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LASER components
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Properties of LASER light
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Wavelength

source: P.W. Milonni, J.H. Elberly. Lasers. Wiley 1988



3

Seite 3

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Dr. Melanie Heilmann

11/12/2009 | Page 5
Directionality
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Example

l = 500 nm, A = 5 mm²

� DW= 10-8 steradians

lll l
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Monochromaticity

Spectral purity Q:  Dn / n

n = 5×1014 Hz (optical spectrum)

nnnn

= 100 Hz / 5×1014 Hz = 2×10-13

source: P.W. Milonni, J.H. Elberly. Lasers. Wiley 1988
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Coherence

Double-slit screen

source

Spatial coherenceTemporal coherence
„Michelson interferometer“ „Double-slit experiment“

t1

t2
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Coherence Time

time

n1 = n2 n1 ¹ n 2
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The smaller the bandwidth, the longer the coherence time !

Example: 1 MHz (broadband LASER) � 1 µs

5×1014 Hz (sunlight) � 2×10-15 s



5

Seite 5

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Dr. Melanie Heilmann

11/12/2009 | Page 9

n
t

D
=D×=D

c
cz

Example: good non-LASER source of „monochromatic“ radiation

Dn = 100 MHz     � Dt = 1.6 ns     � Dz = 48 cm

Coherence length
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Spectral brightness
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Spectral Intensity

Spectral Energy density
(nonlaser optical source, black body)
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bn : 1.5×10-12 W / (cm2 sr Hz) (sun)
25         W / (cm2 sr Hz) (He-Ne LASER)

2×108   W / (cm2 sr Hz) (Nd:glass LASER) 

nDbandwidth
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Light amplification

source: P.W. Milonni, J.H. Elberly. Lasers. Wiley 1988

Amplification: g > 0

Absorption:    g < 0
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Light intensity
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a: absorption coefficient

g: optical gain coefficient  (g = -a)
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Atomic energy states
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Thermal Equilibrium
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Occupation number:

At thermal equilibrium: The higher the energy 
the lower the occupation number of the quantum state

Thermal equilibrium:

w < 0

DE
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Amplifying medium

Inversion:  Ne > Ng
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= T < 0 Light amplifying media are 

NOT in thermal equilibrium

In thermal equilibrium: In the LASER medium:
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Stimulated and spontaneous processes

Eg, Ng

Ee, Ne

Bge Beg Aeg

Transition probabilities

Einstein coefficients

(stimulated absorption / emission)
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(spontaneous emission)

deg: matrix element of dipole operator

Coupling of an atom to a monochromatic light wave

• Coupling to the driving field: stimulated absorption

• Coupling to the driving field: stimulated emission (coherent: phase relations!)

• Incoherent process: spontaneous emission (independent of driving field !)
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Damping Processes
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s: saturation parameter
(determines the significance of coherent 
processes with consideration of incoherent 
damping processes)

g: relaxation rate 1/T1

(describes energy loss characterized by 
the difference in occupation numbers)

I: Driving light field intensity

I0: Saturation intensity

w-w0: detuning
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w-w0: detuning

Saturation Intensity I0
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sQ: Resonant absorption cross section

s: saturation parameter
(determines the significance of coherent 
processes with consideration of incoherent 
damping processes)

g’: relaxation rate 1/T2

(describes damping of polarization)

g: relaxation rate 1/T1

(describes energy loss characterized by 
the difference in occupation numbers)

I: Driving light field intensity

I0: Saturation intensity
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Occupation Number Difference
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sQ: Resonant absorption cross section

I, wwww

� � DE =   w0�

s: saturation parameter
(determines the significance of coherent 
processes with consideration of incoherent 
damping processes)

g’: relaxation rate 1/T2

(describes damping of polarization)

g: relaxation rate 1/T1

(describes energy loss characterized by 
the difference in occupation numbers)

I: Driving light field intensity

I0: Saturation intensity
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4-Level System

Eg, Ng

Ee, Ne

E0, N0

Ep, Np

pu
m

p 
Pumping process LASER process 

R

ggggdep

gggg

ggggeg

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Dr. Melanie Heilmann

11/12/2009 | Page 20
Inversion
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Stationary solution:

Inversion: 0>- ge NN egdep gg >

Rate equations:

(in absence of any light 
field causing stimulated 
emission)
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Optical gain
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g: optical gain coefficient  (g = -a)
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Under the influence of a light field:  Gain reduction Saturated gain 
(LASER operation)

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Dr. Melanie Heilmann

11/12/2009 | Page 22
Natural abundance of LASERs

Example:  Cosmos

A source of intense, coherent light fields

• Hot stars

• Inversion sustained in molecular gases 
surrounding the star

• Wavelengths in the microwave range (MASER)

Hot star MWC349

l = 169 µm

Cosmic lasers provide data on dynamics of large interstellar molecular clouds
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Roots of LASERs

Optical properties of atomic gases studied in 
gas discharge experiments 

� 1958: theoretical prediction of ‘optical MASER’ called LASER

A. Schawlow (1921-1999, Nobel prize: 1981)
C. Townes (born 1915, Nobel prize: 1964)
Infrared and optical maser. Phys.Rev. 112 (1958) p. 1940

Question: Suitable experimental setup for inversion and amplification of light ?
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First LASER systems: 1960

Ali Javan (*1926, Teheran/Iran) 

� Continuous-Wave (CW) Gas LASER

Bell Telephone Laboratories (NJ/USA)

Hughes Research Laboratories (CA/USA)

Theodore H. Maiman (*1927, L.A./USA) 

� Pulsed Solid-State LASER
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Analogy: Electronic amplifier

source: D. Meschede. Optics, Light and Lasers. Wiley-VCH 2007

V: amplifier

Filter (F) for frequency 
selection in feedback path

Mirrors with wave-length 
dependent reflectivity 

V: amplifying 
medium

Frequency characteristics of gain and feedback  � Oscillation frequency

Oscillation condition:  Gain  ³ Losses

Effective Gain = Losses (Saturated gain)
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The ideal LASER

1. Gain as large as possible

2. Frequency independent

… has not yet been found

Gas Liquid Solid-State

Fixed frequency neutral atoms rare-earth ions
ions 3d ions

Multiple frequency molecules

Tunable dyes 3d ions
semiconductor
color centers

�

�
�

�
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Next Lecture

3.  LASER Systems II


