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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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Gas LASER

� He-Ne

� Ar+

� Metal vapor

� CO2

� Excimer

Molecular Gas LASER
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Properties of Gas LASERS

• Small gain bandwidth

• Fixed-frequency LASERs

• Instrumentation LASERS due to reasonable technical and 
physical properties

- Good beam quality

- High frequency stability

- Low energy consumption

- Some gas LASERs: high output power in CW operation

• Active medium:  Substance gaseous at room temperature

� rare gases (e.g. Argon, Krypton)
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He-Ne-LASER: Amplifier

• Example: Neon tubes

- Excitation of He atoms (e- impact)

• Resonant energy levels: He and Ne

- Energy transfer to Ne (resonant impacts)

• 4-Level system

- 1 ® 2  pump system

- 2 ® 3  laser transition

����

����

����

����

• Transition 4 ® 1: 

- metastable

- radiative decay not allowed

� Collisions with wall in narrow 
discharge tube (depopulation of level 4)
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He - Ne LASER: Setup

• He pressure p = 10 mbar

Mixing ratio: He:Ne = 10:1

• He-discharge:  several mA, 1-2 kV

• Capillary tube Æ: d £ 1 mm

d×p @5 mbar mm

• Power: 0.5 mW – 50 mW

- discharge current
Max. gain: few tens mA
Increasing electron 
collisions: de-excite atoms

• gas pressure

• tube length

l £ 1 m

- tube length
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He-Ne-LASER: Applications

Fast distribution 

- Manufacturing technology of radio tubes

- High production capacity available due to replacement of radio tubes by transistors

Applications

- Red line: 632 nm line ® best-known
- Countless alignment

- Interferometric and reading devices

� More and more replaced by red laser diode (active medium: semiconductor)

- Meterology: precision measurements

- Red line: used for length standard 
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Argon-Ion LASER: Amplifier

• Excitation of high Ar+ states 
(step-wise e- impact)

• Very high current density 
necessary

• Population of LASER level 
from

- Ar+ ground state
- Levels below
- Levels above

• 3-Level system
- 1 ® 2 pump system
- 2 ® 3 laser transition

����

����

����
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Argon-Ion LASER: Setup

• Tube with Argon plasma
(Plasma: ionised gas with almost balanced 
charges of ions and e-)

• Tube length: 0.5 – 1.5 m

• High plasma temperature

- Protection by tungsten disc

- Copper cup for fast heat 
conduction

• Magnetic field: Erosion protection 
(Focus of plasma current on axis)

• Ar ions diffuse to cathode:

� Openings for compensation 
current 

• Gas pressure: 0.01 – 0.1 mbar
• Gas reservoir: Ar ions implanted in walls

(Lifetime: 500 – 2000 h)
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Argon-Ion LASER: Features

• Optical transitions up to UV 

• High output power in the optical spectral range

• LASER lines: blue, green, yellow-green

� Since 2000: more economic frequency-doubled solid state LASERs

Laboratories

• standard LASER for excitation 
experiments

• Pumping LASER for other, tunable 
LASERs, e.g. dye and Ti-sapphire 
LASERs
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Metal-Vapor LASER

Amplifier: e.g. copper vapor

• Excitation by discharge (e- impact)

• 3-Level system

- 1 ® 2  pumping system

- 3 ® 1  laser transition

����

������ ��
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� High power (av. 100 W)

� High operation temperature (1500°C)

• Important LASER lines: yellow, green

� Quasi CW: pulsed (10 kHz, 10 ns)

� Large excitation probability, high coupling strength of dipole-allowed transitions
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Gas LASER

� He-Ne

� Ar+

� Metal vapor

� CO2

� Excimer

Molecular Gas LASER
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Molecules versus Atoms

rotational vibrational

Electronic energy levels

+
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Molecular Energy Levels

DErotational < DEvibrational < DEelectronic

• Complex spectrum of transition frequencies

� complex spectrum of laser lines

• Electronic excitation of many gaseous 
molecules at very short wavelengths 

• Visible spectrum

1. Sodium-Dimer (Na2) � high vapor T (� )

2. Nitrogen (N2) Laser � only for demo 
purpose
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Can a LASER be operated just with air ?

• Amplifier: Nitrogen  (Air: 78 % N2)

• Spark discharge along knife edges

• High Voltage: Breakdown of air at 
sharp tip

Home-built Air LASER
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CO2-LASER: Vibrational states

Symmetric 
stretching

BendingAnti-symmetric 
stretching
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CO2-LASER: Amplifier

����

����

����

• 3-Level system

1 ® 2  pumping system

2 ® 3  laser transition 
(slow dipole transition)

3 ® 1  rapidly emptied
(step 1: collisional processes,
step 2: v-v relaxation)

• Laser line: infra-red (10.6 µm)

• Discharge excitation of 
metastable N2

• Energy transfer to CO2

molecules

• CO2-gas heating 

� He add (increase of 
thermal conductivity)
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CO2-LASER: Features

• Among the most powerful and robust LASER types

• High, focusable energy density

� Contactless material processing and laser machining

• Development of multiple technically different CO2-LASER types

• LASER operation disturbed by chemical reactions

� Regeneration of LASER gas

- Maintaining a continuous gas flow through laser tube

- Add of catalyst (e.g. H2O) to oxidize CO back to CO2

• Output power: some 10 kW (routinely)
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CO2-LASER: Configurations

Longitudinal gas flowConventional

Radio-frequency wave guide
Transversely Excited (TE) 

LASER

High power !
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Excimer-LASER 

• Excimer = “Exc ited Dimer ”

� Diatomic molecules that exist in an excited state only 

• Ground state: dissociation into two unbound atoms

� Dissociation time: vibrational
period (10-13s)

� No lower level population !

• Wavelength: visible - UV

• Bound-Free laser transition

� Tunability range (~ 5 nm)

• Lifetime » 10 ns � Pulsed LASER
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Excimer-LASER: Amplifier 

• Rare-gas monohalides (XY)

� e.g. ArF, KrF, XeF, XeCl

• Mature products

- KrF (248 nm)
- ArF (193 nm)
- F2  (157 nm)

• Reactions

- Ion-ion recombination:
X+ + Y- ® XY*

- “harpooning” reaction
X* + YR  ® XY* + R

• Excitation: 

- Electric discharge
- e- beam
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Excimer-LASER: Features

• quite costly: Generation and handling of excimer gas 

• Excimer gas
- Corrosive

- Aging after some 103 – 106 pulses  (typ. pulse rates: 10 – 1000 pulses/sec)

� selected materials, sophisticated gas exchange systems

• Applications

- Medicine (e.g. Eye Surgery)

- Light source in optical 
lithography (semiconductor 
industry)

LASIK surgery
(Laser-assisted in-situ 

Keratomileusis)

IBM logo on human hair- KrF: 248 nm 

- ArF: 193 nm 

- F2: 157 nm
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Overview: Gas LASER
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Solid-State LASER 

• Neodymium

• Erbium

• Ytterbium

Non-tunable
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Solid-State LASER

• Compact design and robust construction

• Inexpensive production

• Efficient excitation by diode lasers

• Efficiency: 20 % (Power conversion: Electrical ® Light)

• Economical

From the beginning until today

• 1960: First LASER of chromium-doped ruby (Cr:Al2O3)

• Today: workhorses

Applications

• Pump lasers for excitation of tunable lasers

• Material processing demanding intensive laser 
radiation with good spatial coherence
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LASER crystals

• Host lattice: 

- Doped with optically active ions
� Considered as frozen gas  Û ion concentration £ few %

� High gain density

• Impurity ion density >> particle density in gas laser

� Reduction of losses by absorption and scattering

� Inhomogeneous temperature pattern: Lensing effects due to temperature 
dependent refraction index

- High optical properties

- Thermal conductivity

• Many host materials contain Yttrium

� Chemically similar to rare-earth metals

� Easily replaced by rare-earth metals
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Dopant Elements: Rare-Earth Metals

Lanthanides: 13 elements following 

Lanthanum (La, N=57)

Ions: triply ionized with e-

configuration

[Xe]4fn (1 £ n £ 14)

[Kr]4d1Yttrium:
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Neodymium LASER: Amplifier

• 4-Level system

1 ® 2  pumping system

2 ® 3  very fast (phonon relaxation)

3 ® 4  laser transition

4 ® 1  emptied quickly

• Laser line: infra-red (1064 nm)

• Excitation: Diode LASER(808 nm)
����

����

����

����
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Neodymium LASER: Configurations

Classical (Xe-lamp in 2. elliptical focus) End-pumped LASER (linear laser rod with LD)

Until the late 1980s

� High-pressure noble-gas lamps 
(e.g. Xe)

Today

� High-power laser diodes
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Neodymium LASER: Configurations

Slab LASER (transversely applied pump energy)

Z-Shaped Resonator (symmetric pumping)

Classical (Xe-lamp in 2. elliptical focus) End-pumped LASER (linear laser rod with LD)
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Neodymium LASER: Applications

Frequency-doubled Nd-LASER

� Has replaced expensive Ar+-LASER technology

• LBO: non-linear crystal ® frequency doubling

• Wavelength: 1064 nm / 2 = 532 nm (visible light !)

• Pump energy: applied through fiber bundles (large power !)

Monolithically integrated LASER (miser)
� Extremely frequency-stable
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Erbium LASER

• Same host crystals as Nd

• Excitation: Strained quantum well (SQW) 
laser diodes (980 nm)

• Laser transitions:

- 2.9 µm (medical applications, eye-safe 
operation wavelength)

- 1.55 µm (infra-red)

• 3-Level system

1 ® 2  pumping system

����

����

����
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Erbium-Doped Fiber Amplifier (EDFA)

1989:  D. Payne, E. Desurvire

� Realization of amplification at 1550 µm

Er-doped optical fibers 

� long distance data transmission

RUPRECHT-KARLS-
UNIVERSITY HEIDELBERG

Computer Assisted Clinical Medicine
Dr. Melanie Heilmann

11/12/2009 | Page 34
Ytterbium LASER

Relatively new laser material

• High gain density due to strong Yb-doping up to 25 % 
(Nd: 1-2 %)

• Less heat generation 
� Excitation 940 nm (Nd: 808)
� Laser 1030 – 1120 nm (Nd: 1064)

• Less excitation into non-lasing states

• Less reabsorption of fluorescent light

Advantages towards Nd

Thin-disc technology : Improved heat removal 
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Tunable LASER

• Vibronic LASER material

- Transition-metal ions

- Color centers

- Dyes

• Tunable Ring LASER
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Tunable LASER materials
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Vibronic LASER

• Tunable over large wavelength range

Vibronic states of solid-state ions

• Thermal equilibrium positions GROUND vs. EXCITED state do not coincidence

� separate ABSORPTION and EMISSION frequency

Spectra of Ti-sapphire crystal

• 4-Level system

����

����

����
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Transition-Metal Ion LASER

[Ar]3dnElectron configuration:
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Color Centers

• No impurity atoms BUT vacancy lattice sites

• Vacancies: charged

� Binding of e- and holes

• Costly: 

- Operation temperature of liquid Nitrogen (77 K)

- Sometimes auxiliary light source required

• Wavelength: near-infrared (1 – 3 µm)
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Dye LASER

Gold standard of tunable LASERs: 550 – 630 nm

Dyes: organic molecules with C=C double bond

Dye molecules are dissolved

- Alcohol
- Glycol (nozzle ejection into free space)

Energy level scheme 
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Tunable Ring LASER

• Narrowing of spectral width from 100 THz (10-100nm) to MHz range

� Add of optical components 

• Travelling wave propagation « standing-wave laser

• Spectroscopic applications with high spectral resolution
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Next Lecture

4. LASER Resonators


