2 requires

ð3n − 3Þ PBSs and ðn − 1Þ ancillary photons. The average
fidelity of our scheme is 0.99923n−3 and the corresponding
success probability is ð1

4
Þn−1. In contrast, the gate decom-

positionmethod (GDM) [39] requires ðn − 1ÞCNOT gates to
construct an n-qubit Cn gate. Previous schemes for imple-
menting optical CNOT gates can be categorized into three
groups: (i) without ancillary photons, using five PBSs, and
the success probability is 1

9
[17,18]; (ii) using an entangled

photon pair as an ancillary resource, requiring four PBSs
and achieving a success probability of 1

4
[21–23]; and

(iii) using five PBSs and two ancillary single photons,
yielding a success probability of 1

8
[28,29]. A detailed

comparison between our scheme and the GDM-based Cn

gate is presented in Table II, and Fig. 5 illustrates the
corresponding average fidelities of the Cn gate for these
approaches. Recently, a long-distance photonic Cn gate
assisted by an n-photon GHZ state has been proposed [51].
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FIG. 4. The average fidelity of an imperfect PBS as a function
of the angular deviation θ and the polarization extinction ratio r.

TABLE II. Comparison between our scheme and the decomposition-based Cn gate (n ≥ 3), in terms of the
required number of PBSs, the number of ancillary single photons (ASP), the number of ancillary entangled photon
pairs (AEPP), the average fidelity F̄Cn, the success probability (SP), and nondestructiveness.

Schemes PBS ASP AEPP F̄Cn SP Nondestructive

GDM with [17,18] 5n − 5 0 0 0.99925n−5 ð1
9
Þn−1 ×

GDM with [28,29] 5n − 5 2ðn − 1Þ 0 0.99925n−5 ð1
8
Þn−1 ✓

GDM with [21–23] 4n − 4 0 n − 1 0.99924n−4 ð1
4
Þn−1 ✓

Ours 3n − 3 n − 1 0 0.99923n−3 ð1
4
Þn−1 ×

0 5 10 15 20 25 30 35

n

0.88

0.90

0.92

0.94

0.96

0.98

1.00

FIG. 5. Comparison of the average fidelities of the Cn (n ≥ 3)
gate between our scheme and the conventional gate decom-
position method (GDM).
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In contrast, our scheme does not require a shared GHZ state
as an ancillary resource, which significantly relaxes the
experimental requirements.
Besides imperfect PBSs, other experimental imperfec-

tion sources that may degrade the performance of the
schemes mainly include finite detector efficiency (since
implementing a Cn gate requires 2ðn − 1Þ detectors),
imperfections in single-photon sources, detector dark
counts, and nonideal behaviors of other optical elements.

IV. CONCLUSION

We have presented a linear-optical scheme for imple-
menting a three-photon C3 gate using only two ancillary
photons. This scheme is further generalized to an n-qubit
FAN-OUT Cn gate with ðn − 1Þ ancillary single photons and
ð3n − 3Þ PBSs. The gate operates successfully when
exactly one photon in each output path, yielding a total
success probability of ð1

4
Þn−1. The success of the gate cannot

be completely heralded by detecting only the ancillary
photons. Instead, the success can be inferred either from
subsequent practical applications or frommeasurements on
all output photons. One possible way to overcome the
destructive measurement of postselection is to develop
nondestructive photonic qubit detection [54,55] or to
employ more ancillary photons (see Table II). Compared
with the GDM-based schemes and existing photonic gates,
our scheme requires fewer ancillary single photons and
fewer PBSs, while achieving higher fidelity and success
probability. Our results provide a more efficient and
scalable alternative for realizing multiqubit FAN-OUT gates
in linear-optical quantum computing, with promising
applications in photonic quantum information processing.
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