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For quantum computation using photons, performing deterministic quantum gate operations is a chal-
lenge due to the probabilistic nature of the photon-photon interaction. Encoding qubits in multiple degrees
of freedom of photons and controlling operations between them is one of the promising ways to navi-
gate the probabilistic behavior. Using the single-photon discrete-time quantum walk in combination with
polarization and path degrees of freedom, we experimentally demonstrate the realization of a universal set
of quantum gates with high fidelity at room temperature. The deterministic realization of quantum gates
through the photonic quantum walk are characterized via quantum state tomography. For a three-qubit
system using a single photon, the first qubit is encoded using polarization information, and the other two
qubits are encoded using path information, closely resembling a Galton-board setup. To generate a six-
qubit Greenberger-Horne-Zeilinger state, entangled photon pairs are used to entangle the two three-qubit
modules on which gate operations are performed. We also provide insights into the mapping of photonic
quantum walk operations to quantum circuit representation and propose method to resourcefully scale.
This demonstration marks significant progress towards using quantum walks for quantum computing and
provides a framework for using fewer photons in combination with different degrees of freedom of photons

to scale the number of qubits.

DOLI: 10.1103/r7yp-1vz4

I. INTRODUCTION

Quantum computers promise to address problems that
are beyond the reach of classical computation. By lever-
aging the principles of quantum mechanics—including
superposition, entanglement, interference, and uncer-
tainty—they offer a powerful framework to model and
explore complex quantum systems in nature, which are
otherwise inaccessible to classical computing methods.
Although numerous quantum algorithms have been devel-
oped and demonstrated on a small scale on various quan-
tum computing platforms [1-11], the construction of a
practical quantum computer with sufficient scale and capa-
bilities remains an ongoing challenge. Multiple schemes
for realizing qubits and performing quantum operations
have been developed across different quantum computing
platforms. Among them, the photonic platform employs
diverse approaches, such as discrete-variable, continuous-
variable, measurement-based, and fusion-based methods
[12—15]. Since photons are naturally resistant to inter-
actions with background electromagnetic fields, they can
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function efficiently at room temperature while maintain-
ing stability and coherence during quantum operations.
This makes them an ideal candidate for qubits compared
to other systems, despite the inherent probabilistic nature
of the photon-photon interaction that has to be invoked
to probabilistically implement quantum gate operations,
reducing the success probability of the computational task
[16-18]. However, the probabilistic nature of the photon-
photon interaction has also been an advantage and resulted
in performing large-scale complex computational tasks,
such as boson sampling [19-23]. In addition, one can
access various degrees of freedom of single photons to
simultaneously encode multiple qubits and experimentally
control them to generate complex quantum states; the
demonstration of 18-qubit Greenberger-Horne-Zeilinger
(GHZ) state generation using six entangled photons is one
such example [24]. Any scheme demonstrating efficient
realization of deterministic universal quantum gate oper-
ations among different degrees of freedom of photons sig-
nificantly enhances the prospects of the discrete-variable
approach for photonic quantum computation. In this work,
we present a scheme to realize a universal set of quan-
tum gates by combining polarization and path degrees
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of freedom of single photons using the photonic quan-
tum walk and report its experimental realization with high
fidelity.

Quantum walks, known in both continuous-time and
discrete-time forms, have played a fundamental role in the
development of quantum algorithms [25-28] and quantum
simulation schemes [29—39]. In particular, discrete-time
one-dimensional quantum walks have been employed to
engineer various high-dimensional quantum states, high-
lighting their versatility and potential [40,41]. These quan-
tum walks have also been experimentally implemented
using linear optical systems that control the polarization,
path, and other degrees of freedom of single-photon states
[42—48]. Additionally, theoretical proposals report that
quantum walks are also primitive for implementing quan-
tum gates, thereby enabling universal quantum computa-
tion using both continuous-time [49—51] and discrete-time
[52,53] quantum walk variants. Among them, our math-
ematical model reported previously, based on a discrete-
time quantum walk [52—54], offers a more tangible and
logical foundation for the photonic quantum computing
architecture in a discrete-variable setting. Therefore, in this
work, we present a mapping of the quantum walk model
to the photonic system involving polarization and path
degrees of freedom, presenting the architecture for imple-
menting universal gate sets and experimentally demon-
strating its validation.

This polarization-path dual encoding facilitates the
implementation of polarization-controlled operations and
path-controlled operations, enabling quantum computa-
tions to be performed by emulating gates through unitary
evolution. This approach offers a structured and physical
framework for photonic quantum computation, making it
a critical component for building quantum processors. One
of the main criteria for a system to be considered suit-
able for universal quantum computation is its ability to
implement a universal set of quantum gates. The univer-
sal gate set typically includes single-qubit gates like phase
(P) and Hadamard (H) gates, along with the two-qubit con-
trolled NOT (CNOT) gate. The focus of this work is to
harness the power of the single-photon discrete-time quan-
tum walk to develop a three-qubit module and demonstrate
implementation of the universal set of quantum gate oper-
ations on it and configure a six-qubit system using entan-
gled photon pairs. For the experimental demonstration of
gate operations on a three-qubit system, we use heralded
single photons from the spontaneous parametric down-
conversion (SPDC) process and control their propagation
across four path degrees of freedom. To demonstrate a six-
qubit system, two three-qubit modules are combined using
an entangled photon pair. A single photon’s polarization
and its interference along different paths achieve all mul-
tiqubit gate operations in a three-qubit system. These are
definite and not probabilistic in nature, making this a robust
scheme. We report high fidelity for all universal quantum

gate operations by performing quantum state tomography
(QST). At the six-qubit level, by controlling the entan-
glement between the two-photon polarization degrees of
freedom and the path degrees in each three-qubit mod-
ule, any six-qubit entangled state can be generated and
we demonstrate the generation of the six-qubit GHZ state,
which is characterized by the entanglement visibility. This
work provides a scalable framework for photonic quantum
computing using fewer photons in combination with polar-
ization and path degrees of freedom to increase the success
rate of the multiqubit gate operations.

II. RESULTS

A. Photonic quantum walk and universal quantum
gates

The dynamics of a one-dimensional discrete-time quan-
tum walk is defined by a configuration of Hilbert space
composed of the coin space, which is the internal degree
of freedom of the particle and position space, H,, = H¢ ®
Hs [55,56]. For a discrete-variable photonic quantum
walk, the coin space is spanned by the horizontal and verti-
cal polarization states of the photon, H ¢ = span{|H) , | V)}.
A one-dimensional position space is spanned by Hg =
span{|—x),...,|—1),|0),|1),...,|x)}, representing the
range of possible paths that a photon can take.

The standard form of evolution operator for each step of
the quantum walk is defined using two sequential opera-
tions, W = [3’(@(9) ® I)]; the first is the unitary quantum
coin operation only acting on the particle’s Hilbert space.
A general form of the quantum coin operation would be a
U(2) matrix consisting of four parameters:

€' cos(0)
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It is followed by the conditional shift operation that acts on
the entire Hilbert space:

S=Y UH)H|® |x — 1) x| + )V ® |x + 1) (x]].

If we consider the initial coin state to be |{)c = «|H) +
B|V), then the initial state for the complete system will be
[W(t=0)) =|¥)c |x =0). The state after ¢ steps will be
W () = W |W(t = 0)). We experimentally achieve com-
plete control of the polarization state of a single photon
using a combination of quarter-half-quarter (Q-H-Q) wave
plates, by neglecting the global phase of C(z,n,¢,0), i.e.,
(7) [57]. Encoding of the path and polarization-dependent
path is accomplished by applying a beam splitter (BS)
and a polarizing beam splitter (PBS), respectively. In
different settings, various realizations of photonic quan-
tum walks have already been experimentally demonstrated
and what remains here would be to map the quantum

024012-2



EXPERIMENTAL REALIZATION OF UNIVERSAL...

PHYS. REV. APPLIED 24, 024012 (2025)

walk operations to universal quantum gate operations in
polarization-path-encoded qubits and demonstrate quan-
tum computation using the photonic quantum walk.

The universal set of quantum gates for quantum com-
putation consists of two single-qubit gates—the P gate and
the H gate—along with one two-qubit gate, the CNOT gate.
In mathematical form, it can be represented as follows:

10
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Combining these three gates, we can achieve optimal
accuracy for all single- and two-qubit operations.

For the quantum computation model using the discrete-
time quantum walk, a general form of shift operators and
quantum coin operator is defined in Refs. [52,53]. The shift
operations are configured to enable control of the shift of
the particle to either the left or to the right, along with pos-
sibility of being on the same path, depending on the coin
state of the particle. In a consolidated manner, we can write
the equation as
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In Eq. (2), i is the total number of internal degrees of free-
dom and 89 or 8° dictates the shift of the particle to the
right or left if the coin state is |0), representing the polariza-
tion state of the photon, |H). Similarly, S’ﬂr and S' acting
on |1) represent the polarization state of the photon, |V);
this type of shift operation can be achieved using a com-
bination of half-wave plates (HWPs) and PBS. The mod
m comes from the closed-graph dynamics of the quantum
walk. The collection of operators {S%,S%, C(z,n,¢,6),1}
constitutes a versatile set of operators representing the
quantum walk. Moreover, this set of operators can be effec-
tively employed to realize the universal set of quantum
gates within the discrete-time quantum walk framework.

B. Qubit encoding and universal gate implementation

Encoding qubits on the basis of the polarization degree
and the path degrees of freedom of photons forms the
foundation of the photonic quantum computing approach
presented here. For example, using the polarization state
of a photon and a four-path basis for it, we can define a
three-qubit system. While it is possible to extend the num-
ber of available paths for photons to increase the number of
realizable qubits, this approach does not scale efficiently.
Hence, we first present the encoding of two qubits and
three qubits on the polarization and path bases and then
address the challenges of scalability.

TABLE 1. Q-H-Q angles for Pauli gates.

Q-H-Q angles
o 05 (t3)
” (3-50) (¢ 3
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1. Polarization information as qubits

Gates Operator

A qubit for the polarization degree of freedom can be
written as

- 0 % gin (2
|1//)_cos<§> |H) + e sm(z)lV). 3)

Here, varying the parameters 6 € [0, 7] and ¢ € [0,27),
we can span all the points on the Bloch sphere. This can be
realized using a combination of two quarter-wave plates
(QWPs) and one HWP. The matrix structures of HWP and
QWP derived from Jones calculus are

cos 2x sin 2x
Hx) = ( — Cos 2x> ’

sin 2x
cos?x +isin’x (1 —i)sinxcosx
(1 —i)sinxcosx icos?x+sin’x )

“)

Since the determinant values of the HWP and QWP are
—1 and +1, respectively, the determinant value of the two
QWPs and one HWP will always be —1. The Pauli matri-
ces, {0y, 0y, 0;}, which form the basis for single-qubit gate
operations also have a determinant value of —1. In Table I,
the Q-H-Q angles to realize the Pauli matrices and phases,
/4 and /8, are given. Using three wave plates in differ-
ent orders, Q-H-Q, Q-Q-H, or H-Q-Q, with the appropriate
choice of angle, any arbitrary rotation on the Bloch sphere
can be realized.

The set of Pauli matrices along with identity (I),
{I, 0, 0y,0:}, form a basis for unitary matrices in the
(2 x 2) space. By choosing appropriate angles for Q-H-
Q, we can get all the Pauli matrices, enabling all the
single-qubit operations on polarization qubits. In Fig. 1(a),
we demonstrate that any arbitrary polarization state |v),
which is an arbitrary linear combination of the states |H)
and | V), can be generated from the horizontal polarization
state, |H), using a combination of Q-H-Q plates. Addition-
ally, the experimental results for specific polarization states

O(x) = e~ (
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FIG. 1. Qubit in polarization and path encoding. (a),(c) Illus-
tration of encoding polarization and path information of a single
photon as qubits. For polarization encoding, Q-H-Q plates are
used to traverse the entire Bloch sphere. Similarly, for path
encoding, phase adjustments in open and closed Mach-Zehnder
interferometers enable access to all required orthogonal basis
states. (b),(d) Experimentally obtained data for single-photon
polarization purity of |D), |4), |L), and |R) and single-photon
interference visibility in path encoding indicate the purity of
the path qubit, respectively. D1 and D2 in the plots show the
coincidence counts with the heralding photon, and solid red and
black plots represent the numerical fit that is in agreement with
experimental data.

L), |R), |4), and |D) are shown in Bloch sphere notation
in Fig. 1(b).

2. Path information as a qubit

Path encoding becomes most comprehensible through
the lens of a Mach-Zehnder interferometer (MZI) designed
for a single photon. The output quantum state of the MZI
takes the form |y) = (1 4+ €°9)/210) + (1 — €%%)/21),
where |0) and |1) represent the path encoding of the pho-
ton achieved after the first beam splitter. Here, d¢ is the
relative phase difference between |0) and |1); in our exper-
imental setup, we use a nanometric precision piezostage in
one of the arms to control 5¢p. The output count of the inter-
ferometer varies as a function of §¢; counts in the |1) and
|0) path follow cos?(8¢/2) and sin?(8¢/2), respectively.
In Fig. 1(c), we show the setup of MZI for single-photon
interference and the probability of detecting a photon at the
two output ports. In Fig. 1(d), the measured visibility for
the single-photon MZI of V' & 93.4% is shown.

In general, the beam-splitter matrix takes the form

If we consider transmitted (7) = reflected (R) = 1/2 and
¢ = 0, then we get back the general 50:50 beam-splitter
matrix; Ups will take the form Ups(¢ = 0) = [} 7/
Since BS has a Hadamard operation for our purpose, we
always consider an extra phase of 7 for the |1) arm, so that
the final unitary transformation matrix exactly resembles
the Hadamard transformation [58,59].

From the perspective of quantum information encoding,
manipulating §¢ enables the preparation of all fundamental
states: |4), |—), |L), and |R). This highlights the versa-
tility of path encoding and its potential for information
manipulation in the quantum domain. In our context, path
encoding initially disregards polarization information.

To achieve a comprehensive description of polarization-
path encoding, we must account for the polarization of
each path. This results in a Hilbert space denoted as
Hrp = Hpol. ® Hpam, €ncompassing a total of four modes
for a single photon, two polarization states and two path
states, effectively representing the polarization-path quan-
tum state. The general two-qubit state can be expressed as

©)

W) gen = @ [H) [0) + B |H) [1) + ¥ [V)10) + 68 [V) 1),
(6)

where {a, 8,7,8} €C and |a)* + B +|y|> +18]*=1. A
general two-qubit-state preparation is discussed in Supple-
mentary Material [60]. The computational basis takes the
form |H) |0) = [00), |H) [1) = [01), [V} |0) = [10) and | V)
1) = [11).

To prepare a two-qubit entangled state in polarization-
path encoding, we use a PBS to split the polarization
information of the photon into different paths. If the
input state in the polarization and path combination is
Wi = (@|H) + B ) [0);y, Where |0);, represents the
input path of a PBS, then the output state becomes [/),,, =
a|H)|0)ou + B 1V)|1)ou; a polarization-path entangled
state, |1), represents the other arm of the PBS.

a. One- and two-qubit gate implementation: For the
realization of a two-qubit state in the polarization-path
combination, heralded single photons of 810 nm, obtained
via the SPDC process using a periodically poled potassium
titanyl phosphate (PPKTP) crystal, were used. To perform
QST and reconstruct the density matrix, additional path
interference is involved. To experimentally obtain the gate
fidelity for all universal gates, we prepared different initial
states on which the specific gate action was prominent and
involved the coherence between polarization-path encod-
ing. For {H ® I,,cNOT(1,2),P ® I, CNOT(2, 1)}, the initial
state was prepared as |V)i, = (|H) |0) + |V) |1))/«/§, and
the gate operations were implemented, followed by fidelity
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FIG. 2. Hadamard operation on the polarization and path qubit along with polarization controlled CNOT operation on the two-qubit
state. [llustration of implementation of the Hadamard gate on polarization and path qubits separately, as well as the two-qubit CNOT
gate, where polarization serves as the control, in (a)—c), respectively. Each subfigure presents the optical schematics of the gates, along
with the experimentally obtained input and output states using quantum state tomography. For all the quantum states, both the real and

imaginary parts of the tomography are shown. In (a), H(sr/8) represents a HWP set at an angle of 22.5°.

calculations. For the remaining two gates {I, ® H, [, ® P},
we considered the initial state to be |H) ((|O) + 1))/ «/5)
Starting from state preparation to QST, an average of
ten gate operations in the form of the standard circuit
model are executed. Figures 2(a)-2(c) illustrate the cir-
cuit model and optical schematic, along with the input
and experimentally obtained output states using quantum
state tomography for the Hadamard gate on polarization
and path qubits, and the CNOT gate with polarization as
the control; this is applicable to the general quantum state
in Eq. (6). Similarly, Figs. 3(a)-3(c) illustrate the circuit
model and optical schematic, along with the experimen-
tally obtained states using QST for the phase (7r/8) gate
on polarization and path qubits, and the CNOT gate with
the path as the control; this is applicable to the general
quantum state in Eq. (6).

For all quantum states, both the real and imaginary parts
of the tomography are shown. In Table II, the fidelity is
reported for all one- and two-qubit quantum gate opera-
tions on the two-qubit state composed of polarization and
path degrees of freedom obtained after performing QST.
The role of visibility of each interferometer in the mul-
tipath interference configuration on the final fidelity and
measures to improve the reported fidelity are discussed
in Sec. IV. In this quantum walk framework, it is also
possible to implement the universal gate set using path-
path-encoded qubits. For example, the two-step quantum
walk evolution will give access to four spatial modes,
[00), |01), |10), and |11), which naturally encode two

qubits in the path degrees of freedom. The implementation
of single-qubit gates, such as the Hadamard and Phase
gates, in this encoding is identical to the one described
by the path degree of freedom in the polarization-path
encoding scheme. Moreover, the CNOT gate between the
path-encoded qubits can be realized more easily by appro-
priately rerouting or relabeling the paths, making the
implementation of the two-qubit gate straightforward and
efficient.

3. Three- and six-qubit systems

For a three-qubit system, the polarization degree of free-
dom of a photon represents the first qubit, while the four
path degrees of freedom represent the second and third
qubits, respectively. The Hilbert space is given by Hp1 ®
Hpath; ® Hpath,- The implementation of Toffoli and Frad-
kin gate operations on this three-qubit system in a standard
circuit model, along with their equivalent optical schemes
in the polarization-path-path-encoded three-qubit system,
is illustrated in Fig. 4. Additionally, it is worth noting that
realizing the Hadamard operation on a path-encoded qubit
involves interferometry, and implementing the CNOT gate,
which is typically challenging in other setups, is simplified
in this scheme by swapping the paths, as shown in Fig. 7
and Appendix.

To calculate the fidelities of the gate operations, starting
from the three-qubit general state preparation to perform-
ing quantum state tomography, a maximum of 28 gate
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FIG. 3.

Phase gate for polarization and path qubit along with path controlled CNOT operation of two-qubit state. Illustration of

implementation of phase gate on polarization and path qubits separately, as well as the two-qubit CNOT gate, where the path serves
as the control, in (a)(c), respectively. In (a), Q-H-Q denotes a combination of wave plates, aligned at specific angles to introduce
a /8 phase difference between |H) and |V), with the global phase defined as previously described. For the phase gate in the path
degree of freedom, an additional phase delay is introduced using a glass beam splitter controlled by a piezoelectric stage. Finally, in (c)
H (r/4) represents a half-wave plate set at an angle of 45°, which will convert |H/V) and |V/H), for path |1), which serves as CNOT
operation. Each subfigure presents the optical schematics of the gates, along with the experimentally obtained input and output states
using quantum state tomography. For all the quantum states, both the real and imaginary parts of the tomography are shown.

operations are executed. Since the fidelities of Hadamard
operations are same as those given in Table II, only CNOT
operations for different combination of qubits are given.
We note that the fidelity of the CNOT gate between two
path qubits is very high when compared to the CNOT gate
between the polarization and path qubits. This is because
it uses only swapping of the paths between path qubits
to implement the CNOT gate. This allows for efficient
handling of multiqubit operations using the path basis.
One method to realize a six-qubit system is illustrated
in Fig. 5. A six-qubit system is sourced by the entangled
photon pair given by | W) = = (1H), |V); + V), |H);) gen-
erated from the SPDC process using a type-II PPKTP crys-
tal. Each photon from the entangled pair is used as an input
to two separate three-qubit systems. Various operations on
the six-qubit system can be configured, first by controlling
entanglement between the two photons, and these two pho-
tons are sourced to the two three-qubit systems where gate
operations are performed as discussed previously for the
three-qubit system. For example, we can easily convert an

TABLE II.  Fidelity of two-qubit gate operation.
Gate HRL TQI, CNOT/ 2 Leous LT CNOTy |
F 0.97(8) 0.96(7) 0.91(2) 0.92(9) 0.94(7) 0.97(4)

entangled state into the |‘~If/) = iz(|H)S [H); + 1) 1))
state using a HWP in one of the arms (signal arm). By
placing a PBS in the two separate three-qubit units, we can

generate the six-qubit GHZ state:

1
W) Hz = —2<|0>®6 + 1)®9).

5

Though all six qubits in the system are not directly con-
nected to one another, through entangled photon pairs they

(a)

[s2) [10)

[s3) [11)

[s3) [11)

_

—_

Fradkin
——@—— QGate
_G)_

FIG. 4. Three-qubit system in polarization-path-path encod-
ing. (a) Schematic of the circuit and optical scheme for preparing
a polarization-path-path-encoded three-qubit system. (b),(c) Cir-
cuit and optical scheme to implement the Toffoli and Fradkin
gates on the three-qubit state.
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FIG. 5. Six-qubit system using two photons in polarization-path-path degrees of freedom. (a) Visibility observed in the four different

basis sets and QST for the polarization entangled state |¥™) from the type-II SPDC process illustrated in (b). (¢) Entangled photons
are coupled to two fiber paddle controllers, which have independent wave plates that will alter the polarization of transmitted light in
a single-mode fiber before being directed to two separate three-qubit modules, as shown in the right. By utilizing the entanglement
between two photons, we connect the distinct three-qubit units and use the necessary gates on each unit as required. For the preparation
of the six-qubit GHZ state, we apply two consecutive CNOT gates, with polarization serving as the control in each three-qubit unit.
(d) Schematic of the circuit for our approach to prepare the six-qubit GHZ state and the preparation of the general GHZ state. |s;)

represents the polarization information of each path.

can be connected and engineered to control a six-qubit
system, as shown in Fig. 5(d). To assess the quality of
the prepared GHZ state, we used an entanglement witness
measurement in the path states associated with specific
polarizations. Due to the CNOT gate operations, we per-
formed visibility checks between the |00) and |10) paths
of the two three-qubit units. Similarly, visibility checks
were conducted between the |01) and [11) paths of the
two three-qubit units. The visibility in the H and D bases
for these paths was measured to be 98.3% and 95.1%,
respectively as shown in Fig. 6. From the structure of
the six-qubit GHZ state and the preparation method illus-
trated in Fig. 5, it is evident that coincidences occur
between the |00) and |11) paths of the three-qubit units
for |H),|00) |H);]00) and |V), |11} |V);|11), respectively.

The number of accidental coincidences between the other
paths of two three-qubit units are low, as predicted by
our method of preparation. By performing these coinci-
dence measurements and visibility checks, which serve as
entanglement witnesses, we confirm the successful prepa-
ration of the GHZ state.

4. Scaling

The number of qubits can be scaled by using multi-
ple four-path basis sets in a tensor network configuration
of two qubits and entangling them with a single pho-
ton, as given in the mathematical model of the scheme
[52,53]. However, a single photon in the multiple net-
work of two-qubit position basis sets will result in a
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FIG. 6. Entanglement witness of the GHZ state. (a),(b) Coin-
cidence between arms |00), |00) and |11), |11) for H and D basis
sets, respectively, as shown in Fig. 5. Red and blue dots are data
points measured experimentally, and solid blue and red lines are
numerical fits. Obtained coincidence visibility for H and D basis
sets is 98.3% and 95.1%, respectively. This entanglement witness
measurement in the path states that carry a specific polarization
can be inferred to assess the quality of the prepared GHZ state.

loss of fidelity. As demonstrated for six qubits here,
further scaling with a combination of six-qubit systems
can be explored by entangling other degrees of free-
dom of photons and involving more photons. However,
involving more photons makes the connection between
each module of smaller qubits probabilistic but overall effi-
ciency becomes better than the standard approach of using
a single photon in dual-rail encoding to represent each
qubit.

The discrete-time quantum walk framework reported
here can be readily implemented on photonic integrated
circuits (PICs), provided polarization control within the
circuit is achievable, and promising results are being
reported in this direction [11]. The reported fidelities for
various quantum gates using our scheme in bulk optics can
be improved in PICs, which offer advantages over bulk
optics, including better scalability by mitigating issues
like alignment and sustained stability. At the same time,
bulk optics provides flexibility and ease of reconfigura-
tion, which are valuable for experimental prototyping and
validation.

III. CONCLUSION

In this work, we reported the experimental demonstra-
tion of realizing a universal set of quantum gates using
the photonic quantum walk. In the scheme, multiple qubits
were encoded using polarization and path degrees of free-
dom of single photons, and universal quantum gates were
implemented with 100% success probability and high
fidelity. The fidelity of each gate operation was charac-
terized by performing quantum state tomography at room
temperature. For a two-qubit and three-qubit system, the
first qubit is encoded with the polarization state of the pho-
ton, and path information is used for encoding other qubits.
For the six-qubit system, an entangled photon pair from the
SPDC process was used to source two three-qubit modules

and realize the full six-qubit GHZ state. In the scheme,
only one photon was involved to realize two-qubit and
three-qubit systems. Not invoking direct photon-photon
interactions resulted in very high fidelity quantum gate
operations. This also makes the realization of all gate oper-
ations possible. Fidelities directly account for experimental
inaccuracies involved in the process. We demonstrated that
some of the two-qubit gates, CNOT between path qubits,
were easily realizable in the scheme compared to other
approaches. This quantum walk based quantum comput-
ing scheme can be extended to other photonic degrees of
freedom, such as frequency, time bin, and orbital angu-
lar momentum, using hybrid encoding strategies. This
flexibility enables scalable and high-dimensional quan-
tum photonic architectures. This experimental demonstra-
tion of the long-standing theoretical proposal of realizing
quantum gates using quantum walks indicates promising
progress towards using photonic quantum walks for quan-
tum computing. It also provides a general framework for
photonic quantum computing at room temperature using
fewer photons in combination with paths and other degrees
of freedom of photons.

IV. METHODS

To generate heralded single photons and entangled pho-
ton pairs, the type-II SPDC process using a PPKTP crystal
was used. A 10-mm-long PPKTP crystal was pumped
using a continuous-wave diode laser at 405 nm (Toptica
TopMode laser @ 405 nm). The astigmatism of the pump
beam was corrected by coupling it through a single-mode
fiber, and the collimated output was horizontally polarized
using a wire-grid polarizer [Fig. 5(b)]. A planoconvex lens
(L1) with a focal length of 17.5cm focused the beam at
the center of the crystal, which was maintained at a tem-
perature of 32.3°C to achieve degenerate SPDC at 810
nm. An SPDC cone angle of 0.83° was chosen to opti-
mize photon collection. The down-converted photons were
collimated using another planoconvex lens (L2) with a
focal length of 10cm. By applying a PBS in the path
of down-converted photons, one of photons (signal) in
the photon pair of specific polarization was chosen and
the other photon (idler) was used for heralding purposes.
At a pump power of 15 mW, the photon generation rate
was 6.93 x 10° counts/s, with a heralding efficiency of
22.3% after coupling to a single-mode fiber. We used
the single-photon-counting module (SPCM) SPCM-800-
44-FC, Excelitas, with a detection efficiency at 810 nm of
approximately 63%.

For entangled photon-pair generation, a prism mirror
was used to separate the down-converted rings into two
halves. Two diametrically opposite points were then care-
fully collected from each half of the ring. A HWP set
at 45° and 5-mm KTP crystals for temporal compensa-
tion were introduced in each path, as shown in Fig. 5(b).

024012-8



EXPERIMENTAL REALIZATION OF UNIVERSAL...

PHYS. REV. APPLIED 24, 024012 (2025)

Residual pump photons were removed using bandpass
filters (810nm £ 10nm), and polarization integrity was
maintained using fiber polarization controllers [61—63].
This configuration produced polarization entangled pho-
ton pairs at a rate of approximately 16400 pairs/(s mW).
QST indicated a fidelity of 98.12% with the ideal Bell
state. At a pump power of 0.15mW, accidental counts
were reduced to 16 counts/s. The measured visibilities in
the H/V and 4/D basis sets were 98.6% and 98.1%, respec-
tively, with a Bell-Clauser-Horne-Shimony-Holt (CHSH)
inequality violation of §' = 2.77(40.001).

Using the heralded single-photon source, a polarization-
path entangled state was prepared, and all universal gates
were implemented. The input and output states were
characterized via tomography, as detailed in the Supple-
mental Material [60]. Building on the polarization-path-
encoded state, the two paths are further split to realize
the polarization-path-path-encoded state, enabling a three-
qubit system. Finally, to prepare the six-qubit GHZ state,
we utilize the entangled photon pairs and two separate
three-qubit units, each consisting of polarization-path-
path-encoded states.

For two-qubit state tomography requiring external
(additional) path interference from the output state, the
beam splitter used for interference is not exactly 50:50
(BS005) for both S and P polarizations. This discrepancy
significantly impacts the fidelity of all the universal quan-
tum gates we consider.
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Path-encoded qubits are sensitive to phase instability.
Although we did not employ active stabilization meth-
ods, we minimized the phase fluctuations between the
two arms of the interferometer by using passive stabi-
lization techniques. The interferometer was fully enclosed
using a custom-built isolation cover and mounted within
cage assemblies to suppress air currents and enhance
environmental isolation. To minimize path-length vari-
ations caused by temperature changes, precision mirror
mounts with low thermal expansion coefficients were
employed, effectively reducing phase fluctuations. Addi-
tionally, motorized wave plates were incorporated to avoid
repeatedly opening and closing the enclosure, thereby
maintaining consistent environmental conditions. Optical
fibers used in the setup were jacketed and thermally insu-
lated to further suppress phase noise arising from tempera-
ture fluctuations. For specific cases, the performance of the
Hadamard gate on the polarization qubit can be improved
by using a motorized half-wave plate with high angular
precision. Similarly, the Hadamard gate on the path qubit
inherently relies on path interference, which slightly low-
ers its fidelity during QST. For the polarization-controlled
CNOT gate, we used a PBS with an extinction ratio of
1000:1. Enhancing this extinction ratio would lead to better
results. Although the phase gate for polarization involves
three wave plates in each arm, reducing the number of
wave plates in one path and using high-precision rotation
mounts can improve its performance. The phase gate in

(e) (ﬂ H(m/4) = [f ,‘,]

s0) 100)
Hwp

|52, nmo—f-m—c 2

[52)10) 6

N — E

sa) 11
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Gate operations in the three-qubit system in polarization-path-path configuration. Schematic illustration of all three-qubit

gate operations for polarization-path-path-encoded quantum states. As mentioned earlier, the four paths are labeled as |00), |01), |10),
and |11), arranged from top to bottom in the optical diagrams. (a)+c) Hadamard gate applied to polarization, the first path qubit, and the
second path qubit, respectively. (d), CNOT gate, where the first path qubit serves as the control for the second, which is implemented
by relabeling the |10) and |11) paths. (e) Second path qubit controls the first qubit, which is achieved by swapping the |01) and
[11) paths. (f) Polarization-controlled CNOT gate is implemented for the second path qubit. (g)—(i) Phase-gate (;r/8) operation for
polarization, the first path qubit, and the second path qubit, respectively. (j) Polarization-controlled CNOT gate for the first path qubit;
(k) the implementation of such a gate for the first path qubit. (1) Polarization-controlled CNOT operation for the second path qubit.
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the path qubit requires nanometric piezocontrollers and
high stability, which, if utilized, can enhance its accu-
racy. A similar explanation applies to the CNOT gate,
where the path acts as the control, and precise wave-plate
adjustments are essential for optimal operation.
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APPENDIX

All three-qubit universal gate optical schematics are
listed in Fig. 7. It is worth noting that the CNOT gates in
path-path qubits are achieved just by swapping the path or
relabeling; this provides a great advantage with respect to
other quantum computing architectures.
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