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A state-of-the-art laser system for
attosecond science: an alternative

A. Baltuska et al., Nature 421, 611 (2003)



gain narrowing

Limitations to pulse durationLimitations to spectral range

Limitations to power scaling

Limitations of Ti:Sapphire CPAs

Fraction of pump 
that turns into 

heat 1 −
ℏ𝜔𝑙𝑎𝑠𝑒𝑟

ℏ𝜔𝑝𝑢𝑚𝑝𝑃𝑝𝑢𝑚𝑝(𝑥, 𝑦) ∝ 𝑒−2(𝑥2+𝑦2)/𝑤2

Heat source profile: may originate
• Thermal lensing (dn/dT)
• Thermal induced birefringence
• Damage of material

𝑃𝑎𝑣𝑔 = 𝐸𝑛𝑒𝑟𝑔𝑦𝑝𝑢𝑙𝑠𝑒 ∗ 𝑓𝑟𝑒𝑝. 𝑟𝑎𝑡𝑒



A laser material for high average power

▪ Absorption band at InGaAs wavelengths
 High power laser diodes are commercially available

▪ Low quantum defect (1 −
ℏ𝜔𝑙𝑎𝑠𝑒𝑟

ℏ𝜔𝑝𝑢𝑚𝑝
< 0.1 )

 Potential for high average power operation

▪ Long upper level lifetime (~1 msec)
 Efficiently store energy from low peak power pump

▪ High quality (large) crystals
 Crystalline or ceramic form

▪ BUT narrow gain bandwidth: post-compression, OPCPAs

2F5/2

2F7/2

941 nm 1030 nm

Yb-doped Yttrium 
Aluminum Garnet
Yb:YAG



Alternatives using Yb systems

Yb-doped → high energy, high average power
Nonlinear pulse compression with large compression 
factors to reach sub-50 fs and even sub-10 fs pulses

Ti:Sapphire → ultrashort pulses
Yb-doped → high energy, high average power

Energy transfer in Optical Parametric Amplifier



Parametric Amplification

• No absorption

Phase-mismatch (∆𝐤): 
1mm BBO Crystal

Instantaneous nonlinear process of second 
order in the E-field



Parametric Amplification

• No absorption

Phase-mismatch (∆𝐤): 
1mm BBO Crystal

Instantaneous nonlinear process of second 
order in the E-field

𝑷 = 𝑷(𝟏) + 𝑷(𝑵𝑳),  𝑷(𝑵𝑳) ∝ 𝝌(𝟐)𝑬𝟐



Parametric Amplification

• No absorption

• Gain bandwidth 
determined by 
phase-matching Phase-mismatch (∆𝐤): 

1mm BBO Crystal

∆𝐤 = 𝐤𝐬𝐢𝐠𝐧𝐚𝐥 + 𝐤𝐢𝐝𝐥𝐞𝐫 − 𝐤𝐩𝐮𝐦𝐩 = 𝟎

Phase-matching



Parametric Amplification

• No absorption

• Gain bandwidth 
determined by 
phase-matching Phase-mismatch (∆𝐤): 

1mm BBO Crystal

∆𝐤 = 𝐤𝐬𝐢𝐠𝐧𝐚𝐥 + 𝐤𝐢𝐝𝐥𝐞𝐫 − 𝐤𝐩𝐮𝐦𝐩 = 𝟎

Phase-matching

𝑘 𝜔 =
𝜔𝑛(𝜔)

𝑐
Use bi-refringent material



Parametric Amplification

• No absorption

• Gain bandwidth 
determined by 
phase-matching Phase-mismatch (∆𝐤): 

1mm BBO Crystal

∆𝐤 = 𝐤𝐬𝐢𝐠𝐧𝐚𝐥 + 𝐤𝐢𝐝𝐥𝐞𝐫 − 𝐤𝐩𝐮𝐦𝐩 = 𝟎

Phase-matching

𝑘 𝜔 =
𝜔𝑛(𝜔)

𝑐
Use bi-refringent material

Type-I phase matching: 𝑘𝑝𝑢𝑚𝑝 𝜔 =
𝜔𝑛(𝜔,𝜃)

𝑐

𝜃: Angle between k-vector and crystal axis

1

𝑛𝑒(𝜃)2
=

𝑠𝑖𝑛2𝜃

𝑛𝑒,900 2
+

𝑐𝑜𝑠2𝜃

𝑛0
2



Parametric Amplification

• No absorption

• Gain bandwidth 
determined by 
phase-matching Phase-mismatch (∆𝐤): 

1mm BBO Crystal

∆𝐤 = 𝐤𝐬𝐢𝐠𝐧𝐚𝐥 + 𝐤𝐢𝐝𝐥𝐞𝐫 − 𝐤𝐩𝐮𝐦𝐩 = 𝟎

Phase-matching

1

𝑛𝑒(𝜃)2
=

𝑠𝑖𝑛2𝜃

𝑛𝑒,900 2
+

𝑐𝑜𝑠2𝜃

𝑛0
2

𝑘 𝜔 =
𝜔𝑛(𝜔)

𝑐
Use bi-refringent material

Type-I phase matching: 𝑘𝑝𝑢𝑚𝑝 𝜔 =
𝜔𝑛(𝜔,𝜃)

𝑐

𝜃: Angle between k-vector and crystal axis

BBO 1 mm
pump@ 515 nm



Parametric Amplification

• No absorption

• Gain bandwidth 
determined by 
phase-matching

• Noncollinear 
geometry 
allows 
broadband 
amplification

Phase-mismatch (∆𝐤): 
1mm BBO Crystal

∆𝐤 = 𝐤𝐬𝐢𝐠𝐧𝐚𝐥 + 𝐤𝐢𝐝𝐥𝐞𝐫 − 𝐤𝐩𝐮𝐦𝐩 = 𝟎

Phase-matching

Type-I phase matching:

 𝑘𝑝𝑢𝑚𝑝 𝜔 =
𝜔𝑛(𝜔,𝜃)

𝑐
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Optical Parametric Amplification

OPA: Great way to go to a different part of the spectrum 
(if I already have short pulses with high energy)



Optical Parametric Amplification

OPA: Great way to go to a different part of the spectrum 
(if I already have short pulses with high energy)

Example: start from 800 nm and go to 1300 nm to 
generate higher frequencies during HHG, or IAP 
combining HHG with 800 nm + 1300 nm



Optical Parametric Amplification



Optical Parametric Chirped Pulse 
Amplification (OPCPA)

First demonstration of OPCPA: A. 
Dubietis,G. Jonušauskas, A. Piskarskas. 
Powerful femtosecond pulse 
generation by chirped and stretched 
pulse parametric amplification in BBO 
crystal. Opt Commun 88, 437–440 
(1992)

• 1.7ps, 1055nm pulses from a 
Nd:glass oscillator, spectrally 
broadened (and stretched) in a 
fiber

• Amplified in BBO crystal
• Compressed with grating pair: 

70fs, 65µJ 
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Optical Parametric Chirped Pulse 
Amplification (OPCPA)

• Amplification of short pulses avoiding unwanted 
nonlinear effects

• Using narrowband pumps (long pulses) to amplify 
broadband seeds/signals (short pulses)

Spatial and temporal overlap
In the nonlinear material
→ stretched pulses for efficient amp.



Few-cycle OPCPAs from VIS to MIR
NIR SWIR MIR

Dubietis and Matijošius, Opto-Electronic Advances 6, 220046 (2023)



Few-cycle OPCPAs from VIS to MIR

Systems at 
the MBI

NIR SWIR MIR

Dubietis and Matijošius, Opto-Electronic Advances 6, 220046 (2023)



Building blocks



Front end

Photograph of the Venteon Ti:Sapphire oscillator at MBI

Ultra-broadband Ti:Sapphire 
oscillators: 
- Support ultrashort, down to 

few-cycle pulses
- Optical Synchronization
- CEP stability



Front end

Fuertjes et al., Opt. Lett. 46, 1704 (2021)

Broadband Cr:ZnS or Cr:ZnSe oscillators: 
- Ultrashort pulses in the MWIR
- Optical Synchronization



Front end

Yb CPA

White light 
generation

Second harmonic 
generation

pump seed

Yb-based system+different 
nonlinear processes
• Access to different parts 

of the spectrum
• Seed for OPCPA pump 

(optical synchronization)
• Passive CEP stabilization



Front end
Yb-based system+different nonlinear processes
• Access to different parts of the spectrum
• Seed for OPCPA pump (optical synchronization)
• Passive CEP stabilization

Badriūnas, J. Opt. 17, 094008 (2015)



Building blocks



Pump

Time

Pump
pulses

Seed
pulses

• Determines repetition rate and energy of the system
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Pump
• Determines repetition rate and energy of the system

➢Flash lamp pumped systems: high energy at low repetition rates
➢DPSSL and fibers: high repetition rate, high average powers

• Determines the chirp management
➢ns, ~100ps pulses  grating stretcher / compressor
➢Sub-10ps pulses  material dispersion / dispersive mirrors / prism pairs

• Different gain materials for pumping OPCPA in different spectral regions 
➢1µm systems for pumping NIR/SWIR: Nd:YAG, Nd:YLF, Nd:YVO4, Yb:YAG, 
Yb:KGW, Yb-doped fibers
➢2µm systems for pumping MIR: Ho:YAG, Ho:YLF, Tm:YLF



Building blocks



Synchronization

Badriūnas, J. Opt. 17, 094008 (2015)

• Optical synchronization
➢Pulses derived from the same front end
➢Residual jitter: effects in amplifier chain



Synchronization

Ishii et al., Opt. Lett. 30, 567 (2005)

• Electronic synchronization
➢Oscillators locked to an external RF source
➢Residual jitter < 1ps



Building blocks

• Determines the chirp management
➢ns, ~100ps pulses  grating stretcher / compressor
➢Sub-10ps pulses  material dispersion / dispersive mirrors / prism pairs



Building blocks

• Spectral range
• Gain
• Bandwidth



OPCPA process

Taken from Witte et al., Appl. Phys. B 87, 677 (2007) 



OPCPA process

𝑰𝒔 ≈ 𝑰𝒔 𝟎
𝟏

𝟒
𝒆𝟐𝒈𝒛

𝒈 = (𝝌 𝟐 )𝟐
𝝎𝒔𝝎𝒊𝑰𝒑(𝟎)

𝟐𝝐𝟎𝒏𝒔𝒏𝒊𝒏𝒑𝒄𝟑
− (

𝚫𝒌

𝟐
)𝟐

Solutions for monochromatic plane waves. No pump depletion, large gain: 

Gain ~ 103-104 achievable 



OPCPA process

Phase of signal 
independent of pump, 
and dependent on 
phase matching



OPCPA process

Idler picks up phase 
difference between 
pump and signal



OPCPA process

Idler picks up phase 
difference between 
pump and signal



OPCPA process

Amplification rate is 
frequency dependent 
(through phase 
matching and time-
dependent gain)



OPCPA process

Amplification rate is 
frequency dependent 
(through phase 
matching and time-
dependent gain)

Direction of energy 
flow can be reversed:
Back conversion



OPCPA process

Time dependent gain



OPCPA process

Pump to 
signal

Time dependent gain



OPCPA process

Pump to 
signal

Spatially dependent gain



OPCPA process

Pump to 
signal

Spatially dependent gain

𝑬 (𝒙, 𝒚, 𝒛, 𝒕) ≠ 𝑬𝒔𝒑(𝒙, 𝒚, 𝒛)𝑬𝒕𝒆𝒎𝒑(𝒕) Degradation of peak intensity



Example: high rep. rate OPCPA at 800nm

F. Furch et al., Optics Letters 42, 2495 (2017)

Seed: Ti:Sapphire oscillator
(<1nJ, <6fs, 80MHz)

Pump: Yb:YAG thin-disk CPA 
system + SHG
(1.2 mJ, 1ps, 100kHz, 515nm)

OPCPA output: sub-7fs, 
≈0.2mJ,100kHz, CEP-stable



F. Furch et al., Optics Letters 42, 2495 (2017)
F. Furch et al., J. Phys Photonics 4, 032001 (2022)

SEA-F-SPIDER
characterization

Example: high rep. rate OPCPA at 800nm



Example: high rep. rate OPCPA at 800nm



Example: high energy pulses at 5 microns

L. von Grafenstein et al., Optics Letters 45, 5998 (2020)



Example: high energy pulses at 5 microns

L. von Grafenstein et al., Optics Letters 45, 5998 (2020)

5.4 optical 
cycles



Useful materials for further reading:

C Manzoni and G Cerullo, Tutorial: Design criteria for ultrafast optical
parametric amplifiers, J. Opt. 18 103501 (2016)

Hanieh Fattahi, et al., "Third-generation femtosecond technology," 
Optica 1, 45-63 (2014)

F. Furch et al., J. Phys Photonics 4, 032001 (2022)

Dubietis and Matijošius, Opto-Electronic Advances 6, 220046 (2023)
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