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Linear optical FAN-OUT gates using fewer ancillary single photons
with enhanced success probability
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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 (n — 1)
ancillary single photons and (3n — 3) polarizing beam splitters (PBSs), with a success probability of
(3)"~'. Compared with the standard gate decomposition approach, which requires (2n — 2) ancillary

single photons, (57 —5) PBSs, and yields a success probability of (%)"‘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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L. 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
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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 gate was
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 C”
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 C? 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
C" 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 (3)"~'. 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 C" 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 rAN-ouT GATES
WITH LINEAR OPTICS

A. Postselected three-photon C* gate

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

Ue = (1)
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Here 1, denotes the fourth-order identity operator. The
C? gate describes that, if and only if the control qubit is in
the state |1), 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 C? gate using two ancillary single photons,
several PBSs, and the postselection technique. The com-
putational basis in our scheme is encoded in the horizontal
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FIG. 1. Schematic diagram for implementing a postselected
photonic C? gate in output paths 7, 2, and 4. PBS, and PBS, are
diagonal polarizing beam splitters in the basis {|+) =
\%(\H} +1|V))}, while PBS; and PBS, are regular polarizing
beam splitters in the basis {|H), |V)}. HWP, and HWP; 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.

polarization state |H) and the vertical polarization state
|[V). 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

|l//>c = al‘H>c +ﬁl|v>c’ (2)
|l//>t| = aZ‘H>t1 +ﬂ2|v>t|’ (3)
|l//>,2 = a3|H>Iz +ﬂ3|V>rz- 4)

Here the complex coefficients satisfy |a;|> + |3:]> = 1
fori = 1,2, 3. Two ancillary single photons are prepared in
the horizontal polarization state

W)a, = [H)a,, )
W)y, = [H)q,- ©)

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

P)in = W) ® W), W)y, ® W), ®ly)y,- (1

First, the photon in path ¢, and the first ancillary
photon in path a; simultaneously undergo a diagonal
PBS,, which operates in the diagonal polarization basis
{|£) = \/LE(|H> +|V))}, transmitting the |+) component
and reflecting the |—) component. Similarly, the photon in
path 7, and the second ancillary photon in path a, pass
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through a PBS, with the same diagonal polarization
operation. After the photons from paths #; and a; arrive
simultaneously at PBS; and those from paths ¢, and a,
arrive simultaneously at PBS,, the initial state |¥);,
becomes

)1 = 5 (@lH) +AIV).) ® faall ) +1-))

+62(+)2 = 1901 @ (1)1 + 1=)2)

® a3 (|H)s +1-)3) + Bs(I+)a — [-)3)]

® (I4)3 +[=)a)- (8)
To improve readability, Eq. (8) can be rewritten in a

more compact form as

W) = 3(@llade+ A1) ® fealllihl 1)

b2 45 (2 = o)1 + 126}
~ [2002)) + Balllah 1)z + 1))
45 (20)2 ~ 1202~ 2a)y + )
® faalllahal s + (1 )l10)s
421201~ 120)3 + 2a)s — [24)4)]
Il e+ a1

F2 (2~ 20— R 20 ©)

Here the notation |ny), (|ny),) 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 PBS, and PBS,, Eq. (9) reduces to the following
normalized state

W)y = 5 (elH) + AuIV).) @ [aal|H) H),

+V1IV)2) + Bo([H) V)2 + [V)i[H),)]
® las([H)s|H)s + [V)3]V)4)

+ A3(|H)3|V)a + V)3 |H) ) (10)
with a probability of ;.

Second, the photons in paths ¢ and 1 are interfered
at regular PBS;, which is aligned in the {|H), |V)} basis
and transmits H-polarized photons while reflecting
V-polarized ones. The PBS; can postselect the even-parity
states |H)s|H)q and |V)s|V)s 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 PBS..
Similarly, the PBS, can also postselect the even-parity

states |H),|H)g and |V),|V)g 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 PBS; and
PBS,, the state of the whole system is collapsed into

)3 = aymas|H)g|H)g|H);|H),|H),

+ ajaaf3|H)|H)g|H)7|H), V)4
+ anfaa3|H)g |H)s|H)7| V), | H)
+ a1 o3| H) 6| H)s|H)7| V)2 V)4
+ Brayas|V)e|V)s
+ Braaps3| V)6l V)s
+ B1bras|V)e|V) )2|

+ B1BaB3IV)6|V)s| V)7 H)o | H )y

V)l

7IV)alH)s
| )
(11)

with a probability of %.
Finally, the photons in paths 6 and 8 pass through half-
wave plates (HWP, and HWP,) set at 22.5°, each of which

implements a Hadamard operation in the {|H), |V)} basis
HWP 1 HWP 1
— —(H)=[V)). (12)

\H>—>E(IH>+|V>), V) 7

After the actions of HWP, and HWP,, the five-photon
state |¥); evolves into

o= S UEC(Whalw)al)s) ® [H)olH),
+01C ([W)7lw)alw)s) ® [H)e|V)s
+01C ([W)7lw)alw)s) ® [V)elH)s

4
+ LC ()7 lw)alw)s) ® V)6l V)s).

V)

(13)

Here the product state |yw);|w),|w)s = (ai|H); +
BilV)7) ® (aa|H)y + f|V)s) ® (as|H), + B3| V),) repre-
sents the output state in paths 7, 2, and 4, identical to the
initial input state in paths c, #;, and t,. I; is the identity
operation acting on the photon in path 7, and o7 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 Dy -Dy, or Dy, -Dy, click, then a three-photon
C? 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 Dy -Dy, or
Dy, -Dy, click, the C? 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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TABLE 1. 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 C* gate. The symbol “=”
indicates that no feed-forward operation is required.

Measurement Feedforward

Path 6 Path 8 Path 7 Path 2 Path 4
DHﬁ D Hy - - -
D Ve D Vg - - -
D Hg D Vg UZ - -
D Ve DHx o, - -

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 lxl=1

B. Postselected n-photon C" gate

Our method can be scaled to implement an r-photon
FAN-OUT C" gate. Figure 2 schematically illustrates the
implementation of such a gate using (n — 1) ancillary
single photons and postselection techniques. The n input
photons, located in paths c, ¢, ..., t,_;, are prepared in a
general product state given by

(a1|H>c +ﬂl|v>c)
n—1

@i(aj+1|H>zj +ﬂj+1|V>rj)- (14)
j=

|l//>c,t1,..‘.tnfl =

Here the complex coefficients satisfy the normalization
condition |o;|> + |B;|* = 1 for i = 1,2, ....., n. Each of the
(n— 1) ancillary photons is prepared in the horizontal
polarization state |H), i.e.,

/ i /
[ ] [ ] [ ]
- — B~ — B
<« 2n <« 2n+2 < 4n-4
2n—1 2n+1 4n—5---,
C « . —_—t—— 0.
1 3 2n-3
2 4 L1 2n-2
t o 1, ¢ ¥ [ ->—3—>
ap « a, a, _ |«

FIG. 2. Schematic diagram for implementing an n-photon C"
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.

W), = |H), . (1)

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

|‘Pl>in = (al|H>c +ﬂl |V>c)
n—1

@ (@j1lH)y, + BV} ) Ha, (16)

j=

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
{|£)}. 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

n—1

W) = 272 (i |H) + BilV)e)
n—1

Rlaj i ([H)ajoi [H)aj +1V)2j-11V)2)

Jj=1
+ i1 ([H)2jo1 V)2 + [V)ajo1 [H)o )] (17

with a success probability of 5L

Step 2: The control photon in path ¢ sequentially
interacts with the photons in paths 1,3,...,2n —3 via a
series of n — 1 PBSs in the {|H), |V)} basis. For each PBS,
only the even-parity components |H)|H) and |V)|V) are
preserved when exactly one photon exits each output port.
Under this condition, the state in Eq. (17) reduces to

n—1
[¥), = a;|H)s,s @[aj+l(|H>2j +1V)2;)
P

® [H)onrj-1y] + BilV)on_s
n—1

Qlaj 1 (V) + [H)p) & [Vspuijny]  (18)

Jj=1

with a success probability of 5.

Step 3: All photons in paths 2n,2n + 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

|9'), =277 Z(W) ® C"[W)an—s2....20-2)

Hee
+Z(|ﬁ>®5z4n—5C"|l//>4n75,2,...,2n72) - (19
HeO

Here 7’2 = (HZVH Hon42s «-es ﬂ4n74) is an (n - 1>_
dimensional bit string with each u; € {H, V}. The sets £
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FIG. 3. Schematic diagram for implementing a two-photon C”"
gate with n = 2 (i.e., CNOT gate).

and O, respectively, contain strings with an even and odd
number of |V) components. [y)4, s, 5, 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 C" gate can be implemented in
the output paths 4n —5,2,...,2n —2 by measuring the
ancillary photons in paths 2n,2n + 2, ...,4n — 4. If the
number of V-photon in the measurement outcome |i) 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 C" 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,2n +2,...,4n —4). The total success probability of
the postselected scheme is therefore given by
T X znll 71 For n =2, the FAN-oUT C" gate simpli-

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

o}
|H) = [(cos @ — \/rsin0)|H)
V1 |
— (s1n9 ++/r* cos 0)|V)], (20)
|V>UPBS | | [(sin@ + \/rcos 0)|H)
r
+ (COSQ— Vr*sin6)|V)], (21
0,
4= [(cos@ — \/rsinO)|+)
va |
- (sm 0 + /1" cos 0)|-)], (22)
|— >UPBS |r| [(sin® + \/r cos 0)|+)
(cosH V1 sin 6)]-)]. (23)

Here the 6 denotes the deviation of mirror mounts and r
denotes the polarization extinction ratio of the PBS. The
term /r* is the complex conjugate of /r. Under these
imperfect conditions, suppose the initial two-photon state

) = (a1|H). +p1|V),) ® (az|H), + o|V)))  (24)

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

1
147
— (sin@ + /r* cos 0)|V)s)

X ((cos@ — \/rsin0)|H)q
— (sin@ + \/r* cos 0)|V)¢)
+ a1 >((cos @ — \/rsin@)|H)s
— (sin@ + /r* cos 0)|V)s)
X ((sin@ + \/rcos 0)|H)s
+ (cos @ — \/r*sin0)|V)s)
+ By ((sin@ + \/rcos 0)|H)g
+ (cos @ — \/r*sin0)|V))
X ((cos@ — \/rsin0)|H)q
— (sin@ + /r* cos 0)|V))
+ 1B ((sin 0 + /rcos 0)|H) g

|‘Prea1> [ala2((cosa \/;SIH 6>|H>

+ (cos @ — \/r*sin0)|V))
x ((sin@ + v/rcos 0)|H)s
+ (cos @ — \/r*sin0)|V)s)]. (25)

While the ideal output state after the PBS; is

Widgea) = (1|H)s + B1|V)e) ® (aa|H)g + f2|V)s). (26)
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FIG. 4. The average fidelity of an imperfect PBS as a function
of the angular deviation € and the polarization extinction ratio r.

To quantify the performance of the C" gate affected by
the imperfect PBSs, we first calculate the average fidelity
of a PBS, which is given by

- 1 2 [2m
F = 7A LI]rea lIli ea 2dxd
s = oz 1l Wi Pty
1

= a1 1) [—20(r* — 1) cos(26)

+19(r* — 6r + 1) cos(40) + 5(1 +r)
x (5 + 5r — 84/rsin(20))
+76(r — 1)y/rsin(40)]. (27)
Here we set a; =cosx, f; =sinx, a, =cosy, and
B, = cosy. Figure 4 plots the average fidelity Fpgg as a
function of the imperfection parameters € and r. As
expected, the fidelity improves as both 8 and r decrease.
Specifically, for @ = 2 x 1073 rad and r = 0.2 x 1073, the
average fidelity reaches Fpgg = 0.9992. In our implemen-
tation of the C* gate shown in Fig. 1, a total of six PBSs are
required, operating in either the {|H), |V)} or {|+),|—-)}

TABLE II.

1.00 T T T T T T
—&46— GDM (5n — 5 PBSs)
—&— GDM (4n — 4 PBSs)
098 - Ours (3n — 3 PBSs) |
0.96 - 1
o L A
Ik 0.94
092 J
0.90 - 1
0.88 1 1 1 1 1 1
0 5 10 15 20 25 30 35
n
FIG. 5.

Comparison of the average fidelities of the C" (n > 3)
gate between our scheme and the conventional gate decom-
position method (GDM).

basis. Assuming all PBSs exhibit the same performance,
the overall average fidelity of the gate is estimated
as Fes = (0.9992)° = 0.9952.

The n-qubit C" gate (n > 3) shown in Fig. 2 requires
(3n —3) PBSs and (n — 1) ancillary photons. The average
fidelity of our scheme is 0.99923"=3 and the corresponding
success probability is (}1)"*'. In contrast, the gate decom-
position method (GDM) [39] requires (n — 1) CNOT gates to
construct an n-qubit C" 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 % [17,18]; (ii) using an entangled
photon pair as an ancillary resource, requiring four PBSs
and achieving a success probability of i [21-23]; and
(iii) using five PBSs and two ancillary single photons,
yielding a success probability of % [28,29]. A detailed
comparison between our scheme and the GDM-based C”
gate is presented in Table II, and Fig. 5 illustrates the
corresponding average fidelities of the C" gate for these
approaches. Recently, a long-distance photonic C" gate
assisted by an n-photon GHZ state has been proposed [51].

Comparison between our scheme and the decomposition-based C" 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 F, the success probability (SP), and nondestructiveness.

Schemes

PBS ASP

AEPP Fen SP Nondestructive
GDM with [17,18] Sn—5 0 0 0.9992%"—> (%)”—' X
GDM with [28,29] Sn—>5 2(n—1) 0 0.9992%"—> (%)”‘1 v
GDM with [21-23] dn—4 0 n—1 0.99924n—4 (i)nil v/
Ours 3n—3 n—1 0 0.999237—3 (%)n—l x
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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 C" gate requires 2(n — 1) 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 C? gate using only two ancillary
photons. This scheme is further generalized to an n-qubit
FAN-OUT C" gate with (n — 1) ancillary single photons and
(3n —3) PBSs. The gate operates successfully when
exactly one photon in each output path, yielding a total
success probability of (i)”*' . 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 from measurements 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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