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OUTLOOK	  

	  
-‐  	  We	  have	  seen	  that	  a	  quantum	  system	  can	  provide	  with	  amplificaKon	  if	  populaKon	  is	  inverted	  

-‐  	  We	  have	  seen	  as	  well	  that	  inversion	  of	  populaKon	  cannot	  be	  achieved	  in	  a	  “closed”	  two	  level	  
system	  

-‐ 	  The	  problem	  is	  now	  to	  find	  suitable	  methods	  to	  get	  inversion	  of	  populaKon	  	  
	  pumping	  	  as	  a	  mean	  to	  couple	  with	  external	  energy	  and	  obtain	  inverted	  populaKon	  
	  rate	  equaKons	  with	  pumping	  included	  
	  example	  of	  master	  equaKons	  for	  a	  pumped	  three	  level	  system	  
	  prac%cal	  methods	  to	  achieve	  pumping	  and	  kinds	  of	  lasers	  (classified	  according	  to	  
pumping	  methods)	  

Main	  objecKve:	  to	  show	  how	  inversion	  of	  populaKon	  can	  be	  achieved	  and	  the	  
light	  amplificaKon	  exploited	  

	  
AddiKonal	  objecKve:	  to	  start	  playing	  with	  different	  classes	  of	  pracKcal	  laser	  

systems	  and	  their	  main	  features	  
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The	  system	  must	  be	  driven	  out	  of	  equilibrium	  in	  order	  to	  have	  inversion	  of	  populaKon	  
à	  this	  is	  called	  PUMPING	  	  
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Added	  to	  the	  rate	  equaKon	  system:	  	  
Ø 	  Pumping	  rate	  P	  (assumed	  as	  constant)	  
Ø 	  Photon	  loss	  rate	  Γ	  

AssumpKons	  (already	  seen):	  	  
• 	  g1	  =	  g2	  à	  B12	  =	  B21	  =	  B	  (abs/sKm	  em)	  
• 	  γ1 = γ2 = γ    (relaxaKon	  rate)	

• 	  A21	  =	  A	  (spont	  em)	  

Here	  introduced:	  	  
Ø 	  F	  :	  photon	  density	  in	  the	  medium	  à	  uν	  =	  Fhν	  

EXTERNAL	  PUMPING	  IN	  A	  TWO	  LEVEL	  SYSTEM	  

3	  

The mathematical treatment of a two level system 
with pumping is similar to what previously seen 
(but for some minor differences) 

Note; the photon loss rate is explicitly mentioned as a 
separate process (also relaxation and spontaneous 
emission are losses for the photons in the medium) 
because photons must be extracted from the medium in 
order for the laser radiation to be useful! (we’ll see more) 
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Pumping, if larger than some 
threshold, can effectively lead to ΔN>0	  

  
dF
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= 0 ↔ΔNstaz = ΔNthr =
Γ
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ΔNstaz =

P + γΔN 0 − 2AN2

2BFhν + γ


P −γ N1 − 2AN2

2BFhν + γ

Pumping	  can	  lead	  to	  inversion	  of	  populaKon:	  

The density of photons gets stationary 
(constant) when the population is 
inverted 

Density	  of	  photons	  (i.e.,	  e.m.	  energy):	  

0
1N NΔ ≈ −

RATE	  EQUATIONS	  WITH	  (CONSTANT)	  PUMPING	  

4	  

Note: valid only in 
the presence of P 

Laser	  a.a.	  2012/13	  –	  h,p://www.df.unipi.it/~fuso/dida	  -‐	  Part	  5	  -‐	  Version	  4	  	  



Simplified	  analysis	  of	  the	  transient	  leading	  to	  staKonary	  condiKons:	  
1.  At	  the	  beginning	  there	  are	  no	  photons	  in	  the	  medium	  à	  F	  =	  0	  e	  ΔN	  =	  ΔN0	  (@	  t=0)	  
2.  In	  a	  short	  Kme,	  pumping	  makes	  	  ΔN	  	  to	  get	  posiKve	  

	  à	  F	  increases	  up	  to	  the	  staKonary	  state	  
	  à	  ΔN	  increases	  as	  well	  up	  to	  the	  staKonary	  (threshold)	  value	  	  

t	  

ΔNthr	


ΔN	


In	  a	  very	  short	  Kme	  (depending	  on	  lifeKmes	  and	  resonator	  properKes,	  as	  we	  will	  see)	  
staKonary	  condiKons	  are	  reached	  	  (in	  1-‐100	  ns,	  typ.)	  

BEHAVIOR	  AT	  THRESHOLD	  

5	  

t	  

Fstaz	


F	
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The presence of a threshold is a well common phenomenon in laser operation 
As we have seen, below threshold losses are not compensated by the gain (amplification) 
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MULTILEVEL	  SYSTEMS	  
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The easiest and usually more effective way to get pumping entails use of resonant radiation  
In a two level system such a kind of optical pumping is not feasible (despite of the mathematics above) : 
1.  in practice, we would need a laser to create a laser (which is, indeed, often the case)  
2.  more importantly, we will have few chances to distinguish between the pumping radiation and the 

amplified radiation (the one we expect produced by our laser)  

More levels are needed, as, for instance: 

e.g., fast (generally 
non radiative) decay 

e.g., long lived 
(metastable) state 

LASER EMISSION 
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PUMP	  

LASER	  

OpKcal	  pump	  at	  νP	  =	  (E3-‐E1)/h	  à	  level	  E3	  is	  populated	  
A32	  >>	  A21	   	  à	  populaKon	  is	  rapidly	  transferred	  to	  E2	  

	   	  à	  N2	  >	  N1	  	  (inversion	  and	  lasing	  at	  νL	  =	  (E2-‐E1)/h	  

More	  than	  two	  level	  are	  needed	  in	  most	  pracKcal	  realizaKons	  of	  lasers	  

Fast	  transi%ons,	  typically	  non	  radia%ve	  (e.g.,	  collisions)	  

OPTICAL	  PUMPING	  IN	  A	  THREE	  LEVEL	  SYSTEM	  

7	  

EXAMPLE: 

Key requirement 

Boring mathematics… 
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Pumping	  rate	  (here	  denoted	  as	  R)	  

Popula1on	  inversion	  between	  levels	  2	  and	  1	  @	  steady	  state	  

Steady	  state	  solu1ons	  

8	  

Note that, since A32	  >>	  A21, the 
condition of inversion of population 
(N2>N1) can be easily reached	    

MASTER	  EQUATIONS	  FOR	  THREE	  LEVEL	  SYSTEM	  I	  



e.m.	  intensity	  in	  the	  ac1ve	  
(pumped)	  medium	  

The	  gain	  	  G,	  here	  introduced	  for	  the	  first	  Kme,	  is	  an	  
important	  parameter	  for	  laser	  operaKon	  (only	  at	  
sufficiently	  large	  gains	  the	  losses	  are	  overcome	  by	  
the	  addiKonal	  photon	  stemming	  from	  amplificaKon)	  

Gain	  of	  the	  ac1ve	  (pumped)	  medium	  
(defined	  as	  the	  ra1o	  between	  the	  e.m.	  
intensity	  at	  the	  “end”	  and	  at	  the	  
“beginning”	  of	  the	  ac1ve	  medium)	  
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MASTER	  EQUATIONS	  FOR	  THREE	  LEVEL	  SYSTEM	  II	  

We’ll	  see	  more	  on	  the	  “lineshape”	  in	  the	  following	  



GAIN	  IN	  THE	  THREE	  LEVEL	  SYSTEM	  	  

At	  rela%vely	  low	  incoming	  intensity,	  the	  gain	  grows	  exponen%ally	  with	  
the	  posi%on	  along	  the	  axis	  of	  the	  medium	  -‐-‐>	  huge	  gain	  possible!	  
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The mathematics suggests that, depending on the 
ratio between I0 (the e.m. intensity “at the 
beginning” of the active medium) and Icrit (similar 
to the saturation intensity, it’s affected by the 
material properties) different amplification regimes 
can be achieved 

Gain 

Gain*Position within the medium 

With: 



In	  any	  case:	  
External	  energy	  must	  be	  “injected”	  into	  the	  
system	  in	  order	  to	  achieve	  inversion	  of	  populaKon	  
	  
The	  pumping	  efficiency	  has	  to	  be	  accounted	  in	  the	  
overall	  efficiency	  budget	  (obviously,	  the	  transfer	  of	  
energy	  has	  a	  below	  unit	  efficiency;	  moreover,	  typically	  the	  so	  
produced	  heat	  must	  be	  removed,	  that	  requires	  energy	  as	  well)	  

PUMPING	  MECHANISMS	  
We	  have	  seen	  how,	  by	  suitably	  preparing	  (pumping)	  a	  quantum	  system,	  it	  is	  possible	  to	  get	  
amplificaKon,	  i.e.,	  gain	  
	  
The	  pumping	  is	  typically	  (not	  always,	  though)	  accomplished	  by	  exploiKng	  addiKonal	  energy	  levels	  
with	  respect	  to	  those	  involved	  in	  lasing	  
	  
The	  pumping	  can	  be	  realized	  by	  a	  variety	  of	  methods	  
	  

Roughly,	  we	  can	  disKnguish	  among:	  	  
-‐ 	  Op1cal	  pumping	  (photons	  are	  used	  to	  promote	  the	  transiKon	  leading	  to	  inversion	  of	  populaKon)	  
-‐ 	  Electrical	  (or	  electrically-‐mdeiated)	  pumping	  (collisional	  processes	  involving	  electrons	  are	  used)	  
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CLASSIFICATION	  OF	  (PRACTICAL)	  LASER	  SYSTEMS	  

An	  iniKal,	  rough,	  classificaKon	  of	  laser	  systems	  can	  be	  made	  according	  to	  the	  phsyical	  state	  
of	  the	  acKve	  medium	  (the	  one	  involved	  in	  the	  amplificaKon,	  hence	  in	  the	  lasing	  acKon)	  

Solid	  state	  lasers:	  
Ruby,	  Nd:YAG,	  rare	  earth,	  color	  centers	  and	  other	  DPSSL	  (diode-‐pumped	  solid	  state	  
lasers),	  Ti:Sa,	  diode	  lasers	  (those	  we	  will	  treat	  specifically!),	  etc.	  
	  
Gas	  lasers:	  
HeNe,	  Ar+,	  HeCd,	  CO2,	  metal	  vapors,	  etc.	  
	  
Liquid	  state	  lasers:	  
Dye	  lasers	  (liquid	  soluKon	  of	  dye	  molecules	  –	  exisKng	  also	  in	  the	  solid	  state)	  
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An	  addiKonal	  classificaKon,	  open	  coincident	  with	  the	  previous	  one,	  can	  be	  made	  based	  on	  
the	  method	  used	  to	  pump	  the	  acKve	  medium	  
	  
We	  will	  follow	  here	  such	  an	  approach	  in	  order	  to	  start	  looking	  at	  the	  laser	  technologies	  
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SOME	  ACTIVE	  MEDIA	  (AND	  WAVELENGTH)	  

nm 

nm	
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OpKcal	  (O)	  Electronic	  (E)	  

O/E	  
(as	  we	  will	  see	  more	  into	  the	  details,	  
current	  produces	  electron-‐hole	  pairs	  in	  
a	  semiconductor	  juncKon)	  

O	  
(lamps,	  typically	  flash	  lamps,	  or	  other	  
lasers,	  called	  pump	  lasers)	  

E	  
(electrical	  discharge	  +	  collisions)	  

O	  
(pump	  lasers	  or	  more	  seldom	  lamps)	  

ANOTHER	  LIST	  ACCORDING	  TO	  PUMPING	  

E	  
(electrical	  discharge	  +	  collisions)	  

E	  
(electrical	  discharge	  +	  excimer	  formaKon)	  

14	  Laser	  a.a.	  2012/13	  –	  h,p://www.df.unipi.it/~fuso/dida	  -‐	  Part	  5	  -‐	  Version	  4	  	  



RUBY	  LASER	  I	  

First	  pracKcal	  laser	  (pulsed):	  Maiman,	  1960	  
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Discrete	  levels	  of	  Cr3+	  in	  Al2O3	  matrix	  

Strong	  difference	  in	  the	  
rates	  for	  the	  transi1ons	  
involved	  in	  pumping	  and	  
lasing	  Three	  levels	  

(at	  least)	  are	  
involved!	  

RUBY	  LASER	  II	  

OpKcal	  pumping	  with	  flash	  
lamps	  
	  
Typical	  pulses	  up	  to	  100	  ms	  
duraKon	  and	  average	  power	  
up	  to	  several	  W	  
	  
Main	  limKaKon	  (due	  to	  
thermal	  effects):	  poor	  
repeKKon	  frequency	  
	  
Presently,	  few	  (or	  no)	  Ruby	  
lasers	  are	  produced	  and	  few	  
applicaKons	  (e.g.,	  ta,oo	  
removal	  or	  other	  
dermomedical)	  

Key point (typical for solid-
state lasers): 
The impurity (Cr, in this case) 
embedded in the matrix 
behaves almost like an 
isolated atom, or, better, 
trivalent ion 
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HeNe	  LASER	  I	  

Low	  power	  (<	  100	  mW),	  excellent	  
stability	  and	  opKcal	  properKes:	  sKll	  
widely	  used	  in	  metrology	  

First	  conKnuous	  wave	  (CW)	  laser	  (1962)	  

Four	  levels	  (at	  
least)	  are	  
involved!	  

Long	  lived	  
state	  

Short	  lived	  
state	  

“Resonant”	  collisional	  
energy	  transfer	  
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HeNe	  LASER	  II	  

Rather	  complex	  pumping	  mechanism:	  
Discharge	  à	  electron	  collisions	  à	  He*	  à	  Ne*	  
	  

Rather	  efficient,	  yet	  (10W	  of	  electrical	  power	  à	  10	  mW	  of	  laser	  output)	  
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Rather	  small	  current	  and	  voltage	  needed	  for	  the	  discharge	  to	  be	  efficient	  



HeNe	  LASER	  III	  

19	  

Good	  opKcal	  properKes	  
(related	  also	  on	  good	  
opKcal	  cavity,	  we’ll	  see	  
more)	  

Different	  wavelengths	  can	  
be	  emi,ed,	  from	  green	  to	  
near-‐infrared	  
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LASER	  Ar+	  I	  

AcKve	  medium:	  ions	  produced	  and	  excited	  in	  an	  electron	  discharge	  
	  à	  very	  bad	  overall	  efficiency,	  but	  relaKvely	  high	  power	  (tens	  of	  W)	  and	  remarkable	  
opKcal	  properKes	  

1 kW total electric consumption for 
obtaining 130 mW laser power (and this 
does not include water cooling and 
related chillers!) 
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LASER	  Ar+	  II	  

Different	  laser	  lines	  can	  be	  
produced,	  either	  selected	  or	  used	  
together	  (mulKline	  operaKon)	  to	  
increase	  the	  power	  
	  
SKll	  many	  applicaKons	  (e.g.,	  
metrology,	  biomedics,	  pump	  for	  
other	  lasers,	  etc.)	  
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The processes induced by the 
discharge (rapidly) populates all such 
excited states, whose lifetime is not 
very short 



22	  

A	  VERY	  FEW	  WORDS	  ON	  MOLECULES	  

The interatomic potential is “quantum-well”-like 
à  The potential is confining 
à  Discrete energy levels exist 
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It is possible to describe the potential felt by 
two (or more, in small number) atoms placed 
at short relative distance r  by a potential 
such as the Lennard-Jones one 
 
The interaction force (i.e., the spatial 
derivative of the potential!) is repulsive for  
r --> 0 and attractive for large r 

Note: such molecular energy levels are not 
(necessarily) associated with electronic transitions 
They can in fact be associated with interatomic motion 
(rotational and vibrational modes such as, bending, 
stretching, and so on) 
The corresponding energy spectrum typically involves 
relatively small energies --> infrared photons!  
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CO2	  (CO)	  LASER	  I	  
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Possible interatomic 
motions related to the 
energy levels 
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CO2	  (CO)	  LASER	  II	  
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The CO2 laser is still an unsurpassed 
tool for material processing (e.g., steel 
cutting and soldering and many 
others)  
 
This is due to the high power and to 
the infrared radiation, which does not 
promote “bond-breaking” or other 
“chemical-like” processes thus leading 
to extremely large and relatively 
localized material heating 



Nd-‐YAG	  LASER	  I	  

In	  rare	  earth	  atoms	  (ions),	  the	  outer	  electrons	  shield	  the	  core	  with	  respect	  to	  the	  matrix	  (crystal)	  field	  	  
à  Embedded	  atoms	  (ions)	  behave	  not	  too	  much	  differently	  as	  isolated	  atoms,	  while	  being	  in	  the	  solid-‐state	  
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Nd:YAG laser is the most popular of a large array of lasers using rare earth dopants embedded in a matrix 

The embedding makes 
available discrete levels 
(of the 3+ ions) similar 
to those of an isolated 
atom (ion), but for a 
shift and a small 
broadening 

In	  the	  original	  (and	  sKll	  very	  popular)	  configuraKon,	  
the	  opKcal	  pumping	  is	  achieved	  by	  flash	  lamps	  
(pumped,	  typical	  10	  ps	  –	  100	  ns)	  
	  
Since	  a	  few	  years,	  diode-‐pumped	  (typically,	  CW)	  
lasers,	  so	  called	  DPSSL,	  are	  available	  with	  very	  good	  
power	  and	  efficiency	  	  
	  	  
Thanks	  to	  the	  large	  available	  power,	  Nd:YAG	  can	  be	  
coupled	  to	  nonlinear	  crystals	  to	  generate	  higher	  
harmonics	  (example:	  II	  harm	  @	  532	  nm,	  III	  harm	  @	  
354	  nm,	  etc.)	  
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Nd-‐YAG	  LASER	  II	  

Comparison	  between	  flash	  lamp	  
(broad	  band	  and	  with	  UV	  
components)	  and	  laser	  diode	  (@808	  
nm)	  opKcal	  pumping	  
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Very many applications are 
typical with Nd:YAG lasers (and 
relatives) 
 
In pulsed mode (flash lamp 
pumped) they are used in 
material processing and in 
many biomedical applications 
(dermo, surgery, etc.) 
 
In CW operation (diode laser 
pumped) they are very useful in 
metrology (interference, 
holography, etc), as well in 
telecommunications, low-end 
biomedical, replacement for Ar+ 
lasers, pumping other lasers, 
and even pointers (yes, the 
green one are typically made 
with Nd:YAG diode pumped 
lasers…) 
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OTHER	  RUBY’S	  SONS	  (SIMILAR	  TO	  Nd:YAG)	  

Ho	  
Er	  

Variant:	  vibronic	  lasers	  
	  
In	  this	  case	  the	  interacKon	  
with	  the	  matrix	  is	  used	  to	  
broaden	  the	  discrete	  
energy	  levels	  -‐-‐>	  tunability	  
&	  ability	  to	  produce	  ultra-‐
short	  pulses	  (we’ll	  see	  
more	  in	  the	  following)	  
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Ti:Sa is probably the most relevant example 



Er-‐DOPED	  FIBER	  AMPLIFIER	  (EDFA	  LASER)	  

The	  acKve	  medium	  is	  in	  pracKce	  a	  doped	  matrix	  
	  
The	  matrix	  can	  also	  be	  in	  the	  amorphous	  phase,	  e.g.,	  glass	  
(cheaper	  and	  with	  sKll	  reasonable	  thermal	  conducKve	  
properKes,	  useful	  to	  withstand	  high	  power	  or	  high	  repeKKon	  
rate	  operaKon)	  
	  
Such	  amorphous	  matrix	  can	  also	  be	  prepared	  in	  the	  form	  of	  an	  
opKcal	  fiber	  (which	  behaves	  like	  a	  light	  amplifier,	  for	  instance	  in	  
the	  regeneraKon	  of	  TLC	  signals	  in	  the	  long	  haul	  transmission)	  
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EXCIMER	  LASER	  I	  

Large	  peak	  energy	  due	  to	  the	  virtually	  very	  large	  gain	  
Emission	  in	  the	  UV	  precious	  for	  many	  applicaKons	  (material	  
treatment,	  abla1on,	  surgery,	  op1cal	  lithography	  in	  micro-‐
electronics)	  
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Excimers (Excited Dimers) are unstable compound (typically 
diatomic, involving rare gases and halogen species, e.g., XeCl) 
 
Excimers exist only in the excited state  
Ø  population  “automatically” inverted (the one at the ground state 

is virtually zero!) 
Ø  operation possible only in pulsed mode (pumping achieved with 

a pulsed discharge in a highly reactive gas mixture) 
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EXCIMER	  LASER	  II	  
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Big lasers!  
Pulse energy up to several Joules (in 10 ns pulses)  
--> huge intensity! 
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DYE	  LASERS	  I	  
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Dye molecules are typically very 
big and heavy molecules with 
many possible degrees of 
freedom leading to very many 
(broad) energy levels 
 
Many optical transitions are 
possible 
 
Tunability can be achieved in 
relatively large ranges in the 
visible-near IR 
 
By changing the dye solution, 
almost all the visible range can 
be covered (but not inn truly 
continuous mode – transitions 
are discrete in energy)  

Optical pumping (typically, with a pulsed pump 
laser, e.g., excimer, Nd:YAG, N2) is needed 
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DYE	  LASERS	  II	  

Dye lasers very diffused in the 
70-90’s 
 
Many applications: 
-  analytics (laser spectroscopy) 
-  dermathology 
-  fundamental physics research 

Cumbersome operation: 
-  need of preparing solutions 
-  unstable operation (and limited 
in time, the solution burns) 
-  need for another laser to be 
used as a pump 
-  poor or very poor overall 
efficiency 
-  CW operation rather unstable 
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CONCLUSIONS	  

Pumping	  a	  quantum	  system	  can	  actually	  lead	  to	  inversion	  of	  populaKon	  which	  
can	  lead	  in	  turn	  to	  photon	  amplificaKon	  
	  
Since	  sKmulated	  emission	  is	  involved,	  this	  gives	  moKvaKons	  to	  the	  name	  
lASEr,	  hence	  to	  the	  laser	  operaKon	  
	  
Pumping	  schemes	  typically	  involve	  three	  or	  more	  energy	  levels	  
	  
Pumping	  strategies	  have	  been	  evolved	  during	  the	  years,	  along	  with	  the	  
evoluKon	  of	  technologies	  (and	  in	  view	  of	  specific	  applicaKons)	  
	  
Many	  laser	  acKve	  media	  and	  many	  lasers	  are	  commercially	  available	  to	  cover	  a	  
wide	  range	  of	  technical	  needs	  	  
	  
Ampia	  gamma	  di	  lunghezze	  d’onda,	  potenze,	  modalità	  di	  operazione	  
(conKnua	  o	  impulsata)	  disponibili	  sfru,ando	  quesK	  mezzi	  ayvi	  
	  
Careful,	  however:	  amplifica:on	  is	  not	  yet	  enough	  to	  fully	  explain	  the	  laser	  
opera:on!!	  (this	  is	  the	  story	  we	  will	  see	  in	  the	  next	  slides!)	  	  

Laser	  a.a.	  2012/13	  –	  h,p://www.df.unipi.it/~fuso/dida	  -‐	  Part	  5	  -‐	  Version	  4	  	  



34	  

CREDITS	  

O.	  Svelto	  and	  P.	  Hanna,	  Principles	  of	  Lasers	  (Plenum	  Press,	  1998)	  
h,p://www.wikipedia.org	  
R.	  Pratesi,	  Dispense	  di	  Fisica	  dei	  Laser,	  Università	  di	  Firenze	  ed	  INO,	  
(h,p://www.ino.it/home/pratesi/DispenseL&A.htm).	  
	  	  h,p://people.seas.harvard.edu/~jones/ap216/lectures/ls_2/ls2_u5/
ls2_unit_5.pdf	  

Laser	  a.a.	  2012/13	  –	  h,p://www.df.unipi.it/~fuso/dida	  -‐	  Part	  5	  -‐	  Version	  4	  	  


