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GENERAL	
  INFO	
  

The	
  course	
  has	
  three	
  main	
  themes:	
  
1.  To	
  recall	
  and	
  review	
  the	
  main	
  basic	
  mechanisms	
  ruling	
  the	
  operaHon	
  of	
  a	
  laser:	
  

Ø  Light/ma+er	
  interacHon	
  in	
  classical	
  terms;	
  
Ø  A	
  few	
  concepts	
  of	
  quantum	
  mechanics	
  (QM)	
  and	
  the	
  semiclassical	
  

approach;	
  
Ø  Processes	
  which	
  can	
  be	
  explained	
  only	
  by	
  using	
  QM	
  

	
  
2.  To	
  briefly	
  review	
  different	
  types	
  of	
  laser	
  systems	
  and	
  their	
  main	
  features:	
  

Ø  Pumping	
  methods	
  (opHcal,	
  electronics);	
  
Ø  OpHcal	
  caviHes;	
  
Ø  Specific	
  applicaHons	
  for	
  specific	
  laser	
  systems	
  

	
  
3.	
   	
  To	
  discuss	
  applicaHons	
  where	
  the	
  properHes	
  of	
  laser	
  light	
  play	
  a	
  crucial	
  role:	
  

Ø  Metrology,	
  microscopy,	
  nanoscopy;	
  
Ø  Other	
  applicaHons	
  of	
  interest	
  to	
  you	
  (to	
  be	
  decided	
  with	
  you!)	
  	
  	
  

Practical info: foreseen duration 20-24 hours (3* cfu) 
Final test: short written test + (possibly) a very short presentation 
More and duly updated info on: http://www.df.unipi.it/~fuso/dida 
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3	
  

OUTLOOK	
  OF	
  THIS	
  LECTURE	
  

	
  
-­‐	
  What	
  a	
  laser	
  is:	
  

	
  the	
  main	
  astonishing	
  features	
  of	
  a	
  laser	
  and	
  their	
  common	
  understanding	
  
	
  
-­‐ 	
  When	
  the	
  laser	
  has	
  been	
  conceived:	
  

some	
  historical	
  remarks	
  and	
  the	
  growth	
  of	
  applicaHons	
  
	
  

-­‐	
  Why	
  the	
  laser	
  is	
  so	
  unique	
  (first	
  steps	
  to	
  the	
  answer):	
  
what	
  makes	
  the	
  laser	
  light	
  so	
  a+racHve	
  and	
  useful	
  
	
  

-­‐	
  How	
  to	
  describe	
  light,	
  ma+er	
  and	
  their	
  interacHon:	
  
	
  just	
  a	
  few	
  anHcipaHons	
  of	
  what	
  will	
  be	
  more	
  widely	
  treated	
  in	
  the	
  next	
  lectures	
  

	
  

(Unfortunately)	
  the	
  topic	
  requires	
  a	
  few	
  	
  
quantum	
  mechanics	
  (QM)	
  

	
  
The	
  needed	
  QM	
  concepts	
  will	
  be	
  briefly	
  introduced	
  

in	
  the	
  next	
  lectures	
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NOMINA	
  SUNT	
  IN	
  REBUS	
  

L.	
  :	
  light	
  
A.:	
  amplifier	
  
S.:	
  sHmulated	
  
E.:	
  emission	
  
R.:	
  radiaHon	
  

Light	
  and	
  RadiaHon	
  are	
  obviously	
  involved	
  in	
  lasers	
  

SImulated	
  emission	
  (what	
  is	
  that?)	
  is	
  	
  a	
  key	
  ingredient	
  
	
  

(this	
  requires	
  QM	
  to	
  be	
  understood)	
  

LASERs	
  derive	
  from	
  MASERs	
  (M	
  stands	
  for	
  Microwave,	
  at	
  present	
  masers	
  are	
  no	
  
longer	
  invesHgated,	
  at	
  least	
  they	
  are	
  invesHgated	
  and	
  used	
  much	
  less	
  than	
  lasers)	
  

Careful, however! Laser is an oscillator, rather than an amplifier  
(nonetheless, amplification of light obtained with stimulated emission processes is  
another ket ingredient) 
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HISTORICAL	
  REMARKS	
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SCIENCE	
  AND	
  TECHNOLOGY	
  

Since the first invention, lasers have been greatly developed and diffusion of lasers 
is now exceptionally wide (maybe, comparable or even more than mobile phones) 
 
Development has been driven by technological refinements (no, or very few, major 
revolutions) and, quite often, by the quest  for new applications 
 
However, not all promises have been satisfied (e.g., laser sources at any 
wavelength, use of laser for mass applications like lighting,…) and in some cases 
quality  has not advanced alot (see, e.g., the diode laser) 

Anyway, at the beginning laser was claimed to be 
“A solution without a problem” 

 
But now it appears as 

“The solution for many problems”  
(both basics and applicative) 
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Strict	
  and	
  complex	
  interplay	
  between	
  fundamental	
  and	
  applicaHve	
  research	
  issues	
  
For	
  instance,	
  let’s	
  have	
  a	
  look	
  at	
  the	
  list	
  of	
  Nobel	
  Prizes	
  in	
  Physics	
  (last	
  ~15	
  yrs)	
  

LASER	
  AND	
  FUNDAMENTAL	
  RESEARCH	
  

Laser cooling 

Etherostructures and diode laser 

Laser manipulation of the matter and BEC 

Quantum optics and laser combs 

(Identification of 
graphene by laser 
(Raman) spectroscopy) 

Photonics and TLC 

Laser spectroscopy and manipulation of single atoms 
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MY	
  OWN	
  FIRST	
  GENERAL	
  UNDERSTANDING	
  OF	
  LASER	
  

OHI	
  OHI	
  

ZZZZZ	
  
CLACK	
  CLACK	
  

FRIZZ	
  FRIZZ	
  
BRUC	
  BRUC	
  

Goldfinger	
  1962	
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ZZZZZ	
  
CLACK	
  CLACK	
  

“Power” (e.g., power to 
cut a thick steel plate) is 
indeed one of the main 
concepts coming to the 
mind when speaking of 
lasers  
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NO	
  COMMENT	
  

Death	
  rays,	
  laser	
  swords,	
  stellar	
  
lasers,	
  have	
  been	
  menHoned	
  in	
  the	
  
society	
  and	
  in	
  the	
  ficHon	
  for	
  many	
  
years…	
  

9	
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THE	
  PETAWATT	
  FRONTIER	
  …	
  

1 PW = 1018 W !! 
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…	
  AND	
  ABOVE	
  

POTENZA�OLTRE�IL�PETAWATT…

Nota (laser impulsati):

Potenza = Energia/Durata

I t ità P t /AIntensità = Potenza/Area

Esempio: 
Impulsi da 100fs, potenza media 1W
Æ Potenza di picco 1013W

Focalizzato su area 0.1mm2

Æ Intensità 1016W/cm2

13Laser a.a. 2010/11 – http://www.df.unipi.it/~fuso/dida - Parte 1 - Versione 3 

Powerful lasers needed for specific tasks 
(in big collaborations) 

Note: what is typically needed in many 
applications is a high intensity, i.e.,  
power over irradiated area 
 
Example: 
100fs pulses with average power 1W 
à  Peak power 1013W 
 
When focused onto a 0.1mm2 area 
à Peak intensity 1016W/cm2 !! 
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POWER	
  OFTEN	
  REQUIRED…	
  …MA�COMUNQUE�UTILE

Laser marking and engraving

Laser cutting  and welding

Laser therapy

15Laser a.a. 2010/11 – http://www.df.unipi.it/~fuso/dida - Parte 1 - Versione 3 Laser a.a. 2012/13 – http://www.df.unipi.it/~fuso/dida - Part 1 - Version 4  
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…	
  BUT	
  NOT	
  ALWAYS	
  NEEDED	
  

Laser scanners 

LIDAR Laser profilometer 

Laser spectrometer 
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APPLICAZIONI�SU�LARGA�SCALA�(ANNI�‘90ͲOGGI)

Laser printing

TLCTLC

16Laser a.a. 2010/11 – http://www.df.unipi.it/~fuso/dida - Parte 1 - Versione 3 

LARGE	
  SCALE	
  APPLICATIONS	
  (LAST	
  TWO	
  DECADES)	
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APPLICAZIONI�SU�LARGA�SCALA�(ANNI�‘90ͲOGGI)

Enorme�sviluppo�e�diffusione�del�laser�(a�diodo)�dagli�anni�‘80�in�poipp ( ) g p
legata�soprattutto�a�optical�storage�

17Laser a.a. 2010/11 – http://www.df.unipi.it/~fuso/dida - Parte 1 - Versione 3 

THE	
  BIG	
  BANG	
  OF	
  LASER	
  DIFFUSION	
  

Development of CD readers (later on, CD and DVD readers/writers) 
pushed the diffusion of lasers into the consumer market 
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STILL	
  (2012)	
  A	
  GROWING	
  MARKET	
  

While the tremendous diffusion of lasers 
has experienced a slow-down (weaker 
data storage market + crisis), forecasts 
are still optimistic 

Specialized laser products (e.g., lasers for 
lithography and material processing) are 
high added value items 
(relatively few sold, but relatively expensive) 

Strong market à strong R&D 
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WHAT	
  A	
  LASER	
  IS?	
  

(UnconvenHonal)	
  source	
  of	
  e.m.	
  radiaHon	
  (light):	
  
ü  	
  brilliant	
  
ü  	
  well	
  colored	
  
ü  	
  well	
  collimated	
  

The	
  laser	
  produces	
  coherent	
  light	
  

We	
  will	
  restrict	
  to	
  wavelength	
  range:	
  
Minimum	
  l =157	
  nm	
  (excimer	
  laser	
  
for	
  lithography	
  applicaHons)	
  
Maximum	
  l =10.6	
  mm	
  (CO2	
  laser	
  for,	
  
e.g.,	
  material	
  treatment	
  

Nota:	
  coherent	
  sources	
  do	
  exist,	
  or	
  are	
  
strongly	
  searched,	
  able	
  to	
  operate	
  in	
  
other	
  regions	
  of	
  the	
  spectrum,	
  e.g.,	
  X-­‐ray,	
  
e.g.,	
  millimiter	
  waves	
  (THz)	
  

IR-­‐MW	
   radio	
  UV	
  X-­‐rays	
  g (HEP)	



17	
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LASER	
  AS	
  A	
  SON	
  OF	
  THE	
  XX	
  CENTURY	
  

RELATIVITY 

QUANTUM MECHANICS 
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A	
  STEP	
  BACK:	
  MAXWELL	
  AND	
  WAVES	
  

E.m.	
  wave	
  is	
  a	
  a	
  spaHal	
  and	
  temporal	
  varying	
  perturbaHon	
  of	
  the	
  electric	
  and	
  magneHc	
  fields	
  

In	
  diele+rico	
  omogeneo	
  e	
  isotropo	
  

Wave	
  equaHons	
  

19	
  

ONDE�ELETTROMAGNETICHE
Approccio�ondulatorio�(classico,�Maxwell):�
onda�e.m.�è�perturbazione�dipendente�da�r�e�t�di�campo�elettrico�e�magnetico�“accoppiati”

In�dielettrico�omogeneo�e�isotropo

Equazione�delle�ondeEquazione�delle�ondeqq

J = 0 (nel vuoto!)

� � � � EEE
&&&

2����� u�u�
U = 0 (nel vuoto!)U = 0 (nel vuoto!)
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Maxwell eqs 
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Equazione�delle�ondeEquazione�delle�ondeqq
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� � � � EEE
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PLANE	
  WAVES	
  

One	
  possible	
  soluHon	
  of	
  the	
  wave	
  equaHons	
  is	
  represented	
  by	
  plane	
  waves	
  (harmonic,	
  
monochromaHc,	
  linearly	
  polarized,	
  in	
  this	
  case):	
  	
  

Note:	
  the	
  representaHon	
  is	
  in	
  the	
  complex	
  plane,	
  but	
  
effects	
  are	
  linked	
  to	
  the	
  real-­‐part!! 	
  

k	
  :	
  wavevector	
  
w : (angular)	
  frequency	
  	


E0,	
  B0	
  :	
  field	
  amplitude	
  (with	
  E0	
  =	
  B0w/k)	
  
e,	
  b	
  :	
  field	
  direcHons	
  (e:	
  polarizaHon)	
  

Plane	
  wave	
  propagaHng	
  along	
  the	
  
posiHve	
  Y	
  direcHon:	
  

Wave	
  fronts	
  (surfaces	
  where	
  E(t)	
  is	
  uniform)	
  are	
  planes	
  orthogonal	
  to	
  k	
  
PropagaHon:	
  in	
  pracHce,	
  the	
  wave	
  front	
  move	
  with	
  vfase=w/k	
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ONDE�PIANE

U l i d ll’ d ll d è t t d d i

( )
0 ˆ( , ) i k r tE r t E e eZ I� � 

& &
�

& &

Una�soluzione�dell’eq.�delle�onde�è�rappresentata�da�onde�piane:�

k�:�vettore�d’onda0

( )
0

( , )
ˆ( , )

ˆ ˆˆ

i k r tB r t B e b

k b

Z I� � 
& &
�

& & Z���pulsazione�
E0,�B0 :�ampiezze�dei�campi�(con�E0 =�B0Z/k)
e,�b�:�direzioni�dei�campi�(polarizzazione)

ˆk e b u
NotaNota:�la�rappresentazione�è�complessa,�ma�per�gli�
“effetti�fisici”�conta�la�parte�reale!

Onda�piana�che�si�propaga�lungo�X�
(positivo)�essendo�polarizzata�
linearmente�lungo�Y

( )
0

( )

ˆ( , ) i kx t

i k t

E x t E e yZ I

I

� � 
&

&
( )

0 ˆ( , ) i kx tB x t B e zZ I� � 
Fronti�d’onda:�luogo�dei�punti�in�cui�E(t)�è�uniforme:�sono�piani�trasversali�a�k
Propagazione:�fronti�d’onda�“si�muovono”�con�vfase=Z/k
Propagazione:�vettore�di�Poynting ha�direzione�e�verso�di�k
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
E(r ,t) = E0e

i(

k i
r−ωt+φ )ê


B(r ,t) = B0e

i(

k i
r−ωt+φ )b̂

k̂ = ê× b̂



POYNTING	
  VECTOR	
  AND	
  INTENSITY	
  

The	
  Hme-­‐averaged	
  (over	
  a	
  period)	
  module	
  of	
  S	
  indicates	
  the	
  flow	
  of	
  energy	
  per	
  unit	
  
Hme	
  transported	
  by	
  the	
  wave	
  along	
  the	
  propagaHon	
  direcHon	
  
One	
  gets:	
  
	
  
<|S|>	
  =	
  c	
  ε0	
  E02/2	
  
	
  
That	
  corresponds	
  to	
  the	
  so-­‐called	
  intensity	
  of	
  the	
  e.m.	
  wave	
  (units	
  are	
  W/m2)	
  

21	
  

S = E x B/µ0 

Poynting vector (in a vacuum): 

But, for a plane wave (due to Maxwell): 
 
B = k x E à B = E/c  (in a vacuum) 
 
Hence: 
 
S = E2/(cµ0) = cε0 E2 

According to the Poynting’s theorem, 
the flux of S across a surface 
represents the energy per unit time 
crossing that surface  
 
The Poynting vector is parallel to k 
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DEFINITIONS	
  AND	
  RELATIONSHIPS	
  

Per	
  Maxwell!!	
  

λ : wavelength	
  (distance	
  between	
  two	
  adjacent	
  wavefronts)	
  
T : period	
  of	
  Hme	
  needed	
  to	
  a	
  wavefront	
  in	
  order	
  to	
  displace	
  by	
  l	



In	
  the	
  visible	
  (and	
  vacuum):	
  
λ~	
  350-­‐750	
  nm	
  

	
  
ν ~	
  1014-­‐1015	
  Hz	



vfase=	
  c/n	
  
	
  
n	
  :	
  index	
  of	
  refracHon	
  (real	
  part	
  –	
  
we’ll	
  see	
  more	
  on	
  that!)	
  
	
  
n	
  =	
  √εR	
  	
  (with	
  εR	
  real)	
  
	
  
(for	
  the	
  typical	
  situaHons	
  in	
  opHcs,	
  
one	
  has	
  µR=1)	
  

22	
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A	
  FEW	
  UNIQUE	
  FEATURES	
  OF	
  LASER	
  LIGHT	
  

What coherence is??  
(first glance, we’ll come back on that) 

CONVENTIONAL LIGHT 
(e.g., bulb lamp) 

LASER LIGHT 

Weakly directional 
Non monochromatic 
Non coherent 
Low power 

Highly directional 
Ideally monochromatic 
Coherent 
High power possible 
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PLANE	
  WAVES	
  AND	
  LASERS	
  


E(x,t) = E0e

i (kx−ωt+φ ) ŷ

WavefuncHon:	
  	
  
plane:	
  wavefront	
  (well	
  fit	
  with	
  good	
  lasers)	
  
harmonic:	
  periodical	
  oscillaHons	
  (ok	
  for	
  any	
  source)	
  
progressive:	
  propagates	
  energy	
  (ok	
  for	
  any	
  source)	
  
monochromaHc:	
  single	
  color	
  (as	
  in	
  ideal	
  lasers)	
  

The	
  descripHon	
  of	
  laser	
  light	
  through	
  plane	
  waves	
  is	
  rather	
  accurate:	
  
ü  MonochromaHcity	
  (it	
  cannot	
  be	
  fully	
  monochromaHc,	
  but	
  in	
  case	
  Fourier	
  

analysis	
  can	
  be	
  used)	
  
ü  Perfect	
  collimaHon	
  (it	
  cannot	
  be	
  fully	
  collimated,	
  that	
  is	
  the	
  wavevector	
  

cannot	
  be	
  aligned	
  along	
  one	
  axis,	
  but	
  lasers	
  can	
  approximate	
  well	
  such	
  a	
  
situaHon)	
  

	
  
But	
  indefinite	
  wavefronts	
  (i.e.,	
  infinite	
  waveplanes)	
  are	
  for	
  sure	
  not	
  realisHc!	
  

24	
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WAVEPACKETS	
  

with 

Uncertainty principle (Heisenberg, or mathematics of Fourier trasnform) says: 
1
2

tωΔ Δ ≥1
2

x kΔ Δ ≥

A wavepacket is localized in time and space  
(as it should be because of Heisenberg) 

A wavepacket is obtained by superposing 
(many) waves with different frequencies 

(coherent each other, we’ll see the meaning) 
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INTERFERENCE	
  I	
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INTERFERENZA�II
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INTERFERENCE	
  II	
  

ONDE�PIANE�E�LASER

( )
0 ˆ( ) i kx tE x t E e yZ I� � 

&
Onda
piana:�fronte�d’onda
armonica: oscillazione periodica0( , )E x t E e y armonica:�oscillazione�periodica
progressiva:�moto�fronti�d’onda
monocromatica:�una�sola�frequenza

h l d ll l l

Matematica delle f.ni d’onda “semplice” se si usano le 
“formule di Eulero” (nota: i campi sono sempre reali, ma 
le funzioni d’onda si considerano complesse)

Caratteristiche�generali�della�luce�laser:�
9 Monocromaticità:�un�solo�colore�(o�quasi,�ma�sempre�possibile�usare�Fourier…)
9 Direzionalità:�c’è�un�solo�k
9 I t ità di d d E9 Intensità:�dipende�da�E0
9 Coerenza temporale�e�spaziale:

Onda�piana�armonica�progressiva�monocromatica�è�“adeguata”�a�descrivere�luce�laser,�
almeno�nel�caso�di�fasci�collimati�(non�focalizzati)

NotaNota: vero solo per situazioni ideali ad esempio non esistono fronti d’onda piani indefiniti!NotaNota:�vero�solo�per�situazioni�ideali,�ad�esempio�non�esistono�fronti�d onda�piani�indefiniti!
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Remember: 
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COHERENCE	
  I	
  

Spectral coherence 

1
2

tωΔ Δ ≥

Coherence makes possible to obtain a wavepacket, by ensuring a 
constant relationship between the phase of the added waves 
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COHERENCE	
  II	
  

Temporal coherence 

Somewhere (at a fixed position) a constant relationship between 
the phase of different waves is found 
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COERENZA	
  III	
  

Spatial coherence 
(examples) 

In two different places at any time a relationship 
between the phase is found 

Coherence will be better understood when looking 
more closely to interference and related phenomena 
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CONCLUSIONS	
  

	
  
Laser	
  is	
  a	
  source	
  of	
  radiaHon	
  with	
  unconvenHonal	
  (unique)	
  features	
  
	
  
A	
  huge	
  amount	
  of	
  applicaHons	
  has	
  been	
  found	
  and	
  a	
  huge	
  amount	
  of	
  research	
  
has	
  been	
  carried	
  out	
  with/on	
  lasers	
  (sHll	
  growing	
  up)	
  
	
  
ElectromagneHc	
  waves	
  of	
  the	
  simplest	
  form,	
  i.e.,	
  plane	
  waves,	
  are	
  adequate	
  
for	
  a	
  classical	
  descripHon	
  of	
  laser	
  light	
  (with	
  some	
  restricHon)	
  
	
  
By	
  itself,	
  the	
  classical	
  descripHon	
  is	
  not	
  enough	
  to	
  understand	
  either	
  the	
  laser	
  
operaHon	
  or	
  its	
  unique	
  properHes	
  
	
  
Being	
  a	
  son	
  of	
  the	
  XX	
  century,	
  the	
  laser	
  requires	
  for	
  its	
  interpretaHon	
  some	
  
quantum	
  mechanics	
  (very	
  basic)	
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