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➢ Single quantum particles

➢ Development of new technologies using 
quantum properties. 
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Entanglement

2012
Measuring and manipulating 
individual quantum system

Google AI Quantum., Nat. 574, 
505-510 (2019)

Superconducting circuits

R. Blatt, Innsbruck

Ion traps

D. Barredo, S. de Léséleuc  et 
al., Sci. 354, 1021 (2016)

Neutral atoms

S. Paesani, Copenhagen

Photonic system
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Quantum simulation

PC: Thomas Uehlinger, 
ETH Zürich

Quantum sensing

PC: Zhen Zhai, Chinese 
Academy of Sciences, Beijing

Quantum computation

PC: Chuyao Tong, ETH Zürich 

Quantum networking

PC: K. Dill, NIST

Google AI Quantum., Nat. 574, 
505-510 (2019)

Superconducting circuits

R. Blatt, Innsbruck

Ion traps

D. Barredo, S. de Léséleuc  et 
al., Sci. 354, 1021 (2016)

Neutral atoms

S. Paesani, Copenhagen

Photonic system
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Single atom

87Rb
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Array of 800 single Rb atomsSingle atom

87Rb

MOT
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87Rb cloud
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Array of 800 single Rb atoms
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Ground state

~ 0.05 nm
e- e-

Rydberg state

~ 100 nm

e- e-

Array of 800 single Rb atoms
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Aim of Moonshot project:

➢ Interaction between Rydberg atoms used 
for quantum computation[1] and 
quantum simulation[2]

[1] Y. Chew et al., Nature Photonics 16(10),724–729, (2022).

[2] V. Bharti et al., Phys. Rev. Lett. 133, 093405, (2024)

Quantum simulation

PC: Thomas Uehlinger, ETH Zürich

Quantum computation

PC: Chuyao Tong, ETH Zürich 

Rydberg state

~ 100 nm

Ground state

~ 0.05 nm
e- e-

e- e-

Array of 800 single Rb atoms



Time-scale in Rydberg physics 12

Rydberg
lifetime

100 μs10 μs1 μs100 ns10 ns1 ns100 ps10 ps1 ps

10 kHz100 kHz1 MHz10 MHz100 MHz1 GHz10 GHz100 GHz1 THz Frequency

Rydberg state
separation

Electron
binding

Time

Rydberg Interaction

Continuous-wave laser: Τ𝛀 𝟐𝝅 ∼ 1 MHzPulse laser: Τ𝛀 𝟐𝝅 ∼ 10 GHz

480 nm

780 nm

Rydberg state

~ 100 nm

~ 100 GHz

-1000

-600
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40D

0

Ground state

~ 0.05 nm
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Pulse excitation 13

Radiative
lifetime

100 μs10 μs1 μs100 ns10 ns1 ns100 ps10 ps1 ps

10 kHz100 kHz1 MHz10 MHz100 MHz1 GHz10 GHz100 GHz1 THz

Motional
decoherence

Frequency

State
separation

Electron
binding

Time

Interaction 𝑽

Continuous-wave laser: Τ𝛀 𝟐𝝅 ∼ 1 MHzPulse laser: Τ𝛀 𝟐𝝅 ∼ 10 GHz

Advantages of picosecond excitation:

• to avoid the motion of atoms 

• to stay further away from the finite Rydberg lifetime

• to overcome noisy environments (e.g., surfaces)

• Can explore the interaction in ns-timescale

480 nm

780 nm
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1 kHz
1 ps
5 mJ

780 nm

480 nm

Ti-Sapphire
pulse laser
amplifier

Optical
parametric
amplifier

(OPA)

Sum
frequency
generation

(SFG)

1250 nm

780 nm

480 nm

Ti-Sapphire pulse laser system ~1 ps
(BW ~1 THz)

Ti-Sapphire
mode-locked

oscillator

Ti-Sapphire
chirped pulse

amplifier

~5 GW
 ⇒ Single-pass conversions

⋮

⋮
Frequency modes

~100 fs (BW ~10 THz)

Nobel Prize in Physics 2018  G. Mourou, Rev. Mod. Phys. 91, 030501 (2019).

R
ydberg

5P3/2

5S1/2

~100 GHz

Stretcher Compressor

Gain

780 nm
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780 nm 
“pump” 1250 nm

“signal”

2080 nm
“idler”

1 kHz
1 ps
5 mJ

780 nm

480 nm

Ti-Sapphire
pulse laser
amplifier

Optical
parametric
amplifier

(OPA)

Sum
frequency
generation

(SFG)

1250 nm

780 nm

480 nm

R
ydberg

5P3/2

5S1/2

~100 GHz

No seeding: ~30 %
With seeding: 6 %

480 nm pulse energy (Norm.)

C
ou

nt
s

PPLN
1250 nm 

(cw)

780 nm pump 780 nm pump

1250 nm
(pulse)

BBO

OPA 1
(pre-amp.)

OPA 2
(booster amp.)

⇒ Continuous wave (CW)
     injection seeding
       T. P. Mahesh et al., Opt. Lett. 50, 403 (2025).

Optical parametric amplification (OPA)

✓  Down-conversion to arbitrary frequency

△ Stochastic: initiated by vacuum fluctuation
 Large pulse-to-pulse energy fluctuation (~ 30 %)

CW 
injection

780 nm



Picosecond pulse laser system
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R
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780 nm
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Picosecond pulse laser system
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Ultrafast Rydberg excitation
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Ultrafast quantum gates

780 nm

480 nm

R
ydberg

5P3/2

5S1/2

~100 GHz

Pulse energy [nJ]

43
D
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n New seeded system: 90 %

Commercial unseeded  
system: 75 %

Y. Chew, T. Tomita, T.P. Mahesh, S. 
Sugawa, S. de Léséleuc, K. Ohmori, 
Nat. Photonics 16, 724 (2022)

Rb87

480 nm

780 nm
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Sum-frequency bandwidth compression

(2) BBO crystal

(1) Chirped Bragg grating

1250 nm

780 nm
480 nm

SFG only

Chirped + SFG

𝜟𝝂 = 22 GHz

T. Matsubara
(Ohmori G, IMS)

1 kHz
1 ps
5 mJ

780 nm

480 nm

Ti-Sapphire
pulse laser
amplifier

Optical
parametric
amplifier

(OPA)

Sum
frequency
generation

(SFG)

Spectral
shaping

1250 nm 1 ps
200 J

10 ps
2 J

780 nm

480 nm

~30 GHz R
ydberg

5P3/2

5S1/2

~100 GHz

Freq

Time

(2) SFG

(1) Chirped

➢ Succeeded in generating 480 nm pulse of 22 GHz bandwidth.
➢ Currently 20 J pulse energy is generated. Further optimization required.
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Seed laser
1064 nm

Home-build
Amplification

System 1064 nm

45 ps
21 µJ

45 ps
15 mJ NLO

SHG+OPA+SHG

23 ps
1 mJ

480 nm

Frequency conversionAmplification of seed

Array of Rb atoms in our lab

95 µm

Requirements for 480 nm pulse to transfer atoms to 
single Rydberg state:

➢ Pulse width = 30 ps
➢ Pulse energy  = ~1 mJ (1 mm beam diameter)

Wavelength 
(nm)

Target 
energy 

Achieved 
energy

1064 15 mJ 3.6 mJ

532 10 mJ 320 µJ

960 2 mJ 12 µJ

480 1 mJ Not yet
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Nd:YAG

0.5 % Nd3+ doped

1 % Nd3+ doped

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ
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15 mJ NLO
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Nd:YAG

0.5 % Nd3+ doped

1 % Nd3+ doped
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) Bulk

Position in the gain medium (mm)

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
15 mJ NLO

SHG+OPA+SHG

23 ps
1 mJ

480 nm

Frequency conversionAmplification of seed
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Nd:YAG Sapphire

0.5 % Nd3+ doped

1 % Nd3+ doped

Te
m

p.
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T 0(

o C
) Bulk

DFC

➢ Distributed face cooling (DFC) chip Bonded with YAG: Sapphire 
➢ Drastic reduction of thermal effect [4,5]

DFC chip

[4] L. Zheng et al., Opt. Mater. Express  7(9), 3214-3221 (2017). 
[5] L. Zheng et al., Opt. Express  27(21), 30217-30224 (2019).

Position in the gain medium (mm)

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
15 mJ NLO

SHG+OPA+SHG

23 ps
1 mJ

480 nm

Frequency conversionAmplification of seed
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808nm 
(pump)

1064 nm 
(seed) 1064 nm 

(amplified)

Bulk

DFC

➢ DFC techniques solves depolarization and 
heating problem during amplification

Pump pulse energy (mJ)

Pump pulse energy (mJ)
D
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(%

)

Damaged 
gain mediumSeed laser

1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
15 mJ NLO

SHG+OPA+SHG

23 ps
1 mJ

480 nm

Frequency conversionAmplification of seed
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Faraday
Rotator

HWP HWP

QWP

M1

M2

M3

DM1

Pump
Laser

DFC 1
17mJ  

808 nm DM2

HWP

O
utput

21 µJ
1064 nm

Pump
Laser

DFC 2

808 nm 
(pump)

808 nm 
(pump)Pass 1

Pass 2
Pass 3
Pass 4

DFC 1 DFC 2
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➢ We succeeded in generating 420 µJ pulse energy (10 MW peak power) of a 1064 nm pulse.
➢ Deviation from simulation due to improper beam overlap between pump and seed pulse.
➢ No change in pulse width before and after amplification.
➢ Spectral width of the amplified pulse is 13 GHz.
➢ The time bandwidth product gives 0.58, not too far from Gaussian (0.44).

Temporal profile
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45 ps

Before amp.

After amp.

Time (ps)

Sp
ec

tra
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ty

Spectral profile

0.05 nm 
(13 GHz)

Wavelength (nm)

Pump (808 nm) energy (mJ)

Am
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nm
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(µ
J)

Simulation considering no loss
Simulation considering loss
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Spectral profile

0.018 nm 
(19 GHz)

Temporal profile

37 ps

Time (ps)

➢ We succeeded to get 88 % conversion efficiency (energy of 346 µJ) by using a 0.5 mm diameter 1064 nm input beam.
➢ The time bandwidth product is 0.70.  
➢ Beam profile of 532 nm looks clean with M2  = 1.2 .

DFB Laser1193.3 nm

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
13 GHz
3.5 mJ SHG

(LBO)
L = 10 mm

OPA
(PPsLT)

L = 40 mm

SHG
(LBO)

L = 10 mm 480 nm532 nm 960 nm

85

45 ps
13 GHz
390 µJ

SH
G

 o
ut

pu
t e

ne
rg

y 
(µ

J)

1193 nm
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➢ For the OPA process, we generated 12 µJ of 960 nm pulse with conversion efficiency of 4 %.
➢ OPA efficiency starts decreasing after 25 µJ input energy.
➢ The time bandwidth product is 0.61. 

DFB Laser1193.3 nm

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
13 GHz
3.5 mJ SHG

(LBO)
L = 10 mm

OPA
(PPsLT)

L = 40 mm

SHG
(LBO)

L = 10 mm 480 nm532 nm 960 nm

45 ps
13 GHz
390 µJ

37 ps
19 GHz
346 µJ

1193 nm

ONGOING 
(Under progress)
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0.19 nm 
(25 GHz)

ONGOING 
(Under progress)

DFB Laser1193.3 nm

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
13 GHz
3.5 mJ SHG

(LBO)
L = 10 mm

OPA
(PPsLT)

L = 40 mm

SHG
(LBO)

L = 10 mm 480 nm532 nm 960 nm

45 ps
13 GHz
390 µJ

37 ps
19 GHz
346 µJ

38 ps
18 GHz
12 µJ

➢ For the OPA process, we generated 12 µJ of 960 nm pulse with conversion efficiency of 4 %.
➢ OPA efficiency starts decreasing after 25 µJ input energy.
➢ Bandwidth of 480 nm pulse is 25 GHz which is close to our expected value.
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ONGOING 
(Under progress)

DFB Laser1193.3 nm

Seed laser
1064 nm

4-pass
Amplification 

stage 1064 nm

45 ps
21 µJ

45 ps
13 GHz
3.5 mJ SHG

(LBO)
L = 10 mm

OPA
(PPsLT)

L = 40 mm

SHG
(LBO)

L = 10 mm 480 nm532 nm 960 nm

45 ps
13 GHz
390 µJ

37 ps
19 GHz
346 µJ

38 ps
18 GHz
12 µJ

➢ For the OPA process, we generated 12 µJ of 960 nm pulse with conversion efficiency of 4 %.
➢ OPA efficiency starts decreasing after 25 µJ input energy.
➢ Bandwidth of 480 nm pulse is 25 GHz which is close to our expected value.

Wavelength 
(nm)

Target 
energy 

Achieved 
energy

1064 15 mJ 420 mJ

532 10 mJ 320 µJ

960 2 mJ 12 µJ

480 1 mJ Not yet
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Faraday
Rotator

HWP HWP

QWP

M1

M2

M3

DM1

Pump
Laser

DFC 1
17mJ  

808 nm DM2

HWP
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1064 nm

Pump
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DFC 2

808 nm 
(pump)

808 nm 
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➢ We succeeded in generating 3.5 mJ pulse energy (77 MW peak power) of a 1064 nm pulse.
➢ Deviation from simulation due to improper beam overlap between pump and seed pulse.
➢ Pump and seed beam diameter is 1.4 mm. 

Pump (808 nm) energy (mJ)

Am
p.

 1
06

4 
nm

 e
ne

rg
y 

(m
J)

One DFC chip

Two DFC chips
Simulation for one chip 

Simulation for both chips 

Experimental result

Experimental result

Damaged multiple optics

Solution:

➢ Increase pump and seed beam size.
➢ Increase the pump energy to keep same gain.

808 nm 
(pump)

808 nm 
(pump)Pass 1

Pass 2
Pass 3
Pass 4

DFC 1 DFC 2



Picosecond pulse amplification

808 nm 
(pump)

808 nm 
(pump)Pass 1

Pass 2
Pass 3
Pass 4

DFC 1 DFC 2

➢ ASE in the transverse direction start to dominate.

Current situation

Pump = 1.4 mm
Seed = 1.4 mm

5 mm dia.

Pump 808 nm energy (mJ)

Pump = 3.2 mm
Seed = 3.2 mm

Increase pump-seed diameter

5 mm dia.

➢ ASE in transverse direction absorbed by Nd:YAG
➢ Strong gain along longitudinal direction.

30



Picosecond pulse amplification

808 nm 
(pump)

808 nm 
(pump)Pass 1

Pass 2
Pass 3
Pass 4

DFC 1 DFC 2

➢ This conforms that ASE in transverse direction is strong.

3 mm dia.

Pump = 1.4 mm
Seed = 1.4 mm

Pump = 1.4 mm
Seed = 1.4 mm

5 mm dia.

Pump 808 nm energy (mJ)

➢ ASE in transverse direction absorbed by Nd:YAG
➢ Strong gain along longitudinal direction.

Current situationDecrease the aperture of DFC

31
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