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The ELI (Extreme Light Infrastructure) project 

A distributed RI of the ESFRI roadmap

 ELI Attosecond Light Pulse Source (ELI-ALPS) 
(Szeged, Hungary)

 ELI High Energy Beam-Line Facility (ELI-
Beamlines) (Dolni Brezhany, Czech Republic)

 ELI Nuclear Physics Facility (ELI-NP) (Magurele, 
Romania)

Missions of ELI ALPS

1) To generate X-UV and X-ray fs and 
atto pulses, for temporal investigation 
at the attosecond scale of electron 
dynamics in atoms, molecules, plasmas 
and solids.

2)  To contribute to the technological
development towards high average
power, high intensity lasers.
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How short is an attosecond?

1 s
0,000 001 s

0,000 000 000 000 000 001 s

0,000 000 000 000 001 s

0,000 000 000 001 s
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Architectural design
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How it all started

2012

2014
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Building - foundations
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Building – 18th January, 2015
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Building structure
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Building - facts
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Laboratories: Building A 

lasers, laser driven sources, user areas

clean rooms (ISO 7-8), vibration isolation
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Laboratories: Building B 

Preparation labs, electronic workshop

Optical, targetry, chemistry, biomedical
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Supporting infrastructure: building C
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Supporting infrastructure: building D
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Inside the building - lasers

ALPS High Repetition Rate (HR) beamline
100kHz, >5mJ, <6fs, 1030nm

ALPS Single Cycle (SYLOS) beamline
1kHz, >100mJ, <6fs, 860nm

ALPS High Field (HF) beamline
HF PW:  10Hz, 34J, <20fs, 800nm
HF 100: 100Hz, 0.5J, <10fs, 800nm

Cutting edge laser technology by 2018

ALPS Mid-IR beamline
100kHz, 3.1µm, 150µJ, <4 cycles
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What is a laser?

Light

Amplification by

Stimulated

Emission of

Radiation

Source

producing

light with very special

properties
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Laser – the 
beginnings

Theodore Maiman
1960.

Albert Einstien
1916.
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Lasers

1964

1977
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Lasers – all around us
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Basic questions

• What is a laser? What is its specialty?

• How the special properties come about? 

• Main components of lasers ensuring the special properties.

• What properties qualify lasers an ideal tool for medical
applications? 



Lasers in Medicine and Life Sciences, 2016 21

How to build a laser? 
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Laser = light with special properties

 c

wavelength (m)

frequency (Hz)
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Monochromaticity
• single color
• narrow bandwidth
• temporal coherence (able to interfere, ordered, „well

behaved phase”)

Special properties of laser light
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Small divergence (parallel)
• well collimated
• good focusability to a small spot 
• spatial coherence (able to interfere, ordered, „well

behaved phase”)

Special properties of laser light
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•Tunability

•Short pulse durations

•High power

Special properties of laser light
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Interaction of radiation and atoms
elementary processes

0EEhf x 
Quantum physics:

Radiation can only exchange energy 
with matter in discrete packages 
(photon)

absorption

spontaneous emission

induced/stimulated emission

LASER (Light Amplification by Stimulated Emission of Radiation)

2-level system
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Optical pumping

~N0

~Nx

Nx >N0

Competition between absorption and induced emission 

population inversion, 
larger population in 
excited state

„more light out than in”
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Population inversion

Population is a measure of how the particles occupy the available 
energy levels.

In thermodynamical equilibrium: 

Higher levels have exponentially

lower occupancy.

Pumped system: 

Investing energy in the system leads to

more populated higher levels, that

decay to the lower levels

spontaneously.
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Stable operation

If more photons are generated than absorbed in each round

(positive amplification).
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Light originally produced 
in spontaneous 
emission is amplified 
via stimulated 
emission.

Reflections (positive 
feedback) make it a 
self-maintaining 
procedure.

LASER - steps
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LASER – functional parts

(1) Laser (active) material (gas, 
liquid, solid state) – to amplify 
light

(2) Pumping (electric current, 
intense lighting) - to create 
and maintain population 
inversion

(3 and 4) optical resonator
(mirrors) – to feed light back 
to the active medium(3) Perfect mirror

(4) Partial reflector (1-0.1% transmittance) to couple out some light, 
above 99% reflected to keep the lasing on

+ additional: voltage supply, control, cooling system, etc.
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The first manifestation: Ruby laser

Active

medium

Optical resonator

Pumped by a 

flashlamp

Output coupler
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1. Active / laser medium

choice of wavelength enables

choosing which material you

interact with /address
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Active / laser medium: gas

Gas (He-Ne) Gas discharges have been found to 
amplify light coherently. 
Homogeneous, allows flexible resonator 
geometries

http://upload.wikimedia.org/wikipedia/commons/4/4b/Laser_DSC09088.JPG
http://upload.wikimedia.org/wikipedia/commons/4/4b/Laser_DSC09088.JPG
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Active / laser medium: gas

• excimer (excited dimer) - molecule formed from two species, at least one 
of which is in an electronic excited state

powered by an electric discharge 
once the molecule transfers its excitation energy to a photon, atoms are no 

longer bound to each other and the molecule disintegrates, this drastically 

reduces the population of the lower energy state

Gas lasers use many different gases, 

eg.

• noble gases or mixtures (He-Ne)

• ionic (Ar+, Kr+)

• molecules (N2, CO2, CO), 

• metal vapours (HeCd), 

• neutral atoms (Cu-vapour),
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large organic molecules dissolved in a suitable liquid solvent (such as 

ethanol, methanol, or an ethanol-water mixture)

higher density of particles

wider emission bandwidth  tuning via resonator setup

more than 50 dye molecules are in use

Active / laser medium : liquid
(dye solution)
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Active / laser medium : liquid
(dye solution)

Rh6G

Coumarin

#Coumarin

#DCM

#Fluorescein

#polyphenyl

#Rhodamine 6G, B, 123

#Umbelliferone (aka 7-

hydroxycoumarin)
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Active / laser medium: 
solid state

simple architecture, small size

crystalline or glass rod which is "doped" with ions that provide the 
required energy states

These materials are pumped optically using a shorter 
wavelength than the lasing wavelength, often from a flashtube 
or from another laser. 
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Active / laser medium: diode

Recombination of electrons and holes 
created by the applied current 
introduces optical gain.

Commercial laser diodes emit at 
wavelengths from 375 nm to 
1800 nm, and wavelengths of 
over 3 µm have been 
demonstrated. Low to medium 
power laser diodes are used in 
laser printers and CD/DVD 
players. Laser diodes are also 
frequently used to optically 
pump other lasers with high 
efficiency. 

http://en.wikipedia.org/wiki/File:Simple_qw_laser_diode.svg
http://en.wikipedia.org/wiki/File:Simple_qw_laser_diode.svg
http://upload.wikimedia.org/wikipedia/commons/d/d9/Diode_laser.jpg
http://upload.wikimedia.org/wikipedia/commons/d/d9/Diode_laser.jpg
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Active / laser medium: 
optical fiber

the active gain medium is an optical fiber doped with rare-earth elements 

such as erbium, ytterbium, neodymium, dysprosium, praseodymium, and 

thulium

• light is already in a fiber allows it to be easily delivered to a movable 

focusing element (eg. for laser cutting, welding)

• high output power (active region can be several kilometer long 

provide very high optical gain, kilowatt level)

• high optical quality

• compact size (compared to rod or gas lasers of comparable power, 

since the fiber can be bent and coiled to save space)
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2. Pumping

To create and maintain population inversion (energy source)

Types:

• electrical discharge

• optical (flashlamps (Xe, Kr), discharge lamps )

• chemical reaction feeding the system (initiated by a 

flashlamp e.g. photo-dissociation)
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Laser pumping a laser

produced laser light

pumping laser beam
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3. The optical resonator

The optical resonator / cavity = an arrangement of mirrors that forms a 

standing wave cavity resonator for light waves

parameters: distance, curvature and reflectance of 

mirrors

Back and forth reflection of light

- increases time of photons in the amplifier medium

- enables feedback
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LASER = an optical oscillator

oscillator

f
0f

f

Resonator (low loss)    to define the narrow oscillation

frequency f0
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Simple oscillator: the pendulum
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An optical (multimode) resonator
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An example

Standing waves in a 1 m long resonator
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4. Output coupler

Partially reflecting mirror

• given reflection coefficient (10-99.5%) at lasing wavelength

• substrate does not absorb at lasing wavelength (BK7 glass or

fused silica)

• usually wedged to eliminate interference between front and back 

reflection
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Spectroscopic lasers

When only one frequency component is allowed.
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Available laser wavelengths
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Laser types

•continous mode

•pulsed mode

s102ns20

J2

8





E

0,1 s

20×10-9 s

eg: Nd-YAG laser 
(neodimium doped yttrium aluminium garnet Y3Al5O12)

10 Hz repetition rate

pulse duration limited by carrier 

wavelength

WR: 800nm 3,8 fs

http://upload.wikimedia.org/wikipedia/commons/c/cc/2dir_pulse_sequence_newversion.png
http://upload.wikimedia.org/wikipedia/commons/c/cc/2dir_pulse_sequence_newversion.png
http://upload.wikimedia.org/wikipedia/commons/c/cc/2dir_pulse_sequence_newversion.png
http://upload.wikimedia.org/wikipedia/commons/c/cc/2dir_pulse_sequence_newversion.png
http://upload.wikimedia.org/wikipedia/commons/c/cc/2dir_pulse_sequence_newversion.png
http://upload.wikimedia.org/wikipedia/commons/c/cc/2dir_pulse_sequence_newversion.png
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Pulsed laser mode

Two nearby frequencies produce

beating.

More frequency component enables

shorter pulse production.
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spontaneous emission

collisions

Doppler

Pulsed operation requires

1. broadband amplifier medium

2. resonator

3. output coupler

4. phase/amplitude modulator

5. gain/loss mechanism controlled by 

intensity of pulse

6. dispersion compensation

modelocking

Ti-sapphire
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Pulsed laser mode

A broad amplifier gain can support

multiple modes.

Short pulse production requires

locking the phase of the

components.

random phase



Lasers in Medicine and Life Sciences, 2016 55

How can we induce pulsed mode of a laser?

Modulators

Gain switching



Lasers in Medicine and Life Sciences, 2016 56

1970 1975 1980 1985 1990 1995 2000 2005

10 ps

1 ps

100 fs

10 fs

1 fs

Quest for shorter pulse durations

1) to concentrate energy

(high power)

2) to freeze fast processes
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mechanical
shutter: ms

laser
pump-probe
ps – fs – as

A. Zewail, 1999

1937 H.E. Edgerton

electronically
synched flash: s-ns

Zewail, 1999

1878 E. Muybridge

Picturing fast processes
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laser pump-probe method: ns – fs – as

Picturing fast processes

Femto-chemistry
Zewail, 1999

1960
lézer

protein disintegration
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Characteristic time –
characteristic size
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Biomolecules

Changes in the electronic 

configuration (radiation, drug) 

global electron-rearrangement

structural changes of the molecule

(illness, cure)

biological signal transfer in proteins
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How „powerful” a laser pulse is?
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Average vs. peak power
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Example

Paks nuclear power plant: 4 × 465 MW = 1,86 GW = 1,86 × 109 W

ELI „superlaser”: 1 EW=1018 W

TeWaTI research lab (SZTE): W1075,1TW75,1fs20mJ35 12
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Coulomb force for an atomic electron:
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How high these intensities are?

„university lab” laser pulse
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~ 1014 W/cm2

How high these intensities are?

at ELI, everything evaporates

the question to ask: how?
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Which properties of laser light serve medicine? 

•monochromaticity

•coherence

•collimated, small divergence 
beam

•good focusability, high 
intensity (W/cm2)
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Monochromaticity

epilation
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Narrow bandwidth

Doppler effect: frequency of scattered 
light is shifted 

due to the narrow bandwidth of laser 
light, the shift can be accurately 
determined

http://spie.org/Images/Graphics/Newsroom/Imported/31_260_0_2005-11-02/31_image2.jpg
http://spie.org/Images/Graphics/Newsroom/Imported/31_260_0_2005-11-02/31_image2.jpg
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Stone fragmentation

Laser-knife

High power
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Monochromaticity, tunability, low
divergence, short duration

I. Laser spectroscopy

• focusable to a small volume » increased spatial resolution

• tunable narrowband lasers » increased spectral resolution

• pulsed (<10-12 s) lasers » temporal resolution

muscle 

tissue

cancer

wavelength (nm)

e
m
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Coherence

Laser speckle

since laser light is 
coherent, reflections 
from different points 
interfere

if the scattering particle 
moves, the speckle 
image gets blurred 
during exposion time
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LASer In-situ Keratomileusis

Precise shaping of laser beams
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treatment of 
diabetic 
retinopathy

reattach 
torn retina 

surgery behind a transparent 
medium

Wavelength-dependent penetration
Beyond tissue operation
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Well-controlled dosage

monochromatic (wavelength matched to absorption of tissue)
good focusability (high power density), good pointing definition

no short-term tissue damage, biostimulant 
(increased diffusion and metabolism 
increase wound healing: ulcers, open 
wounds, muscle strains, nerve injuries)

protein coagulation, cell destruction 
(staunch bleeding, cure blood vessel 
profileration)

boiling water, rapid expansion 
(tissue lesion, cutting, ablation of 
stones)
not advised for tumour elimination 
due to spreading of bio-molecules

cutting with coagulated blood 
vessels in the surrounding areas
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ALPS High Repetition Rate (HR) beamline
100kHz, >5mJ, <6fs, 1030nm

ALPS Single Cycle (SYLOS) beamline
1kHz, >100mJ, <6fs, 860nm

ALPS High Field (HF) beamline
HF PW:  10Hz, 34J, <20fs, 800nm
HF 100: 100Hz, 0.5J, <10fs, 800nm

Lasers of ELI

ALPS Mid-IR beamline
100kHz, 3.1µm, 150µJ, <4 cycles

Av.power (contracted)

Peak power (contracted)

(15) W

(3.75) GW

1012W

1012W

1015W

109W
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Breakthrough in laser science and 
technologies (Mission 2)

Change of paradigm - no Kerr-lens mode-locked Ti:S oscillators are involved

Instead: Sub-ps fiber oscillators around 1µJ

Front end of large scale ultrafast laser systems

The first TW-class few cycle fiber laser for users (HR laser)

Unprecedent conditions for operation (SYLOS1, PW)

Installation requirement: 12h operation for 3 consecutive days

Trial period: 6 months, 4 months trouble-free operation

Change of paradigm – new generation of HAP / HI lasers.
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ELI-ALPS: collection of  sources

SHHG      
attosecond 

sources

Electron, ion 
accelerators

THz       
radiation 
sources

Primary sources

(laser pulses)
Secondary sources

(harmonics, particles, THz, etc.)

Experiment /

User stations

GHHG
attosecond

sources

Attosecond

Sources

Particle and THz

Sources
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Secondary sources of ELI ALPS

(XUV to THz)

Nagy intenzitású lézer kölcsönhatása révén újabb típusú sugárzás keltődik.
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Outlook
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Outlook

Palingenia longicauda

Mayfly
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