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A) Introduccié, amb una mica d'historia

B) L'interior del laser

* Principis de funcionament.
* Varietat de tipus de ldser segons el medi amplificador:

C) L'exterior del laser: la radiacié laser

* Propietats de la radiacié laser

D) Aplicacions cientifiques i tecniques (present i futur)
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’ “Light Amplification by Stimulated Emission of Radiation” ‘

+ 1917.- Einstein: concept of stimulated emission

+ 1928.- Ladenburg: confirms existence stimulated emission

+1939.- Fabrikant: predicts use of stim. emission to amplify “short” waves

¢ 1947.- Lamb and Retherford: found apparent stimulated emission in hydrogen spectra

¢ 1949-51.- Kastler: optical pumping [Nobel Prize in 1966] (+ Brossel)

+ 1954.- Townes: first MASER (at Columbia University) [A=1 cm, power=10 nW]

+ 1956.- Bloembergen: first solid-state Maser (at Harvard University)

¢ 1957.- Gould: ideas about a laser; first use of the acronym “laser” (Columbia Univ. grad. student)

+ 1958.- Schawlow, Townes: theoret. predictions about Laser (Bell Labs) (Phys. Rev. Lett.)
Basov and Prokhorov: work on how to build a laser (URsS)

+ 1959-1960.- Begining of a 30-year Laser patent dispute!, between Gould (at TRG company) and
Townes-Schawlow (at Bell Labs) [also dispute with Fabrikant —at Moscow Power Institute-:
he applied for a patent in URSS in 1951, it was approved in 1959].

+ 1960 (May, 16).- Maiman: first LASER (Rubi) (at Hughes Researh Laboratories, Calif.) [3-level laser]
Nature 187, 493-494 (1960) [no word “laser”; only 240 words; PRL rejected it]
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Spontaneous emission, stimulated emission, absorption

Basic (linear) interaction phenomena:
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Absorption

Stimulated

emission

in all three cases

Spontaneous
emission
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’ “Light Amplification by Stimulated Emission of Radiation” ‘

+ 1917.- Einstein: concept of stimulated emission

+ 1928.- Ladenburg: confirms existence stimulated emission

+1939.- Fabrikant: predicts use of stim. emission to amplify “short” waves

¢ 1947.- Lamb and Retherford: found apparent stimulated emission in hydrogen spectra

¢ 1949-51.- Kastler: optical pumping [Nobel Prize in 1966] (+ Brossel)

+ 1954.- Townes: first MASER (at Columbia University) [A=1 cm, power=10 nW]

+ 1956.- Bloembergen: first solid-state Maser (at Harvard University)

¢ 1957.- Gould: ideas about a laser; first use of the acronym “laser” (Columbia Univ. grad. student)

+ 1958.- Schawlow, Townes: theoret. predictions about Laser (Bell Labs) (Phys. Rev. Lett.)
Basov and Prokhorov: work on how to build a laser (URsS)

+ 1959-1960.- Begining of a 30-year Laser patent dispute!, between Gould (at TRG company) and
Townes-Schawlow (at Bell Labs) [also dispute with Fabrikant —at Moscow Power Institute-:
he applied for a patent in URSS in 1951, it was approved in 1959].

¢ 1960 (May, 16).- Maiman: first LASER (Rubi) (at Hughes Researh Laboratories, Calif.) [3-level laser]
Nature 187, 493-494 (1960) [no word “laser”; only 240 words; PRL rejected it]
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+ 1960 (May, 16).- Maiman: first laser (Rubi) (at Hughes Researh Laboratories, Calif.) [3-level laser]

+1960 (N

¢ 1960 (Dec).- He-Ne Laser: Javan, Bennet, Herriot (at Bell Labs) [first cw laser, A=1.15 um]

¢ 1961.-

+1961 (Nov).- Nd:Glass laser.- Snitzer (American Optical Co.)
+ 1961 (Dec)- 1st medical treatment (destroying retinal tumor with a rubi laser)

. UB-2010 H

ov).- Uranium laser :Sorokin & Stevenson (at IBM Research Center) [solid-state, 4-level]

Lasers appear in commercial market (Trion Instr., Perkin-elmer, Spectra-Physics,...)

+1962.- Q-switching in rubi laser: Hellwarth, McClung (Hughes Researh Labs) [theory in 1961]
+ 1962.- GaAs Semiconductor laser (homojunction, cryogenically cooled) [GE, IBM & MIT’s Lincoln Lab
+1962.- YAG laser (at Bell Labs.)
+ 1962.- GaAsP visible-red laser diode (basis of present LEDS) (Holonya,k at GE Co. Lab)
+ 1962.- First paper on Nonlinear Optics (Armstrong, Bloembergen, Ducuing and Pershan)
+ 1963.- First mode-locked laser (He-Ne laser with acousto-optic modulator)
+1963.- $1 million annual sales commercial laser market
+ 1963.- Heterostructure semiconductor laser idea (Kroemer —Univ. California- & Alferov -Russia-).
Nobel Prize awarded later.
+1963.- N, laser (confirm)
50 aniv. Laser Introduccio: Historia del laser ’
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+1964.- Ar* (pulsed), Kr*, CO,, Nd:YAG (Bell Labs) ,
+1964.- Nobel Prize to Townes, Basov and Prokhorov
+1965.- Chemical laser (HcCl, A=3.7 pm)
+1966.- Dye laser (tunable)
+1970.- Excimer laser and cw room-temperature semiconductor laser
+1972.- Quantum-well semiconductor laser
+1976.- Free-electron laser
+1981.- Nobel Prize to Schawlow and Bloembergen (laser spectroscopy)
+1982.- Ti:Sapphire laser (tunable)
+1986.- Fibre laser (Er-doped, single-mode, cw)
+1994.- Quantum-cascade laser (multiple A's) , and quantum-dot laser
+1996.- Pulsed atom laser (matter instead of light)
+1996.- InGaN blue laser diode (semiconductor, A = 417 nm)
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+2004-07.- Towards a Si laser: Si Raman laser and electr. powered hybrid Si laser, ...
+2009.- NIF (National Ignition Facility, at LLNL): 192 laser beams firing onto targets.
+2009-10.- Intel’s Light Peak fiber optic technology.

#2009 (Dec.).- Prediction of 11% laser market growth for 2010; total revenue $5.9 billion.

+2010 (Jan.).- NIF delivers enough laser energy to achieve fusion ignition: 1MJ in a few
nanoseconds [peak power 500 times larger than any previous one in USA]

+ 2010 (March).- Single-atom laser (with and without threshold) [Univ. of Innsbruck]
L]
L]

THUS TECHNICAL, AND EVEN FUNDAMENTAL, DEVELOPMENT CONTINUES...
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Wikimedia Commons
Wkimedia Commons

Wikimedia Commons

Albert Einstein Charles H. Townes, 1954 Nikolai G. Basov Alexander M. Prokborov
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Charles H. Townes,

1954
Theodore Maiman,
1960
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Charles H. Townes, 2010
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%

Nicolaas Bloembergen Arthur L. Schawlow

Harvard University, USA Stanford University, USA

“For their contribution to the development of laser spectroscopy”
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Claud!
Steven Chu aude William D. Phillips

Cohen-Tannoudji

“For development of methods to cool and trap atoms

with laser light"
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Ahmed Zewail

California Institute of Technology
(Caltech), Pasadena, CA, USA

(Origin: Egipt)

“For his studies of the transition states of chemical reactions using
femtosecond spectroscopy”
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NOBEL PRIZE 2001
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Eric A. Cornell Wolfgang Ketterle Carl E. Wieman
JILA and NIST MIT JILA and Univ. of
Boulder, CO, USA Cambridge, MA, USA Colorado

) ) Boulder, CO, USA

Born in 1961 (Palo Born in 1957 (Heidelberg) .

Alto) { PhD 1986 (Universitéit Bom in 1951( Oregon)
PhD 1990 (MIT) Miinchen and Max-Planck- PhD 1977 at Stanford

Institut flir Quantenoptik,
Garching)

“For the achievement of Bose-Einstein condensation in dilute gases of alkali
atoms, and for early fundamental studies of the properties of the condensates”.

University
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NOBEL PRIZE 2005
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Roy J. Glauber John L. Hall Theodor W. Hansch
The Nobel Prize in Physics 2005 was divided, one half awarded to Roy J. Glauber
"for his contribution to the quantum theory of optical cofrerence” the other half
jointly to John L. Hall and Theodor W. Hansch "for their confributions fo the
development of laser-based precision spectroscopy, including the optical
frequency comb fechnigue”
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I .. a Barcelona, quée ??

¢ Primers lasers comprats:

- Primer laser: probablement el laser de rubi del prof. Garrido (UB) (60’s)
- Després: Lasers de He-Ne a la UB, a la UAB, a UPC,... (70’s)
- Lasers de Ar* a les discoteques, a la UAB, ... (finals 70’s, 80’s)

¢ Primer laser construit:

- Primer laser: Laserde N,, ala UAB (curs 1979-80)
- Després: Lasers de CO,, a CRILASER (principis dels 80’s)

20
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B) L'interior del laser (breu)
* Principis de funcionament.
* Varietat de tipus de laser segons el medi amplificador:
* Paper jugat pel ressonador optic.
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Parts dun laser, i principis de funcionament
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\ Pumping system

Amplifying medium
© o o O o ° o ° ﬁ A
o o o o o

Generated

treptng ) =

Optical resonator (or optical cavity)

Sistema "dissipatiu”
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L'interior del laser: principis de funcionament

— w1

“Three-level” configurations

“Four-level” configuration
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SR [etely Optical cavity: longitudinal modes
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“Fabry-Perot” cavity Resonance condition:

Vi, = —
“Ring” cavit
o mgreany \ 2L
Frequency of the

longitudinal mode of order m

Unidirectional
element:
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50imiV- Liser Optical cavity: longitudinal modes
— v\~
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Transmitance
Fabry-Perot

14
Laser
emission
intensity AV, aser
> —>l—
(<10%v) | l
0 1 1 Il 1
Vit Vi T v
2L

> Actually, the modes are much more monochromatic due to the competitive effect of
stimulated emission !!:

N LOSSES

N Y

Single-mode case ’ Multi-mode case |
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—\wl  En resum, la lum d'un laser és el gue més - |
sassembla a l'ideal duna
Ona electromagnética plana monocromatica ...

E(z,t) =? E cos(kz-wt+¢p)

@% ~ (Blzt) =] B costkz-ot+g)

NB=E/v

Space Time
i / v Period: T \
¥ Wavelength: A + Frequency: v=I1/T
+ Wavenumber: K = 21/ A <+ Angular frequency: @ = 2rv
+ Initial phase: (]

+ els aspectes corpusculars (fotons)...

50 aniv. Laser %
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La llum laser és semblant als altres tjpus de llum?

+

w, § T
NN

NNV . -
T 1
'l’l/l, ™
g hrr'
Y
Radiacio
3 L.E.D.
térmica Descarrega
eléctrica
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Varietat de tipus de medi amplificador

c) SOLID STATE

+ Optical
¢ Others:

— vl
a) GAS
¢+ Atoms: He-Ne, He-Cd, Cu.
¢ lons: Art, Kr.
+ Molecules: Electronic (vibronic) transitions: Excimer, N,.
Vibrational transitions: €O, CO, chemical lasers.
Rotacional transitions:  NH,;, CH;OH, CH,F.
b) LIQUID
¢ Dye laser: Rhodamin 6G, coumarin, ....

¢ Doped crystal: Rubi, Nd:YAG, Nd:Glass, microchip

Ti:Saphire, Alexandrite
fiber:  Er3*:Silica (Er**:SiO,)
Color centres, ...

d) SEMICONDUCTOR (DIODE LASERS)
¢ Near infrared: AlGaAs, InGaAsP

+ Visible: GalnP, AlGalnP, GaP
+ Mid infrared:

e) OTHERS
¢ Free electron laser, + X Ray, * Random lasers,

plasmon laser...), ¢ Single-atom lasers, ¢ Laser d’atoms

¢ Other types: VCSEL’s, “arrays”, high power, quantum cascade, ...

¢ Micro- and nano-lasers (microdisc, microsphere, quantum dot, photonic crystal,

27
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GAS LASERS: Molecular
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Enery levels for a (simple) molecule :
2
1
v=0 E1
A 2
anasannns Electronic (vibronic) MW
CITTTTTITTTIIIIIIIIIIIIN tranSitions ‘: - ‘
3 [NIR, VIS, UV] = '
2
1
A v=0 E,
Rotational Vibrational
transitions  transitions
[FIR] [MIR]

28
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GAS LASERS: Molecuiar
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o Example: Excimer laser (n~1-10%, 3-level):

ArF 2=193nm (UV)
KrF =248 nm (UV)

— vl (Electronic transition)
A
e Pumping: electrical discharge [e‘;f(]) |
4 A

A AR -

[ ) K
o) ©) 5 |

\ /\ / |.|CJ
44

Pozo de Excimers ligade
potencial

Transiciones Liser
en el espectro
Ultravinlets

R H Estado Fundamental

Atornos separados

I
0z
Distancia entre atomos  [nm]

T T T
03 0.4 05

XeCl =309 nm (UV)
XeF 1=351nm(UV)

Human hair!
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GAS LASERS: Molecular
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Enery levels for a (simple) molecule :

2
1
v=0 E1
W‘\/,w. Electronic (vibronic)
transitions
3 [NIR, VIS, UV]
2
C] 1
v v=0 E,
Rotational Vibrational
transitions  transitions
[FIR] [MIR]

Energy

\gﬁm state

Ground state
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CO, “Slab” laser

31

|

www.rofin.com
5

N

1. Laserbeam
2. Beam shaping unit

3. Output mirror

4. Cooling water

5. RF excitation

6. Cooling water

7. Rear mirror

8. RF excited discharge

9. Waveguiding electrodes

Excitation HF HF HF HF

Output power 1000 W 1500 W 2000 W 2500 W
Power range 100-1000 W 150-1500 W 200-2000 W 250-2500 W

Beam quality
factor

0 or 2 up to 5000 Hz;
cw

Pulse frequency S or 2 up to5000 Hz; 0 or 2 up t05000 Hz; 0 or 2 up to 5000 Hz;

cow ow

Excitation HF HF HF
Output power 3000 W 3500 W 4000 W

Power range 300-3000 W 350-3500 W 400-4000 W
;Bae;al:)nrqua"ty K> 0,9 K>0,9 K209
e Swor 2 up to 5000 Hz; Sm?r 2 up to 5000 Hz; or 2 Up to 5000 Hz;

Excitation RF RF RF
Can it pr opagate Output power 5000 W 6000 W 8000 W
through an optical P S00-5000 15006000 800-8000
fiber?: No (Why?) . .
- . K=>0,9 K=>0,9 K=>0,9
factor : : :

K=>0,9 K=>0,9 K=>0,9 K=>0,9

_UB-2010

HF

4500 W

450-4500
w
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¢ Dye laser:

50 aniv. Laser B) Existing types of lasers according to the amplifying
medium
v
LASERS: TYPES OF AMPLIFYING MEDIUM
b) LIQUID

Rhodamin 6G, coumarin, ....

16



SUETI, [ESer B) LIQUID LASERS: Dye laser
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Flash
Y
- Pumping: optical: flash, or another laser % ﬁ E
Z2_ > S 27
- “Vibronic” transitions Collisg:gs
(A~ VIS, NIR, near UV ) s, Erit
Pumping
NN
Sy
- A ~350-1000 nm, TUNABLE !! 7 ~1-35%
(how?)
50 aniv. Laser B) Existing types of lasers according to the amplifying 34

medium
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LASERS: TYPES OF AMPLIFYING MEDIUM

¢) SOLID STATE
¢ Doped crystal:  Rubi, Nd:YAG, Nd:Glass,
Ti:Saphire, Alexandrite
+ Optical fiber: Er®*:Silica (Er®*:SiO,)

Flashtube

17
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Stimulated emission Laserbeam 35

B.c) SOLID-STATE LASERS: Nd:YAG laser

- \ ) T
Active Medium y - .
(Nd:YAG crystol) . -

+

"

Qutput mirros Excitation Laser diodes Laser diodes

Output power

(@collimator) 100 - 1000 W 150 - 1500 W
\ Beam parameter product 12 mm*mrad 12 mm*mrad
Excitotion (Laser diodes) Fiber diameter 300 pm 300 pm

b Pump light

X

R Cooling water

Rear mirror

Electrical supply Excitation Laser diodes Laser diodes Laser diodes

Output power

(@collimator) 200 - 2000 W 300 - 3000 W 400 - 4000 W

Beam parameter

product 25 mm*mrad 25 mm*mrad 25 mm*mrad
Fiber diameter 600 pm 600 pm 600 pm
www.rofin.com ngh power:
MOPA
Retra reflacior K _. .
- T foae canguen configuration
Cooling finger ' \
Also (new): s | =y
disk series Jw’ﬁ doampuang| T~
Prmplight robesie Trumpf: up to 16 kW,
YRS s (ot BPP~ 2-8 mm-mrad
S www.trumpf-laser.com
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Pulsed regimes: cw, ms, us, ns, ps (and fs for Ti:sapphire)

cW « upto 10 W (and up to 4 kW in MOPA config.)
ns < “Q-switching” ~ 108 W peak power

ps ¢ “Mode locking” ~ 10° W peak power __

fs «» for Ti:Sapphire >~ 102 W peak power, 4 pocesiog wih lecond ¢
if amplified
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50 aniv. Laser B) Existing types of lasers according to the amplifying
medium
- I:\ M I

LASERS: TYPES OF AMPLIFYING MEDIUM

d) SEMICONDUCTOR (DIODE LASERS)
¢ Near infrared: AlGaAs, InGaAsP

* Visible: GalnP, AlGalnP, GaP
¢ Mid infrared: .
¢ Other types: VCSEL’s, “arrays”, high power, quantum cascade, ...
a S 38
50 aniv. Laser
SEMICONDUCTOR LASERS
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Traditional VOSEL Structure

Edge emitting

[

[Crep——

Top muee
hragz Reflecnn)
Lencnant ¢ aviry Gaim prgron

Tl s
Meagg Reflecmrg

“Double heterojunction”

Examples:
- (Al)GaAs laser: 1 ~850 nm, IR n ~20-60% ,
- InGaAsP laser: A ~1300-1600 nm, IR

- GalnP laser: A ~620-750 nm [RED]

- GaN, InGaN laser: A~ 450nm  [BLUE laser] o
- Recently: InGaN: A4 ~525 nm [GREEN laser] (ideal: 530nm) powe,?

- Future Si laser ???

19
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LASERS: TYPES OF AMPLIFYING MEDIUM

UB-2010 H
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e) OTHERS
¢ Free electron laser, + X Ray, * Random lasers, ¢+ Micro- and nano-lasers (microdisc,

microsphere, quantum dot, guided-wave photonic crystal,...), * Single-atom lasers, ¢ Atom laser

50 aniv. Laser Be ) Other types of lasers

— w1

- Free-electron laser (FEL)

elactron baam
undulator

rasonator mirror

Energy (meV)
" 100

e — 0200 . . T "

JLab THz J‘L;h_FET‘“

recycled electrons

optical
electron beam cavity [
mirrors

|

e Phys
Rev Letts B4, 662
(2000)

a1
1E-3
14

&W’F LU L

/ o
dump

source nducting wiggler for conversion
ac ential for of electran energy
ctron energy inta light

155
1€-0
167

Flux (Watts/iem")

1E-8

159
1E10
1E44
1612

A
1
Neul, Jordan & Williaras§
. L
® 100 10t0 LN i
5 VIS domain
Wavenumbers (cm’ )

40
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—

of of princaple

20



50 aniv. Laser

41

. UB-2010 H

Antics intents de
construir un laser de
raigs X

(actualment s’hi esta arribant
per la via del laser d’electrons
lliures i de la generacio
d’harmonics elevats)

50 aniv. Laser
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Micro- and nano- optical resonators

42

Traditional VOSEL Structure

. UB-2010 H

 DBR.

Micropillar

(&) Microdisk (e} Microtoroid

Silica
- toroid
Silicon
Silicon ~—" pular
chip -

mleleleleleld i Seleleolelelele ’

Wave-guide photonic-crystal cavity

iy

LN / /./ /,//

Integrated-optic-ring

Fiber - —
il (//
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Single-atom laser

'. . APD1
"y

g
.
o
g
E
5

A high-finesse optical cavity consisting of two mirrors
traps and accumulates the photons emitted

by the ion into @ mode. The ion is excited cyclically
by an external laser and at each cycle a photon is
added to the cavity mode, which amplifies the light.

YAtom laser”

Atom laser gallery 5255 1mm

MIT '97 Munich ‘99 Yale'98  NIST '99

50 aniv. Laser
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“Plasmon laser” (or “spaser”?): The smallest semiconductor laser:

. UB-2010 H

= Norfolk + Purdue + Cornell Univs. :
A 44-nm-diameter “Cornell dot” with a gold
Noginov et al., Nature 460, 1110 (2009)

= UC at Berkeley:

The gap region’stores light within an area 20 times smaller
than its wavelength

Surfagﬁ plasmon polariton

A
-~ o~ L d<<}
[a F oy m
R H

Metal (g < -1)

Vertical position

A cadmium sulfide nanowire with a silver surface separated by an insulating gap of only 5 nm
(a laser with a 5 x 30 nm lasing region)
Oulton, ...,Zhang, Nature 461, 629 (2009)

Berkeley researchers eventually hope to shrink the lasing
cavity to 1 nm (the wavelength of an electron), opening up
new applications in molecular probing (biomedical,...),
faster communications, and quantum computing.

22
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C) L'exterior del laser: la radiacio laser emesa

* Propietats de la radiacié laser

46

50 aniv. Laser o o
o] Summary of properties of laser light e300

1) FREQUENCY (v)

LASERs + nonlinear crystals (SHG, OPQ): ~ cover most of the spectral optical
domain

2) DURATION (At)

Ccw - ms - us - ns - ps -

To go below ~100 fs special pulse compression
techniques are needed.

Record value (2010): 123 as (Milano)
PERMETRA FER FOTOS INSTANTANIES DEL

MOVIMENT DE L’ELECTRO EN UN ATOM!

23
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"OPTICA NO LINEAL”
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= Second harmonic
generation (SHG)

@

20
- ) 2]
®

= Sum frequency

W= 0+ @,

Exemple punter laser verd...

generation (SFG)
7E2
AN~ @; @3
@,
H (22 [0)
E, MN~ AN~ A

a

= Down conversion

@3

W3;= 0+ @,

(parametric fluorescence)

= Optical parametric
oscillation (OPO)

EZ
@y
[&]
W3
R AT
El i @, 3

Molt utilitzat en Optica Quantica !

W5= Wt @,

,

e

W,

signal

idler

50 aniv. Laser
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Summary of properties of laser light

48
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1) FREQUENCY (v)

LASERs + nonlinear crystals (SHG, OPQ): ~ cover most of the spectral optical

2) DURATION (At)

domain

Ccw - ms - us - ns - ps -

To go below ~100 fs special pulse compression

techniques are needed.

Record value (2010): 123 as (Milano)

PERMETRA FER FOTOS INSTANTANIES DEL
MOVIMENT DE L’ELECTRO EN UN ATOM!

24
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D) Summary of properties of laser light
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3) MONOCHROMATICITY (4v)

> cw regime: - Typical values (commercial lasers):

- Record values: - »

14

. UB-2010 H
Av

1%
Aviv ~ 1073 - 107
AV ~ 1072-10714 11

> Pulsed regime:

~

{ Atedv > 21

-

N
M - |
t v v

- Pump modulation: ms, us

- Q-switching: ns

- Mode-locking: ps

- Additional manipulations: fs, as. }

/
******** - [ﬁ.x-rrrr'l‘rrm{‘” }

50 aniv. Laser

Application of laser monochromaticiy to Spectroscopy

50

— w1l . UB-2010 H
Laser Source Spectrometer
Hites w:mtﬂj.rf%:\qf Bel-o--l
pryatng DIODE
: ! — LASER
i LT 4
1 g,
vl“!l.|=| | 1T 3
111 1 3, [}
| g
! g
2,
----------- £ ) )
Applications
even in
A Cosmology
v tim: 23 e . .. : 25 Fud
| i = = ¥~ 1233030554200 hHa
R i
uv
A~ 24T e
1 30554200 ;ur'!x
2 —= e G
- o : =
¥ A s
- eesescs
L
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D) Summary of properties of laser light

— vl . UB-2010 H
3) MONOCHROMATICITY (4v) Ay
Vv 1%
> cw regime: - Typical values (commercial lasers):  Av/v ~ 107 — 10~
- Record values: E— AV ~ 1072 -10-1# 11

> Pulsed regime:

4 N
( ) At A
| Atedv > 27 | j& N *“« Y
v
o t Y /
- Pump modulation: ms, us
- Q-switching: ns /
- Mode-locking: ps } 77777777 R T Av }
- Additional manipulations: fs, as. =il [T v

52
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M D) Summary of properties of laser light - aaoi

4) TEMPORAL COHERENCE (or LONGITUDINAL COHERENCE)

Average

I = Coherence length

- Typical values (commercial lasers): Ic ~ 1-10-100 cm

- Record values: I.~ 10° km Il

- Values for other light sources: Ic 2 10 um (record. 30 cm)

26
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5) SPATIAL COHERENCE (or TRANSVERSAL)

/v

For a laser:
Maximum possible
value (for single-mode
transverse emission)

er——————————— . ________ L= Only limit:
LASER e o diffraction

Example: impact over the Moon < 1 km of diameter (if initial diameter enlarged with

(= measurement of distance moom-earth with precision: ~20 cm !!)

the objective lens of a telescope)

54

Nanolasers?

50 aniv. Laser Existing types of lasers according to the output power:
— vl . UB-2010 H
7) POWER
Power (cw regime) Power (pulsed regime)
A
(W)
peak power
. (W)
10% | Chemical lasers
1017
fs & attosecond lasers (Ti:Sapphire + --+)
co,
100 | NA:YAG ns Nd:YAG lasers (with amplifiers for
Diode lasers (battery) 1012 nuclear fusion)
Optical fiber lasers
) ] 109 | ps Nd:YAG lasers
1 Diode laser (high power) ns Nd:YAG lasers; ns excimer lasers
ns &ps & fs Optical fiber lasers
He-Ne 106
us & ms CO, lasers
Diode laser (low power) 10°
103 . Microlasers?
Microlasers
Nanolasers?

27
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D) Aplicacions cientifiques i

tecniques dels lasers

. UB-2010 H
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Mercado del sector, 2005
total: 228 billones Euros

Calibwacitn/  Componentes dpticos
sutomatizacion yslstemas
5% % Produccicn

Defensa
%

Figura 4: Mercado del sector (Fuente: Optech
Consulting, Octubre 2007). Reproducido de FOTONICA 21

Present forecast (2010):

¢ LASER: $ 300 billion
¢ MICROELECTRONICS: $ 270 billion

Energlasolar
~

. UB-2010 H

Produccién europea, 2005
total: 43.5 billones Euros

Componentes
dpticos y sisteman
ety

™

Figura 5: Produccion europea del sector (Fuente:

Optech Consulting, Octubre 2007). Reproducido de
FOTONICA 21

Laser overtakes Micro-Electronics
for the first time!

28
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vupms g W
oY aeld
"
p—
Eo

Centro
Tenokdiico

S

Figura 2 Ofstribuciondedos miembros porfipo de enfidad]

Recent: SECPhO Cluster
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Lasers: Aplicacions cientifiques i tecniques

58

. UB-2010 H

— |

Gran

=X

QO Mitjana

@

s

@)

[0l
Petita

A

Fusié nuclear

Laser d’electrons lliures, laser de raigs X

Lasers de Terawatt: generacio d’altes freqiiéncies i de polsos ultra-curts (atto-segons),

aplicacions a Fisica Atémica i Nuclear, acceleracio de particules.

Transport d’energia a distancia (futur)

Aplics. militars

Processat, i microprocessat, de materials: tall, soldadura, perforacié, marcatge,
tractaments de superficie, prototipat 3D (100 nm resol amb femtosecond 2-photon),
processat de plaques fotovoltaiques, ...

Espectacles lluminosos

Optica no lineal, per a diverses aplicacions (incloent la generacié de extrem UV -13.5 nm- per a
dissenyar petites estruct. electroniques i extendre Moore’s law, informacié quantica,...)

Fotoquimica: estimulacié i control de reaccions quimiques (fins i tot unir atoms freds) ,
foto-dissociacio, foto-ionitzacio, ...

Biofotonica, aplicacions mediques

Control remot: LIDAR, control de I’atmosfera

Arts grafiques, impressores, memdries (CD, DVD),... [Futur: projectors, imatges color]

Holografia, interferometria, Optica en general (futurs displays, projectors?)

Espectroscopia: analisi de materials, de contaminants, etc.

Atrapament i refredament d’atoms, condensacié de Bose-Einstein (BEC), quantum inform.

Comunicacions optiques; comunicacions quantiques (criptografia quantica, etc.)

Sensors: de preséncia, posicié, moviment. Gravadors DVD, lectors DVD i de codis, etc.

Metrologia: mesura de distancies, angles, relleus,... Velocitat llum, ones gravitacionals,

Optica integrada, integracié amb micro-electronica (computacio, etc.). Micro- i nano-lasers.

Nanolasers i single-atom lasers per a informacié qudntica

29
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NIF (National Ignition Facility) =

I, A I LLNL, Lawrence Livermore Nat. Lab., California UB-2010

This artist's rendering shows an NIF target pellet inside a
hohlraum capsule with laser beams entering through openings on
sither end. The beams compress and heat the target to the neces-
sary conditions for nuclear fusion to occur. Ignition experiments on
NIF will be the culmination of more than 30 years of inertial
confinement fusion research and development, opening the
door to exploration of previously inaccessible physical regimes.
Credit is given to Lawrence Livermore National Security LLC,
Lawrence Livermore National Laboratory and the US Department
of Energy, under whase auspices this work was performed.

The ional inertial conf fusion

including LLNL reseaschers, uses tha OMEGA kxser at the
University of Rochestar's Lsboratory for Laser Energatics 1o
conduct experiments and test taget designs and diagnostics.
The Bl-baam OMEGA kxser af the Unhwersity of Rochester
heas been operational since 1905,

50 aniv. Laser

Lasers dalta poténcia

60
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Muclear
Romania physics
Attosecond
Hungary physics
Czech Secondary
Repu blic beam
radiation,
high-energy
particles
To be High
determined  intensity

10 (x2)
1 5
20 400
1 10
5 50
10 (x2) 200

10 beams of 10-20 P li |III " asgd and combined to

create total power o 100-200 PW
*Laser parameters still subject to change.

. UB-2010 H

ELI: “Extreme Light Infrastructure”

Megalasers to pulse in several
new EU countries

As the world celebrates 50 years since the invention of the laser,
a European facility approaching exawatt power is expected to stimulate
new research areas and communities.

Lasers planned for the Extreme Light Infrastructure*

o W e M

0.1
5 1000
20 0.1
10 10
10 10
20 0.1

30
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Lu1s Rosé

Quan la llu
densa qu

“R
50e /@mversan del laser

Terawatt short-pulse lasers

“Table Top Terawatt” laser (T3)

XS mes
a matéria

Light bullets

4.

UPC Terrassa N
7 maig 2010 LAS FE

Cabells hunardagiP
»

Copy of transparencies from Prof. Luis Roso, Salamanca)

10e24 W/cm2

1SkY Sevum

. UB-2010 H

Same density
at

Modern CPA system

Amplifier
i !
% Grating pair
— Pulse compressar

62
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Grating pair.
Pulse swrencher

Evolution in time

| peak laser power

l GW First laser
_‘__ I_ - Mode locking 0,5TW
= | March 2003
nr::::ﬁm gl ! Q-Switching [ gaamanca
I:' Kw Second Laser
—_— — 20TW
Amplified l 1960 1970 1980 1980 2000 2010  Sept 2007

. o h
| -

"Table Top Terawatt” laser (T°)

Copy of
transparencies from
Prof. Luis Roso,
Salamanca)

Multi-Terawatt laser at Salamanca

Patawatt”,
| PW / big
B 12 S TW Chirped Pulse Lasers
Amplification

Salamanca

31
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icunibofi : 16 2 _ _
Atomic unit of intensity 3,4 1 /c High order harmonics
L As ST | N
1021 W /em? Intensity . mm—.
nucleus 3.4 x 10 W/em® j
e\ Electric field I
5.1 x 10° V/cm II |
._'“s*./ Interaction: n
electron electron-nucleus il 1
»
electron-laser
5 i |
= of same strength i . S
! 3|
1012
10611 Atom loses its meaning ' i h 4
beyond atomic unit of intensity ... plasma I =10 W/cm? can generate up to 20 keV photons
1010 9 P p

1077 W/em? : Nuclear effects

10" W/cm? : Relativistic effects: particle accleleration!! (beyond 100 TW)

10?6 W/cm? : unstable vacuum: virtual pair (electron-positron) creation !!

Copy of transparencies from Prof. Luis Roso, Salamanca)

- L
ettt Lasers. will b avaed long afies

Power beamfﬂQ@

anly bo have Laser pointers §

 laser beass trmaspon ene ny bo places that

Traslladat energia a llocs
llunyans o inaccessibles.

- Un petitet avio ha sigut propulsat des de terra!

- Elevador espacial

- Comunicacions inter-planetaries

- Captar energia dalt i enviar-la cap a la terra (o a l'inrevés)

32
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James Bond ...

Is az/nger' possible?

66
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50 aniv. Laser

The History of the

__» X=ray
L

Cold-war fever in
the 1980s...

Lockheed aerospace engineer Maxwell Hunter put forth the boldest plans—a
Ilppl of ‘l.j Y h aHIp stations, which he claimed could block
[Around year 1980]

33
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Lasers: Aplicacions cientifiques i tecniques

POTENCIA

Petita

A

Processat, i microprocessat, de materials: tall, soldadura, perforacié, marcatge,
tractaments de superficie, prototipat 3D (100 nm resol amb femtosecond 2-photon),
processat de plaques fotovoltaiques, ...

Espectacles lluminosos
Optica no lineal, per a diverses aplicacions (incloent la generacié de extrem UV -13.5 nm- per a

Mi t’a na dissenyar petites estruct. electroniques i extendre Moore’s law, informacié quantica,...)

Fotoquimica: estimulaci6 i control de reaccions quimiques (fins i tot unir atoms freds) ,
foto-dissociacio, foto-ionitzacio, ...

Biofotonica, aplicacions mediques

Control remot: LIDAR, control de I’'atmosfera

Arts grafiques, impressores, memdries (CD, DVD),... [Futur: projectors, imatges color]

Holografia, interferometria, Optica en general (futurs displays, projectors?)

Espectroscopia: analisi de materials, de contaminants, etc.

Atrapament i refredament d’atoms, condensacié de Bose-Einstein (BEC), quantum inform.

Comunicacions optiques; comunicacions quantiques (criptografia quantica, etc.)

Sensors: de preséncia, posicié, moviment. Gravadors DVD, lectors DVD i de codis, etc.
Metrologia: mesura de distancies, angles, relleus,... Velocitat llum, ones gravitacionals,
Optica integrada, integracié amb micro-electronica (computacio, etc.). Micro- i nano-lasers.

« Nanola - ! inf .

50 aniv. Laser

Applications of high-power lasers (Nd:YAG, CO,) in 68

MATERIALS PROCESSING [ UB-2010

Tt

photonics

e TECHNOLOGY FOCUS

improve optical switching

- Diffractive optical slements
simglify scanning systeens
* Business ing:
Developing your
business plan

Industrial
lasers in

Europe
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Figure 1 | Princigie of assr transmistion wikding of fea plastic components. The Lases bram passe
through the uppes plastic layer but i absorbed by the kower one, generating heat that fuses the two
commpanents tegethes, which than cool and hasder.

Nature Photonics, May 2009

Fw:‘n?ll: gl L y laser welding of parts using the Clearweld

:m-:u:: :M.’ Saotired s i to be foined. Flgure 4 | A hybrid system with an examgale
it haat ting L interface b e e b i

drdimbotes 2 i e e = ; application of an automotive tail Fight.

70
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50 aniv. Laser

A solid-state laser cutting a series of fine patterns
in a medical instrument,




Marking on PET bottles

a

A 30W CO; laser allows for sharp wall
definad marking aven on high-spead
production linas

{EYENCE

R —

From Keyence - 2010

I Laser Engraving on Implant Products

Precision engraving on crown bridges and various
shaped implants. The MD-F Series is capable of
marking ulisa small 2D codes as well

Human hair !

50 aniv. Laser
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| Laser Marking Test Report

KING TEST REPO

Marking 2D Barcodes on Engine Components
Using a High-Powered Fiber Laser

Direct part marking of automotive parts is quickly
shifting away from engraving to laser marking. In
this report, a 30-watt fiher laser is used to print 2D
barcodes on an engine block and crankshaft, The
report and its photos highlight laser marking's
advantages over conventional engraving methods.

ErE=

Keyence

. UB-2010 H
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Prototi

at

Figure 1 | Laser sintering in action. A laser beam melts a layer of metal pawder which then salidilies
By repeating the process a theee-dimensional past can be made

per sinteritzacio, etc.)

73

UB-2010 L

Figure 2 | Laser sintering and cars, a, Close-up of the laser-sintered prototype bumgper section for
the laguar X 1. The painted model was used to visualize the fit and finish of key components before

Nature Photonics, May 2009

Figure 3 | Prototype plate bender, used to contour
plates for spinal surgery, built by DePuy using a
laser-sintering system.

production. b, The laser-sintered plastic tool that assists operators working on the new Jaguar XK
production line to position window [ift mechanisms during assembly.

Digital light processing ([DLF) technology
used in concert with a laser-assisted
manufacturing, rapid-prototyping process
can speed dental and hearing aid implant
manufacture by varying the illumination
intensity (and corresponding cure depth)
pixel-by-pixel in the fabrication process.
(Courtesy of EnvisionTEC)

50 aniv. Laser
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Prototipat (per two-photon
induced polymerization)

Nature Photonics, May 2009

DOptical bweezers boost
direct-write nanolthography
Opt. Express 17, 3640-3650 (2009)
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Mitjana

Ky

POIENCIA ——>

Petita

N

UB-2010 L

Espectacles lluminosos

Optica no lineal, per a diverses aplicacions (incloent la generacié de extrem UV -13.5 nm- per a
dissenyar petites estruct. electroniques i extendre Moore’s law, informacié quantica,...)

Fotoquimica: estimulacié i control de reaccions quimiques (fins i tot unir atoms freds) ,
foto-dissociacio, foto-ionitzacio, ...

Biofotonica, aplicacions meédiques

Control remot: LIDAR, control de I’'atmosfera

Arts grafiques, impressores, memdries (CD, DVD),... [Futur: projectors, imatges color]

Holografia, interferometria, Optica en general (futurs displays, projectors?)

Espectroscopia: analisi de materials, de contaminants, etc.

Atrapament i refredament d’atoms, condensacié de Bose-Einstein (BEC), quantum inform.

Comunicacions optiques; comunicacions quantiques (criptografia quantica, etc.)

Sensors: de preséncia, posicio, moviment. Gravadors DVD, lectors DVD i de codis, etc.

Metrologia: mesura de distancies, angles, relleus,... Velocitat llum, ones gravitacionals,

Optica integrada, integracié amb micro-electronica (computacio, etc.). Micro- i nano-lasers.

Nanoli - ! inf .

50 aniv. Laser
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See the light

Artist Hiro Yamagata
linked science

with art at his
“Photon 999"
exhibition, where
multiple laser
systems immersed
theviewersina
moving-light show.

38



50 aniv. Laser LIDAR (measuring distances,

A FASOR used at the Starfire Optical Range for LIDAR
and laser guide star experiments is tuned to the sodium
D2a line and used to excite sodium atoms in the upper

atmosphere

Chet Gardner, Univ. of lllinois

Also on earth, mobile (with a
van), to measure air
pollution near a factory, etc.)

The lidar operating at
Davis with an aurora in
the background.
Photo: David Correll

controlling atmosphere pollution, etc.

n

UB-2010
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Applications in biology (biophotonics)
and medecine:

(En parlara el prof. David Artigas...)

. UB-2010 H
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Laser interferometry for gravitational wave observation:

LISA and LISA Pathfinder
FELIPE GUZMAN CERVANTES
NASA Goddard Space Flight Center
Greenbelt, Maryland, UNITED STATES

The Laser Interferometer Space Antenna (LISA) is a planned NASA-ESA gravitational wave
observatory in the frequency range of 0.1mHz-100mHz. This observation band is inaccessible to
ground-based detectors due to the large ground motions of the Earth.

Gravitational wave sources for LISA include galactic binaries, mergers of supermassive black-hole
binaries, extreme-mass-ratio inspirals, and possibly from as yet unimagined sources.

LISA is a constellation of three spacecraft separated by 5 million km in an equilateral triangle,
whose center follows the Earth in a heliocentric orbit with an orbital phase offset of 20 degrees.
Challenging technology is required to ensure pure geodetic trajectories of the six onboard test
masses, whose distance fluctuations will be measured by interspacecraft laser interferometers with
picometer accuracy.

50 aniv. Laser &

Lasers: Aplicacions cientifiques i tecniques

— vl UB-2010 H
N
Gran
=
QO Mitjana
&
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@
Q.
* Atrapament i refredament d’atoms, condensacié de Bose-Einstein (BEC), quantum inform.
Petita
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50 aniv. Laser Action over the aton’s center of mass. 81

ml % S | UB-2010

e Radiation pressure: = “OPTICAL MOLASSES”
Forces over an object
(atom,...), from an
electromagnetic wave : e Dipolar (if A>>a) or momentum-exchange (if 1<<a)

= “OPTICAL TWEEZERS”

means of two
different mechanisms, First, si
beams {red) cool atoms, initial

ingle
known as a Bose-Einstein condensate.

E.A.Grnedl, C.E. Wieman : Sei.Am. (March 4498),p. 2¢

41
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S0 aniv. Laser First achievement of BEC (Bose-Einstein condensation)

— vl . "UB-2010

T

W
SRt N e

LU
S

o Fmderzen, Encher, Matthens, Wieman, brnelly Seience 269, 499204 (4015)

50 aniv. Laser 8

- . UB-2010 H
bt Optical tweezers

b) (General Mie regime): A << a . The gradient forces is dominated by the momentum
reaction to the light deviation by refraction inside the sphere (if it is transparent), on the
walls: “Momentum—exchange” force. (Many applications in biology)

(b)

Ray-optics and linear-momentum
explanation:

When the bead is displaced from the
beam center, as in (a), the larger
momentum change of the more intense
rays cause a net force to be applied
back toward the center of the trap.
When the bead is laterally centered on
the beam, as in (b), the net force points
toward the beam waist.
(www.wikipedia.org)

F,

laser light in

42
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Optical lattices created with optical tweezers

Optical lattices allow us to study
entanglement between atoms

Lasers: Aplicacions cientifiques i tecniques

86
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7/

* Comunicacions optiques; comunicacions quantiques (criptografia quantica, etc.)
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OPTICAL FIBRES

OPTICAL
FIBERS

UB-2010
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;

— = Ei

3

N — re

) — = = '."_

- ™

NA =sin 6,

V = (27al2,)-NA =
“Fiber parameter”

50 aniv. Laser &
— vl UB-2010 H

Jeffrey Tseng/Intel

the eye).

Light Peak module closa-up with
laser light added for iustration
(actual infrared light Is Invisible to
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[{ L) (Il]): QUANTUM CRYPTOGRAPHY
Quantum measurement) (Ill): Q OG. " UB-2010
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* . WITH PHOTONS
) o i

4

90
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Cryptography based on chaos...

404 I 1 1 1 L L I I 1

LFF:(12GHz resolution) High-dimensionality chaos generated by a
LFF {1 GHz resolution)

semiconductor laser with feedback

Ingo Fisher et al, IFISC, 2010

time / ps

J. Garcia-Ojalvo and R. Roy, Phys. Rev. Lett. 86, 5204 (2001).
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Lasers: Aplicacions cientifiques i tecniques
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Petita « Sensors: de preséncia, posicié, moviment. Gravadors DVD, lectors DVD i de codis, etc.
* Metrologia: mesura de distancies, angles, relleus,... Velocitat llum, ones gravitacionals,
« Optica integrada, integracié amb micro-electronica (computacio, etc.). Micro- i nano-lasers.

» Nanolasers i sinale-atom lasers per a informacié quantica. ...

P N Some EXAMPLES of combinations ot 92
50 aniv. Laser hot ” hotodetect
o+
I I one pnotoemitter + one pnotoaetector " UB-2010

.Diameter or gap measurements by “light curtain” (gaging, laser micrometer)
Need a scanning system, and/or a CCD detector. \

Distance meter in the transverse direction:

m

| oR| s e

g |

Ll

www.keyence.com

T

_ n
| 8 :-_%

2|,

_///"

Vetle

J

Several types

of small devices, for different pourposes

www.keyence.com Laser micrometer (for gaging)
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Some EXAMPLES of combinations or

one photoemitter + one photodetector

94

. UB-2010 H
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Distance meter in the transverse direction:

-LASER DOPPLER VELOCIMETRY (OR ANEMOMETRY)

For measuring velocities of particles in suspension in a fluid,
moving in transverse direction

Fringes %
Figure {0. Two laser beams crossing. ‘ !
Detecting '
Scattered light l I
f
T1°F>»
il

_..n""d"r‘r

WA%

Figure 11 Doppler burst (Doppler signall
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Some EXAMPLES of combinations or

one photoemitter + one photodetector

YENCE

November 2009

Measuring distances in Z (longitudinal) direction, by TRIANGULATION ( 7D)

Triangulation (1D)

Triangulation (2D)

www. keyencev com

95
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I M. ml
.

TRIANGULATION (1D)

o =

Measuting height of an
suspemion vehicle

d
5

Mesuring ihe suriace funod of & Ryahes

.}

CheChIg T RIS BEEWRCY
‘of N auio

o moasummes

Checking veracie height

Moususrg & valvg skoke

Seakant boad halght. whsth el

UR-2010

«©
=

==

Datacting the runeat of a HOD
>

- = &

Mlatseriey; copimnarty af & pins Matnasing e vieration ef & mete shatt Masenureing runcut o & polygon mimor
on & connmr

Distecting S posticn of Pt sesl shats Miaapuring tha prosile of  chip

Dietecing double-ted sin plates

.k 3
TRIANGULATION (2D) AL RCG LIt
Poaition teadback i an auomaed Moassng Be iy hesgiliwiah e haight M rement
g (e lion

ot variapping ntar ol ot and a bode
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| OPTICAL IMAGING PROFILER
A : (3D):

! | | confocal

il ! +

interferometer (PSI+VSI)

www.sensofar.com

Confocal + Interferometer (3D)

Micro-optics: array af glass microlenses

Semiconductors: SiO, structure on Si substrate -
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plida " UB-2010 |
No sols a curtes distancies:

- Arquitectes:

Estudi sobre la Sagrada Familia
J. Regot et al., 2006
(Escola d’Arquitectura, Univ. de Barcelona)
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Lasers: Aplicacions cientifiques i tecniques

— w1 UB-2010 H
N
Gran
=
QO Mitjana
&
I~
8
Q.
Petita
* Optica integrada, integracié amb micro-electronica (computacio, etc.). Micro- i nano-lasers.

100

Photonic circuits: the dream........ ;i |

50 aniv. Laser

— w1

« These optical circuits should provide active functions for all-optical informatjon processing.
» These ogtical circuits should ge able to perfectlly control the /l))ropagation orl theplight 9

Tunable filters, amplification, RO Sy

frequency conversion......

http://ab-initio.mit.edu/photons/micropolis. htmi
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e KET: Key Enabling Technologies, for the EU R

The European Union (EU) has defined, in 2010, several
“Key Enabling Technologies” (KET)
for sustainable European industry:

sitemap | Search | About this site | Contact | Legal notice
European Commission

Enterprise and Industry

Furopean prise Industry > Sectors > ... > Information and com
technnlogies > Key enabling rechnologies

dranced zom ¥]=EXD -

I Information and communication technologies

Key Enabling Technologies

W/ Information and A significant part of future goods and services are as yet unknown, but
(S 2 ) the main driving force behind their development will be Key Enabling
technologies

Technologies (KETs), such as nanatechnology, micro- and

gy and p ics. ing these gies means
being at the forefront of managing the shift to a low carbon, knowledge-
based economy. They play an important role in the R&D, innovation and
cluster strategles of many industries and are regarded as crucial o
ensure the competitiveness of Eurcpean industries in the knowledge
economy.

sed i

d research and

cities in some key enabling technology areas, it has not been as
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Millora eficiéncies, en tots tipus de lasers i aplicacions
Micro- i nano-lasers: sensors, integracio electronica-

fotonica, computacio, comunicacions

Imatge, projeccio

Comunicacions a l'espai, a molt llarga distancia
"Power beaming”

Fusio nuclear controlada?

teleportacio, ...)

Més progrés en biofotonica (aplics. en biologia i medicina)

Informacio quantica? (criptografia, simulacio, computacio,

En parlarem, si és possible, en el 100 aniversari del laser...
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