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Robust high-average-power lasers and scaling to high pulse energy

Fraunhofer ILT

Innoslab Platform for Power Scaling

Airborne and spaceborne LIDAR lasers

Femtosecond Lasers / Cluster Advanced Photon Sources 

Nonlinear Pulse Compression by Multi-Pass-Cell Spectral Broadening

Driver Laser for Inertial Confinement Fusion

Robust high-average-power lasers and scaling to high pulse energy
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Fraunhofer ILT, Aachen

Tailored Photon Sources

◼ Power / Energy
◼ Spatial Intensity distribution
◼ Temporal Shaping
◼ Wavelength and spectrum 

control
◼ Quantum properties
◼ Secondary Sources

Applications

◼ Laser Production Technology
◼ Measurement Technology
◼ Microelectronics
◼ Life Sciences
◼ Quantum Networks, 

Computing, Sensing
◼ Laser Inertial Fusion Energy

Research Center DPP Industry Building DPPFraunhofer ILT

Prof. Dr. Constantin Häfner

▪

▪

▪

▪

▪
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The INNOSLAB Laser Platform – Example for a Fraunhofer Success Story
From Basic Patents over Scientific and Industrial Applications to LIDAR Transmitters for Space 

1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022

Patent
partially
pumped
slab laser

Patent
slab
amplifier

Spin Off
Foundation of
EdgeWave
2001

Spin Off
Foundation of
AMPHOS
2010

First 
laboratory 

demonstration

Prototype for 
scientific 

partner (ANU)

Power Scaling

1 kW CW

First LIDAR 
Demonstrator

Power Scaling

400 W ps

Power Scaling

1 kW fs

Methane 
LIDAR MERLIN

Power Scaling

5 kW fs CAPS

Wind LIDAR

AEOLUS II

Patent
Angular 
Multiplexing
2013

Transfer and Cooperation
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Power-scalable geometries of the active medium

Rod

average power limited by thermal effects:
thermal lensing and aberrations, 
depolarization, temperature, fracture

Multi-Slab

+ power scaling
via cross section

– small gain
+ small nonlinearity

Innoslab

Aspect ratio
of the pumped volume

Fiber

Waveguiding
(fundamental mode)

Thin-Disk („active mirror“)

Heat flow in 
propagation direction

+ power scaling
via fiber length

+ large gain
– large nonlinearity

r

T

DT
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Innoslab geometry – thermal Management

l

Rod
radial heat flow

b
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Slab
1-dim. heat flow

2wS

Area for heat
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The phase difference Df ~ DT·l

determines the thermal aberrations and 
limits the power at diffraction-limited 
beam quality. 

For the ro geoemtery, it is independent
of the pump cross section. For the slab
geoemtry, it scales with the aspect ratio:
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An aspect ratio of e.g. b/2wS = 50 
(10 mm / 0.2 mm) allows for a 30×
larger power.

P. Russbueldt et al. „Innoslab amplifiers,“ IEEE Journal of Selected Topics in 
Quantum Electronics 21, 447-463 (2015). DOI 10.1109/JSTQE.2014.2333234
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Innoslab amplifier – hybrid resonator
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LIDAR – Laser Sources for Aerospace Operation

AirLIF

▪ OH concentration 

by LIF @315nm

▪ Successful flight 

campaign in 2011

CHARM

▪ CH4 @3µm

▪ System fully qualified

▪ Commercial operation

CHARM - F

▪ CH4@1.65µm

▪ CO2@2.05µm

▪ Successful HALO Flight 

campaigns  in 2015 

and 2018

FULAS

▪ ATLID Specs

▪ Successful 

demonstration 

including TV and 

long term tests

MERLIN

▪ CH4 @1.654µm

▪ Components and Sub 

Modules qualified

▪ EQM and FM AIT 

ongoing

AEOLUS-2

▪ Doppler Wind LIDAR

▪ UV @ 355 nm

▪ EM Components in 

Procurement
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Proprietary Mounting Technology of ILT

Conventional mirror mounts

▪ No Alignment Screws

▪ Ultra High Thermomechanical 

Stability

→ „Set and forget“
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Fraunhofer Cluster of Excellence Advanced Photon Sources (CAPS)
laser sources with unique parameters and enabling next-generation applications

CAPSCAPSCAPS
Source: www.airbus.com

Source: www.bmw.de

Source: www.energyonesolar.com

Source: www.apfelnews.de

Fraunhofer ILT
Fraunhofer IOF
Rest 
CAPS

Industry standard

State of the art (prototypes)

average power [W]
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Drilling (micro)

Cutting (ceramics)

Drilling (macro)

Surface structuring
(batteries)

De-coating:
battery electrodes

Driver for secondary
sources

Surface structuring
(electrolysis)

1 µm ultrafast lasers

www.caps.fraunhofer.de
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The Applications Labs of CAPS User-Facility are ready for testing your ideas

Application lab Aachen

Focus: high-thoughput material processing

Application lab Jena

Focus: high-harmonic generation

1

2

3

Laser area Application area

Beam routing

500 W, 30 fs laser system

1 kW Frontend

5 kW Innoslab-Verstärker

Application chambers 1-3

10 kW Thin-Disk amplifier
Entrance

2µm ultrafast fiber Laser 1µm ultrafast fiber laser

1µm pulse compressionApplication area

www.caps.fraunhofer.de
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Next-Generation Femtosecond Yb-Innoslab amplifiers

2017: 500 W extracted power per gain module 2022: >2000 W extracted power per gain module

www.caps.fraunhofer.de
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Nonlinear pulse compression at highest average powers

19.09.2023
J. Schulte et at., Opt. Lett. 41, 4511-4514 (2016).
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solid-core fiber

capillary
hollow-core fiber

Multi-pass-cell spectral broadening (MPCBS):

◼ Applicable for 1-100 µJ (solid) or >100 µJ (gas-filled)

◼ Highly efficient (>90%)

◼ Insensitive to variations of pulse energy, beam position/profile

nonlinear medium 
(bulk or gas)

𝜙NL

𝜓

Patents: DE102014007159B4; US 9,847,615 B2
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Nonlinear pulse compression – overview
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Homogeneity of nonlinear spectral broadening

[1] M. Seidel et al., Opt. Express 24, 9412-9428 (2016).
[2] J. Weitenberg et al., Opt. Express 25, 20502-20510 (2017).

1020 nm & 1042 nm 1030 nm

1030 nm1010 nm 1050 nm
wavelength [nm]

Single-pass bulk compression (before filtering to M² < 1.1 with pinhole and 53% transmission) [1].

1020 nm & 1042 nm

MPCSB – bulk compression with many passes (57) through nonlinear medium (M² = 1.15) [2].

The (so defined) spatial overlap is U > 98.5% 
for all 
The spectral overlap drops at the edge of the 
beam profile but is V > 89% for all recorded 
spectra. By weighting the 
intensity an effective overlap of 
and 

spatial overlap
U> 98.5% for all 
wavelengths.
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◼ Output power: 530 W

◼ Pulse energy: 1.06 mJ

◼ Pulse duration: 28 fs

◼ Beam quality M²: 1.18 × 1.17

◼ Efficiency: 96%

P. Russbueldt et al., Opt. Lett. 44 (21), 5222 (2019)

Laser system:

◼ Center wavelength: 1.03 µm

◼ Input power: 550 W

◼ Pulse energy: 1.1 mJ

◼ Pulse duration: 510 fs

Nonlinear pulse compression in CAPS
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H. Abu-Shawareb et al., PRL 129, 075001 (2022).
A. L. Kritcher et al., PRE 106, 025201 (2022).
A. B. Zylstra et al., PRE 106, 025202 (2022).

Breakthrough for nuclear fusion: Ignition at National Ignition Facility (NIF)

12/05/2022 and 07/30/2023
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3.88 MJ fusion energy generated

with 2.05 MJ Laser energy

(target gain G=1.9)



© Fraunhofer ILT

Investments of >1 Mrd € for the next 5 years in fusion research announced

by the German federal gouvernment

09/07/2023: Minister Stark Watzinger announces an 

increase of funding of nuclear fusion (ICF & MCF) by
370 Mio. € to >1 Mrd. € for the next 5 years.

New: Programmatic funding of laser fusion in Germany. 

© BMBF/Hans-Joachim Rickel

www.bmbf.de/bmbf/shareddocs/kurzmeldungen/de/2023/09/230905_fusion-PK.html

05/22/2023: BMBF Expert Commission (head Prof. Häfner, 

Fraunhofer ILT) presents Memorandum on Laser Fusion 
to German Research Minister Stark-Watzinger.

© BMBF/Hans-Joachim Rickel

www.bmbf.de/SharedDocs/Downloads/de/2023/230522-memorandum-laser-inertial-fusion-energy.html
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23

The National Ignition Facility (NIF) at Lawrence Livermore National Lab (LLNL) is the world’s largest 

and most energetic laser enabling the study of extreme conditions for high energy density science.

192 laser beams are concentrated into a mm3 target.

▪ 192 Beamlines

▪ energy 2 MJ

▪ power 500 TW

▪ Frequency-tripled Nd:glass

▪ wavelength 351 nm

▪ pulse duration 25 ns

500 TW = 1,000x power of US electrical grid 
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The leap from NIF to an IFE power plant requires higher repetition rate 

and technology advances in many subsystems

NIF: single shot Fusion power plant: repetition rate 10 Hz

target
injector

target production

target
chamber

UV optics

tritium
fuel cycle

neutron
shielding

THG

heat exchanger
steam turbine

power generation

pump diodes

amplifier

lithium
blanket

Driver laser:

• pulse energy 3-5 MJ UV, 10 Hz

• peak power ~500 TW

• average power ~40 MW

• efficiency 15%

Laser beamline (several 100)

target

Schema eines Kraftwerks mit 1 GWe

recirculating power fraction 20% 1 GWe

900 000 targets/day, <0.5 €/target

„first wall“

• 192 beamlines

• pulse energy 2 MJ UV

• Peak power 500 TW

• efficiency <1%

E. Moses, 19th IEEE/IPSS, SOFE (Cat. No.02CH37231), 487-492 (2002).

compare: A. Bayramian et al. Fusion Science and Technology 60, 28-48 (2011).
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The leap from NIF to an IFE power plant requires higher repetition rate 

and technology advances in many subsystems

NIF: single shot Fusion power plant: repetition rate 10 Hz

target
injector

target production

target
chamber

UV optics

tritium
fuel cycle

neutron
shielding

THG

heat exchanger
steam turbine

power generation

pump diodes

amplifier

lithium
blanket

Driver laser:

• pulse energy 3-5 MJ UV, 10 Hz

• peak power ~500 TW

• average power ~40 MW

• efficiency 15%

Laser beamline (several 100)

target

Schema eines Kraftwerks mit 1 GWe

recirculating power fraction 20% 1 GWe

900 000 targets/day, <0.5 €/target

„first wall“

• 192 beamlines

• pulse energy 2 MJ UV

• Peak power 500 TW

• efficiency <1%

E. Moses, 19th IEEE/IPSS, SOFE (Cat. No.02CH37231), 487-492 (2002).

compare: A. Bayramian et al. Fusion Science and Technology 60, 28-48 (2011).

An IFE power plant requires:

▪ A more robust, high-margin ignition scheme

▪ A high-efficiency, high repetition rate driver

▪ High repetition-rate target production, injection 
and tracking

▪ An energy conversion system

▪ Robust first walls and blankets

▪ Tritium processing and recovery

▪ Remote maintenance systems

▪ Viable economics
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An ICE fusion power plant requires new laser technology
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1 kHz

1 MHz

1 mHz

J-EPOCH

ELI-L4

DiPOLE-100
ELI-NP

SULF PENELOPE

J-EPOCH

EuPRAXIA

(192 beams)

Mercury

Vulcan
HAPLS

108
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Osaka

Osaka

kBELLA

average power ×500 000

Ekspla
ANL-AWG

Thales

fusion plant

beamline (1w)
beamline (3w)

Nike (56 beams)

LMJ
(56 beams)

(48 beams)
SG-III

Kaldera

×384 beamlines

fusion test facility (NIF)
(3w)

(1w)

(3w)

aperture scaling

×50 energy

scaling of the apertur:

average power 

×500 000

energy ×50

average power [W]

Scaling for a laser-
driven 2-TeV 
electron-positron 
collider
[W. Leemans; E. Esarey
„Laser-driven plasma-
wave electron acceler-
ators,“ Physics Today 
62 (3), 44-49 (2009).]

×100 stages
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LLNL: HAPLS, High Repetition Rate Advanced
Petawatt Laser System (2017)

Lasers with 10 Hz repetition rate and high pulse energy are demonstrated

RAL: DiPOLE, Diode Pumped Optical Laser 
for Experiments (2017)

150 J, 10 Hz, Yb:YAG (cryo) 200 J, 10 Hz (3.3 Hz), Nd:Glass
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Laser Inertial Fusion Energy (LIFE) study 2011

A. C. Erlandson, et al, "Comparison of Nd:phosphate glass, Yb:YAG and 
Yb:S-FAP laser beamlines for laser inertial fusion energy (LIFE) [Invited]," 
Opt. Mater. Express 1, 1341-1352 (2011)

1w Beam Box
2.2 m

diode array

deformable

mirror

10.5 m

amplifier head

Pockels cell

preamplifier

module

1
.3

5
m

Concept of LIFE study (2011):

Nd:Glass amplifiers

exchangeable “beam boxes”

384 beam lines with each 8.1 kJ IR (5.7 kJ UV)

A. Bayramian et al. “Compact, Efficient Laser Systems Required for Laser 
Inertial Fusion Energy,” Fusion Science and Technology 60, 28-48 (2011).
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Summary & Conclusion

▪ The Innoslab is a robust and power-scalable laser platform. 

Fraunhofer ILT employs it for spaceborne LIDAR lasers and high-power ultrafast lasers (CAPS).

▪ Nonlinear pulse compression: MPCSB is efficient, robust and power scalable.

▪ Inertial Fusion Energy is a game-changing technology and promises a clean and abundant energy source. 

▪ The time is now! 

▪ Ignition has been demonstrated at NIF.

▪ There is an unprecedented fusion energy momentum in the public and private spheres.

▪ Fusion energy is a multi-decadal endeavor and requires development and innovation.

It requires international cooperation.

▪ A major challenge is the development of a driver laser with high pulse energy (>kJ), high repetition rate 

(10 Hz) and high efficiency (>10%).
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