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2	
  

OUTLOOK	
  

•  We	
  have	
  seen	
  how	
  a	
  quantum	
  system,	
  that	
  is	
  ma+er	
  with	
  discrete	
  energy	
  levels	
  
accessible	
  through	
  interacMon	
  with	
  photons,	
  can	
  amplify	
  radiaMon	
  

•  Moreover,	
  such	
  amplificaMon	
  involves	
  sMmulated	
  emission,	
  hence	
  is	
  in	
  principle	
  well	
  
in	
  agreement	
  with	
  the	
  mechanisms	
  leading	
  to	
  coherence	
  (sMmulated	
  emi+ed	
  
photons	
  are	
  ideally	
  indisMnguishable	
  each	
  other!)	
  

•  	
  However,	
  the	
  laser	
  is	
  not	
  an	
  amplifier,	
  but	
  rather	
  a	
  source,	
  that	
  is	
  an	
  oscillator:	
  
ü  Need	
  for	
  opDcal	
  caviDes	
  
ü  Need	
  to	
  balance	
  between	
  gain	
  and	
  loss	
  
ü  Need	
  to	
  analyze	
  the	
  opMcal	
  properMes	
  (longitudinal	
  and	
  transverse	
  modes)	
  

Main	
  	
  objecMve:	
  to	
  describe	
  the	
  opMcal	
  cavity,	
  a	
  key	
  ingredient	
  for	
  laser	
  operaMon	
  
	
  

Secondary	
  objecMve:	
  to	
  go	
  deeper	
  into	
  the	
  laser	
  technologies	
  and	
  discuss	
  moMvaMons	
  
and	
  consequences	
  of	
  technical	
  choices	
  pertaining	
  to	
  laser	
  operaMon	
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AMPLIFIERà	
  OSCILLATOR	
  

Vivid example: electronics 
amplifier à oscillator through application of a positive feedback 

(Self) oscillation is obtained by re-
sending back to the input part of the 
(amplified) output 
 
Ø  There is freqency selection 
Ø  Some kind of “trigger” is needed 

to start the oscillation 
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In	
  opMcs,	
  feedback	
  can	
  be	
  achieved	
  in	
  a	
  very	
  straighYorward	
  (apparently…)	
  way:	
  
the	
  ac've	
  medium	
  is	
  placed	
  within	
  a	
  pair	
  (at	
  least)	
  of	
  mirrors	
  

The	
  set	
  of	
  components	
  
providing	
  with	
  opMcal	
  
feedback	
  (intenMonal!)	
  is	
  
called	
  opMcal	
  resonator	
  or	
  
opMcal	
  cavity	
  

FEEDBACK	
  AND	
  OPTICAL	
  CAVITY	
  

Note:	
  the	
  presence	
  of	
  the	
  cavity	
  will	
  eventually	
  affect	
  the	
  frequency	
  response	
  of	
  the	
  
oscillator,	
  that	
  is	
  the	
  wavelength	
  emi+ed	
  by	
  the	
  laser,	
  as	
  well	
  as	
  its	
  opMcal	
  properMes	
  

4	
  

The optical cavity owns a primarily “longitudinal” character as we have already 
discussed for the photon in the box and the quantum well systems, both treated 
as one-dimensional (i.e., longitudinal) problems 
 
However, the transversal behavior is important as well 
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Remember: the cavity must allow for photon extraction if we want the laser photons to be used! 
The simplest way to model the cavity (model, not realization!) is the so-called ring cavity: 
4 mirrors forming a ring, one of them partially transmitting (reflectivity < 1) 

Roundtrip	
  Dme	
  τ ~	
  Ltot/c	
  
(Ltot	
  total	
  opMcal	
  length,	
  assuming	
  a	
  
refracMve	
  index	
  n~1	
  )	
  

THE	
  SIMPLEST	
  LASER	
  CAVITY	
  

r	
  =1	
  

r	
  =1	
   r	
  =1	
  

r	
  <1,	
  t=(1-­‐r)>0	
  
output	
  

Ac1ve	
  medium	
  

Pump	
  

  
dE
dt

= −Eα → E(t) = E0e
−αt E	
  :	
  e.m.	
  energy	
  within	
  the	
  cavity	
  

α : rate	
  of	
  energy	
  loss	
  from	
  the	
  cavity	



Trigger of the laser action:  
a “fluctuation”, e.g., a spontaneously emitted photon going by chance along the 
cavity, i.e., along the correct path 
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(r	
  :	
  mirror	
  reflecMvity,	
  that	
  is	
  the	
  raMo	
  
between	
  incident	
  and	
  reflected	
  
power;	
  virtually,	
  it	
  can	
  be	
  decided	
  
when	
  the	
  mirror	
  is	
  produced)	
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We can assume a constant rate for energy losses from the cavity due to photon 
leaving the cavity itself to be used as laser photons  
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DefiniMon:	
  	
  
Quality-­‐factor:	
  Q =2π Estored /Elost  per cycle 

Qroundtrip	
  =	
  2πc/(αLtot)  
Qcycle=	
  2πν/α =ω/α	
  

Q-­‐FACTOR	
  OF	
  THE	
  RESONATOR	
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The higher the Q-factor,  
the sharper the frequency response 

Assuming constant loss rate:  
per each roundtrip the energy stored into the cavity decreases by a fraction ατ 
per each frequency cycle the decrease will be αT = α/ν 

The Q-factor is inversely proportional to the loss rate 
Physically, the larger is the dissipation, the lower is the quality and the broader is the bandwidth 



Q-­‐factor	
  of	
  the	
  risonator:	
  	
  
Q	
  =	
  Estored/Elost	
  =	
  2π SLtotuν/((1-­‐r)Sλuν)	
  =	
  2π(Ltot/λ)/(1-­‐r)	
  

Intensity	
  lost	
  at	
  the	
  output:	
  
I’	
  =	
  Scuν	
  (1-­‐r)	
  (with	
  r	
  <	
  1	
  mirror	
  reflec1vity)	
  
	
  
Energy	
  lost	
  per	
  cycle,	
  i.e.,	
  in	
  the	
  period	
  T:	
  
Elost	
  =	
  I’	
  T	
  =	
  I’ λ/c	
  =	
  Scuν	
  (1-­‐r)λ/c=Sλuν	
  (1-­‐r)	
  

e.m.	
  energy	
  within	
  a	
  cavity	
  can	
  be	
  wri+en	
  as:	
  Estored	
  =	
  SLtotuν	
  (with	
  uν	
  e.m.	
  energy	
  density,	
  
S	
  cross	
  sec1on	
  of	
  the	
  cavity,	
  i.e.,	
  of	
  the	
  beam)	
  
The	
  intensity	
  (i.e.,	
  the	
  module	
  of	
  PoyMng	
  vector)	
  onto	
  the	
  output	
  cavity	
  mirror	
  will	
  be:	
  
I	
  =	
  Scuν	
  	
  (with	
  c	
  speed	
  of	
  light,	
  n	
  ≈	
  1	
  is	
  assumed)	
  

Examples:	
  	
  
L	
  =	
  50	
  cm,	
  r	
  =	
  0.98,	
  λ =	
  0.6	
  µm à	
  Q	
  ~	
  2x107	
  (HeNe)	
  
L	
  =	
  0.5	
  mm,	
  r	
  =	
  0.30,	
  λ  =	
  0.8	
  µm à	
  Q	
  ~	
  6x103	
  (diode)	
  

IDEAL	
  CAVITY	
  AND	
  LOSSES	
  

The	
  Q-­‐factor	
  is	
  limited	
  by	
  the	
  need	
  of	
  taking	
  out	
  photons	
  from	
  the	
  cavity	
  
In	
  ideal	
  cavi1es,	
  the	
  main	
  dependence	
  is	
  on	
  the	
  mirror	
  reflecMvity	
  (and	
  on	
  cavity	
  length)	
  
	
  

Q-­‐factor	
  depends	
  on	
  the	
  opMcal	
  and	
  geometrical	
  features	
  of	
  the	
  cavity	
  

QualitaMvely:	
  to	
  get	
  lasing	
  acMon	
  gain	
  	
  >	
  losses	
  	
  	
  
(the	
  Q-­‐factor	
  is	
  not	
  limiMng	
  the	
  lasing	
  acMon	
  in	
  high	
  gain	
  acMve	
  media)	
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GAIN	
  AND	
  LOSSES	
  IN	
  THE	
  THREE	
  LEVEL	
  SYSTEM	
  

Let’s	
  now	
  look	
  for	
  a	
  quanMtaMve	
  expression	
  of	
  the	
  gain	
  vs	
  losses	
  concept	
  
We	
  will	
  use	
  the	
  three	
  level	
  system	
  whose	
  master	
  equaMons	
  we	
  have	
  already	
  menMoned	
  

Here	
  considered:	
  
two	
  mirror	
  cavity	
  with	
  reflect.	
  
r1,r2	
  and	
  length	
  L	
  
Further	
  losses	
  assumed	
  with	
  
rate	
  α	
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Gain of the three 
level medium 

A32>>A21 
R : pumping rate 
F(ω): lineshape (we will see!) 

Consistency condition: at the end of the cavity (z=L) I 
want to retrieve at least  the intensity I0 present at the 
beginning of the cavity --> threshold in the gain 

A threshold value is 
found in the gain in order 
to allow for consistency  

r	
  1	
   r	
  2	
  
L	
   z	
  

0	
  



GAIN	
  AND	
  LOSSES	
  II	
  

Losses	
  due	
  to	
  the	
  spontaneous	
  emission!	
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At	
  large	
  intensity	
  (I0>>Icrit),	
  that	
  is	
  well	
  above	
  threshold:	
  
the	
  “linear	
  regime”	
  applies	
  

The	
  intensity	
  depends	
  on	
  
pumping,	
  but	
  a	
  threshold	
  
exists	
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Let’s	
  now	
  transfer	
  the	
  threshold	
  from	
  the	
  gain	
  G	
  on	
  the	
  pumping	
  rate	
  R	
  

We can write: 

With: 

e.m. intensity (at the 
beginning or the end of the 
cavity, thanks to consistency) 

Depends on the cavity design 
and on the active medium 



THRESHOLD	
  FOR	
  LASER	
  EMISSION	
  

Gain	
  must	
  surpass	
  losses	
  
The	
  output	
  intensity	
  depends	
  on	
  	
  

pumping	
  rate	
  R	
  
	
  

Lasing	
  acMon	
  possible	
  only	
  above	
  a	
  threshold	
  

10	
  

Note:	
  	
  
the	
  shown	
  behavior	
  assumes	
  the	
  ability	
  to	
  externally	
  
control	
  the	
  pumping	
  rate	
  R	
  .	
  This	
  is	
  not	
  always	
  possible,	
  
but	
  in	
  the	
  cases	
  where	
  it	
  is	
  possible,	
  the	
  appearence	
  of	
  
the	
  threshold	
  is	
  clearly	
  seen	
  (e.g.,	
  in	
  diode	
  lasers	
  by	
  
increasing	
  the	
  injected	
  current)	
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Power vs current plot in diode lasers 

Note: the linear behavior 
tends to saturate, at some 
point, in real laser systems 



GAIN	
  AND	
  FREQUENCY	
  

Once	
  more	
  we	
  recall	
  the	
  gain	
  of	
  the	
  acMve	
  medium	
  (in	
  the	
  three	
  level	
  system):	
  

Lineshape	
  of	
  the	
  
acDve	
  medium	
  

The	
  gain	
  of	
  the	
  acMve	
  medium	
  is	
  a	
  funcDon	
  of	
  the	
  frequency	
  
	
  

Assuming	
  an	
  ideal	
  quantum	
  system,	
  the	
  energy	
  conserva1on	
  involved	
  in	
  the	
  s1mulated	
  emission	
  
would	
  lead	
  to	
  a	
  lineshape	
  strongly	
  peaked	
  around	
  the	
  transi1on	
  frequency	
  

(“delta”-­‐like	
  behavior)	
  
	
  

In	
  real	
  systems	
  the	
  energy	
  conservaDon	
  must	
  be	
  “relaxed”	
  
	
  

The	
  transi'on	
  “lines”	
  get	
  broader!!	
  
	
  

(By	
  the	
  way,	
  we	
  saw	
  this	
  in	
  classical	
  terms,	
  remember	
  that	
  the	
  Lorentzian-­‐like	
  lineshape	
  in	
  absorp1on	
  
was	
  broad,	
  with	
  a	
  width	
  propor1onal	
  to	
  the	
  fric1on	
  (viscous)	
  coefficient)	
  

Main	
  mechanisms	
  for	
  “line	
  broadening”:	
  
-­‐ 	
  Homogeneous	
  broadening	
  (all	
  elements	
  of	
  the	
  system	
  behave	
  staMsMcally	
  in	
  the	
  same	
  way)	
  
-­‐ 	
  Inhomogeneous	
  broadening	
  (every	
  element	
  behaves	
  in	
  its	
  own	
  way	
  and	
  the	
  final	
  result	
  implies	
  average)	
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HOMOGENEOUS	
  BROADENING	
  

We	
  menMoned	
  that	
  all	
  excited	
  states	
  have	
  a	
  natural	
  lifeMme	
  τsp	
  ulMmately	
  ruling	
  the	
  
spontaneous	
  emission	
  (τsp =	
  1/A21	
  for	
  a	
  two	
  level	
  system)	
  
	
  
According	
  to	
  Heisenberg:	
  	
  ΔωΔτsp	
  ≥	
  2π 	

 à 	
  Δω ≥	
  2π/τsp              (that is Δν ≥	
  1/τsp≠ 0)    	



(typical	
  values	
  for	
  an	
  atomic	
  gas	
  and	
  electric	
  dipole	
  transiMons:	
  Δν≈0.1-­‐1	
  GHz)	
  

More	
  realisMc	
  picture,	
  accounMng	
  for	
  relaxaDon	
  processes	
  (typically,	
  non	
  radiaDve):	
  
1/τeff	
  =	
  1/τsp	
  +1/τnonrad 	
  à 	
   Δω  ~	
  1-­‐5	
  GHz,	
  and	
  even	
  more	
  

	
  
Note:	
  non	
  radiaMve	
  de-­‐excitaMon	
  processes	
  are	
  frequently	
  associated	
  with	
  collisions	
  
Collisional	
  rate	
  depends	
  also	
  on	
  the	
  density	
  (and	
  temperature)	
  	
  
	
  
In	
  acMve	
  media	
  at	
  the	
  solid	
  or	
  liquid	
  state	
  very	
  short	
  non	
  radiaMve	
  lifeMmes	
  can	
  be	
  esaily	
  
found	
  leading	
  to	
  remarkable	
  broadening	
  (up	
  to	
  tens	
  of	
  GHz,	
  at	
  room	
  temperature!)	
  

Other	
  homogeneous	
  broadening	
  effects	
  may	
  occur,	
  related	
  for	
  instance	
  to	
  the	
  saturaMon	
  effects	
  	
  
(I	
  >>	
  Isat	
  )	
  or	
  to	
  finite	
  interacMon	
  Mmes,	
  and	
  so	
  on	
  

12	
  Laser	
  a.a.	
  2012/13	
  –	
  h+p://www.df.unipi.it/~fuso/dida	
  -­‐	
  Parte	
  6	
  –	
  Versione	
  4	
  	
  

Let’s consider the simplest system, i.e., an atom in a gas (most results will hold true in other 
systems, as well) 



Laser	
  a.a.	
  2012/13	
  –	
  h+p://www.df.unipi.it/~fuso/dida	
  -­‐	
  Parte	
  6	
  –	
  Versione	
  4	
  	
  

INHOMOGENEOUS	
  BROADENING	
  I	
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Doppler	
  effect	
  produces	
  a	
  ship	
  in	
  the	
  resonant	
  frequency	
  of	
  each	
  single	
  species	
  of	
  the	
  sample	
  
depending	
  on	
  the	
  velocity	
  
Ø  At	
  the	
  thermal	
  equilibrium	
  the	
  velocity	
  is	
  distributed	
  according	
  to	
  Maxwell-­‐Boltzmann	
  
Ø  A	
  Gaussian	
  lineshape	
  is	
  typical	
  in	
  inhomogeneous	
  broadening	
  

Inhomogeneous	
  broadening	
  
dominates	
  when	
  the	
  absorbing	
  
species	
  are	
  in	
  (almost	
  free)	
  

moMon,	
  such	
  as	
  in	
  gas	
  
	
  

Typically	
  Δν  ~	
  several	
  GHz	
  	
  
(at	
  room	
  temperature)	
  

INHOMOGENEOUS	
  BROADENING	
  II	
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Δν [Hz] ≅ 7.16x10-7 c/λ √T [K]/M [a.m.u.] 
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EXAMPLE	
  OF	
  WIDTHS	
  FOR	
  COMMON	
  ACTIVE	
  MEDIA	
  

Typically,	
  gas	
  media	
  have	
  narrower	
  
bandwidth	
  (GHz)	
  than	
  liquid	
  or	
  solid	
  
state	
  (up	
  to	
  THz)	
  
	
  
In	
  solid/liquids	
  the	
  broadening	
  may	
  
be	
  due	
  to	
  intense	
  non	
  radiaMve	
  de-­‐
excitaMon	
  or	
  to	
  the	
  appearence	
  of	
  
“bands”	
  rather	
  than	
  discrete	
  levels	
  
(we’ll	
  see	
  more)	
  
	
  
The	
  large	
  bandwidth	
  of	
  some	
  acMve	
  
media	
  (e.g.,	
  Ti:Sa,	
  dye	
  soluMon,	
  diode	
  
lasers)	
  open	
  the	
  possibility	
  to	
  tune	
  
the	
  emission	
  on	
  a	
  large	
  range	
  

Full-width at half-maximum 
(FWHM) in typical 
operating conditions 
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Remember! Since ν = c/λ (in the vacuum), 
 Δν = Δλ (c/λ2) --> Δλ = λ Δν/ν 
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INTERPLAY	
  BETWEEN	
  ACTIVE	
  MEDIUM	
  AND	
  CAVITY	
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Because of unavoidable broadening effects (e.g., in gases) or thanks to the use of specific 
active media (e.g., liquid or solid-state), the active medium can amplify in a rather broad 
frequency range 
 

A characteristic optical gain curve (or linewidth, or lineshape) F(ω), or F(λ), appears 

F(ω) 

ω0 
ω 

Broad 
gain 
curve 

F(λ) 

λ0 
λ 

Broad 
gain 
curve 

Or (the shape will not 
always be the same, 
since λ = c/(2πω)) 

This will “compete” with the allowed modes 
supported by the cavity!! 

“plane-parallel” cavity 

Remember: 
km = mπ/L 
mλ/2 = L 



LONGITUDINAL	
  MODES	
  OF	
  THE	
  CAVITY	
  

QuanDzzazione	
  modi	
  

Free	
  spectral	
  range	
  
Plane	
  parallel	
  cavity	
  

In a plane parallel cavity: 
Δνfsr [GHz] ~ 1.5/(nL [m]) , with n refractive index 
 
Examples: n = 1, L = 50 cm -->Δνfsr ≈ 3 GHz (HeNe laser) 
n =3.3, L = 0.5 mm  -->Δνfsr ≈ 103 GHz (diode laser) 

The	
  cavity	
  behaves	
  like	
  a	
  frequency	
  filter	
  
	
  

Typically,	
  L	
  >>	
  λ	
  -­‐-­‐>	
  m	
  huge	
  	
  
-­‐-­‐>	
  the	
  separaMon	
  is	
  rather	
  small	
  

compared	
  to	
  the	
  emi+ed	
  frequency	
  

17	
  

Definition of free spectral range: 
distance in frequency (or in 
wavelength) between two subsequent 
modes supported by the cavity 

For a plane parallel cavity (plane parallel 
mirrors, spaced by L), assuming an active 
medium with refractive index n  
(hence, vfase = c/n): 
 
Allowed modes:  
km+1 = (m+1)π/L = ωm+1/vfase 
km = mπ/L = ωm/vfase 
Δωfsr = ωm+1 – ωm  = vfaseπ/L 
 
Δνfsr = Δωfsr/(2π) = c/(2nL)  

Note: the frequency filter operation can be 
exploited also to build frequency-selective mirrors 
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LASER	
  EMISSION	
  SPECTRUM	
  I	
  

MulMmode	
  (longitudinal)	
  
operaMon	
  leads	
  to	
  random	
  jumps	
  
(ji_er)	
  in	
  the	
  emission	
  frequency	
  

18	
  

Let’s assume a gain curve F(ω), or GL(ν), as mentioned 
here, broader that the Δνfsr free spectral range of the 
cavity, as customarily occurring 

Lasing will occur at those frequency which 
are allowed by the cavity and correspond 

to a gain above threshold  

There might be a competition between different 
longitudinal modes above threshold: either lasing will take 
place at a selected frequency (usually, the mode with the 
highest gain) or there will be multimode operation 
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frequency 

intensity 
Multiple exposure 
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A	
  mathemaMcal	
  descripMon	
  can	
  be	
  derived	
  
for	
  the	
  “acMve	
  resonator”	
  
	
  
The	
  “acMve	
  resonator”	
  is	
  the	
  opMcal	
  cavity	
  
with	
  the	
  acMve	
  medium	
  enclosed	
  in	
  it	
  

19	
  

LASER	
  EMISSION	
  SPECTRUM	
  II	
  

Assume active medium length 
L with refractive index n and 
intermirror distance d 

Gain per roundtrip (α(ν) is the 
gain curve, γ(ν) is the loss 
rate) 
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LASER	
  LINEWIDTH	
  AND	
  FINESSE	
  

So,	
  the	
  laser	
  frequency	
  is	
  ulMmately	
  defined	
  by	
  the	
  interplay	
  between	
  the	
  gain	
  and	
  the	
  opMcal	
  cavity	
  
	
  
An	
  important	
  parameter	
  ruling	
  the	
  laser	
  linewidth	
  (monochroma'city!)	
  is	
  the	
  finesse	
  of	
  the	
  cavity	
  
related	
  to	
  the	
  bandwidth	
  of	
  the	
  op1cal	
  cavity,	
  hence	
  on	
  its	
  Q-­‐factor	
  

Rather than Q-factor, often Finesse is 
considered 
 
Finesse (F) = 
free spectral range/bandwidth 
 
(with bandwidth the fwhm of the linewidth of 
the resonator) 
 
That is:  Q-factor = F ω0/Δωfsr 

The approximation holds only at low losses, i.e., high finesse 

Assuming cavity losses due only to mirror 
reflectivity (in a symmetric plane parallel cavity) 

α

F = π

2arcsin 1− α
2 α4

⎛
⎝⎜

⎞
⎠⎟

≈ π
1− α

≈ 2π
1−α



IMPROVING	
  THE	
  Q-­‐FACTOR	
  	
  
One	
  possibility	
  is	
  to	
  use	
  an	
  intracavity	
  etalon	
  (Mlted)	
  acMve	
  as	
  an	
  addiMonal	
  frequency	
  filter	
  (transmission)	
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Finesse for a Fabry-Perot etalon 

Note:  
this is not that different from “Bragg diffraction”! 
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Difference in 
the optical 
path: 2nlcosθ 



HIGH	
  FINESSE	
  FABRY-­‐PEROT	
  ETALONS	
  

By	
  using	
  very	
  high	
  reflecMvity	
  mirrors,	
  	
  
very	
  high	
  finesse	
  can	
  be	
  achieved	
  

Typical	
  linewidths	
  for	
  conMnuous	
  wave	
  (CW)	
  lasers:	
  
-­‐ 	
  Gas	
  lasers	
  (HeNe,	
  Ar+,…):	
  Δν < 1	
  MHz	
  (down	
  to	
  <	
  1	
  kHz	
  for	
  ultrastable	
  caviMes)	
  
-­‐ 	
  Solid	
  state	
  lasers	
  (Nd:YAG,	
  Ti:Sa,	
  …):	
  Δν ≈ 1	
  MHz	
  (down	
  to	
  <	
  10	
  kHz	
  if	
  etalon-­‐equipped)	
  
-­‐ 	
  Dye	
  lasers:	
  Δν≈ 100	
  MHz	
  (down	
  to	
  100	
  kHz	
  if	
  etalon	
  equipped)	
  
-­‐ 	
  Diode	
  lasers:	
  Δν≈ 1	
  MHz	
  (down	
  to	
  <	
  10	
  kHz	
  if	
  coupled	
  to	
  an	
  etalon	
  equipped	
  ext	
  cavity)	
  

Warning:	
  thermal	
  and	
  mechanical	
  dri\s	
  may	
  produce	
  long-­‐term	
  fluctua1ons	
  

22	
  

Note the log scale! 
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QUANTUM	
  LIMIT	
  

Quantum	
  fluctuaMons	
  (e.g.,	
  related	
  to	
  
spontaneous	
  emission)	
  pose	
  a	
  
fundamental	
  	
  lower	
  limit	
  to	
  the	
  laser	
  
linewidth	
  

Es.:	
  HeNe,	
  hν=2eV, ΔνC=1MHz,	
  Pout=1mW	
  à	
  ΔνS.T.~	
  1mHz!!	
  	
  

Usually,	
  many	
  other	
  “technological”	
  broadening	
  effects	
  occur	
  
leading	
  to	
  linewidth	
  >>	
  Schawlow-­‐Townes	
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AT	
  THE	
  OTHER	
  SIDE:	
  LASER	
  TUNABILITY	
  

In	
  some	
  cases	
  (notably,	
  dye	
  laser,	
  but	
  also	
  Ti:Sa	
  and	
  some	
  diode	
  lasers)	
  the	
  gain	
  curve	
  is	
  broad	
  
à Tunability	
  over	
  a	
  wavelength	
  range	
  can	
  be	
  achieved	
  

The	
  “coarse”	
  frequency	
  selecMon	
  is	
  
typically	
  accomplished	
  by	
  using	
  a	
  

diffracDon	
  graDng	
  

24	
  

Dyes tunability In these cases, the optical cavity includes 
a component able to provide with coarse 
frequency filtering, usually joined to a 
high finesse element (e.g., etalon) 
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DIFFRACTION	
  GRATINGS	
  

By	
  ending	
  the	
  opMcal	
  cavity	
  with	
  a	
  diffracMon	
  
graMng	
  mounted	
  on	
  a	
  rotatable	
  stage,	
  a	
  selecMon	
  
of	
  the	
  frequency	
  supported	
  by	
  the	
  cavity	
  can	
  be	
  
done	
  in	
  a	
  generally	
  wide	
  range	
  

Typically,	
  d	
  	
  =	
  1/3600-­‐1/600	
  mm-­‐1	
  

When	
  the	
  graMng	
  is	
  rotated	
  so	
  that	
  the	
  (unwanted)	
  wavelength	
  is	
  not	
  reflected	
  back	
  
	
  

Losses	
  are	
  arMficially	
  (intenMonally)	
  introduced	
  at	
  such	
  wavelengths	
  
	
  

The	
  threshold	
  for	
  laser	
  operaMon	
  is	
  like	
  raised	
  up	
  and	
  viceversa	
  
	
  

Tunability	
  is	
  achieved	
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Rule	
  for	
  the	
  diffracDon	
  graDng	
  

Reflectivity depends on angle and wavelength! 
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FREQUENCY	
  STABILIZATION	
  

Tunable	
  lasers	
  can	
  then	
  be	
  stabilized,	
  if	
  needed,	
  to	
  emit	
  at	
  a	
  predefined	
  frequency	
  
	
  
StabilizaMon	
  strategy:	
  electronic	
  feedback	
  (PID)	
  on	
  a	
  reference	
  à	
  change	
  of	
  cavity	
  length	
  

Reference	
  cell	
  (absorbs	
  at	
  a	
  predefined	
  
frequency,	
  it’s	
  a	
  known	
  quantum	
  system!)	
  

Refined	
  stabilizaMon	
  strategies,	
  such	
  as	
  Pound-­‐
Drever-­‐Hall,	
  enables	
  stability	
  up	
  to	
  10-­‐10	
  -­‐	
  10-­‐12	
  
and	
  linewidth	
  <	
  1Hz	
  (on	
  the	
  short	
  Mme)	
   26	
  



EXAMPLES	
  OF	
  LASER	
  CAVITIES	
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THE	
  ROLE	
  OF	
  TRANSVERSAL	
  MODES	
  

So far, we have only considered the longitudinal behavior of the optical cavity, which is 
responsible for frequency selection 
 

.. but the effects on the transversal direction are relevant as well! 

First of all, diffraction from the end-cavity elements (mirrors) will introduce additional losses 
--> The problem cannot be considered unidimensional any more! 
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Each time a reflection occurs at the end cavity mirrors diffraction takes place 
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DIFFRACTION	
  I	
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Let’s recall the Young’s (double slit) experiment: Two (small) apertures, i.e., slits, mutually separated 
by a distance d are placed at distance D from a 
screen and illuminated by light 

Due to “Huygens principle”, the slits 
behave like two distinct and coherent 
pointlike emitters 
 
Once on the screen, the radiation 
stemming from the slits will interfere  

Distance in optical paths: 

Dephasing: 

Resulting intensity measured on the screen: 

Interference 
fringe spacing: 
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DIFFRACTION	
  II	
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Let’s now assume a number N of (small) slits: 
 
It can be shown (with bloody maths) that the intensity on 
the screen depends on the angle θ through: d d 

Maxima are separated by λ/d 
Ripples are separated by λ/(Nd) and tend to disappear for large N  

Increasing N, 
decreasing d 

sinθ sinθ 
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DIFFRACTION	
  III	
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A single (small) slit can be thought as a very dense (d --> 0, N --> ∞) system of slits  

It can be shown that the intensity on the screen 
depends on the angle θ through: 
 

“Diffusion	
  cone”:	
  
	
  

sinθ  ≈  λ/a	
  
	
  

(and	
  ripples,	
  typically	
  not	
  too	
  intense)	
  

Slit	
  size	
  a	
  

a	
  =	
  λ/10	
  

sinθ 
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“RE-­‐FOCUSING”	
  MIRRORS	
  

Confocal	
  resonator	
  

The	
  effects	
  of	
  diffracMon	
  in	
  terms	
  of	
  losses	
  can	
  
be	
  minimized	
  by	
  using	
  “re-­‐focusing”	
  mirrors	
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TRANSVERSE	
  MODES	
  OF	
  THE	
  FIELD	
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CONFOCAL	
  RESONATORS	
  I	
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Free	
  spectral	
  range	
  
confocal	
  cavity	
  

The most convenient configuration is the 
confocal resonator  where the intermirror 
distance is equal to the radius of curvature 
à  each mirror focuses on the position of the 

other one 
à  a Gaussian transverse distribution is 

supported by the cavity 

The TEM00 mode (Gaussian distribution 
of the intensity along the transverse 
direction) is the one showing less 
losses, hence is “automatically” selected 
(preferred) by the resonator  

Note: it can be 
demonstrated that the free 
spectral range of a confocal 
cavity is one half that of a 
plane parallel cavity 



CONFOCAL	
  RESONATORS	
  II	
  

Waist	
  	
  

Fresnel	
  number	
  Typically,	
  the	
  acMve	
  medium	
  is	
  in	
  the	
  
waist	
  of	
  the	
  confocal	
  resonator	
  and	
  
li+le	
  acMve	
  medium	
  volume	
  is	
  used	
  

High	
  Fresnel	
  numberà	
  large	
  diffracMon	
  losses	
  

The	
  Gaussian	
  mode,	
  TEM00,	
  enables	
  minimum	
  losses	
  in	
  a	
  confocal	
  resonator	
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STABILITY	
  OF	
  THE	
  RESONATOR	
  

Stable	
  resonators	
  are	
  those	
  limiMng	
  the	
  losses	
  for	
  
diffracMon	
  effects	
  	
  
	
  
Unstable	
  resonators	
  are	
  however	
  used	
  when	
  a	
  large	
  
volume	
  of	
  acMve	
  medium	
  must	
  be	
  used	
  
à	
  High	
  power	
  lasers	
  (and	
  poor	
  opMcal	
  quality!)	
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unstable 



QUALITY	
  AND	
  ROUNDTRIPS	
  

Temporal	
  evoluMon	
  of	
  the	
  e.m.	
  intensity	
  distribuMon	
  in	
  the	
  cavity	
  

Afer	
  one	
  roundtrip	
  

Afer	
  30	
  roundtrips	
  

Plane	
  parallel	
  mirror	
  cavity	
   Stable	
  cavity	
  

Roundtrip	
  Mme	
  τ =	
  Ltot/c	
  
In	
  the	
  vacuum	
  
τ [ns]	
  = 3	
  L	
  [m]	
  

Each	
  roundtrip	
  within	
  the	
  cavity	
  enhances	
  the	
  “opMcal	
  quality”	
  if	
  diffracMon	
  
losses	
  are	
  prevented	
  

(hard	
  to	
  get	
  many	
  roundtrips	
  in	
  pulsed	
  lasers…)	
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RESONATOR	
  DESIGN	
  AND	
  LASER	
  BEAM	
  PROPERTIES	
  

The	
  opMcal	
  quality	
  of	
  the	
  produced	
  laser	
  
beam	
  depends	
  on	
  the	
  cavity	
  design	
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CHARACTERIZING	
  THE	
  BEAM	
  PROPERTIES	
  I	
  

BPP measures the product of 
beam size and divergence Typical values: 

HeNe 0.5 mm mrad 
CO2 5 mm mrad 
Nd:YAG 10 mm mrad 
Diode laser 20-100 mm mrad 
Excimer laser 500 mm mrad 
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CHARACTERIZING	
  THE	
  BEAM	
  PROPERTIES	
  II	
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CONCLUSIONS	
  

	
  
ü  The	
  opMcal	
  cavity,	
  or	
  resonator,	
  is	
  a	
  key	
  component	
  of	
  any	
  laser	
  just	
  as	
  the	
  

acMve	
  medium	
  is	
  

ü  The	
  boundary	
  condiMons	
  set	
  the	
  possible	
  (sustained)	
  longitudinal	
  modes	
  

ü  The	
  interplay	
  between	
  the	
  frequency	
  of	
  the	
  allowed	
  modes	
  and	
  the	
  gain	
  
curve	
  ulMmately	
  determines	
  the	
  laser	
  frequency	
  and	
  linewidth	
  

ü  The	
  transverse	
  behavior	
  is	
  relevant	
  as	
  well	
  to:	
  
o 	
   control	
  the	
  diffracMon	
  losses	
  
o 	
   rule	
  the	
  laser	
  beam	
  opMcal	
  properMes	
  (divergence)	
  

ü  Many	
  schemes	
  have	
  been	
  realized	
  in	
  pracMcal	
  laser	
  systems	
  in	
  order	
  to	
  
either	
  improve	
  the	
  linewidth,	
  the	
  tunability,	
  or	
  the	
  beam	
  opMcal	
  properMes	
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