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Abstract. The large-photon-number quantum state is a fundamental but nonresolved request for practical
quantum information applications. We propose an N-photon state generation scheme that is feasible and
scalable, using lithium niobate on insulator circuits. Such a scheme is based on the integration of a common
building block called photon-number doubling unit (PDU) for deterministic single-photon parametric down-
conversion and upconversion. The PDU relies on a 10”-optical-quality-factor resonator and mW-level on-chip
power, which is within the current fabrication and experimental limits. N-photon state generation schemes, with
cluster and Greenberger—-Horne—Zeilinger state as examples, are shown for different quantum tasks.
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1 Introduction

Quantum information has the potential to bring revolutionary
performance for computation, communication, and metrology
applications in terms of speed,'” security,”® and accuracy.”'
Similar to the case of classical information, where the system
capability relies on the large number of classical bits, the num-
ber of qubits is the key resource that defines the overall perfor-
mance of a quantum system. Benefiting from the superposition
of an N-qubit state, quantum source further boosts the informa-
tion exponentially over an N-bit classical source." In fact, a
300-qubit quantum state has more variations than all the atoms
in the known universe classically.'>'"* However, generation of
large-size quantum states is a fundamental challenge, whether
for electrical or optical systems. Although the strong interacting
particles, such as superconductivity electrons and ions, make
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it easier to generate large-size quantum states and keep the
current record of the qubit number;'*'® their strong interaction
also leads to the decoherence problem and can only work in an
ultralow temperature and vacuum environment. These electrical
quantum sources still suffer from a short-state lifetime even
under these conditions.

On the other hand, photons are known for their weak inter-
action, where long coherence time can be achieved even at room
temperature, which makes them suitable for “flying qubits”
applications.'' However, they have not been considered as
a good candidate to build a large-size quantum source due to
their weak interaction in the normal medium. A nonlinear
optical medium is by far the most effective way to establish
interaction between photons. Using spontaneous parametric
downconversion (SPDC)* or spontaneous four-wave mixing,”
two-photon states can be generated directly but only probabil-
istically. However, it is still an interesting topic for the gener-
ation of N-photon states. Much effort has been devoted for their
nondeterministic generation such as postselection with multiple
SPDC from the same pump source™ or cascaded SPDC,”?
though the generation rate decreases exponentially as the photon

Jan/Feb 2023 e Vol. 2(1)


https://doi.org/10.1117/1.APN.2.1.016003
https://doi.org/10.1117/1.APN.2.1.016003
https://doi.org/10.1117/1.APN.2.1.016003
https://doi.org/10.1117/1.APN.2.1.016003
https://doi.org/10.1117/1.APN.2.1.016003
https://doi.org/10.1117/1.APN.2.1.016003
mailto:liuhuaying@nju.edu.cn
mailto:liuhuaying@nju.edu.cn
mailto:liuhuaying@nju.edu.cn
mailto:gongyanxiao@nju.edu.cn
mailto:xiezhenda@nju.edu.cn

Liu et al.: Deterministic N-photon state generation using lithium niobate on insulator device

number increases in these studies. An ultimate solution is real-
izing deterministic two-photon state generation, and then a
deterministic N-photon state can be achieved by cascading the
two-photon processes. Such a concept has been proposed and
theoretically studied, however, only with the ideal (2 or y(3)%
material assumption.

Here we propose the first feasible scheme to deterministically
generate an N-photon state, considering the practical material
capability. Such a scheme is based on an ensemble of basic
units called photon-number doubling units (PDUs) that is used
to realize photon number doubling and keep their spectrum
unchanged at the same time. This unit is capable of deterministic
parametric downconversion (DPDC) and deterministic para-
metric upconversion (DPUC). Taking advantage of the strong
nonlinear interaction in lithium niobate on insulator (LNOI)
circuits,”™ this PDU only requires a LNOI resonator with an
~107 optical quality factor (Q factor) and a mW-level on-chip
power, which have already been demonstrated in experi-
ments.”*”” With a miniaturized footprint in LNOI, PDUs can
be integrated for unlimited photon numbers in principle on a
single chip. Therefore, our scheme may fulfill the fundamental
demand for scalable large-size quantum state generation as
examples discussed here for cluster and Greenberger—Horne—
Zeilinger (GHZ) state generation.

2 Scheme

In general, an N-photon state can be generated by cascading
two-photon generation processes, either via y(? or y® non-
linearity.”® Here we choose the LNOI circuit to realize y(* para-
metric downconversion (PDC) with unitary efficiency because
of its high nonlinearity, **"** low propagation loss,*” and strong
mode confinement.* As shown in Fig. 1, the photon number can
be scaled using a standard PDU. Photon number doubling can
be achieved using DPDC, while it is also necessary to include a
DPUC unit for frequency upconversion so that the wavelengths
remain unchanged after each step of the PDU. The DPUC re-
solves the problem of the increasing photon wavelengths as the
DPDC processes cascade, and the long wavelength exceeds the
transparency window of materials eventually and raises chal-
lenges for single-photon detector technology. With the photon
wavelength unchanged, we can use a standard design as a fun-
damental building block for all PDUs at different stages, which
is important for scalable photonic integration.

The practical layout of each PDU can be illustrated in
Fig. 2(a), in the form of LNOI circuits. We choose a quasiphase-
matched high-Q microring resonator for the DPDC process.
The reason is twofold. First, the microring resonator can greatly
enhance the photon interaction in a small footprint, and our
modeling and calculation shows that DPDC can be achieved,
considering the ultrahigh nonlinearity in the LNOI. Second,
the cavity enhancement can keep the single-photon spectra un-
broadened with a proper resonator design, while in the case of
a nonresonant parametric downconversion process, the photon
bandwidth is determined only by the phase-matching band-
width, which is normally on the order of hundreds of GHz.*"**
It is a fundamental challenge to manage the phase matching over
such increasingly broadened photon bandwidths.

In our layout, the DPDC is nondegenerate in frequency so
that the signal and idler photons can be separated by the on-chip
wavelength division multiplexing (WDM1) device. Such WDM
devices have been reported in the LNOI using different designs
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Fig. 1 Scheme for deterministic N-photon state generation using
the PDU. As marked in a gray box, a PDU is used to convert a
pump photon to a biphoton with the same frequency determinis-
tically, through nondegenerate DPDC and DPUC processes. By
cascading the PDUs, the photon number can be doubled expo-
nentially, toward deterministic generation of an N-photon state,
with the Fock state as an example.

including a Mach-Zehnder interferometer” and a multimode
interferometer.* Then the parametric photons enter centimeter-
long periodically poled LNOI (PPLNOI) spiral waveguides
for the DPUC. With a LNOI waveguide of such length, our
calculation shows that unitary upconversion efficiency can be
achieved via a sum-frequency generation (SFG) process with
a single-mode SFG laser and only mW-level continue-wave
power. Different SFG laser wavelengths are chosen for the sig-
nal and idler photons so that they are up-converted to the same
wavelength as the pump before entering the PDUs in the next
stage. The residue SFG laser is rejected using WDM2/WDM3
from the up-converted single/idler photons, respectively, and
may be reused to up-convert the single/idler photons PDUs in
the next stage. Only two SFG laser wavelengths are required
over the whole N-photon generation chip that greatly simplify
the setup. An N-photon state generation can be achieved by the
integration of these PDUs, and the example in Fig. 2(b) shows
the Fock state generation by direct cascading PDUs.

3 Results and Discussions

3.1 Model of Deterministic Parametric Downconversion

We model the DPDC process using the cavity-enhanced dual
potential operators A(z, ¢) for quantization of the electromag-
netic field,”” and the Hamiltonian can be written as the sum
of the linear (H; ) and nonlinear (Hy; ) terms** (see Sec. A in
the Supplementary Material for details)
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Fig. 2 The example for the PDU and N-photon state realization on a LNOI chip. (a) The PDU
layout. The DPDC is implemented by a PPLNOI microring resonator and the DPUC is realized
by PPLNOI spiral waveguides. In our scheme, the total size for the PDU module is ~1.5 mm x
1.3 mm, forming by a 30-um radius microring for the DPDC and a 10-mm waveguide for the
DPUC, with a minimum bending radius of 25 um. (b) On-chip scheme for N-photon state gener-
ation using cascaded PDUs. (c) A simplified model of the DPDC process in a microring resonator.
Here we model the DPDC as a one-dimensional interaction following the propagation of pump,
signal, and idler photons, where the coupling point is marked in red for z = 0. The coordinate in the
resonator z varies between 0 and L, where L is the resonator length. The inset shows longitudinal

modes for the pump, signal, and idler photons.
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It differs from the normal SPDC model with all the interact-
ing light field quantized including the pump using A;(z.1),
where j = p, s, and i represent the pump, signal, and idler,
respectively. A(z, t) is the corresponding operator of the vector
field A, which is defined by the electric displacement field
D, with D=V x A" We use the “modes of the universe
approach” to achieve A;(z, ), with

, dk; ’kfz —ioit 1 h.c.). 2
o= [

of the resonator. d, stands for the photon annihilation operator
of the wave vector kj, w; is the angular frequency, and h.c.
represents the Hermitian conjugate. A = [[gdxdyU,(x,y)U;
(x,y)Ui(x,y) is the effective spatial overlap, and A= ]
dxdy|U;(x, y)|* is the mode area for photon j, with § denotlng
the cross-section of the waveguide and U(x,y) denoting the
normalized transverse mode distribution of the electrical field.
Also, L and n; correspond to the length of the microring reso-
nator and the effective refractive index of photon j, respectively.

To have unbroadened spectra for N-photon state generation,
single-longitude-mode (SLM) oscillation must be achieved in
this cavity-enhanced case, which requires the difference of
the free spectrum range of the signal and idler light to be larger
than the linewidth of the cavity resonances.*** Such a condition
is easily satisfied in the high-Q case, where such a high Q-factor
is also necessary for the high efficiency as required by the
DPDC on the other hand. At a certain resonator size and dis-
persion, the Q requirement of SLM oscillation can be derived
as (see details in Sec. B in the Supplementary Material)

Here o, =i\/T;/| V2r(1 — /T=T;e""iL)] represents the (> @R . 3)
cavity enhancement factor with T denotlng the transmissivity c[1/ng —1/ny
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Fig. 3 Calculation results of the PDC and PUC efficiency in the LNOI circuit. (a) The relation be-
tween the PDC efficiency nppc and Q for parametric light, the ripple of the conversion efficiency
arises from the Rabi-like oscillation between 1), and [1,1) ;. (b) The relation between the required
Q for DPDC and the radius of the microring. The inset is the transverse structure of the simulated
LNOI waveguide. (c) The upconversion efficiency npyc with different waveguide lengths / and
SFG1 laser power Pgegq. The blue curve indicates DPUC, where multiple DPUC lines indicate
Rabi-like oscillation between low-frequency and high-frequency photons. (d) The upconversion
efficiency npyc with different waveguide lengths / and SFG2 laser power Pgrgo-

where R is the radius of the microring, with L = 2zR. As ex-
pected, a smaller resonator size and larger dispersion can relax
the requirement of Q for SLM oscillation. Assuming a cross-
section structure with a 60 deg wall slope following the normal
LNOI fabrication technique®*"' [inset of Fig. 3(b), and such
a cross-section is used for all the following simulations] and
a mirroring radius of 30 ym, SLM oscillation can be achieved
when Q > 2.7 x 10%, for the PDC process 646.91 nm —
1276.80 nm + 1311.29 nm. In real experiments, the triply
resonant condition needs to be fulfilled for the PDC process,
and it can be achieved if longitudinal modes can be matched
for the pump, signal, and idler lights, and the pump photon fre-
quency is matched to the pump longitudinal mode. That is,
w,, = o, + 0,, where w,,, »,, and w, are the central frequen-
cies of longitudinal modes of the resonator for pump, signal, and
idler, respectively. In practice, the longitudinal mode matching
can be achieved via temperature or electro-optic tuning of the
PPLNOI microring,* and the pump photon frequency needs
to be tuned, either via the initial generation process, or the SFG
laser frequency in the cascade SFG process.

Under the SLM oscillation condition, it is reasonable to
narrow the integration range for k; in Eq. (2) to around a single
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longitude mode Akpgg =27/L = 1/R, which is chosen to be
2A = 1/(#R) here. In addition, k;, n;, and A can be approxi-
mated as constants at center frequencies. Consequently, the dual
potential can be rewritten as

~ kj +A h | |
Ai(z,t) = 0 dk;y | ——- A, ikjz p—iojt | o).
J(Z ) /joA JM (aklak/e el 4 h.c )

“)

Thus the Hamiltonian becomes (see Sec. C in the Supple-
mentary Material for details)
kip +A
T a
ki —A

. Kpp+A kg +A
H=yg / dk, / dk
k, —A ky —A -

o 50

(k)0 (k)" (ki) g g, e =00 4 hic)
kjo+A4 fack ;R
£ [0 R e pa a, ®
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where 9= ()( . \ fl/é'oﬂ') (C/npo 3/2 : (Aeff/ A_poASoAio)
Vkp kg, ki R/12 and o( /T / 1 — /T —=Tje k2k),

To further simplify the Hamlltoman we introduce the “nor-
malized discrete Hilbert-space photon annihilation operator”

\/—fk N dk;v(k;)a* and get (see Sec. C in the Supple-
mentary Matenal for detalls)

= 5(6161 5 + 6; ) + a)pog[?gp + a)songs + a)zogz gl’ (6)

where £ is the nonlinear interaction strength:

@ | n 5 A
g=t < ‘ ) e Shpkikiy D
1 megR\np ng n; A, AsAi,

47,53

Then we use the stationary Schrodinger equation to
calculate the time evolution of the quantum states inside the
microring. With single-photon pump input [1), = &h]0), the
time-independent Hamiltonian in Eq. (6) can be derived
(see Sec. D in the Supplementary Material for details):

¥(1)) = e on[cos(Er)[1), — i sin(Er)[1,1),.]. ®)
where |1,1),; = &17|0) is the photon pairs generation, and ; is
the nonlinear interaction time, which can be approximated by
t; ~ Ft,, where F is the finesse of the resonator and ¢, is the
roundtrip time of the resonator.* This nonlinear interaction time
t; is equal to 2z times the average photon intercavity lifetime.
The efficiency for the single photon PDC, i.e., the probability
that a pump photon is converted to a signal or an idler photon,
is thus

fppc = sin’ (2”%) )

Therefore, unitary conversion efficiency can be achieved when
Q is high enough.

Taking the 30-um radius LNOI microring resonator as an ex-
ample, we calculate the required Q value for DPDC (see Sec. E
in the Supplementary Material for more details). Such a radius is
chosen for a modeling with the LNOI microring on the SiO,
buried oxide layer, and the bending loss induced Q limit is still
over 9.89 x 108, Following Eq. (7), we first obtain & by calcu-
lating the refractive indices n ), wave vectors k , effective spa-
tial overlap A, and mode area A; for different wavelengths.
Substituting & into Eq. (9), we obtain the relation between Q
and nppc under different wavelengths, as shown in Fig. 3(a).
For example, for the PDC process 646.91 nm — 1276.80 nm +
1311.29 nm, DPDC can be achieved with a relatively low Q of
4.11 x 107 at 1311.29 nm, which is experimentally feasible
considering the Q over 10® for the LNOI resonator in experi-
ments.****** We also calculate the required Q for DPDC under
different microring radii R, the results are shown in Fig. 3(b).

We assume a lossless model in the above discussion, and this
assumption stands when the loss-induced Q is much higher
than the required Q as discussed here. Considering the current
material-absorption-limit Q of over 3 x 108, the 42.2% total
conversion efficiency is expected, which can be further reduced
by the fabrication technique improvement (see Sec. H in the
Supplementary Material for details).
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3.2 Model of Deterministic Parametric Upconversion

We also model the DPUC process as the single-photon SFG
with classical laser light. Here we take the DPUC process with
SFG1 laser as an example, and the other DPUC process can be
calculated using the same method. The SFG1 laser light can be
considered as nondissipative, so that the Hamiltonian of the
upconversion process can be written as™’

H, = itu(a,a), —h.c.), (10)

where 1 = \/kPgpg; is the effective SFG nonlinear strength
with Pgrg; representing the power of the SFGI laser, and

K= 28(1)/2/4(3)/2(wswp/nsnSFGlnp)dgff(Aeff/\/A.VASFGlAp)zv
where d g represents the effective nonlinear coefficient. In our
case, the integration area for A is the cross section of the LNOI
waveguide. Based on Eq. (10), for an input low-frequency
photon, the upconversion efficiency, i.e., the probability that an
input photon is converted to the output photon with a higher
frequency, can be written as’***

meve = sin® (v/iPsarl) an

where [ is the waveguide length.

Then we calculate the parametric upconversion efficiency
under different SFG laser powers and waveguide lengths (see
detail calculation in Sec. E in the Supplementary Material).
To consist with the DPDC process, we choose the 1276.80 nm
(single photon) + 1311.29 nm (SFGI laser) — 646.91 nm and
the 1276.80 nm (SFG2 laser) + 1311.29 nm (single photon) —
646.91 nm process. The calculation results are shown in
Figs. 3(c) and 3(d), where the blue curve represents the condi-
tion for DPUC.

The DPUC has already been achieved in many platforms,
such as reverse-proton-exchanged (RPE)**® and Ti-diffused®'
PPLN waveguides with 100 mW of SFG laser power and several
centimeters of waveguide, while for the LNOI circuit, Pgrg; =&
8 mW with / = 1 cm is sufficient according to our calculation.
Such power can be achieved by a laser diode directly, hence
exempting the need for Erbium-doped fiber amplifiers. We also
perform a noise analysis for this DPUC process via Raman scat-
tering, which can be calculated to be only 0.047 Hz (see Sec. H
in the Supplementary Material for more details).

3.3 Entanglement States Generation

In addition to the N-photon Fock state, many other N-qubit
states, which are the key resource for practical quantum tech-
nology applications, can also be generated deterministically us-
ing PDUs. As examples shown in Fig. 4, we propose the on-chip
design for N-photon cluster states and GHZ states, which are the
key for one-way quantum computation,** and useful for quan-
tum communication,*** respectively. Here we code these states
on path because it is a highly scalable and easily manipulable
degree of freedom in circuits. In the design, the increase of pho-
ton number is achieved by PDUs, while state encoding is real-
ized by optical interference and phase control through on-chip
beam splitters and phase modulators using devices like multi-
mode interference (MMI) couplers® and electro-optic modula-
tion,”"%*% respectively. To achieve interference between paths
that are not next to each other, crossers based on MMI or tapers,
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Fig. 4 Circuit design for generating different N-qubit states. (a) Circuit design for the N-photon
cluster state. BSs are 50:50 beam splitters for photon separation and interference, and crossers
are used for two waveguides to intersect with negligible crosstalk. After 2 stages of PDU, a
4-photon cluster state can be generated in which ¢ = 7/2, 9o = 77/4, 93 = 7/2, and @4 = 7 /4.
(b) Circuit design for the N-photon GHZ state, where after two stages, a 4-photon GHZ state can
be generated. The darkened part in this figure is the PDU, of which the detailed structure is shown
in Fig. 2(a).

etc.’"® are used. After two stages of PDUs, the four-photon
cluster state and four-photon GHZ state are generated as shown
in Figs. 4(a) and 4(b), respectively (see Secs. F and G in the
Supplementary Material for details):

| P o~~~ I
|cluster,) = §(|0000>1234 +10011) 1534 + [1100) 1534
—[TT11)1284), (12)
|GHzy) = (/0)®* + e[ [)®4)/ V2, (13)

where [0); and [1); refer to the j’th qubit defined from the
corresponding two different paths. Scaling the basic unit of
four-photon cluster state up with proper linear optical operation,
or cascading more stages of PDUs following the four-photon
GHZ state design, N-photon cluster states or GHZ state
|GHzy) = (|0)®N + €'?|1)®V)/+/2 can be obtained, respec-
tively. Generally, PDUs together with proper linear optical de-
vices is a universal scheme for deterministic generation of
arbitrary N-qubit states, where up to 2¥-photon states can be
generated using M stages of PDUs.
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4 Conclusions

We present a scheme for an arbitrary N-photon state generation
with an unlimited photon number in principle, where the N-
photon Fock state, GHZ state, and cluster state are taken as ex-
amples to demonstrate the detail design. Such scheme, utilizing
the high-nonlinearity LNOI circuit, makes large-size quantum
state generation experimentally feasible for the first time to
our knowledge. The key component in the design is an ensemble
of scalable standard basic units called PDUs. Based on our
calculation, in the unit, DPDC and DPUC can be achieved with
~4 x 107 Q-factor microring resonators, 1-cm-long waveguides
and 8-mW SFG powers in this unit, respectively. These numbers
have been reported separately in the existing experimental pa-
pers on LNOI*** This Q requirement can be further relaxed if
the LNOI microring resonator is fabricated with a smaller radius
in the air-cladding case,””"”* where the bending loss is main-
tained at a negligible level because of the increase in the the
refractive index contrast between the lithium niobite waveguide
and the cladding material. The strong field confinement of the
LNOI also enables a small PDU footprint for the potential
large-scale integration, paving the route to the large photon
number generation on a single chip. The remaining challenges
for the experimental demonstration are technical problems,
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which are not unrealistic in principle, including propagation loss 14.
reduction, resonance matching, and fabrication error control in
the PDUs. We show that the strong single-photon interaction is
possible in LNOI devices, and it is utilized for the N-photon 15.
state generation but may not be limited for this application as
discussed here. This strong single-photon interaction can also 16.
be used for photon manipulation to realize quantum gates, quan-
tum storage, etc., to push forward the development of quantum 17
computation,” quantum communication,*”** and the overall
quantum information technology. 18
19.
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