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The ELI (Extreme Light Infrastructure) project
el /A distributed Rl of the ESFRI roadmap

e . » ELT Attosecond Light Pulse Source (ELI-ALPS)
] delivery consortium 3 (szeged, Hungar-y)

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

» ELT Nuclear Physics Facility (ELI-NP) (Magurele,
Romania)

Missions of ELI ALPS

HUNGARY

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?

4
The distance  § A F
traveled by lightg —_— :
Seven and a half times -~ % .-

around the earth  The height of Tokyo

The width of
The length of  The width of a virus  a water molecule
(300,000 km) Tower (300m)  plankton (0.3mm) (0.3pm) (0.3nm)
Time | I I l I
1 second 1 millionth of 1 trillionthof 1 quadrillionth of 1 quintillionth of
a second a second a second a second
1 micrgsecond 1 picosecond | femtosecond 1 attosecond
1s (1
0,000 001 s
0,000 000 000 001 s
0,000 000 000 000 001 s
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Architectural design
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How it all started

el
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Building - foundations




Building — 18th January, 2015
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Building structure
el

THE FACILITY Building A s209m?
laser technology premises groups

(laser halls and experimental territories)

Building D
2926m?

multifunctional hall to support
the service, maintenance and
sustainment of the building
complex

Building C 7391m?

the host building operates as a

knowledge centre, housing the Building B 7936m?

offices and rooms with research
functions (reception, conference Offices of the supplementary scientific - technical premises

room, library, seminar rooms, groups (laboratories, preparatory workshops, researcher’s offices,
management offices, restaurant) engineering systems serving building A)




Building - facts

GROUNDWORK

133.000m’ of soil was removed from under building
"A” the rain reservoir.

O!O O!

12.091db
DUMPER

=133.000m?

PILING

To provide the stability of
the buildings, according to
soil mechanical, 819 piles
were drilled under ground
level.
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819
PILES

TOTAL AMOUNT OF CONCRETE

The totalamount of concreteusedduring the construction
would fill up 18 olympic swimming pools.
This is approximately 45.656 m°.

£2 18 pc M EPZFQTZME(SQ

o
b=

OLYMPIC

SWIMMING POOLS
COULDBEFILLED
UP WITH CONCRETE

TOTAL LENGTH OF PILES

14.400 meters

241pc
piles with a diameter
of more than 1T m

8848m

MOUNT 378pc
EVEREST piles with a diameter
N less than 1 m




Laboratories: Building A

lasers, laser driven sources, user areas

clean rooms (ISO 7-8), vibration isolation




Laboratories: Building B
mel #reparation labs, electronic workshop

Optical, targetry, chemistry, biomedical
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Supporting infrastructure: building C
e




upporting infrastructure: building D
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Inside the building - lasers

Cutting edge laser technology by 2018

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

ALPS Mid-IR beamline
100kHz, 3.1uym, 150uJ, <4 cycles

Lasers in Medicine and Life Sciences, 2016

Pulse Energy (mJ)
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A MPQ PFS-Pro

ELI-ALPS Sylos P2

ELI-ALPS Sylos P1
RAL Artemis CEAPLFA
KML Red dragon @ LOA salle Rouge
IC Red Dragon @ 10Q Jena, FCL1
@ CLPU 1kHz
LLC 1kHz @ CELIA Aurore
PIVUT @ ® U0S Lambda3

CLPU 1kHz CEP @ LOA Salle Noire

@ LOA Salle Moire™

5 10 15 20 25 30 35 40
Pulse duration (fs)
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What is a laser?

Light
Amplification by
Stimulated

E mission of
Radiation

Lasers in Medicine and Life Sciences, 2016

Source

producing

light with very special
properties
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Albert Einstien
1916.

/

Zur Quantentheorie der Strahlung.
Von A. Einstein?)

Die formale Ahnlichkeit der Kurve der chro-
matischen Verteilung der Temperaturstrahlung
mit Maxwellschen Geschwindigkeits-Verteilungs-
gesetz ist zu frappant, als daB sie lange hitte
verborgen bleiben kénnen. In der Tat wurde
bercits W. Wien in der wichtigen theoretischen
Arbeit, in welcher er scin Verschiebungsgesctz

0=»/(3) 0

ableitete, durch diese Ahnlichkeit auf cine weiter-

gehende Bestinmung der Strahlungsformel ge-

fihrt. Er fand hierbei bekanntlich die Formel
by

o=uapric 7 (2)

welche als Grenzgesetz fiir groBe Werte von

¥ S
T auch heute als richtig anerkannt wird (Wien-

Laser — the
beginnings

PHYSICAL REVIEW LETTERS

June 1, 1960

it experiments two peaks
y only about 40 gauss so

1) Zuerst abgedruckt in den Mitt der Physi- that the broadening is ex-
kalischen Gesellschaft Ziirich, Nr. 14 ° e resonance extends to
Four 2w guwww waw. 10 additional structure.

nance is apparent.

graphs.

This may be related to the characteristic of the
magnetic method that even unbroadened lines
possess apparent magnetic widths which are pro-
portional to the applied magnetic field.

Although the interpretation is admittedly in-
complete, the extreme sharpness of the reso-

In further study, involving

the development of a Doppler shift drive, we
hope to measure a number of the energy shifts
and level splittings mentioned in previous para-

We wish to thank S. D. Stoddard and R. E.
Cowan for preparation of the ZnO source buitons
and for compacting the enriched ZnO absorber.
The generous cooperation of the cyclotron group
is gratefully acknowledged., W. E. Keller and

J. G. Dash each contributed a number of ideas to
the experiment.

TWork done under the auspices of the U. 8, Atomie
Energy Commission.

IR. L. Mdssbauer, Z. Physik 151, 124 (1958);
Naturwissenschaften 45, 538 (1958); Z. Naturforsch,
14a, 211 (1959).

. E. Nagle, P. P. Craig, and W. E. Keller, Na-
ture (to be published).

*R. V. Pound and G. A, Rebka, Phys. Rev, Letters
4, 397 (1960).

4R. V. Pound and G. A. Rebka, Phys. Rev. Letters
4, 337 (1960); B. D. Josephson, Phys. Rev. Letters
4, 341 (1960).

0. C. Kistner and A. W. Sunyar, Phys. Rev.
Letters 4, 412 (1960).

8G. Heiland, E. Mollwo, and F., Stockmann, Solid-
State Physics, edited by F. Seitz and D. Turnbull
(Academic Press, New York, 1959), Vol. 8, p, 191,

"H. Kopfermann, Kernmomente (Akademische Ver-
lagsgesellschaft, Frankfurt am Main, 1956).

OPTICAL AND MICROWAVE-OPTICAL EXPERIMENTS IN RUBY

T. H. Maiman
Hughes Research Laboratories, Malibu, California
(Received April 22, 1960)

Several recent papers' * have reported optical
and microwave-optical measurements in ruby
(Cr*** in ALO,). We wish to report here some

tained in the following way. A crystal of ruby
was irradiated with 5600A radiation causing ab-
sorption into the lower band (“4,~*F,). The sam-

Theodore Maiman
10GR0
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Lasers
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3 / Lasers — all around us
) el
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Basic questions
i elj /

* 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 fool for medical
applications?

Lasers in Medicine and Life Sciences, 2016 20



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

Wavelength (nm)
700 600 500

wavelength (m)

<— Wavelength (m) :
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0> 10% 107
Frequency (Hz) —=
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m—— = iR Special properties of laser light

Monochromaticity
» single color
* nharrow bandwidth
- temporal coherence (able to interfere, ordered, .well
behaved phase")

Lasers in Medicine and Life Sciences, 2016 23



—— = L RViEE! Special properties of laser light

Small divergence (parallel)
-+ well collimated
» good focusability o a small spot
- spatial coherence (able to interfere, ordered, ,well
behaved phase")

Lasers in Medicine and Life Sciences, 2016 24



~_;  Special properties of laser light

- Tunability

-Short pulse durations

‘High power

Lasers in Medicine and Life Sciences, 2016 25



Interaction of radiation and atoms

el / elementary processes
Quantum physics:
Radiation can only exchange energy hf =E,—E, 2-level system
with matter in discrete packages
(photon) Before Process After
Yy —= arwry
(@) "N Absorption None
absorption ——E, —E
S ! "'.\' e E.\‘ ,lf
()  None REGHLCO \VATA v P
. . €IMnIssS10n
spontaneous emission — £k —*—E
B o T E: g —E, W
() "N Stimulated ENIAS =
. . . emission NN
induced/stimulated emission Ey e L
Radi;tion Ma?ter Mz;ter Radi;tion

LASER (Light Amplification by Stimulated Emission of Radiation)

Lasers in Medicine and Life Sciences, 2016 26



Optical pumping
e /

.more Iigh’r out than in”

Competition between absorption and induced emission

Before Process After
| hf — L, ——F
(@) "N Absorption None —~ N 0
e l';“ FE—— 1';0
i ——t—E g ——E, W
L AR e Stlm.ul.atcd VN
: emission NN ~ N
) l';u. .—.’_ h()\ h/ , X
Radi;tion N‘l;;(Cl' Ma*tter Radi;tion
® e I i llllll . I
N, >N,
. . . —nfeeesse 29 Py
population inversion, kg Eq

larger population in
Lasers in Medicine and Lif@(&\i:d’@dl@"'a're 27
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Population inversion

Population is a measure of how the particles occupy the available

energy levels.

Energy

‘,

I'lﬂ—nlimn_ -

Population of states

In thermodynamical equilibrium:
Higher levels have exponentially
lower occupancy.

Lasers in Medicine and Life Sciences, 2016

Energy

E "

A

Pumping

Laser
transition

& D, Pead 20002

I

Population of states

Pumped system:
Investing energy in the system leads to
more populated higher levels, that
decay to the lower levels
spontaneously.

28



Stable operation

€l /
Cooling

Fully Partially
retlecting reflecting
Mirror mirror

% N Spontaneous = \Stimulated - :

g O O= O=

/ comrm R

4 ::: : : ] | O ] B ™ Output

% <oz

Z N

—>

T
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Excitation

If more photons are generated than absorbed in each round
(positive amplification).

29
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LASER - steps

—

Light originally produced
In spontaneous
emission is amplified
via stimulated
emission.

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

Lasers in Medicine and Life Sciences, 2016

fully reflective mirror Iasirlg medium partly reflective mirror

i

1. Lasing medium at ground state. “atom in ground state g

Population inversion. excited atom @

stimulated
emission
atomQ

A RARA AR AN RAR AR AARAN ,u{‘

n-lwwm«

Pt X . N“*‘?ﬁ
l : AR

5. Coherent light, with all waves lined up in phase beam
© 2006 Encyclopaedia Britannica, Inc.




/ LASER - functional parts

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

4+ (2) Pumping (electric current,
intense lighting) - to create
and maintain population
Inversion

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

(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.

Lasers in Medicine and Life Sciences, 2016 31



3 / The first manifestation: Ruby laser
I &
Active Pumped by a
. flashlamp
medium

Flash Tube

Output coupler

Partially
Miprored Surface

Optical resonator

Lasers in Medicine and Life Sciences, 2016 32



2 / 1. Active / laser medium
el

HoYAG
Pulsed Dye
Airgon Alexandrite Nd:YAS ErYAG coz2
KTP Ruby Diade Diode Piode BN VAG ~ 1084 nm
Excimer { l l ‘ A|ex:::;i:ea~ gji:; nm l l
W1 — S v Mid Infrared M
200 400 B0 el 70 80 @) 1000 1500 200D | 3000 400D S00D  TSCO 10000 2000 k
Mear Infrared \Mulanin
AN l\
Wavelangth {nm) 5 \_J \\ V
gb Oxvhemoglobin \ \
| .,
choice of wavelength enables £ =
choosing which material you z ]D
interact with /address O | 3
| Wavelength (nm)
33
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/ Active / laser medium: gas

Gas discharges have been found to
amplify light coherently.

Homogeneous, allows flexible resonator
geometries

78 — 35
[}
i He-Ne

colliston

L =
N
! 115 pm
I
|
|
|
|

p
6328 nm

2p

: Fast radiative
fransifions
g Excitarion Is
Laser Cathode Anode 5 byelectron ’
output Helium-neon gas reservoir collision :
i i | Diffusion
"* || ! towalls
Laser bore tube L '
| | i
Output = ;i High L1 Crroumd Y
coupler ass envelope . . st ;
= reflector Helium "™ Neon
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3 / Active / laser medium: gas
I &

Gas lasers use many different gases,

eg.

* noble gases or mixtures (He-Ne)

* jonic (Ar+, Kr+)

* molecules (N,, CO,, CO),

« metal vapours (HeCd),

« neutral atoms (Cu-vapour),

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

Lasers in Medicine and Life Sciences, 2016 35



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

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

Iy T Gl 30l s Bl ¢ 4 P P08 E -k S
=_oumme 1
_I:I:I_|-||i'|- 47
= Camadi 107

= Cenpmaas ALY
Conpmman 153
Rl arinisG
Sigataadamiin B
Foyroarestbene 547
Fradamm E
=Riaxdariin B0
= Fead e 101

b B |
=Eyrdn 1
_F-Illj l'l:

=351yl B
-:\.:.l.l:ﬂ 1]
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Active / laser medium : liquid

h el / (dye solution) .
#Coumarin
Cuvette containing . High Reflector
Dye solution ( s #DCM

#Fluorescein

- P > #polyphenyl
| #Rhodamine 6G, B, 123

) b= #Umbelliferone (aka 7-

4 Pump Beam hydroxycoumarin)
Cylindrical lens

Output Coupler

Coumarin
.

Lasers in Medicine and Life Sciences, 2016 37



Active / laser medium:
wel / solid state

simple architecture, small size

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

E
8=
P
Electrode
Electrade 8 Internal energy transfer
3 to metastabe states by
Purmpin -
Laser output at 6943 nm rogitn g non-radiative processes
/ - Partially reflecting Laser output g EE i Metastable
Totally reflecting mirror (99%) sharpened by & E state
mirror (99.9%) optical Lasar s . . -
Natural fine width resonance transitiog i c| £ % 5 VI
Flash tube for 0 o 2 § wil = ol g2 \qﬂw\p
optical pumping of laser transition >—> 5 E Z 8
Optical resonant +-" %, o o & E Go4.0 nm
frequencies . ’ Ground
of the state
mirrared 0
rod.

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 um have been
__metal contact demonstrated. Low to medium
—/ptype (material A power laser diodes are used in
4._—quantun1 well (material B) laser pr'in’rer's and CD/DVD
N netype (material A) players. Laser diodes are also
. frequently used to optically
n-substrate . .
(material A) pump other lasers with high
efficiency.

metal contact

Lasers in Medicine and Life Sciences, 2016 39


http://en.wikipedia.org/wiki/File:Simple_qw_laser_diode.svg
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Active / laser medium:
el / optical fiber

the active gain medium is an optical fiber doped with rare-earth elements
such as erbium, ytterbium, neodymium, dysprosium, praseodymium, and
thulium

 lightis 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)

Outer cladding:
Pump injection Low-index polymer coating

High power,
* high brightness

laser signal

Inner cladding:

Multimode waveguide

Core: to trap pump light

Input Yb-doped, single-mode

signal waveguide

Lasers in Medicine and Life Sciences, 2016 40
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2. Pumpin
el / Pine

To create and maintain population inversion (energy source)

(a) 3
Er*:Silica fiber

(b) (e)

Laser-diode | ons Nd**:YVO, rod
array

~ Flashlamp

Rod
(C) @

Types:
» electrical discharge
« optical (flashlamps (Xe, Kr), discharge lamps )
» chemical reaction feeding the system (initiated by a
flashlamp e.g. photo-dissociation)

Lasers in Medicine and Life Sciences, 2016 41



Laser pumping a laser

pumping laser beam

PM
produced laser light

N

BD

PM

M5

=

wimwz oC
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3. The optical resonator
i elj /

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

Lasers in Medicine and Life Sciences, 2016 43



o3 / LASER = an optical oscillator

X(t)

WAWAWAWARA
\VAAVARVARVARV.

oscillator )

Y

Resonator (low loss) — to define the narrow oscillation
frequency f,

Lasers in Medicine and Life Sciences, 2016 44



Simple oscillator: the pendulum

e /

S | Ak f
vV Af ===~ loss
19 T
° 27VL

Means to overcome losses at the oscillation frequency: amplifier.

AN L e
S VAVAVAVAY —

Lasers in Medicine and Life Sciences, 2016 45



;- An optical (multimode) resonator

L 1
Af = = loss
e’ r
.\”””Aggn. . ' §
1

: 4
o L% -
=y
’ ' £t f
.-y
(XX 0
AVAVANEECIISN  MEa

,Jesonances”
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An example

Standing waves in a 1 m long resonator

A, =500nm=5-10"m L =1m

8
f :qi:4.1063 10°m/s
2L 2-1Im

=6-10" Hz

. 1 ) J\\ jk jk
2rt,
I I | | | "

Lasers in Medicine and Life Sciences, 2016
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4. Output coupler
l))))»elj /

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

Lasers in Medicine and Life Sciences, 2016 48



3 / Spectroscopic lasers
el

Etalon
K B | | E
High — e g Active medium Output
reflectance I I e
mirror | d & |
Resonator
“““““ e A e . loss
| o
. v
Resonator o :
modes E""I*‘IIIIIIIII=III| ‘
v

Etalon JL i JL i A

modes p 7
fe— € — >
2d| |
Laser k N
output v

When only one frequency component is allowed.

Lasers in Medicine and Life Sciences, 2016
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e

400 nm

Available laser wavelengths

500 nm 600 nm 700 nm 750 nm
| ) ‘ Ar-ion | | InGaAIP TI:sapp!ﬂre
N Ar-ion 488 nm Ar-ion  Nd:YAG CuVapor  HeNe 630-680 nm 5754100nm
GaN 428 nm 457.9 nm Xe 5145nm (second HeNe 5782nm  594.1 nm Ruby (tunable) \ 3
415nm  Kr-ion HeCd 488 nm harmonic) 5435nm 628 nm Kr-ion / Kr-ion Ruby
416 nm 4416 nm Cu Vapor 532 nm HeNe HeNe  647.1 nm 67640M 6943 nm Alexandrite
5106 611.9nm  632.8nm alnP E 720-860 nm
P2 539.5 nm 670 nm (tunable)
The photonics spectrum reference chart displays the major commercial laser lines in the ultraviolet to the far-infrared and be-
yond. Space limitations make itimpossible to include all available lasing media, and, particularly in the crowded areas of the vis-
ible spectrum and the near-infrared, we were forced to limit their multiple secondary lines to the more familiar. In drawing the
full spectrum band, legibility received a higher priority than accurate scale or proportion.
) InGaAs Erglass
Alexandrite 980 nm 1535nm
(third harmonic) .
240-280 nm Nd:YAG ﬂ.s;ﬁphlre . InGaAsP Nd:YAG
) (fourth harmonic) ~ (second harmonic) 980 nm (Raman-shifted)
Alexandrite 360-460 nm
; 266 nm Color Center 1535 nm
(fourth harmonic) (tunable) InGaAsP co
185-215 nm ) dening 1-1.9um NG:YAG ;
(tunable) Ar-ion e 900-1500 nm 9p (doubled) co,
i N[ 3s4nm 330740mm ‘I 1570 nm 46-58um 92-114ym
1nm F 2 (tunable) s HeNe (tunable) 106 um 1000 ym
: 337.1nm 750-910nm
10A 157 nm | | | 3391 pym 1mm
X-RAYS | I | [—‘—l ‘ I [ ] |—|—\ MILLIMETER WAVES
c—— ULTRAVIOLET VISIBLE ———>»|<c——— NEAR-INFRARED MID-INFRARED FAR-INFRARED ——»|
0.1pm Tum 3pum 10pm 30um 100 pm
loolnm mlnm BOOInm 400nm 500nm 600nm 700nm 800]nm 900I nm lOO(l) nm I I I I
e | | Alexandrite fdgas I | | >
110-162 nm (econd hamronic) 1060 nm _ ErYAG Lead Salt Methanol
ArF Nd:YAG 360-430 nm NA:YAG HE N2 D 2.927 pm 37-1224pm
193 nm (third harmonic)  (tunable) 1064 nm 263 um
KrF 355 nm Tm:YAG
Nd:YAG /" 2480m [ T InGaAsP  Yb:YAG 2.006-2.025 um
e XeF 808.5 nm 1030 nm
(ﬂfmz :‘;’mnm 308 nm 351 nm BEYAG Ho.YAG
nm (Raman-shifted) | 2.088-2.091,2.127 pm
Ti:sapphire HeCd Ar-ion HeNe Nd:YAG 191 pm
(third harmonic) 325 nm 351 nm 1152nm  (Raman-shifted)
250-300 nm 1.39um

© 2012 Laurin Publishing

THE PHOTONICS SPECTRUM AND COMMERCIAL LASER LINES
(wavelength increases left to right)



Laser types
i /

‘| \'n'\ I‘ﬁ‘" | |‘ﬂ\ | \A‘ i \ l‘l ‘\ It H| ‘\ I |H ”\ I| | \" “\ I| | |H ”\ I| | \" H| I ‘I‘ 'ﬁ\ | “‘ | H| I H ”\ “ | l' ‘| 'l | l' ‘\ “ | l' ‘| 'l | H '\ “l 'H IH I‘| 'l\ |

R R

eg: Nd-YAG laser
(neodimium doped yttrium aluminium garnet Y;Al50;,)

Ols

LA LA

20%x107 s
E=2]
r=20ns=2x10"%s pulse duration limited by carrier

wavelength
WR: 800nm 3,8 fs

Lasers in Medicine and Life Sciences, 2016 51
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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.

52



/ Pulsed operation requires
e

Tl_Sapph”"e Ti:Sapphire Cr:LiSGaF Cr:Forsterite Cr:YAG

. broadband amplifier mediu

0.6 0.8 1:0 142 1.4 1.6
WAVELENGTH (microns)

N

Fig. VIII-46: Fluorescence emission line (gain curve) of broad-band solid-state laser materials.

modelocking

w

. output couple

4. phase/amplitude modulator

5. gain/loss mechanism controlled by
sity of pulse

6. dispersion compensation
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Pulsed laser mode

| — l
T A broad amplifier gain can support
|| multiple modes.
P ] oy
" '.’ 'J '4

All 16 start in phase random phase

le—T —oi Short pulse production requires

16 . locking the phase of the
) - - components.
1 1 1
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How c7n we induce pulsed mode of a laser?

Modulators

Modulator

Modulator

Kl

Lasers in Medicine and Life Sciences, 2016
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3 / Quest for shorter pulse durations
mej

10 ps

1ps

100 fs

10 fs

1fs

Nd:-YAG
R\
CWDye REVOLUTION 1) to concentrate energy
il k (high power)
CPM Dye
DYE LASER : \

2) to freeze fast processes

BREAKTHROUGHS

I- 1970 1975 1980 1985 1990 1995 2000 2005
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/ Picturing fast processes

mechanical
shutter: ms

electronically . 85
. 3 ! s S
synched flash: nUs-ns 1937HE Edggr.fon

pump-probe
B, PS - fS - as
Zewail 1999 |
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Picturing fast processes

e

Ti = g L _ .

Delay /5  Femfo-chemistry
dodking Zewail, 1999
pulse YAy -

: | '_P/r,
pulse — S 0 B
J g Detector
ﬁ : - Molecular Beam

laser pump-probe method: ns - fs - as

© protein disintegration

t=—2fs t=2fs t=5fs t=10fs t=—20fs t=50fs
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melj /

Characteristic time —

characteristic size

b o dpgedt

Space [m] Nanostructures Atoms in
Electrons in o T / \
\ = Molecules & solids
i »
1094 AW giectronihoe ~ SUD-€V o Joibd
nanometer Molecules ¥ ¥ Tl LL*’ X
L3 i
Atoms
valence>> 1eV »
Nuclear distance
10-12+ "ﬁ”
picometer
AW .>> 10 eV
Nuclear Time [s]
structure & { } }
dynamics 10:1% 10-15 10-12
attosec femtosec picosec
1015
femtometer
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Biomolecules
e

biological signal transfer in proteins

e

~ 4

-
\ /\ 4//
ﬁ /;/cz

Changes in the electronic
configuration (radiation, drug)

global electron-rearrangement

structural changes of the molecule
(illness, cure)

Lasers in Medicine and Life Sciences, 2016
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/ How ,,powerful” a laser pulse is?

e

0,1s

E — energy in each pulse
z — pulse duration

A — llluminated (focal) area

35%101°> s
E
Y fluence (J/cm?)
E
P=— peak power (J/sec=W)
T
P E . : :
| = AT intensity, power density (W/cm?)
’Z' .
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i | / Average vs. peak power
0,1s
Example
E =35mJ=0,035J J\ i J\ J\ J\

7=20fs=20x10"s 20%1015

E
P= = =175x10"W -peak power

repetition rate is 10 Hz, i.e. 10 pulses flash in 1 s

10x E '
P= s :. average power (related to the power consumption)

62
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/ How high these intensities are?

light is an electromagnetic wave, how strong is the electric field?

l-s-—1E B =%gocEmaX2

max max
Hy

Luniversity lab" laser pulse
ONEN_
m2

2-1,75><102°W

2- 1 m?
N e As m
¢ 1/88x10™ "> .3x10° -

Vm S

@5)&_

| =35mJ/20fs/(100um) =1,75x1 o

=1,75x1

Coulomb force for an atomic electron:

1 e
E r = — I ~ _10
(r) P r~10""m ‘
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vel / How high these intensities are?
U/

Nonlinear QED: E-e-1_ = 2m,c?

30

10
&
g 55 Ultra-Relativistic Optics
=10 /
2 Eq=m,? 7
z oo Relativistic Optics
210
£ EQ =meCZ
°
3 Bound electrons
310"
8 ¥ cpa

<€— mode locking
<— Q-switching

-

o
-
o

1960 1970 1980 1990 2000 2010

at ELI, everything evaporates 1 ,
the question to ask: how? ~ 10 W/cm
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Which pr7perties of laser light serve medicine?
el

‘monochromaticity
-coherence

-collimated, small divergence
beam

»good focusability, high
intensity (W/cm?)

incoherent coherent
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30 Jun (Thu) 1 Jul (Fri) 2 Jul (Sat) 3 Jul (Sum)
AM » Arrival p oM - > 910 - ¥+ Excursion: (i'puszmszer
Péter Maroti, Ferenc Bari, Heritage Park
Lasers in biophysics: why is laser light unique ? Whart did we learn about
B 10451215 « microcirculation
Simona M Cristescu, using lasers o’
Sniffing volatiles released from biological b 1045-12'% « Laboratory visit:
samples with laoser-based instrumentation telemedicine
Break » 13914 - Lunch > 13%-14% - Lunch
PM  » 14"°-15" - Registration b 14%0-15%0 . > Sightseeing in Szeged » Excursion: Opusztaszer
b 15901530 . Pal Ormos, _ Heritage Park
Lajos Kemény — Ferenc Bari, Optical manipulation
Opening ceremony b 151715 -
B 15151715 . Tomas Ciimar,
Katalin Varji, Photonics in disordered environments and
The ELI-ALPS infrastructure — Basics fibre-based imaging
of high-energy short pulsed lasers
b 10902700 « Welcome party
4 Jul (Mon) 5 Jul (Tue) 6 Jul (Wed) 7 Jul (Thu) 8 Jul (Fri)
AM »9%-1p% - b 910 . b 8301070 - B 80100 - b 90103
Justin Molloy, Adrian Podoleanu, Zs Bere — M Csanady - B Katalin Hideghéty, Kinga Turzo —
Optical tweezers Optical coherence Sztano — G Vass — J G Kiss,  Jomising radiation for cancer Zsolt Toth,
B 10451715 . tomagraphy (OCT) Lasers in otolaryngology treatment Lasers for dental applications
Martin Leahy, b 10551215 - > 10%0—13™ - Visit to b 10451215 « b 10451200 .

Microcirculation imaging
with light and sound

Ajpila Thury,
OCT in coronary
Interventions

the ELI site

Jorg Pawelke,
Radiotherapy with laser-
driven particle beams

Marta Fiilip Papp,
Lasers in dentistry

Break » 139-14% . Lunch

B 1300149 « [ ynch

b 13014 - Tynch

B 13M_14% - Funch

B 12301330 « Tunch

PM » 14715 .
Andras Lukacs,
Transient absorption and
fluorescence spectroscopy

b 15%-1715 .
Beata Bugyi,
TIRF microscaopy

» 14™-16™ « Laboratory visit:
OCT

B 169179 « Laboratory visit:
lasers in ophthalmelogy

> 14™_15% .
Magdolna Gaal,
Lasers in dermatology

» 16™-17™ - Laboratory visit:
lasers in dermatology

b 14™_15% -
Elke Beyreuther,
Radiobiology of pulsed
particle beams

¥ 16™-17™ - Laboratory visit:
high-intensity laser
laboratary

b 14M-17% « [ aboratory visits
in the Biological Research
Centre
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Monochromaticity
el

epilation

Abszorpcios

Utthaté Rubin lézer
4 (694 nm)

(cm') 4,
4 Alexandrit lézer
10° s (755 nm)
'| Diéda lézer
. 25 (800 nm)
L}

Nd:YAG lézer
(1064 nm)

400 500 600 700 800 900 1000
Hullamhossz (nm)

=== Oxihemoglobin = Melanin
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Narrow bandwidth
e

- S Doppler effect: frequency of scattered
| | light is shifted
P, —— due to the narrow bandwidth of laser

light, the shift can be accurately
determined

Transmitter

Intensity image Perfusion map

&*"‘*ﬂ
oy P\ 473 -4
zéﬁg

Concentration map

Speed map
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High power
el / et

Stone fragmentation
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Monochromaticity, tunability, low
nel / divergence, short duration

I. Laser spectroscopy
«  focusable to a small volume » increased spatial resolution
«  tunable narrowband lasers » increased spectral resolution

« pulsed (<1012 s) lasers » temporal resolution

Spektrograf a . b
Gerjesztd Fluoresquncia Z\ H'
Izemyaiab fény a szovetrdl g) os}
9 Qs+
£
= OMF
e
S muscle
= oJ2r i
8 tiIssue
= o.o: { VIS 1 1 n
& oy
(b}
| cancer
00 i i i b 1 Py
350 450 550 050 750

wavelength (nm)
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/ Coherence
e

(b) Sg;//f?ce _._f-}__ since laser lighT IS
opsenaion - Coherent, reflections
from different points
interfere

if the scattering particle
moves, the speckle

S ' : image gets blurred
Laser speckle during exposion time

Speckle contrast image

Raw speckle image

8% & SN2 2
& s
standard deviation of pixelsinarray =~ 0
Speckle contrast value = - : —— : SRR 1
mean intensity of pixels in array AR
Velocity o ; o TR BRI
(speckle contrast) e e T
imm
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el /

Precise shaping of laser beams

Total refractive

OWET': 62 dptr
P 4 12 dptr

8 dptr
— 6 dptr

48 dptr

air (1.00) W\
cornea (1,37
aqueous humor (1,33)
lens (1,41)

vitreous body (1,34)

Lasers in Medicine and Life Sciences, 2016
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Wavelength-dependent penetration
/ Beyond tissue operation

surgery behind a transparent
medium reattach
torn retina

_ Laser Treatment of
Proliferative Diabetic Retinopathy

treatment of

Laser beam

diabetic
retinopathy

-

¥

o ‘I

Vitreous ‘

Vitreous ~<
hemorrhage
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o3 / Well-controlled dosage

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

excitation

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

warming  fluorescence protein coagulation, cell destruction
l (staunch bleeding, cure blood vessel

r./’br'Of”er'C(Tion)
coagulation: 60—90 °C '

laserthermia: ~ 40 °C
A boiling water, rapid expansion
vaporisation: 100-150 °C (tissue lesion, cutting, ablation of

carbonisation: above 300 °C stones)
cutting wi‘rmmed blood not advised for tumour elimination
vessels in the surrounding areas || due to spreading of bio-molecules
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laser material typical power (W) |
typical
.~ main :”a"el; continuous or | impulse mode, applications
- type sub-type name notation engt quasi-continuous during an
- (state) (nm) mode impulse
0as Helium-neon HeNe 633 5-10-3 infrared targeting
laser ‘
argon Ar 488 10 102 ophthalmology,
514 adye lasers,
pumping
krypton Kr 548 10 ophthalmology
647
carbon-dioxide CO, 10 600 2-102 109 surgery
Excimer (excited dimer) e.g.
(rare gas or krypton-fluor KrF 248 5-104 ophthalmology
halogen gas)
liquid dye (solution) eg.
| rhodamine 6G | CogH3iN,03CI | 560-610 1 100 ophthalmology,
dermatology,
PDT (IX/2.2.)
s0lid state ruby Cr-Al,04 694 109 dermatology
YAG (yttrium-aluminium- e.g.
garnet) + lanthanides: |neodymium-YAG, Nd-Y3Als04, 1064 50 108 surgery
Nd, Ho Er ..
semiconductor e.r
gallium-arsenide GaAs 840 5-10-3 laser pointer,
CD player



Lasers of ELI
i /
Av.power (contracted)
Peak power (contracted)
ALPS High Repetition Rate (HR) beamline 500 (100) W
100kHz, >5mJ, <6fs, 1030nm 1(0.16)TW 102w
ALPS Single Cycle (SYLOS) beamline 100 (45) W
1kHz, >100mJ, <6fs, 860nm 20 (4.5)TW 102w

ALPS High Field (HF) beamline
HF PW: 10Hz, 347, <20fs, 800nm (340) W
HF 100: 100Hz, 0.5F, <10fs, 800nm (>2) PW 10°W

ALPS Mid-IR beamline (15w
100kHz, 3.1pym, 150uJ, <4 cycles (3.75) GW  10°W
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Breakthrough in laser science and
’”eﬂ / technologies (Mission 2)

Front end of large scale ultrafast laser systems

Change of paradigm - no Kerr-lens mode-locked Ti:S oscillators are involved
Sub-ps fiber oscillators around 1uJ

The first TW-class few cycle fiber laser for users (HR laser)
Change of paradigm — new generation of HAP / Hl lasers.

Unprecedent conditions for operation (SYLOS1, PW)

Installation requirement: 12h operation for 3 consecutive days
Trial period: 6 months, 4 months trouble-free operation
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/ ELI-ALPS: collection of sources

Primary sources
(laser pulses)

GHHG
attosecond
sources

SHHG
attosecond
sources

Lasersin v

16

Experiment /
User stations

THz

r'ad ia-‘-ion ~_—:—:_-—_u- Lens

sources
\

I
Pump leser [|—} =>3000 limm

Ultrahigh fie |':1'
current density |
Gamma gays
: DA [ons b Relativistic
oY a9 glectrons

Laser pulse et ,
I>10'8 W/cm2 current W

s Electron, ion
accelerators 78

Nuclear excitation
Nuclear reaction



Secondary sources of ELI ALPS
hef / (XUV to THz)

Nagy intenzitasu Iézer kolcsOnhatasa réveén ujabb tipusu sugarzas keltodik.

& N oy ob:

frekvencia(s!) 10° 107 10° 10° 10" 10" 10380 0% 102% 102

gamma-sugarzas

radiohullamok

ntgen-sugarzas

hullamhossz (m) 10° 10 10! 1 1000 107 10 10720 10712 107109

Ay T T T T T T T T T T T T
gy épiiletek  ember tenisz- hang viz- ato
A labda ~ molekula mag
8t L
B @
femtosecond laser pulse nonlinear medium single cycle THz pulse
(10-100fs) (V8] (ps)

d?P/dt ’ \
[Shen 1971]
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o / Outlook

VEAMELIS

Lasers in Medicine and Life
Sciences

Advanced summer school for undergraduate or postgraduate students of medi-
cine and physics. 30th June — 9th July 2016, Szeged (Bolyai épiilet, Haar terem)
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Outlook

STAMELIS 2016

Lasers in Medicine and Life Sciences

1.5
T T T T T T T
Advanced summer school for students of medicine and physics

- el

e attosecond o

time [fs]

E(t) arbitrary units
o
T
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