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Context: high average power ultrashort lasers for LWFA

EuPRAXIA CDR 

The EuPRAXIA laser(s)

Average power ranging from 1kW to 10kW



Laser technologies for future accelerators. The Multi-Pulse extraction scheme

Report on Laser Technologies for kBELLA and beyond (2017)

Due to efficiency limitations, TiSa-based 
technologies unlikely to go beyond the ~kW 
average power (could be used for injector stage or 
as single stage LPA for future light sources)

- TiSa with incoherently combined pump lasers
- TiSa with diode pumped pump lasers (thick or thin disk)
- Tm:YLF with direct pumping CPA
- Fiber-based lasers with coherent combining

Tm based materials with Multi-Pulse Extraction (this work)

Multi-Pulse Extraction
- energy is stored over long (life)times (comparable to the inverse of the rep rate)
- possibility  of (quasi)CW pumping, possibly with commercial diodes
- extraction fluence can be much lower than in SPE schemes (possibly affecting the B-integral, …)
- allows the usage of high saturation fluence materials → direct pumping, lower QD, ...



High average power laser development at CNR Pisa

“ELITE” infrastructure @ CNR-INO Pisa
- grounded on the Intense Laser Irradiation Laboratory (ILIL), currently 
operating a 200TW system
- aimed at commissioning a new experimental area devoted to laser-driven 
particle acceleration with a strong focus on medical applications (mid-term 
applications of kHz rep rate, kW av power systems: biomedical imaging, FLASH 
radiotherapy, …), thus requiring high average flux particles/photons flux

In this framework, the development of a high average power, 
ultrashort laser system is also being carried out (jointly funded 
through the “APOLLO” project), using a MPE architecture with 
ceramic materials

APOLLO system design specs: pulse duration  ~50-100fs (potential), pulse energy > 500mJ, repetition rate 1kHz

Outline of this talk

- Sesquioxides ceramic materials
- Overview of the system architecture
- Current design status: System modelling 

optical gain modelling
pumping scheme
thermomechanics
atomic dynamics of Multi-Pulse Extraction 

- Ceramic Tm:Lu2O3 sample experimental characterization
Absorption spectrum (at the pump wavelength)
Lasing properties



Laser materials

Most common host matrices
- Garnets, X3Z2(SiO4)3, 
             Y3Al5O13 (YAG); Lu3Al5O12 (LuAG), Gd3Ga5O12 (GGG), … 
- Fluorinated 
                     LiYF4 (YLF), CaF2, LuLiF4, …
- Vanadates, VO3-4
                          YVO4, GdVO4, LuxGd1-x(VO)4…
- Sesquioxides, X2O3 
                         Lu2O3, Sc2O3, Y2O3
- Others

Courtesy of A. Pirri

Direct pumping with diode lasers

Long upper-state lifetime 

Small ionic diameter

Broad absorption band

Broad emission band

High efficiency

High energy storage capability

Several possible hosts with different properties; heavy 
doping allowed
Tunable emission

Ultrashort pulses generation

Yb3+, Tm3+ dopants

A. Pirri et al., Materials 15, 2084 (2022)

New materials: CERAMICS vs CRYSTALS

In 2003 the first laser oscillation in YAG ceramic

K. Takaichi et al. “Yb3+doped Y3Al5O12 ceramics a new
solid-state laser material”, Phys. Status Solid A 200, R5-7 (2003).

Higher dopand concentration and more uniform distribution;

Easier to fabricate and less expensive (lower processing temperature 
and shorter processing time);

Stronger fracture toughness (Ex. In YAG ceramic 5 time higher than 
in the corresponding crystal)*;  
* A. A. Kaminskii et al., Crystollogr. Rep. 50 (5), 1611161, (2005)



R. Peters et al., Appl Phys B Lasers Opt. 102(3), 509, (2011; U. Griebner et al.,Opt. Express 

12(14), 3125 (2004)

The thermal conductivity depends on the host and decrease by increasing the doping concentration. Undoped 
sesquioxides show the highest values. Moreover, in matrices contening Lu3+ it is not affected by doping 
levels. 

THERMAL CONDUCTIVITY

Courtesy of A. PirriA. Pirri et al., Materials 15, 2084 (2022)



Active medium selection

  

[Scholle et al., 2010]

Possible Tm hosts

Selected material:   Tm:Lu2O3

• Emission at 2 µm (eye-safe)

• Large amplification bandwidth

• Direct pumping at 800 nm, using diodes operating in 
(quasi) CW mode (available and scalable)

• Multi-pulse extraction at high repetition rate > 1 
kHz; Ideal for accelerator technology

• Mature ceramic production technology



Overall architecture and amplifier(s) design 

3 amplification stages, each based on a 2 active media multipass scheme. 
Active mirror config, with cooling carried out on the rear side (tentative) or on 
both sides

Selected doping: 4% at

Pulse energy (goals/expected): 
>1mJ seeding the 1st amp  
~8 mJ seeding 2nd amp
>50mJ seeding the 3rd amp
~500mJ from 3rd amp

Liquid cooling



Amplifier concept: active mirror with edge pumping
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Pumping ray-tracing: the general scheme

If the irradiation occurs through optical fibers, the model still holds 
(divergence angles depends on the numerical aperture).

Ray-tracing code developed to model the pump absorption 
Allows the pumping configuration (diode bars #/geometry, diode bars 
focusing/divergence, pump beam longitudinal reflection on surfaces, …) to 
be optimized (in terms of overall pump energy absorption, 
transverse/longitudinal homogeneity, …)
Doping longitudinal/transverse tailoring allowed 

Single Bar (3 subarray, directed at center)

Total absorbed power density
Q(x , y , z)=α(x , y , z)⏟

|.|coeff .

I A (x , y , z)

(1−ηh)Q(x , y , z) ηhQ (x , y , z)

Heat densityOptical power density

D. Palla et al,, Opt. Laser Techn. 156, 108524 (2022)



Sample results (1st amp) for different “focusing” configurations
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D. Palla et al,, Opt. Laser Techn. 156, 108524 (2022)



Sample results for 3rd amp

I

I
A

Inner refl.

No Inner refl.

Radial Focus A Focus B Focus C

Sides 11 5 7 15

Diode Power (W) 40 45 35 70

Total diodes power (W) 440 450 490 2100

Focus (mm) ∞ 15 15 80

Numerical aperture 0.17 0.17 0.17 0.17

% Power (doping 
radius)

57.6 58.5 58.2 82.8

% Power (extraction 
radius)

47.6 34.3 34.1 67.5

Optical Power (J/ms) 0.14 0.1 0.11 0.92
D. Palla et al,, Opt. Laser Techn. 156, 108524 (2022)



The role of the extraction by multiple pulses (made possible by the ~3.8ms lifetime) is being investigated using atomic physics modelling 
based on the rate equations

Multi-pulse extraction dynamics: rate equations (atomic) modelling



|1>

Multi-pulse extraction dynamics: rate equations (atomic) modelling results

|2>

|3>

|4>

Rate equations (with transition rates based upon available data …) + “forced” extraction

- Atomic dynamics simulations confirms MPE acts to reduce optical pump energy needs by a factor 2-3
- Role of CR critical and poorly assessed experimentally
- Effects of pump duty cycle not negligible for overall efficiency

Two timescales involved: pumping/relaxation ~100us-1ms, extraction ~10ns
Extraction retrieved from a “lookup table” with results obtained using MIRO/COMMOD Pro 
simuations



Ceramic Tm:Lu2O3 sample – laser test

C: uncoated ceramics  SM: spherical folding mirror (ROC 100 mm)
EM: flat end mirror; OC: flat output coupler mirror
Total cavity length 170 mm

SM and EM: high reflectivity @1.9-2.1 mm, high transmission @ 790 nm. 

Pump laser: fiber coupled semiconductor laser, max output power 40 W, emission wavelength 790 nm. 
QCW pumping, 10Hz, 10% DF

Pump spot: top hat, radius 50 mm, NA 0.22

Sample: Konoshima Tm:Lu2O3 ceramics, 4% doping, 5x5 mm, thickness 3.10 mm, no A/R coating 

A 5x5mm, 3mm thickness, 4%at Tm:Lu2O3 doped ceramic sample was recently acquired from Konoshima 
Baikowski. Laser properties studied at CNR-INO lab in Florence



Laser emission results

Output power vs. absorbed pump power characterized with OC mirrors with different transmission T 
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T       lpk (nm)           Slope Eff. (%)     Opt. Eff. (%)
1.5% 2063.6     38.0           33.9
3%     2060.8             31.6           24.6
9%     2053.4              40.3           31.8
15% 1954.3              32.1           22.4 

Quantum  efficiency (790nm/2000nm)   40%

Slope efficiency around 40% with all the OC mirrors, similar to other groups under semiconductor laser pumping (see for instance [1])

Slope efficiency comparable with the theoretical quantum efficiency lpump/llaser~40%
No clear indication on cross relaxation effects (i.e. “pay 1 pump photon, get 2 excited Tm ions”)

[1] P. Koopman et al., Efficient diode-pumped laser operation of Tm:Lu2O3 around 2 mμ , Opt. Lett. 36, 6, 2011, p. 948



Laser emission: spectral properties vs. cavity losses

Laser emission spectra were characterized by means of a fiber coupled grating spectrometer (125 mm focal length) 
equipped with a 512 channels InGaAs array
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Blue shift of the emission wavelength for increasing cavity losses: typical gain tuning effect (see for instance C. Hönninger et al., Appl. Phys. 
B 69, 3 (1999)  for quasi-3 levels laser systems)



Measurement of absorption cross section

Absorption cross section on the ceramic sample has been measured using a spectrophotometer (Perkin Elmer Lambda25 
UV/Vis Specrometer)

Different transverse positions

With respect to published result (with crystals), 
good shape agreement, ~20% absolute value 
reduction

Very good homogeneity across the sample



Thermal management: numerical modelling

R
r

Top view

Side view

d

Amplifier 1 (2X)

● Material:Tm3+:Lu2O3

● Doping level: 4%
● Geometry: Thin disk configuration (the doped active region is 

represented in yellow in the figure)
● Thickness: d=3 mm

General properties:

● R=6 mm
● r=2 mm
● Eo=130 mj
● E

p
≈216 mj

Amplifier 2 (2X)
● R=6 mm
● r=4 mm
● Eo=320 mj
● E

p
≈533 mj

● R=15 mm
● r=8 mm
● Eo=1800 mj
● E

p
≈3000 mj

Amplifier 3 (2X)

E p=ηhE p⏟
heat

+(1−ηh)E p⏟
optical

≝q+Eo

Pumping energy in the active medium (single pulse)

ηh≈0.4 q=
ηh

1−ηh
E0



Thermal management: numerical modelling
Heat distribution model

Qo≝
Epηh νL
π r2d

∼2×109 W /m3

Q0 is the order of magnitude of the power density at νL=1 Khz  for amplifiers 
1,2 and 3.

1) Idealized source 2) Map from pumping modelling

Power density Q is calculated for an a given 
configuration.

Neumann contition on spatial boundaries

Heat Trasfer Equation
FEM numerical solution (using Mathematica) Seed

Front cooling

Rear cooling

Side Cooling



Thermal management: general params/architecture

Back Cooling
(Fluid)

T=298K

h=25000W/(m2K)

h=150W/(m2K)

Front Cooling
(Fluid)

h=10000W/(m2K)

Pumped region

Side cooling (Air)Active medium parameters
● Density: 9.33 g/cm3

● Specific heat capacity: cp=0.24 J/gK
● Thermal conductivity: k=12.3 W/mK
● Intensity: ≈0.6 J/cm2
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Thermal management: results for amplifier 3
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Longitudinal doping/pumping tailoring  T(z) at x=y=0 in steady state conditions

● At a fixed total power, it is clearly convenient to concentrate the 
power density (i.e. the doping concentration) on the cooled 
surfaces 

● Note that frontal and back cooling are different and thus a linear 
power density distribution can be effective  in reducing maximum 
temperature. 

● The system becomes stationary in ~1s time

T(t) at x=y=0 (source is turn on at t=0)



Thermal management: results for amplifier 3

With a parabolic heat distribution we decrease the density power on the 
inner disk regions, which are the most difficult to be cooled due the low 
thermal conductivity. In case of a single cooled face, however, it is 
convenient to adopt an exponential-like distribution:

Front Face  (z=1.5 mm) Z=0.6 mm Back face (z=-1.5 mm)

A ( z)= α
1−e−α e

−α
d

( z+d /2)



Solid solutions of hosts with compatible lattice structure. The internal disordered structure may induce 

an inhomogeneous broadening on the absorption and emission spectra of the optically active ion (i.e. 

Yb3+, Tm3+, Nd3+)  due to the changing Stark splitting from site to site.

• Y3Al5O12=YAG

• GGG

• YAG

• Y2O3

• Sc2O3

MIXED OXIDES AND SESQUIOXIDES

Broadband tuning, generation and amplification of ultrashort laser pulses

• LuYAG

• GAGG

• YSAG

• (Lu,Y)2O3

• (Sc2 ,Y)O3

Y3+

Ga3+

Al3+

Y3+

Sc3+

Lu3+

Al3+

Sc3+

Lu3+

Y3+

A. Pirri, G. Toci, et al., Materials 11, 837 (2018) 

Pure matrices Mixed matrices

Courtesy of A. PirriA. Pirri et al., Materials 15, 2084 (2022)



A. Pirri, et al., Materials 15(6), 2084, (2022) 

Courtesy of A. PirriA. Pirri et al., Materials 15, 2084 (2022)



Summary and conclusions

Optical amplification simulations predict an extraction efficiency up to ~10% so far (role of MPE still under 
investigation)

Thermal management: FEM modelling setup
- longitudinal tailoring of doping needed to reduce maximum temperature/gradients
- cooling on both surfaces possibly needed (still under investigation)
- precise knowledge of thermal conductivity (and dependence on T) – few data available

(Direct) diode pumping optical configuration studied, showing a pretty homogeneous pumping distribution can be 
obtained by a suitable tuning of diode (bar) number, focusing, ...

Conceptual design of a <100fs, >500mJ, 1kHz amplification chain based on Tm:Lu2O3 carried out; technical 
design ongoing

Extraction dynamics (MPE) under investigation, shows room for pump energy/power optimization (~2x)
Experimental investigation of transition rates and CR rates needed/in planning

Experimental characterization of a 4at% ceramic sample:
- Absorption cross section measured, closely resembling (few) available data
- Slope efficiency in line with predictions/available data; role of cross relaxation still to be investigated 
(need for dedicated measurements)

Perspectives for shorter pulses using mixed sesquioxides













Report on Laser Technologies for kBELLA and beyond (2017)
C. Schroeder et al., Phys. Rev. Spec. Top. Accel. Beams 13, 101301 (2010)
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