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Cavity QED as a Platform 
for Quantum Computing and  Quantum Network

By placing many atoms in a cavity with each atom strongly coupled to the cavity, and 

by individually addressing each atom, the system can function as a quantum computer.

T. Pellizzari et al., PRL 75, 3788 (1995) 

Difficult to achieve with conventional, 
free-space cavities

J. R. Buck, Ph.D. thesis, Caltech (2003)

◼ Cavity QED



Cavity QED as a Platform 
for Quantum Computing and  Quantum Network

Furthermore, by connecting multiple cavities with low losses, distributed quantum 

computing can be realized.

Difficult to achieve with conventional, 
free-space cavities

J. R. Buck, Ph.D. thesis, Caltech (2003)



Our Solution: Nanofiber Cavity QED

System for Large-Scale Distributed Quantum Computing
and Quantum Network

- All-fiber cavity QED system with many, 
individually addressable atoms

- Each unit is a middle-scale quantum computer (QPU)
- Many units are connected by optical fibers
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Trapping an atom

Blue FORT beam

Red FORT beam Red FORT beam

E. Vetsch et al., 

PRL 104, 203603 (2010)

A. Goban et al., 

PRL 109, 033603 (2012)

Far-Off-Resonance Optical Trapping (FORT) of single atom using evanescent field 

Single atom FORT potential



Atom

Probe
Optical fiber Optical fiber

Vacuum chamber

Transmiitted probe

Nanofiber Cavity QED System
S. Kato and TA, PRL 115, 093603 (2015)



Atom

Probe
Optical fiber Optical fiber

Vacuum chamber

Transmiitted probe

Strong coupling (                            ) is achieved.

Trap lifetime = 11 ms

Vacuum Rabi Splittting

Nanofiber Cavity QED System
S. Kato and TA, PRL 115, 093603 (2015)



Connecting two CQED systems

Chamber 1

Chamber 2

Atomic 
Ensemble

Fiber

Splice losses
(< 1% each)

Atomic 
Ensemble



Observation of Normal Modes
S. Kato et al., Nature Commun. 10, 1160 (2019)

D. White et al., PRL 122, 253603 (2019)

Cavity-dark modeBright modes Fiber-dark modes
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Our Solution: Nanofiber Cavity QED

System for Large-Scale Distributed Quantum Computing
and Quantum Network

- All-fiber cavity QED system with many, 
individually addressable atoms

- Each unit is a middle-scale quantum computer (QPU)
- Many units are connected by optical fibers



Trapping Many “Individually Addressable” Atoms

Far-Off-Resonance Optical Trapping (FORT) of single atoms using evanescent field 

FORT potential

Blue FORT beam

Red FORT beam Red FORT beam

E. Vetsch et al., 

PRL 104, 203603 (2010)

A. Goban et al., 

PRL 109, 033603 (2012)

Not resolvable with free-space optics



Trapping Many “Individually Addressable” Atoms

Collimated beam 
for atom trapping

1D array of single atoms 
trapped in optical tweezers

Site-resolvable lens



Distributed QC With Nanofiber CQED
PCT/JP2021/25783 

Optical Switches

Single-Photon
Source
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CQED Array

Activating beams

Photon
PBS
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Idle Atom

Active Atom

High-efficiency, large-scale 
distributed quantum computing scheme



Distributed QC With Nanofiber CQED

High-efficiency, large-scale 
distributed quantum computing scheme

S. Sunami, et al., PRX Quantum 6, 010101 (2025)



Quantum nodes with individually addressable many atoms

In collaboration with



Quantum nodes with individually addressable many atoms

0.5 mm

Trapping single atom in an optical tweezer

MOT

Single-atom image

Coupling to the nanofiber cavity

Bimodal distribution

(signature of single atom)



        

   
           

   
                            

Quantum nodes with individually addressable many atoms

Creating multiple (~10) optical-tweezer spots along the nanofiber



Moving tweezers for interfacing with 2d atomic array

Nanofiber

3x3 atom 
array

Nanofiber

SLM

AOD

Objective lens

Nanofiber

SLM tweezer spot
“Moving” tweezer spot

Atom



Increasing the number of atoms in the cavity

PoC Unit

Large-Scale Unit

Vacuum Chamber Viewport

Multi-Element Objective with Large FOV



Increasing the number of atoms in the cavity

FT lens

SLM

Tube Lens

Objective lens 
(FOV 3 mm)

Optical Tweezer Beam Intermediate Image

1,000 atoms



Toward Coupling Many Atoms to a Cavity

FT lens

SLM

Tube Lens

Objective lens 
(FOV 3 mm)

Optical Tweezer Beam Intermediate Image

1,000 atoms
1,051 spots

Inetermediate image of tweezer spots



Increasing the number of atoms in the cavity



Toward Coupling Many Atoms to a Cavity

FT lens

SLM

Tube Lens

Objective lens 
(FOV 3 mm)

Optical Tweezer Beam

1,000 atoms

5 mm

257 spots / 1 mm

Tweezer spots on the nanofiber



Toward Coupling Many Atoms to a Cavity

FT lens

SLM

Tube Lens

Objective lens 
(FOV 3 mm)

Optical Tweezer Beam

1,000 atoms
Elongated MOT overlapped with nanofiber

5 mm



Internal Cooperativity

: mode area

: cavity length

: intra-cavity loss

Free-Space Nanofiber

Mode area

“Internal cooperativity”

Intra-cavity loss
(projected)

H. Goto et al., Phys. Rev. A 99, 053843 (2019)



Losses in Nanofiber Cavity

• Losses at FBGs

• Losses at tapered region



Fabrication of Low-Loss Tapers

Photodetector

Laser diode (852nm)

Power stabilization (    0.1%) Hydrogen(-Oxygen) Torch



Fabrication of Low-Loss Tapers

Standard single-mode fiber
(germanosilicate core, silica cladding)

Tapered region:

Waist region: single-mode 
(silica core, vacuum cladding)

multi-mode with intermodal couplings

Inherent losses in a tapered optical fiber due to the coupling 
to the higher-order modes in the tapered region.



Fabrication of Low-Loss Tapers

Adiabaticity condition:

Delineation angle:

J. D. Love and W. M. Henry, Electron. Lett. 22, 912 (1986)



Fabrication of Low-Loss Tapers

Adiabatic

Non-adiabatic

Tri-layer structure

Delineation angle:

“Optimal” taper shapes for low losses and short length



Photodetector

Laser diode (852nm)

Power stabilization (    0.1%) Hydrogen Torch

Fabrication of Low-Loss Tapers
R. Nagai and T. Aoki, Opt. Express 23, 28427 (2014)

Linear (2 mrad)

Optimized (F = 0.4)
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Laser diode (852nm)

Power stabilization (    0.1%) Hydrogen Torch

Fabrication of Low-Loss Tapers
R. Nagai and T. Aoki, Opt. Express 23, 28427 (2014)

Photodetector



Fabrication of Low-Loss Tapers

• Real-time monitoring of cavity finesse by means of repetitive ring-down measurement

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)



Fabrication of Low-Loss Tapers

• Real-time monitoring of cavity finesse by means of repetitive ring-down measurement

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)



Fabrication of Low-Loss Tapers

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)

“Internal” cooperativity



Fabrication of Low-Loss Tapers

• Real-time monitoring of nanofiber diameter by means of beat spectrogram measurement

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)



Fabrication of Low-Loss Tapers

• Real-time monitoring of nanofiber diameter by means of beat spectrogram measurement

688 nm

633 nm

532 nm

Simple
Modified

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)



Fabrication of Low-Loss Tapers

• Real-time monitoring of cavity finesse by means of repetitive ring-down measurement

• Real-time monitoring of nanofiber diameter by means of beat spectrogram measurement

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)



Fabrication of Low-Loss Tapers

• Real-time monitoring of cavity finesse by means of repetitive ring-down measurement

• Real-time monitoring of nanofiber diameter by means of beat spectrogram measurement

Taper losses at                        can be fitted with

at

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)



Fabrication of Low-Loss FBG’s

Optical Fiber

Phase mask
+1st order 

diffraction

-1st order
diffraction

DUV Laser



Fabrication of Low-Loss FBG’s



Fabrication of Low-Loss FBG’s

0

-10

-20

-30

-40

Tr
an

sm
is

si
o

n
 (

d
B

)

Transmission Spectra

Ringdown measurement

S. Kato and T. Aoki, Opt. Lett. 47, 5000 (2022)



Losses in Nanofiber Cavity

• Losses at FBGs

• Losses at tapered region
Projected round-trip loss

Projected cooperativity

S. K. Ruddell et al., Opt. Lett. 45, 4875 (2020)

S. Kato and T. Aoki, Opt. Lett. 47, 5000 (2022)



Summary

• We have been developing a nanofiber-based cavity QED platform.

• We established real-time control of taper fabrication, achieving optical losses as 

low as 0.03%.

• We developed in-house fabrication techniques for low-loss fiber Bragg gratings, 

with per-mirror losses below 0.026%.

• We demonstrated a projected cavity round-trip loss of ≲0.1%, corresponding to a 

finesse exceeding 6,000.

• With these parameters, we expect to achieve a cooperativity greater than 100,

which paves the way toward fault-tolerant quantum computing based on cavity 

QED.
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