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It is observed in a double-slit experiment by Tonomura 
and coworkers that single electrons recorded as dots on a 
detector screen build up to show an interference pattern, which 
is delocalized over the screen.1) This observation indicates that 
a delocalized wave function of an isolated electron interacts 
with the screen, which is composed of many nuclei and 
electrons interacting with each other, and becomes localized in 
space. This change, referred to as “collapse” in quantum 
theory, is often accepted as a discontinuous change, but a basic 
question arises: When and how the delocalized wave function 
becomes local ized? Our objective is uncovering this mystery 
by observing the spatiotemporal evolution of a wave function 
delocalized over many particles interacting with each other. 
Having this objective in mind, we have developed coherent 
control with precisions on the picometer spatial and atto-
second temporal scales. Now we apply this ultrafast and 
ultrahigh-precision coherent control to delocalized wave 
functions of macroscopic many-particle systems of an array of 

ultracold rubidium (Rb) Rydberg atoms, as depicted schemati-
cally in Figure 1 and named “ultrafast quantum simulator,” 
envisaging the quantum-classical boundary con nected smoothly.

Figure 1.  Metal-like quantum gas. A schematic of the many-body 
quantum simulator with ultracold Rydberg atoms, named “ultrafast 
quantum simulator,” where electronic wave functions spatially overlap 
between neighboring atoms.2,7)
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1.  Development of an “Ultrafast Quantum 
Simula tor” by Optical Control with 
Precisions on the Atto second Temporal 
and Submicron Spatial Scales3–10)

Quantum many-body problems are at the heart of a variety 
of physical functionalities including superconductivity and 
magnet ism in solid materials. It is extremely hard, however, to 
solve such quantum many-body problems. In solving the 
Hubbard model with 1000 particles, for example, the diago-
nalization would take 10 to the power of 573 years even with 
the world’s fastest super computers. In this project, we develop 
a novel quantum simu lator that can simulate quantum many-
body dynam ics for more than 1000 particles within one nano-
second, com bining our two unique experimental resources: 
“coherent control with attosecond pre ci sion”8) and “a strongly-
correlated ultracold Rydberg gas.”7,9,10)

We have completed a standard hard ware of this ultrafast 
quantum simulator composed of an array of ultracold Rb 
atoms trapped in an optical lattice and excited to Rydberg 
levels with a coherent picosecond (ps) laser pulse, as sche-
matically illustrated in Figure 2.3,4,6,7,10) The broad bandwidth 
of the ps laser pulse has allowed us to excite the atoms in the 
neigh boring lattice sites to Rydberg levels simultaneously for 
the first time. With this stan dard hardware, we have succeeded 
in creating an exotic elec tronic state with spatially overlapping 
wave-func tions as shown schematically in Figures 1 and 
2.2,7,10) The degree of spatial overlap is actively tuned with 
~50 nanometer precision. This exotic metal-like quantum gas 
under exquisite control opens up a completely new regime of 
many-body physics for simu lating ultrafast many-body elec-
tron dynamics dominated by Coulomb interactions.7,10)

We have also completed a read-
out interface of our ultra fast quantum 
simulator, which is the time domain 
Ramsey inter fer om etry of ultracold 

Rydberg atoms with attosecond precision, whose contrast is 
almost 100%.5) The phase and vis ibi lity of this Ramsey inter-
ferogram are highly sen sitive to the na ture and strength of 
many-body interactions among the Rydberg atoms.

2.  Development of an Ultrafast Quantum 
Computer3,10,12)

So far we have developed arbitrary two dimensional optical 
trap arrays for cold atoms, which are necessary for quantum 
computing, in tight collaborations with Hamamatsu Photonics 
K.K.3) Their examples are shown in Figure 3, the world’s small est 
arbitrary trap arrays whose nearest neighbor distance is only ~1 
micron, which used to be typically ~4 micron in previous works.11)

We have succeeded in loading a single atom into each trap 
of those arbitrary arrays, and reassembling those atoms with a 
movable optical tweezers. Such an array of cold atoms has 
been manipulated with an ultrafast laser for the first time, 
leading to a completely new quantum computer we refer to as 
an “ultrafast quantum computer.” With this ultrafast quantum 
computer, we have recently succeeded in executing a con-
trolled-Z gate in just 6.5 ns, as depicted schematically in 
Figure 4.12) This is the world’s fastest controlled gate, which is 
the most important two-qubit gate (a fundamental arithmetic 
element essential for quan tum com puting). This high-impact 
result was highlighted on the front cover of the Oct 2022 Issue 
of Nature Photonics,12) and by more than 200 news articles 
worldwide, such as in Japan, US, Europe, China, etc.

Figure 4.  Conceptual diagram of the world’s fastest controlled gate 
for ultrafast quantum computing. Two single atoms captured in optical 
tweezers (red light) with a separation of a micrometer are entangled by 
an ultrafast laser pulse (blue light) shone for only 10 picoseconds.12) 
Image source: Dr. Takafumi Tomita (IMS)
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Figure 2.  Schematic of the standard 
hard ware of the ultrafast quantum 
simulator.3,4,6,7,10)

Figure 3.  Examples of the world’s smallest arbitrary arrays of opti cal 
traps. (a) Square lattice; (b) Kagome Lattice; (c) Hexagonal 
(Honeycomb) lattice.10)




