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1.   Introduction

Research and development of universal quantum 
computers has accelerated worldwide, and various 
computing methods have been proposed using super-
conducting circuits, trapped ions, photons, etc. [1, 2]. 
We are developing an optical quantum computer that 
uses the amplitude and phase of propagating light as 
an information carrier, similar to the current optical 
communication technology [3]. This is because an 
optical quantum computer has the potential of ultra-
fast clock-rate computing thanks to the high frequen-
cy of light. We are aiming to develop an overwhelm-
ingly large-scale and high-speed universal quantum 
computer using time-domain multiplexing and mea-
surement-induced quantum manipulation [4]. The 
most important element of this optical quantum com-
puter is a squeezed light source. In this article, we 
introduce the research and development of a squeezed 
light source, i.e., a squeezer, which is a key device for 
high-speed, large-scale, universal quantum comput-
ing.

2.   Squeezed state of light and its application to 
quantum computers

Squeezed states are non-classical states in which 
the quantum noise in a non-commutative quantity 
(momentum and position, energy and time, etc.) is 
compressed. Due to the uncertainty relation, the noise 
for the other quantities is amplified. The quadrature-
amplitude-phase squeezed vacuum state of light (or 
simply squeezed light) has compressed quantum 
noise of the sinusoidal or cosine component with a 
wave image, as shown in Fig. 1(a). With a particle 
image, the squeezed light is an even-number photon 
state. By interfering two squeezed states with a half 
beamsplitter, we can deterministically generate a 
quantum entangled state (with 100% probability) [5]. 
Using multiple squeezed light sources and delay line 
interferometers, we are able to generate a time-
domain multiplexed large-scale quantum entangled 
state (Fig. 1(b)) [4]. This state is called an optical 
cluster state and used as a resource for measurement-
based quantum computation. By measuring one qubit 
of the optical cluster state, we can execute some 
quantum gates to other qubits with a methodology 
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such as quantum teleportation [6].
To develop a high-speed, large-scale, universal 

quantum computer, continuous-wave broadband 
high-level squeezed light is required. This is because 
the continuous wave and broadband nature of 
squeezed light maximizes time resources and enables 
high-speed and large-scale computational perfor-
mance that cannot be achieved with other methods 
[7]. High-level squeezed light has quantum superpo-
sition states with even-photon-number components, 
which is important for quantum error correction [8].

3.   PPLN-based quadrature squeezer module

Squeezed light can be generated from a nonlinear 
optical phenomenon. In 1985, the first generation of 
squeezed light was demonstrated using the third-
order nonlinear optical effect of natrium vapor [9]. 

Since then, squeezed light has been generated in a 
variety of ways [10], and second- and third-order 
nonlinear optical effects in solids have become main-
stream. Waveguide-type optical parametric amplifi-
ers based on second-order nonlinear optical crystals 
are expected to exhibit broadband characteristics in 
principle [7]. However, nonlinear optical devices are 
generally difficult to fabricate, and it has been diffi-
cult to generate high-level squeezed light. To gener-
ate a high level of squeezed light, the optical wave-
guide must have low loss, exhibit high nonlinear 
optical properties, thus be resistant to strong excita-
tion light. Low loss is required because squeezed 
light is easily degraded by contamination of the vac-
uum field associated with optical loss. We have been 
developing direct-bonded periodically poled lithium 
niobate (PPLN) waveguides, as shown in Fig. 2(a) 
[11]. Lithium niobate is a ferroelectric material with 

Fig. 1.   �(a) Image of quantum noise in squeezed light. While coherent light has quantum noise equal to the sinusoidal and 
cosine components, squeezed light has compressed one side of the noise. The quantum noise of the other side 
becomes larger due to the requirement of the uncertainty principle. (b) A method for generating multiplexed large-
scale quantum entangled states in the time domain using squeezed light.
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a wide transmission bandwidth and high second-
order nonlinear optical coefficient. Thanks to its 
periodical poling, it is possible to enhance the nonlin-
ear interaction of light passing through the wave-
guide. By bonding the waveguide directly to the 
substrate without using any adhesive, we fabricated 
devices that can operate even under pump light with 
watt-level intensity. Our fabrication techniques have 
recently enabled low-loss, high-gain optical paramet-
ric amplifiers with high pump-light tolerance.

Our group is also developing modular optical para-
metric amplifiers that can be easily coupled with fiber 
optics [12–14]. This is to enable the construction of 
maintenance-free optical systems in anticipation of 
practical applications. Quantum optics experiments 
had been conducted on an optical table with many 
mirrors and lenses arranged with high precision to 
verify the proof-of-principles. These optical systems 
require constant precise adjustment, and this has been 
a problem that needs to be solved for practical appli-
cations. As shown in Fig. 2(b), our module has a 
structure in which the pump light and squeezed light 

are separated inside the module, and each is effi-
ciently coupled to an optical fiber [12–14]. This fiber-
pigtailed module will greatly advance the develop-
ment of practical-use optical quantum computers 
because we can combine various highly reliable and 
high-performance optical components, which are 
cultivated in the field of optical communications.

4.   Squeezing-level measurement

The squeezing levels have conventionally been 
measured by balanced homodyne detection [15]. 
With this method, the squeezed light interferes with a 
local oscillator, the frequency of which is the same as 
the center frequency of the squeezed light, by using a 
half beamsplitter. The difference between the output 
intensities of the two paths is then extracted as an 
electrical signal by using a balanced photodetector. 
Accordingly, the bandwidth of the squeezed light 
measured using balanced homodyne detection is lim-
ited by the bandwidth of the electrical circuit up to a 
few gigahertz. Therefore, we developed a method for 

Fig. 2.   �(a) Schematic view of a PPLN waveguide. The waveguide core is directly bonded to the substrate. (b) Fiber-coupled 
optical parametric amplifier. Wavelength-division mirrors and lenses are installed inside so that the pump light and 
squeezed light are separated and injected to each output optical fiber [14].
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measuring quantum-noise intensity up to THz-class 
broadband components by further optical parametric 
amplification of the squeezed light [16]. This means 
that the quantum information is converted directly 
into classical light, whereas previous methods (bal-
anced homodyne detection) convert it onto the classi-
cal state of an electrical signal. Figure 3 shows the 
results of noise-intensity-level measurements. The 
experimental results indicate that the noise of the 
squeezed light is suppressed by more than 6 dB com-
pared with the shot-noise level, even for THz-order 
sideband components [14]. This value is more than 
the 4.5 dB required to generate two-dimensional 
optical-cluster states, which enables multi-qubit 
quantum computation. This is the world’s highest 
value for squeezing using a waveguide-type optical 
parametric amplifier with an all-optical-fiber-closed 
system.

5.   Conclusion

We reported on the generation of continuous-wave, 
broadband squeezed light for the development of a 
high-speed, large-scale, universal quantum computer. 
The squeezing of 6 THz and more than 6 dB was 
achieved using an optical parametric amplifier con-
sisting of a PPLN waveguide, which was developed 
by NTT. The device can be implemented as a fiber-
coupled module to enhance compatibility with opti-
cal communication components and is being fabri-
cated in anticipation of the future development of 
quantum computers. We aim to achieve a higher level 
by improving the device-fabrication technique and 

optimizing the design and are attempting more than 
10-dB squeezing for fault-tolerant quantum computa-
tion.
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