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The ELI-NP high-power laser system

Output type 100 TW 1 PW 10 PW

Pulse energy (J) * 2.7 25 242

Pulse duration (fs) ** < 25 < 24 <23

Repetition rate (Hz) 10 1 1/60

Calculated Strehl ratio from 

measured wavefront
> 0.9 > 0.9 > 0.9

 ointing stability (µrad  MS) < 3.4 < 1.78 < 1.27

Pulse energy stability (rms) < 2.6 % < 1.8 % < 1.8 %

Measured parameters of the HPLS

LASER BAY

40m

Video

FWHM ~ 2.8 µm

Gaussian fit

40 µJ, 25 fs

Best focal spot

*Calculated considering the transmission efficiency of temporal compressors
**Measured with attenuated input energy in the compressors

Target thickness scan at full power 

(~10 PW), ~3.6 x 1022 Wcm-2

We hold the world record in laser power (30th June 2023)

10  W with 2.8 µm FWHM focal spot   ➞ ~1.0 x 1023 W/cm2

with an encircled energy @ 1/e2 of ~ 55% ➞ ~5.5 x 1022 W/cm2

with PM ~ 75% reflectivity ➞ ~4.1 x 1022 W/cm2
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Numerical simulations of laser plasma

Fields are stored at the 

grid, and particles are 

stored freely in space.

Plasma is described as a set 

of simulation macroparticles. 

Each substitutes hundreds to 

millions of physical particles

Particle-in-cell method Particles feel the fields – fields come from particles!

Solve Maxwell equations!

ρ(x), j(x) → E(x), B(x) 

Interpolate force!

E(x), B(x) →  F(x)  

Interpolate charge and 

current densities!

F(x) →  x, v(x)  

Solve equation of motion

F(x) →  x, v(x)  

3D simulation of Laser Wakefield acceleration of electrons.  Two 

billions macroparticles are simulated for the time of 8 ps, ie. 

propagation in 2,4 mm of plasmas. 12 kCPUhours, 1 TB of data.

Example

Let’s simulate a box of the volume of 60 μm ×

36 μm × 36 μm = 7,8 ×10-8 cm3 filled with 

plasma of the electron and proton density of 

ne= np= 5 ×1018 cm-3. 

Number of particles: N = (ne+ np) × V = 7,8

×1011.

Each macroparticle is described by six 

coordinates of position and momentum in the 

double precision, 2 byte each. In total, 9.4 TB 

of the operation memory would be needed to 

store them, not speaking about the grid. Not 

yet possible.
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SMILEI PIC code and its patch decomposition

Motivation

• Traditional PIC codes: domain decomposition: the simulation 

box is split into large subdomains handled by different MPI 

ranks.

• But: particle motion and load imbalance (especially in laser–

plasma interactions) can make this rigid structure inefficient.

• SMILEI’s solution: many small patches per MPI process —

a hybrid between domain and task parallelism.

Advantages

• ✅ Dynamic load balancing: patches can be reassigned between 

MPI ranks as particle density evolves.

• ✅ Better cache locality: smaller field and particle arrays → fit 

better into CPU caches.

• ✅ Hybrid parallelism:

• MPI distributes groups of patches across nodes.

• OpenMP threads handle multiple patches per rank.

• ✅ Reduced communication overhead: fewer global 

synchronizations — only between neighboring patches.

• ✅ Smooth scaling: thousands to millions of patches allow flexible 

load distribution on modern heterogeneous clusters.
threads threads threads threads threads

Small, independent patches enable dynamic load 

balancing and efficient hybrid parallelism.

Patch = a small, self-

contained mini-simulation 

region containing

• its own subset of 

particles

• field arrays

• ghost zones for 

neighboring interactions



vojtech.horny@eli-np.ro 9th Users' Conference of IT4Innovations 30 October 2025
5

Scalability of our codes at Karolina

Scaling task: 

• 2D simulation of ion acceleration with ionisation turned on

• approx 32 nodehours = 4.2 kCPUh (EPOCH)

• approx 12 nodehours = 1.5 kCPUh (SMILEI)
7.5 kCPUh

4.2 kCPUh

Remark: Try to stay in the good scaling region.
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Our current resources

In-house computational resources do not suffice to satisfy our current needs for full-3D simulations:

• 4 GPU-accelerated A100 nodes, 80 GB each

• 16 GPU-accelerated V100 nodes, 32 GB each

• 36 GPU-accelerated H100 nodes, 32 GB each – the strongest machine in România !

External resources for our group (exclusively on Karolina and LUMI):

• EHPC-REG-2023R02-006: 86 240 nh @Karolina-CPU, 12 828 nh @ Karolina-

GPU

o November 2023 – March 2025, Co-PI: P. Tomassini, A. Berceanu (ELI NP)

o The biggest allocation in Romania ever.

• EHPC-REG-2025R01-007: 50 000 nh @Karolina-CPU

o August 2025 – August 2026, Co-PI: O. Klimo (CTU)

• FTA-25-22: 5 200 nh @Karolina-CPU, 500 nh @ Karolina-GPU, 500 @ LUMI-G

o March - June 2025, Co-PI B. Corobean (ELI NP)

• OPEN-34-63: 14 300 nh @Karolina-CPU, 8 500 nh @ Barbora-NG, 

5 000 nh @ Karolina-GPU, 5 000 @ LUMI-G

o May 2025 – May 2026, Co-PI: Jian Fuh Ong (ELI NP)
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Monochromatic laser-driven carbon ion acceleration

B. Corobean et al.: Laser–plasma 

acceleration of quasi-monoenergetic 

carbon ion beams with the “peeler” 

scheme, Matter and Radiation at 

Extremes, 10, 057204, 2025.

https://doi.org/10.1063/5.0273104
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Monochromatic laser-driven carbon ion acceleration

Energy and phase space evolution

ố 108 particles, 18% 

relative energy 

spread 

(FWHM/average 

energy), ~110 MeV/u 

peak energy

Evolution of ion beam

B. Corobean et al.: Laserïplasma acceleration of quasi-monoenergetic carbon ion beams with the ñpeelerò scheme, Matter and Radiation at Extremes, 10, 057204, 2025.

https://doi.org/10.1063/5.0273104
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Extreme conversion efficiency laser wakefield accelerator of electrons

HornĨ, V., Bleotu, P. G., Ursescu, D., Malka, V. & Tomassini, 
P. (2024). Efficient laser wakefield accelerator in pump 
depletion dominated bubble regime, Physical Review E, 110, 
035202.

https://doi.org/10.1103/PhysRevE.110.035202
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PIC simulation of electron acceleration

Optimum

bunch

Self-injection 

continues

Hybrid 

LWFA/PWFA

Self-injection 

start

•

Relativistic self-steepening

Relativistic self-focusing

Rapid pump depletion

Fully cavitated wakefield → →
Continuous bubble prolongation

Continuous transverse self-injection

HornĨ, V., Bleotu, P. G., Ursescu, D., Malka, V. & Tomassini, P. (2024). Efficient laser wakefield accelerator in pump depletion dominated bubble regime, Physical Review E, 110, 035202.

https://doi.org/10.1103/PhysRevE.110.035202
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Reflective Boundary method for NICS photons
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Low-density layer (10 ne /ncrit, 

10 µm thick, homogeneous 

Carbon foam)

Solid-density layer

(2 µm thick,  l foil)

Low-density layer (10 ne /ncrit, 

10 µm thick, homogeneous 

Carbon foam)

Right boundary of the 

simulation box reflective

Simulation setup: 2D PIC methodology testing:

‗= 800 nm

a0= 150

FWHM = 3 μm

w0= 2.55 μm

IL = 4.5e22 W/cm2

nc = 1.71e27 m-3

Laser parameters:

Simulation by PhD student: Dragana Dreghici
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Reflective Boundary method for NICS photons

3D PIC methodology testing: Photon emission characteristics:

ultrahigh brilliance at high photon energies > 5 MeVTwo lobe photon emission pattern

Simulation by PhD student: Dragana Dreghici
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Proton acceleration from uniform and nanowire targets

Simulations performed 

using 8 x 8 A100 

GPUs on Karolina 

using PIConGPU

code. Each simulation 

takes about 2-8 hours 

and produces more 

than 200 GB of data.

A uniform target (left) and 30 x 30 nanowire array (right) irradiated by 1 PW laser.

Simulation by Dr. Jian-Fuh Ong (ELI NP)



Near critical 

density plasma 

electron density

solid density plasma 

electron density

local average proton energy

Blue and red isosurfaces: pulse

3D simulations of advanced proton acceleration with 

Double-Layer Targets (DLT)
In review in Scientific Reports.
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Proton acceleration from DLT
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Arising applications of laser driven sources

VAIDYA, Jayant S., et al. Intraoperative radiotherapy for 

breast cancer. The lancet oncology, 2004, 5.3: 165-173.Tajima, T., Necas, A., Mourou, 

G., Gales, S. & Leroy, M. 

Spent nuclear fuel incineration 

by fusion-driven liquid 

transmutator operated in real 

time by laser. Fusion Sci. 

Technol. 77, 251–265 (2021).

Sowerby, B.D. (2007). CRP 

Report: Fast Neutron and 

Gamma-Ray Interrogation of 

Air Cargo Containers.

Ledingham, K.W.D. et al. Appl. Sci. 2014, 4, 402-443
Yogo, A. et al Measurement of relative biological 

effectiveness of protons in human cancer cells using a 

laser-driven quasi-monoenergetic proton beamline. Appl. 

Phys. Lett. 2011, 98, 053701.

INFN's Laboratory for Cultural Heritage and 

Environment, Italy
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Peer-reviewed publication supported by Karolina allocation 

1. B. Corobean, V. Horný,  . Pukhov, E. d’Humières, D. Doria, C. A. Ur, P. Tomassini; Laser–plasma acceleration of quasi-

monoenergetic carbon ion beams with the “peeler” scheme, Matter Radiat. Extremes 10, 057204 (2025).

2. C.-J. Yang, K. M. Spohr, M. O. Cernăianu, D. Doria, P. Ghenuche, V. Horný; A new scheme for isomer pumping and depletion 

with high-power lasers, Matter Radiat. Extremes 10, 057201 (2025).

3. V. Horný,  . G. Bleotu, D. Ursescu, V. Malka, P. Tomassini; Efficient laser wakefield accelerator in pump depletion dominated 

bubble regime, Physical Review E, 110, 035202 (2024).

4. V. Horný, S.  . Chen, X. Davoine, L. Gremillet, J. Fuchs, Quantitative feasibility study of sequential neutron captures using 

intense lasers, Phys. Rev. C 109, 025802 (2024).

5. Tomassini,  ., Horný, V. & Doria, D. (2023). Attosecond pulses from Ionization Injection Wake Field Accelerators, Instruments, 

7, 34.

6. Iovanescu, R., Daia, R.P., Slusanschi, E.I, Ticos & C.M. Electronfilament structures of injected electrons in LWFA, IEEE 

Transactions on Plasma Science, 53.4 ,780 - 787 (2025).

7. Tomassini, P., Avella, F., Hafz,  .  . M., Labate, L., Horný, V., Tóth, Doria, D. & Gizzi. L. A., Ultra-high-brightness and tuneable 

attosecond-long electron beams with the laser wake field acceleration, Scientific Reports, in print.

Papers currently in review, results obtained at Karolina

 ndronic, M.,  arvu, M. & Horný, V., Optimising secondary particles and radiation sources from a highly efficient laser 

wakefield accelerator. In review in Plasma Physics and Controlled Fusion.

Horný, V. & Doria, D., Multi-PW laser–driven proton acceleration using a plasma-lens target. In review in Scientific Reports.

Mašlárová, D., Hansson, A., Luo, M., Horný, V. , Ferri, J.,  usztai,  . & Fülöp, T., Batch Bayesian optimization of attosecond 

betatron pulses from laser wakefield acceleration, In review in Communications Physics.

https://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=10964502&punumber=27


vojtech.horny@eli-np.ro 9th Users' Conference of IT4Innovations 30 October 2025
18

Conclusions

1. One of the most advanced high-power laser facilities 

worldwide:

• Based near Bucharest,  omânia

• Features 10 PW laser beams, reaching intensities 

above 10²³ W/cm²

• We are a user facility, bring your research here!

2. We are developing our own computational 

infrastructure, while still relying significantly on EuroHPC

resources. 

3. We study laser–matter interactions and characterize 

the resulting sources of particles and radiation. 

4. Our results highlight potential for industrial innovation, 

medical advancement, and societal benefit. 

“Medical applications of high-power lasers 

- Dr. Laser”

www.eli-np.ro/projects/drlaser/

SMIS Code: 326475

Project co-financed by the European Union 

and the Romanian Government within the 

Romanian Health Program

https://ft.nephy.chalmers.se/~vojtech/

http://www.eli-np.ro/projects/drlaser/

