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Summary (1)

• Historical perspective, e.m. spectrum, dualism of light

• Stimulated emission, optical amplification, optical resonators, 
LASER action

• Pump methods and population inversion

• Active media and LASER types

• Gas LASERs (CO2 and He-Ne)

• Solid-state LASERs with optical pumping (Nd:YAG) [DPSSL]
– side-pumped and end-pumped LASERs

• Semiconductor LASERs (Laser Diodes) [LDs]
– LDs for pointing, optical reading, printers, …

– Single-Mode LDs for Optical Communications (DFB, DBR, VCSEL)

– Single-Mode narrow linewidth LASERS for precision measurements:
Extended-Cavity Laser Diode (ECLD), Er:fiber and Er:bulk LASERs
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Summary (2)

• Pulsed LASERs (Q-switching and mode locking)

• Examples of prevalent lasers, features, applications

• Propagation and spatial profile measurements
– spot size

– divergence

• Properties of laser beams
– Spatial and spectral properties

– Amplitude and frequency noise

• Definition and measurement of optical power

• Direct and coherent optical detection

• Applications of LASERs and laser safety

• Bibliography
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Historical perspective and laser properties

•LASER invented in 1960 (T. Maiman)

Light Amplification 

by Stimulated
Emission of Radiation

• Starting from previous works on MASERs (1954) and the 
corresponding  microwave oscillators, Research moved to 
the much higher optical frequencies where the energetic 
quantum phenomena are more evident

• The LASER is a light sourcewith excellent properties:

monochromaticity, coherence (spatial and temporal), 
directionality, brightness (⇒ energy density in space), 
polarization, time duration (⇒ energy density in time)
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The electro-magnetic spectrum

– millimeter waves (10mm-1mm)

– Far- and Medium- IR (1000µm -2.5µm)

– Near-IR (2.5-0.75µm)

– VISible (750nm-380nm)

– UV (380nm-40nm)

– X-rays soft (40nm-1nm)

– X-rays hard (1nm-0.01nm)

– γ rays(10pm-0.01pm)

mm

IR

NIR

VIS

UV

X

λ [nm] ν [THz]
107 0.03

106 0.3

2500 120

750 400

380 790

40 7500
1 3×105

γ

• LASERs working in CW or PULSED regime

• Oscillators at “optical” frequencies ( f ~ 500 THz )

f → ν with  λλλλ=c/νννν wavelength

(optical carrier stationary or modulated)

color λλλλ (nm)

red 750-620

orange 620-585

yellow 585-575

green 575-500

blue 500-445

indigo 445-425

violet 425-380

LIGHT



8/57

“Optical” wavelengths (LightWaves)

“LIGHTWAVES”

1mm 10nm5 decades
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Representations of light

•WAVE ( wave theory )

– interference phenomena

– diffraction phenomena

• PHOTON ( corpuscle theory)

– energy quantization E=hν

– interaction radiation/matter 
(photon absorption/emission)

• RAYS ( geometrical optics ) 

– analysis of optical systems: reflection/refraction

–most finely: Gaussian Optics
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Absorption, spontaneous emission,
stimulated emission

hνννν =E2-E1

λλλλ = hc/(E2-E1)

In the process of stimulated emission,
an incident photon is “amplified”

producing two coherent photons

(interaction of light with excited atoms)

2

1

E2

hνννν

E1

absorption

ATTENUATOR

2

1

E2

hνννν

E1

stimulated emission

hνννν

hνννν

AMPLIFIER

2

1

E2

hνννν

E1

spontaneous emission

EMITTER

ττττsp

U(EL)

L(EL)

( (  all effects are due to different energy states in the atom ) )
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Optical amplification (coherent)

Spontaneous Emission: (incoherent emission) 

energy is emitted with frequency not exactly predetermined 
and with random phase and direction

Stimulated Emission: (coherent emission)

energy is emitted with the same frequency, phase, direction

ENERGY LEVELS

upper: E2

lower: E1

atoms 
ions in glass or crystal
molecules (also vibrational)
bands (semiconductors)
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Population inversion

N2 < N1

ATTENUATOR

At thermodynamic 
equilibrium,
with E2 > E1 ,
it is N2 < N1

N = [1/cm3] =
= [atoms/cm3]

∆∆∆∆N = (N2 - N1) is called POPULATION INVERSION

If N2 = N1 (which holds also for N2=N1=0) the medium is 
"transparent" to the specific ν and λ considered

N2 > N1

AMPLIFIER

“disequilibrium”
with ‘excited’ atoms
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Elements of a LASER oscillator

1. Active MEDIUM
atoms/ions/molecules with “suitable” energy levels

1. + 2. → device with GAIN

amplifier

3. → way for optical feedback
feedback (+)

(LASER action)

G
A 
I 
N

L
O
S
S
E
S

(laser oscillation)
OSCILLATOR

2. PUMP mechanism 
energy transfer to provide for “population inversion”, 
by “exciting” the active medium and obtain optical gain

3. Optical RESONATOR
system for e.m. radiation confinement
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Optical amplification (??? 2 levels)

Even by supplying energy to the system,
it is impossible to achieve (“net”) amplification

by a system with 2 energy levels

When N1=N0=N/2 any additional pump energy gives 
the same probability of transition 0����1 and 1����0 

Two-level 
system

condition for amplification: N1 >>>> N0 (impossible)

0

1

pump radiative transition

ground level

“It is not sufficient to promote N/2 atoms in the upper level”

(and it is not possible promoting more than N/2)

UEL

LEL
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Optical amplification (3 levels)

In order to obtain amplification we must supply

energy to a system with more than 2 levels

POPULATION INVERSION
N1 - N0 > 0

Three-level 
system

working condition

ττττ21 << ττττ10

condition for amplification: N1 >>>> N0 (not simple)

“We must promote N/2+n atoms in the upper level”

because lev. 0
must be emptied0

2

1
pump

non-radiative transition

radiative transition (LASER effect)

ground level

UEL

LEL
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Example of 3-level LASER (Ruby)

Ruby: Al2O3 (aluminum oxide: αααα-alumina, or corundum) 

where some of the Al3+ ions are substituted by Cr3+

IN GENERAL:

The procedure of doping tiny amounts of the metals 

chromium (Cr), neodymium (Nd), erbium (Er), 

thulium (Tm), ytterbium (Yb), and a very few others, 

into transparent crystals, ceramics, or glasses 

provides the active medium for solid-state lasers.

Cr2O3 (by-weight) 

substitution for Al2O3

in Natural Ruby is ≈≈≈≈1% 

Synthetic Ruby is 0.05%

λλλλP,visible(BLUE-GREEN)= 0.42-0.55 µµµµm  <  λλλλL = 0.69 µµµµm
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Optical amplification (4 levels)

condition for amplification: N2 >>>> 0 (simple)

Most efficient system: 4 LEVELS

working condition
ττττ32 , ττττ10 << ττττ21

Four-level
system

0

3

2

pump

non-radiative transition

radiative transition (LASER effect)

non-radiative transition

1

ground level

“It is sufficient to promote any n atoms in the upper level”

because lev. 1
is already empty

UEL

LEL
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Example of a 4-level LASER (Nd:YAG)

YAG: Yttrium Aluminum Garnet (Y2Al5O12)

with some Y3+ atoms/ions substituted by Nd3+ (≈≈≈≈1%)

3

2

1

0
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Nd:YAG LASER and “Quantum defect”

Energy EP of the pump photon must be higher 
than energy EL of laser photon ( hννννP > hννννL )

λλλλP= 0.8 µµµµm  <  λλλλL = 1.06 µµµµm

EP= hνP = hc/λP ≅ 2.46×10
-19 J

EL = hνL = hc/λL ≅ 1.87×10
-19 J

∆∆∆∆E = 5,92×10-20 J   ∆∆∆∆E / EP = 24 %
this energy gets “lost” and is 
provided to the atoms of the 
crystal in the form of reticle 

vibrations (phononic excitation) 
turning into temperature rise

of the active medium

1

2

3

0
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Optical amplification (quasi-3-levels)

condition for amplification: N2 >>>> 0 (not so simple)

Intermediate behavior: 4-3 LEVELS

working condition
ττττ32 , ττττ10 << ττττ21

Quasi-3-level
system

0

3

2

pump

non-radiative transition

radiative transition (LASER effect)

non-radiative transition1

ground level

“We must promote n > m atoms in the upper level”

because lev. 1
is partly (m) full

UEL

LEL
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Yb:YAG LASER, low Quantum defect

Energy EP of pump photon must be higher 
than energy EL of laser photon ( hννννP > hννννL )

λλλλP= 0.94 µµµµm  <  λλλλL = 1.03 µµµµm

EP= hνP = hc/λP ≅ 2.12×10
-19 J

EL = hνL = hc/λL ≅ 1.93×10
-19 J

∆∆∆∆E = 1,85×10-20 J   ∆∆∆∆E / EP = 8.7 %
this energy gets “lost” and is 
provided to the atoms of the 
crystal in the form of reticle 

vibrations (phononic excitation) 
turning into temperature rise

of the active medium
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Er:glass LASER “quasi-three-level”

λλλλP= 0.98 µµµµm  <  λλλλL = 1.55 µµµµm

Optical gain and emitted wavelengths
from 1480 nm to 1620 nm: 3th transmission 
window of optical fibers (loss <0.2dB/km).

A complicated balancing mechanism 
between gain and losses 

(depending also on the pump rate) 
allows broad wavelength emission spectrum
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Summary of “LASER level” schemes

3-level 4-level quasi-three-level
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Types of pumping mechanisms

• ELECTRICAL DISCHARGE ( gases )

– the energy of the electrical discharge excites, 
via collisions (kinetic energy transfer) the 
atoms/ions in the active medium

• OPTICAL ( crystals, gases, liquids )

– the pump photons excite atoms/ions

• ELECTRICAL CURRENT ( semiconductor ) 

– the energy of the electrical current in the 
semiconductor (energy of electron-hole 
recombination) provides emitted radiation
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Review of energy levels, pumping, 
and population inversion (4 lev.)

3

2

1

0

p
u
m
p
in
g

rapid decay

LASER action

rapid decay

N3 ≅ 0 ≅ N1

τ21 >> τ32 , τ10

Population 
inversion:

N2>N1≅≅≅≅0

The active medium 
can amplify

radiation at λlaser

λλλλ laser

long-lived

state
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Optical gain in an active medium

Amplification by unit of length (dz) in the active medium

emission cross section (cm2 or pm2)

optical intensity (W/cm2)

∆N population inversion (cm-3)

For an active medium of length l:

logarithmic gain g (cm-1)

single-pass optical gain

I(0)
I(l)

l

I           I+dI

dz
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Elements of a LASER oscillator (bis)

1. Active MEDIUM 
atoms/ions/molecules with “suitable” energy levels

1. + 2. → device with GAIN

amplifier

3. → way for optical feedback
feedback (+)

(LASER action)

G      
A 
I 
N

L
O
S
S
E
S

(laser oscillation)
OSCILLATORE

2. PUMP mechanism 
energy transfer to provide for “population inversion”, 
by “exciting” the active medium and obtain optical gain

3. Optical RESONATOR
system for e.m. radiation confinement

SEEN
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Fabry–Perot optical resonators

L

Optical Resonator

R1
mirror

R2
mirror

resonance 
conditions

resonant
length
L = m ⋅⋅⋅⋅ λλλλ / 2

resonant    
frequencies
νννν = m ⋅⋅⋅⋅ c / 2L

free-spectral range
∆ν∆ν∆ν∆νfsr = c / 2L

the integer m, is the order of the resonant mode 
and tells us how many λ are in a round-trip (2L)
or on which order of the FSR is the frequency ν

In order to maintain the same phase of the e.m. field for the wave 
traveling back and forth between the mirrors, the round-trip path
must be an integer multiple of the wavelength:  2L = m ⋅⋅⋅⋅ λλλλ
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Properties of Fabry-Perot resonator

Cavity lifetime  
τ c = L / cγ
γ losses (logarithmic)
per pass  (see later)

Cavity linewidth
∆ν∆ν∆ν∆ν c = 1 / 2ππππττττ c = cγ / 2πL Quality factor

Q = (νννν /∆ν∆ν∆ν∆ν c)
-1= νννν /∆ν∆ν∆ν∆ν c

Q = (ν/∆νfsr)⋅F
Q = m ⋅ F

( “best mirrors” provided F=600000, hence R=99.9995%=1-T-A “indirect meas.” )

L

Pin Pout

Finesse  F = ∆ν∆ν∆ν∆νfsr / ∆ν∆ν∆ν∆ν c

F = π(R 1R 2)
1/4 / {1- (R 1R 2)

1/2}

F = ππππR1/2/ (1- R) with R=R1=R2

R1[=99.9%]
mirror

R2[=99.9%]
mirror

[F ≅≅≅≅ 3140]

R1 R2

c/2L

T = Pout / Pin

mmmm m+1m+1m+1m+1
F = ? 

constant γF ; γ τc
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c/2L

T = Pout / Pin

mmmm m+1m+1m+1m+1

Transmission of the Fabry-Perot

Airy spectral profile

for R=R1=R2  
ϕ = (2π⋅2L/λ) =(ks)= 
= (2π⋅ν ⋅2L/c)

cos(ϕ )=+1⇒ ϕ = n(2π)

cos(ϕ )=-1 ⇒ ϕ = n(2π)+π

Linear axis 
in ϕ or ν
(not in λ)

round trip
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Optical gain in an active medium (bis)

Amplification, per unit length, in the active medium

For an active medium of length l:

single-pass optical gain

For each pass in the active medium the optical beam 
experiences an un optical gain G in intensity/power

Let’s find the value of critical gain (and critical inversion) 
allowing the start of laser oscillation in an active medium 
undergoing positive feedback

I           I+dI

dz
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Threshold condition for laser action

The round-trip (double-pass) gain must equate the losses 
within the resonator (mirrors reflectivity, surfaces and 
materials crossed by the beam, diffraction).

Considering (ideal case) just the partial reflectivity of the 
mirrors (R1, R2 < 1)

I0 GI0

R2GI0GR2GI0

in a round-trip it must be R1GR2GI0 = I0 ⇒ G2=1/(R1R2)

exp[2σ (N2-N1)l] = 1/(R1R2)   ⇒ σσσσ (N2-N1)l =(1/2)[-ln(R1) -ln(R2)]=γγγγ

mirror 1

R1

mirror 2

R2

active 
medium

G

l

R1GR2GI0
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Critical inversion, threshold power
and slope efficiency in a LASER

with

single-pass log. losses γ (1)

saturation

slope
efficiency

Pth

Pl

Pp

INPUT-OUTPUT

CURVE

γ =(1/2)[-ln(R1) -ln(R2)] log. losses
gain = losses
σσσσ(N2-N1)l = γγγγ (threshold)

ηslope
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Active medium, pumping, population inversion, 
laser action, optical feedback, laser oscillation

(        Energy Level 3  )
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Elements of a LASER oscillator (bis)

1. Active MEDIUM
atoms/ions/molecules: energy levels

2. PUMPmechanism [and laser threshold]
Energy transfer “exciting” the Active Medium 
achiving a “population inversion” in order to 
obtain an optical gain

3. Optical RESONATOR
system for e.m. radiation confinement 

… now let’s see the STRUCTURE of a LASER …



R1=100 %
mirror

Optical Resonator (3.)

R2=90 %
mirror
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Structure of a LASER oscillator

THRESHOLD
Pth = Ppump,min

for Plaser>0

SLOPE EFFICIENCY
ηηηη = ∆∆∆∆Plaser / ∆∆∆∆Ppump

Colors are only for visual purpose …

Pump (2.)
Ppump

Active Medium (1.)

laser beam
Plaser
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LASER Types (classification criteria)

1. Physical state and properties of the active medium:
– gas LASERs

– colorant (liquid) LASERs

– solid state LASERs (in a crystal or amorphous host)

– semiconductor LASERs (in a semiconductor; Laser Diode or LD)

3. Operating regime

– CONTINUOUS WAWE (CW) LASERs 
multi-mode, single-mode (long./trasv.), single-frequency

– PULSED LASERs
free-running, Q-switching, mode-locking

2. Emission wavelength

– LASERs in the IR, VIS, UV, and X-ray
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Gas LASERs (electrical discharge pump)

Sealed tube
( He-Ne )
( 10 : 1 )

The electrical discharge excites (by electron-atom impact) the He atoms 
that transfer their excitation energy (resonant energy-transfer) 
to the Ne atoms finally providing LASER action

Flow tube
( CO2 )

λλλλ = 10.6 µµµµm (IR)
P ≈≈≈≈ kW

λλλλ = 632.8 µµµµm (VIS)
P ≈≈≈≈ mW
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Solid-state LASERs (side-pumping)

Active Medium

Rlaser=100 %
mirorr

LASER 
output

Rlaser=70 %
output 
mirror

(e.g.Nd:YAG)
(λλλλ=1.064 µµµµm)

lamp optical 
pumping

Pump lamp
(e.g. Xe o Kr)

reflecting wall

reflecting wall
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Solid-state LASERs (end-pumping)
(specific example with Nd:YAG)

Active Medium

Rlaser=100 %
Tpump>90 %

mirror

Rlaser=90 %
output
mirror

LASER 
output

Nd:YAG
λλλλ=1.064 µµµµm

Yttrium AluminumGarnet
YAG ≡≡≡≡ Y3Al5O12

yttrium + alumina
( Y + Al2O3 )

Nd substitutes
Y by 1% in the 
crystal host

Pump 
diode

coupling 
optical system

AlGaAs
λλλλ=808 nm



41/57

Properties of the active mediumi 

Nd:YAG: 1%-atomic =0.725%-weight)

(4 level laser)

(NIR)

(a few ppm)

(very high)

(very long ≈ ¼ ms)

(high)

(modest thermal lensing)
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Light absorption in  Nd:YAG

The absorption spectrum provides a strong absorption peak at 808 nm

P
p
,l
=
 P

p
,0
e
x
p
 (
- αα αα

l)

l=0.5 cm ; αααα=10 cm-1

Pp,out = Pp,0 exp (-5)
PABS=99.3%Pp,0 =
=Pp,0 [1-exp (-5)] 

l=0.5 cm ; αααα=2 cm-1

Pp,out = Pp,0 exp (-1)
PABS=63%Pp,0 =
=Pp,0 [1-exp (-1)]

1/5 in αααα
is not 

1/5 in PABS

logarithmic
scale
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Optical pumping: lamp vs diode

Comparison of emission spectra (lamps/LDs) for Nd:YAG pumping

Fig. 6.6 pag. 207

•The spectral efficiency of diode pumping [  ] (∆ν ~ 10 nm) 
is much higher than for lamp pumping [   ] (∆ν ~ 200÷500 nm) 

•Pump energy not usefully absorbed generates
excess heat (�thermal lensing and also irreversible damages)



44/57

Pump geometry: lamp vs diode

Fig. 6.1 pag. 204

Fig. 6.2 pag. 205

Fig. 6.3a pag. 205

Transverse optical pumping 
with one, two and more lamps

Fig. 6.15 pag. 220

Fig. 6.16 pag. 220

Transverse diode pumping
for an Nd:YAG laser rod

Pump spatial distribution
in the active medium

Pump: 150 W   LASER: 62 W CW TEM00
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λ2/2L
long. modes 

of the 
resonator

c/2L

frequency 
distance

(resonant wavelengths) 

Longitudinal Modes and Gain Bandwidth

G o T

λλλλ

gain profile of the 
active medium
BW=GFWHM

All longitudinal modes with “enough gain” oscillate 
simultaneously (MLM). Typically the LMs closer to the 
peak of the gain profile do oscillate at the same time.

the LASER is not oscillating 
on a single-mode (-frequency)

energy levels 
“dispersion” M L M

oscillation
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SLM selection

G o T

νννν

Optical Filter
(band-pass)

with ∆ν∆ν∆ν∆νc< c/2L

gain profile
of the active medium

c/2L
modes of the
resonator

1 laser mode
Single-Longitudinal-Mode

example: Fabry-Perot etalon
chosen with FSR>GFWHM

S L M
oscillation
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Single-mode semiconductor LASERs

Distributed Feed-Back (DFB)

VCSELDistributed Bragg Reflector (DBR)

SLM due to “spectral filtering” of the monolithic optical resonator

FP
less
used
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1.5 µm narrow-linewidth LASERs

Extended Cavity LD (ECLD)

Er fiber LASER

Bulk Er-Yb LASER
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mechanical
on/off e.g. 1 Hz
(giant pulse)

Pulsed LASERs : Q-switching

electro-optical
1 kHz “high gain”

acusto-ottico
10-100 kHz “low gain”

All the pump energy 
accumulated in the active 
medium is released, in a 
short time, when the 
resonator is “aligned” 
(high Q condition)

With low Q
the population 
inversion can 
grow high 
achieving ∆N
much higher 
than ∆Nth

Time interval ττττp between pulses: depends on the switch
Pulse duration ∆∆∆∆ττττp: depends on active medium (≈≈≈≈10 ns)
duty cycle (∆∆∆∆ττττp/ττττp) is low ⇒⇒⇒⇒ peak power is high (≈≈≈≈MW)
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Pulsed LASERs: mode-locking

phase-locked longitudinal modes

ττττp = 2L/c (round trip)
frep=1/ττττp (100 MHz ÷÷÷÷ 10 GHz) 
∆∆∆∆ττττp = 1/Blaser (10 ps ÷÷÷÷ 100 fs)
Ppeak very high (up to >GW)

1.5 m ÷1.5 cm
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Femtosecond LASER (mode locking)

ττττp = Lf /c (round trip)
frep=1/ττττp (250 MHz) 

Lf= ττττp⋅⋅⋅⋅c = c / f rep= 1.2 m
∆∆∆∆ττττp = 1/Blaser (<90 fs e.g. 80 fs)

Pave = 10 mW ÷÷÷÷ 400 mW (e.g. 200 mW)
Pp=Pave [Trep/∆∆∆∆ττττp]=200 mW[4 ns/80 fs]= 

=100 kW  (with Pelet=100 W)
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Applications of femtosecond LASERs
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Properties of the Nd:YAG LASER

• Energy levels of the ion Nd3+ in YAG crystal ( Y3Al5O12 )

• Doping in the order of 1-2 % (Nd3+ substituting Y3+)

• Gain bandwidth ∆∆∆∆νννν = 125 GHz (∼∼∼∼0.4 nm) [40×××× in glass]

• Slope efficiency 3÷5 % (lamps) and >20 % (diodes)

pump

730 nm

808 nm

laser transition at 1.064 µµµµm

ττττ = 0.23 ms

ττττ ≅≅≅≅ 100 ns

Energy >> kTττττ ≅≅≅≅ 100 ns
4I9/2

4I11/2

4F3/2

4F5/2

946 nm
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Pulsed Nd:YAG LASER

λλλλ ∼∼∼∼ 1 µµµµm  and νννν ∼∼∼∼ 300 THz

Operating in a
mode-locking regime

∆λ∆λ∆λ∆λYAG ∼∼∼∼ 0.4 nm e  ∆λ∆λ∆λ∆λglass ∼∼∼∼ 40××××∆λ∆λ∆λ∆λYAG ∼∼∼∼ 16 nm

⇒
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Main properties of typically-used LASERs

ηηηη

Pp=10
9 W in mode-locking

10-3- 1

33

diode-pumped

100000.1

Laser λλλλ

(µµµµm)

P

(W)

Dimension

(m)

Efficiency 

(%)

Cost 

(€)

He-Ne 0.632

(rosso)

10-3-10-2 0.1-1 0.1 100-2000

Nd:YAG 1.064 200 (CW)

107 (peak)

1 1-10 50000

CO2 10 104 (CW)

107 (peak)

1 10-20 50000

Semiconductor 0.45-1.6 1 10-3 50 10-10000
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Example of “typical” LASER: He-Ne
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Example of “typical” LASER: Nd:YAG 2×

An ultra bright pointer is now on the market [class IIIA]
(∼5 mW at the green 532 nm wavelength): an intracavity 
frequency-doubled Nd:YVO4 laser with blocked IR.


