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Fiber Optic Sources

Two basic light sources are used for fiber optics: laser
diodes (LD) and light-emitting diodes (LED). Each device
has its own advantages and disadvantages as listed in

Table

Characteristic LED Laser

Output power Lower Higher

Spectral width Wider Narrower

Numerical aperture Larger Smaller

Speed Slower Faster

Cost Less More

Ease of operation Easier More difficult
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Output Power

Linearly proportional to drive
current

Proportional to current above the threshold

Drive Current: 50 to 100 mA

Current Peak Threshold Current: 5 to 40 mA
Coupled Power Moderate High

Speed Slower Faster

Output Pattern Higher Lower

Bandwidth Moderate High

Wavelengths

Available 0.66 to 1.65 um 0.78 t0 1.65 pum

Spectral Width

Wider (40-190 nm FWHM)

Narrower (0.00001 nm to 10 nm FWHM)

Fiber Type Multimode Only SM, MM

Ease of Use Easier Harder

Lifetime Longer Long

Cost Low ($5-$300) High ($100-$10,000)

w.wang
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LASER

LASAER = light amplification by stimulated emission of radiation
Invented dated to 1958 with the publication of the scientific paper,

Infrared and Optical Masers, by Arthur L. Schawlow, then a Bdll
L abs researcher, and Charles H. Townes, a consultant to Bell Labs
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Property of Laser Light

* Nearly" monochromatic: consists of an extremely narrow
range of wavelengths

e Highly Directional: travel in a singledirection within a
narrow cone of divergence

e Highly Coherence: coherenceisthe most fundamental

property of laser light and distinguishesit from thelight
from other sources
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L aser gain medium

Atoms such asin the red helium-neon (HeNe) laser, the visible and ultraviol et
argon ion and helium-cadmium (HeCd) lasers, and the green and yellow copper
vapor lasers (CVL)

Molecules such asin the infrared carbon dioxide (CO,) laser, the ultraviolet
excimer lasers such as ArF and KrF, and the pulsed N,, laser

L iquids such as those involving various organic dye molecules dilute dissolved in
various solvent solutions

Dielectric solids such as those involving neodymium atoms doped in YAG or glass
to make the crystalline Nd:Y AG or Nd:glass lasers

Semiconductor materials such as gallium arsenide or indium phosphide crystals or
various mixtures of impurities blended with those and other semiconductor species
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Examples of Current Laser system

Type of Laser A, (nm) AA,, (Hz) 0,,(cm?) AN,,(cm=3) | g, (cm) l..(Wicm?)
HeNe 632.8 2 x10° 3x 1013 7 % 10° 2 %1073 6.2
Argon 488.0 2 x 10° 2.5 x 10712 1x10% 5x 103 16.3
HeCd 441.6 2 x10° 9 x 1014 4 x 1012 3x1073 7.1
Copper Vapor 510.5 2 x10° 8 x 1014 6 x 1013 5x 102 9.0
Co, 10,600 6 x 107 3x 10718 5 x 1015 8x 103 | 1.6x 107
Excimer 248.0 1x 1013 2.6 x 1016 1 x 1016 2.6 x 102 3.4 x 10°
Dye (Rh6-G) 577 5 x 1013 2 x 1016 2 x 1018 2.4 3.4 x 10°
Ruby 694.3 3x101 | 25x1020 4 x 1019 1.0 3.8 x 107
Nd:YAG 1064.1 1.2 x 10 6.5 x 10-1° 3 x 101 2.0 1.2 x 107
Ti:ALO, 760 1.5x10% | 3.4 x 101 3 x 1018 1.0 2.0 x 10°
Semiconductor 800 1x 1014 1x 10715 1 x10%® 103 2.5 x10°

w.wang
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Requirementsfor alaser

There are three types of processes involving the
Interaction of light beams with atoms that have

electrons residing in various energy levels.

SPONTANEOUS EMISSION

ABSORPTION

STIMULATED EMISSION

w.wang
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SPONTANEOUS EMISSION

An atom in an excited state is unstable
and will release spontaneoudly its

excess energy and return to the ground
state. This energy release may occur in

asingle transition or in a series of i,
transitions that involve intermediate = }
energy levels. For example, an atomin

state E, could reach the ground state by
means of asingle transition from E, to

E,, or by two transitions, first from E; to f\/
(E,-E, }Blue Photon

E;

Energy

E, and then from E, to E;. In any
downward atomic transition, an amount
of energy equal to the differencein
energy content of the two levels must be
released by the atom.

(E;-Ey)*>(E;-E;)

A. Guenther UCONN
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Most excited energy levels undergo spontaneous emission. Each level has a specific lifetime T over
which it will remain in that level before decaying to alower-lying level. That lifetime is determined by
the interactions of the electron with the other electrons and nuclei of that atom. Typical lifetimes of
electrons residing in specific levels that decay by radiating in the visible portion of the spectrum are of
the order of 10-100 nsec. The photon radiated during spontaneous emission has the exact wavelength
A,, and frequency v, corresponding to the difference in energy AE,, of the two involved energy levels
(1 and 2 in this case) according to the relationship

e
421

AE,, = hv, =

in which his Planck’s constant such that h = 6.63 x 10~3* joule-sec and ¢ isthe speed of light, c =3
x 108 m/sec.

Because different materials have different energy-level arrangements, they radiate at different
wavel engths and thus emit different colors or frequencies of light that are specific to the material.
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ABSORPTION OF LIGHT

The second process is absorption,
shown in Figure b, which occurs
If the atom hasits electronin level
1 and a photon of light of
wavelength A, collides with the
atom. During the collision, the
photon is absorbed by the atom
and the electron is moved up to
the higher energy level 2. This
process is the way light interacts
with practically all of matter. It
can happen from any energy level
that is occupied (generally the
ground state) and always boosts
the atom to a higher-lying level
while eliminating the photon. This
often results in heating of the
absorbing materid

w.wang

Before After

!.-—-rfﬁ'h-_..,\
r Upper AE
& . . . kevel 21
Spontanzous _
@)  emsson \ Photon
docay ' Lower .
evel Electron
|‘E . +
) Photon /'
Absarption
AE,,
1 + —
? —— _ AEy,
() Stimulzted Photon \ 2 photons
T pmission
AEZl 1 .
AE,,

A. Ghettenth@QMNIONN



Absarbing

ABSORPTION

When alarge group of atomsis assembled and ,
irradiated with light, most of those atoms areiin Light ——=  2oms !,
the ground-state energy level. If the photons of > -

the impinging light have the appropriate energy
AE,, for example, the light will be absorbed o
according to the following expression for the T
variation of intensity | with the distance L into fo
the material (known as (Lambert Law):

¥

L

' 1

i‘ — IDE_UEDNDL

INtenSity =——
L
I
o
1]
|
Bﬂi
=
™

Where |, = intensity of the beam when it first
reaches the atoms - - — _
_ . : .. T — [istance
0, = Cross section for absorption or emission of
those two levels (cm?),
N, = population density of atomsresiding in
level 0 (atoms/cm?),
0,0 Ny = absorption coefficient Intensity variation versus depth z into an
absorbing sample

A. Guenther UCONN

w.wang



Stimulated Emission

The third process, shown in Figure ¢
Isreferred to as stimulated emission. It
results when an electron isin ahigher-
lying level, such aslevel 2, and a
photon of light of wavelength A,
collides with the atom. During the
collision the photon stimulates the
atom to radiate a second photon
having exactly the same energy AE,,
asthat of theincident photon and
traveling in exactly the same direction
In order to satisfy the laws of
conservation of energy and
momentum. Hence, one photon leads
to two identical photons, which, in
effect, leads to an amplification
process. A photon has been gained at
the expense of the loss of energy
stored within the atom.

w.wang
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Stimulated Emission

Suppose that we were able to “pump” (excite) a significant amount of population of
the medium from level 0 to level 2. Also, for the time being let us assume that there
iIsno populationin level 1. (Thisisan unlikely scenario but we will do thisas a
“thought” experiment for illustrative purposes.) Then again, let us consider having a
beam of photons of energy AE,, and wavelength A,; enter the medium. According to
the earlier discussion, and considering the process that can occur is stimulated
emission, and we would expect more photons to be generated as the beam
progresses. This can be described mathematically in the equation below

In which we now have the population density N, in the expression along with the
appropriate cross section o,,.
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POPULATION INVERSION

A population inversion exists
whenever more atoms are in an
excited atomic state than in some
lower energy state. The lower state
may be the ground state, but in
most cases it is an excited state of
lower energy. Lasers can produce
coherent light by stimulated
emission only if apopulation
Inversion is present. And a
population inversion can be
achieved only through external

excitation of the atomic population.

w.wang
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Atoms stay in an excited level only for a short time (about 108 [sec]), and then they return to
alower energy level by spontaneous emission.

Every energy level has acharacteristic average lifetime, which is the time after which only 1/e
(about 37%) of the excited atoms still remain in the excited state. Thus, thisis the timein which
67% of the excited atoms returned to alower energy level.

According to the guantum theory, the transition from one energy level to another is described
by statistical probability.

The probability of transition from higher energy level to alower oneisinversely
proportional to thelifetime of the higher energy level.

In reality, the probability for different transitionsis a characteristic of each transition, according to
selection rules.

When the transition probability islow for a specific transition, the lifetime of this energy level is
longer (about 103 [sec]), and thislevel becomes a "meta-stable” level. In this meta-stable level a
|large population of atoms can assembled. As we shall see, this level can be a candidate for lasing
process.

When the population number of a higher energy level is bigger than the population number of a
lower energy level, a condition of "population inverson" is established.

w.wang



POPULATION INVERSION

Now, if population is allowed to bein both level
1 and level 2, both absorption and stimulated
emission will occur within the medium and
therefore

I= IDE'PUEJKNE -Np)L

Hence, if more population existsin level 2
than in level 1, N, will be greater than N, and
the exponent of above equation will be
positive. The beam will grow and emerge from
the medium with a greater intensity than when
it entered. In other words, for amplification or
gain to occur, the condition must be

Having N2 be larger than Nl is known as
having a population inversion, which is not a
normal, naturally occurring relationship.

w.wang
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Small-signal-gain coefficient

It is useful to describe the product of o,,, and AN, as the small-signal-gain coefficient
g, OF
Op1 = 08Ny

I = Ipefat

By considering the units of both o,, (Ilength?) and AN,,, (I/length3) we can see that g,,
has the units of 1/length. Hence, if 0,, isgiven in units of cm? and AN, isgivenin
units of (/cm?), g,, will be given in (1/cm), more commonly expressed as cn.
Values of the cross sections o,,, and AN,,,, and the small-signal gain g,,
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Population Inversion in lasing
mediums
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Gas Laser

ATOM MOLECULE |ON

He-Ne (Helium-

Neon) *CO, (Carbon  «Ar+ (Argon ion)

Dioxide) *Kr+ (Krypton ion)
Metal Vapor Lasers 'NZ (Nl.trogen)
«Cu (Copper) Vapor *Chemical (HF-DF)

*Au (Gold) Vapor *FIR - Far Infrared
Excimer Laser

| onized vapor Lasers
*He-Cd (Helium-
Cadmium)
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Population Inversion in gas laser

- Applied voltage produces an electric field accel erates the el ectrons within the gas.

- Excited electrons collide with the gas atoms and excite the atoms to excited energy
levels, some of which serve as upper laser levels.

- Lower-lying levels, those to which higher-lying levels can transition, typically
decay to the ground state faster than the higher-lying levels, thereby establishing a
population inversion between some of the higher and lower levels.

- The laser light then occurs when the higher-lying levels decay to the lower levels
while radiating photons at the wavel engths corresponding to the energy separation
between the levels.

- In many instances the excitation is a two-step process in which the electrons
* first excite along-lived or metastable (storage) level or they ionize the atom,
leaving an ion of that species and another electron. In either case, that level
* then transfersits stored energy to the upper laser level via a subsequent

collision with the laser species.
w.wang



HeNe |laser

- varsr
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helium atomsto an 18
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helium atomsis

transferred to neon
atomsthrough collisions, ..
and the neon atoms then .
undergo atransition to a o
lower energy state that .
results in lasing. Groud Groune

0= state state

Energy (V)
Electron collisions

Discharge electrons flowing
from the cathode toward the
anode.
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HeNe |laser

It wasfirst built in 1961 by Ali
Javan. The active medium isa
noble gasNeon (Ne), anditisa4
level laser. Two meta-stable
energy levels act asupper laser
levels. The He-Ne laser have two
lower laser levels, so quite afew
wavelengths can come out of the
transitions between these levels.
Theimportant wavelengths are:
A,=0.6328 [um] (632.8

[nm]), A,=1.152 [pm], A;=3.3913
[um], A,=0.5435 [pum]

w.wang
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Gas laser

|"|='| FEFH:'H GLASS PLASMA TUBE OUTPUT
(R = 99, EHHI Hebje GAS MIXTURE COUPLER
.!::m;m;s:m BAARRRERE SRR [T =1 — 2%]

D.C. POWER SUPPLY A. Guenther UCONN

One popular type of gas laser contains a mixture of helium (He) and neon
(Ne) gases and isillustrated in Figure. The gas mixture is contained at alow
pressure within a sealed glass tube called the "plasmatube. The feedback
mechanism consists of a pair of mirrors sealed to the ends of the plasma tube.
One of these mirrors, the output coupler, transmits 1-2 percent of the light to

form a continuous (CW) output beam.
w.wang



Laser structure
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Gain coefficient

For alaser in which the amplifier length has a value of L and the mirrors have identical

reflectivities R, with no other losses in the cavity, the threshold condition for the gain
coefficient g isgiven as

which has dimensions of 1/length. Any value of g higher than above equation will produce a
laser beam within the cavity. For a more complex laser cavity in which the mirrors have

different reflectivities R, and R,, and a, and a, represent other losses within the cavity
(beyond the amplifier), the expression for the threshold gain g is given as

g = l f}z[ ! ]+c:::
2L BBy (1—agi(1—-asy)

The term o represents a potential absorption loss within the amplifier itself, which is present
in only afew types of lasers. It isadistributed loss expressed in the same unitsas g or
(I/length). For example, in solid-state lasers it is termed excited state absorption.
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Coherence

For longitudinal or temporal coherence, the coherence length £ . isrelated to the
wavelength A and the total frequency bandwidth of the laser Av, by

;'LE
¢ = T
A

Note: AA isthe actual bandwidth of the laser beam given in wavelength units.

£

For transverse or spatial coherence, the transverse coherence length £ | isrelated to the
laser wavelength A, the laser source diameter at its origin s, and the distance r the beam has
propagated from its origin, by the following relationship.

-Ef:—
&
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Bandwidth of laser gain medium

The bandwidth of the laser gain medium determines
the range of wavelengths over which amplification
can occur for any specific laser. This bandwidthis
expressed in either awavelength range AA; or a
frequency range AA ;. These two expressions are
related by

z
Ay = A A Ve

[
in which A isthe laser wavelength and c is the speed
of light. The bandwidth of the gain medium is
usually determined by the bandwidth over which the
spontaneous emission occurs for a given laser
transition.
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Argon lon Laser

The Argon laser was invented in 1964 by William Bridges at Hughes.
Argonion laser contains atube filled with Argon gas which transforms into
plasma in an excited state.

(Plasma is a state of matter in which the electrons are separated from the
atoms and molecules, which means that it contains free electrons and ions).

. . Energy A
The two main laser transitions are at [eV]
visible wavelengths: 357 5145 [nm]

-‘.& ]
s 88 [nm)
Laser
Transitions

Blue 0.488 [pum] .i

34+

green 0.5145 [um], & [Pumeing -/~ 72 10m
aaigiive
Decay
15.75+ =
_ _ _ - Ground Level of Ar lon
but the Argon ion laser emits also in the ? | Grouna Level o Ar Atom
UV spectrum: 0 >
Energy Level Diagram of lon Argon
0.3511 [um] 9 g g
L aser.
w.wang
03638 [um] . Rami Arieli: "The Laser Adventure' Chapter 6, lon Gas Lasers, page 1



Krypton Laser

The Krypton laser isvery similar to the Argon laser, but its
efficiency islower.

Thislaser has many lines in the visible spectrum, especially in
the yellow to red part of the spectrum.

The maximum output power in each lineis about 100 [ mW].

The main applications of thislaser areinthe art and
entertainment business, to create fantastic visual effects.
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Nitrogen Laser

The Nitrogen laser was first developed in Energy
1963 and has been sold as a commercia [eV]
product since 1972. o4
Laser Action: §
The active medium in Nitrogen lasersis 5_5
Nitrogen gas at pressures of 20 [torr] up to 1
1 [At]. ’ Meta-Stable
In some Nitrogen lasers the gas flows in ° \/ -evel

the tube, while others have a sealed tube. 4J
Like most gas lasers, the Nitrogen laser is ‘
based on transitions between vibration

energy levels, and is electrically excited.

Upper Laser
Level

337.1 [nm]

Lower Laser
Level

itation

Exc

| | i | | }'
Distance Between Atoms
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CO2 laser

Lasing action in a CO, molecule was first demonstrated by C. Patel in 1964.
He transmitted an electric discharge pulse through pure CO, gasin alaser tube,
and got asmall laser output.

CO, isthegasin which the lasing process occurs, but other gas additives to the
laser tube improve the total efficiency of the laser.

The standard CO, laser includes in the active medium a mixture of CO, with N,
and He. The optimal proportion of these 3 gases in the mixture depends on the
laser system and the excitation mechanism. In general, for a continuous wave
|aser the proportions are:

THRANSMISSION

MIRRDR| piscHance Tuse  MIRROA

' |—
CO.:N,:He-1:1:8 LT
2 2 I‘:ﬂ- Ny [He ﬁ ' 5

POWER
SUPPLY

I EXHALIST
) i
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CO2 laser

CO, isalinear molecule, and the three
atoms are Situated on a straight line with
the Carbon atom in the middle. Three
vibrational modes of CO, molecule are
Ilustrated:

Vi= 4x 1013 [Hz]
Symmetric stretch and contraction

1. Symmetric stretch mode (v,).

2. Bending mode (v,). Vo= 25§n1d?;;[Hz]

3.  Asymmetric stretch mode (v,).

Carpen

V4= 7 x 1013 [Hz]
Asymmaetric stretch and contraction

w.wang Rami Arieli: "The Laser Adventure" Chapter 6, Carbon Dioxide Lasers page 1



CO2 laser

Trangitions between vibrational energy
states/levels results in photon emission in
the infrared, while transitions between
rotational states emit photonsin the
microwave region.

Necessary mechanisms for operation of
the CO2 laser are,

1. Excitation of N2 vibration by electron
mpact

2. Transfer of vibrational energy from N2
to the nearly resonant v3 mode of CO2
3. Laser transition from v, to v, mode.

4. Sharing of population between v, and
2v,I modes and relaxation within the v,
manifold

5. Thevibrational energy in thev,
manifold converted into translational
energy by collisions with He.

w.wang

3000

2000

Energy cm-1

1000

Zaollisianal
excitation
254%em-1 transfer
]

10 dum

1558 oro- 1

100

G20

B67om- 1
ol

0y CO2 o2
Symmetric Eending Agymmetric
Stretch Iaods Stretch

2

http://www.phy.davidson.edu/StuHome/sethvc/L aser-Final/co2.htm



Chemical Laser

The chemical laser is an example of alaser where the pump energy comes
from achemical reaction between two atoms.
The chemical laser isamember of the family of Gas Dynamic Lasers:
Gas dynamic lasers are based on rapid expansion of hot, high pressure
gas, through nozzles into a near vacuum. This rapid expansion reduce
the gas temperature.
As aresult, since the transfer of the molecules to the ground state takes
more than the time of rapid expansion, we get at low temperature many
molecules at excited levels. Thus, "population inversion”.
The gas usualy flow through the nozzles in a transverse flow
(perpendicular to the optical axis of the laser), so many nozzles can
operate at the same time, yielding high power from the laser.
Thefirst chemical laser, which was operated in the pulsed mode, was
developed in 1965 by J. V. V. Kasper, and G. C. Pimental.
The lasing action of the chemical laser is usually based on vibrational

transtions of diatomic molecule.
w.wang




Far Infra-Red (FIR) Lasers

Far Infra-Red (FIR) laser s emit radiation in the Far -1 nfra-Red spectrum
(wavelength range 12-1000 [um].

The wavelength range greater than 100 [um] i1s sometimes called sub-millimeter
wave.

Far Infra-Red (FIR) lasers are gas laser s, and their lasing action occur
between rotational levels of the gas molecules of the active medium. Usually
these transitions are within the same vibrational level.

Theactive medium in FIR lasersisusually a gas of ssmple organic molecule
such as:

C,H,, CF,, NH,,
Because of the very narrow width of each energy level of these materials, it is
Inefficient to optically pump them with ordinary light sources.
The best way to achieve population inversion in these lasersisto pump them
with another laser at shorter wavelength. Usually CO, laser is used for

pumping.
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Excimer L aser

There are lasers in which the required conditions for lasing are achieved in
exotic ways.

As an example, we shall examine afamily of lasersin which the radiation is
emitted from a molecule which only exists for avery short time.

This molecule is composed of an atom of noble gas. Argon, Krypton or Xenon,
and an atom of halogen: Fluorine, Chlorine, Bromine or lodine.

An Excimer isa molecule which hasa bound state (existence) only in an
excited state.

In the ground state this molecule does not exist, and the atomsare

separ ated.

The excited state existsfor avery short time, lessthan 10 nanoseconds.
The name Excimer comes from the combination of the two words. exited
dimer, which means that the molecule is composed of two atoms, and exists
only in an excited state.

(Some scientists consider this molecule to be a complex, and they call the laser
"Exiplex").
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Copper vapor laser (CVL)

This laser was attractive because of itsrelative high efficiency (up to
1%) for lasersin the visible spectrum range, and the high pulse
power achieved.

Copper Vapor Laser Structure
Copper vapor laser isagaslaser, build as a tube with windows at

both ends. The tube isfilled with an inert gas and a small quantity of
pure copper.

In order to have copper vapor, the metal needs to be at very high
temperatures, so the tube is build from Aluminaor Zirkonia, which
are high temperature resistant materials.

Thetube diameter is10 B8 [mm], and it contain Neon gas at a
pressure of 25 D[Torr].

w.wang
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Helium-Cadmium L aser

Helium-Cadmium lasers can be categorized among either:
*M etal vapor lasers- Cadmium is ametal, the lasing action in Helium
Cadmium laser occurs between energy levels of Cadmium ions, so the lasing
medium isionized metal vapor.
|lon gaslasers- The properties of Helium-Cadmium laser are similar to those
of Helium-Neon laser which isaneutral atom gas |aser.
TheHe-Cd laser isa gas laser, and the metal Cadmium can be transform into the
gas phase by heat.
The excitation to the upper laser level of the Cadmium atomsin the gasissimilar
to the excitation process of the Neon gasin aHelium-Neon laser: Helium atoms
are excited by collisions with accelerated electrons, and than they pass their
energies to Cadmium atoms by collisions.

Thus, the main application of the He-Cd laser isin the optics |aboratory,
for fabricating holographic gratings. (UV, 351nm)

w.wang Rami Arieli: "The Laser Adventure" Chapter 6, Helium-Cadmium Lasers, page 1



Dye Laser

A dyelaser can be considered as a specia device to convert
electromagnetic radiation from one wavelength, to another

wavel ength which can be tuned.

The output of adyelaser isaways acoherent radiation tunable
over a specific spectrum region, deter mined by the Dye
material.

History:

Dye laser was first demonstrated in 1965 at IBM laboratoriesin the
US, by Peter P. Sorokin and J. R. Lankard.

They discovered the dye laser action during a fluorescence research
of organic dye molecules, which were excited by Ruby laser.

In 1967 scientists discovered the possibility to tune the emitted
wavelength, using a grating at the end of the optical cavity

w.wang




Population inversions in liquids

There are some molecules however, namely organic dye molecules, that do have a sufficiently
long lifetime in an upper energy level (of the order of 1-5 nsec) so they can participate in the
laser process by being excited to an upper laser level. These molecules also have the ability to
radiate the energy from that level rather than lose the energy due to decay by collisions. Those
molecules are the dyes that are used to color cloth and other objects that we use in our
everyday life

When dissolved in a solvent such as alcohol or water, they can be concentrated in sufficient
guantity to be used as alaser gain medium.

When the light is applied to the dye solution, it is absorbed at certain wavelengths by the dye
as described by absorption equation, placing the dye moleculesin highly excited upper laser
levels. A population inversion is then produced between those levels and avery broad range
of lower-lying energy levels, thereby allowing the possibility for awide range of laser
wavelengths to be produced within the gain medium. Those lower levels are not initially
pumped by the light and therefore are sufficiently empty to produce the inversion. Dye
lasers thus allow the possibility of wide wavelength tunability and have been used
extensively in doing a variety of spectroscopic studies in which very specific laser
wavelengths are desired.

w.wang



Population inversions in liquids
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The pump source is an argon laser, whose beam is focused to a small spot. The argon laser
isagas laser which emits blue and green light. The dye flowsin a high velocity jet with the
argon laser beam focused on the jet. The wavelength of the output is adjusted by the tuning
element. One of the most important features that dye lasers offer is tunability, that is, the
color of the output beam can be varied by adjusting the intercavity tuning element and also
by changing the type of dye that is used. The monochromatic output of available dye lasers
can be tuned over a broad range, from the ultraviolet, to the near infrared.Liquid dye lasers
that can be tuned to any visible wavelength, and to portions of the infrared and ultraviolet,
are commercially available in both pulsed and continuous models. Dye lasers are chosen for
applications, like spectroscopy, in which tunability is important.

w.wang




Solid StateLasers

| nsulator Semiconductor

*Ruby L aser L aser Diodes
*Nd-Yag and Nd-Glass Lasers

«Color Center Laser

*Alexandrite L aser

*Ti - Saphire Laser
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Population inversionsin
crystalline solids and glasses

Asin the case of liquids, when energy levelsin solids are excited, typically by
irradiating those solids with light, the levels tend to decay much more rapidly via
collisions with their surrounding neighbors rather than by radiating their energy in the
form of light. In afew cases, however, specific types of atoms are embedded into a
transparent host material (such as a specific crystalline solid or a glass) at concentrations
of up to 1 part in 100, and the atoms radiate their energy rather than decay by collisions.
These specific types of atoms, such as chromium or neodymium, consist of aradiating
electron surrounded by a “screen” of other electrons that protect that radiating electron
from being bombarded by collisions from neighboring atoms. The consequenceis that
the atoms can absorb pump light that passes through the transparent host medium and
can then subsequently radiate that energy. Gemstones such as rubies fall into that
category. Ruby, a desired gemstone and also the material that comprised the gain
medium for the first laser, consists of chromium atoms doped into a transparent sapphire
(Al,O,) host crystal. The color of the ruby crystal is determined by the chromium atoms,
which absorb light in the blue and green regions of the spectrum and radiate in the red.

w.wang



Ruby Laser

Ruby laser was the first man made laser, which was build by
Theodore Maiman in 1960.

Ruby isa synthetic crystal of Aluminum Oxide (Al,O,), andis
more familiar in dally life as a precious stone for jewel.

The chemical structure of RUbyisofA|203 (Wthh IS called Sapphlre), with
impurity of about 0.05% (by weight) of Chromium lons (Cr+3).
Theactiveion is Cr*3, which replace Al atom in the crystal. This
lon causes the red color of the crystal. The impurity ion of Cr+3is
responsible for the energy levels which participate in the process
of lasing.

w.wang



SOLID CRYSTALLINE AND
GLASSLASERS
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The active medium isacylinder of laser crystal whose ends have been cut parallel and

polished. Antireflection coatings have been applied to the rod ends to reduce losses. The
excitation mechanism for this particular laser is atungsten filament lamp attached to an ac
power source. Larger models utilize do krypton arc (gas discharge) lamps as pumping
sources. Both types of lamps provide continuous optical pumping to the laser crystal. The
mirrors of the Nd:Y AG (yttrium-aluminum-garnet) laser usually are mounted separately
from the active medium as shown, but one of the mirror coatings sometimes is applied
directly to one end of the rod.
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Pump Sources
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The most common types of flashlamps used for pumping lasers
are narrow, cylindrical quartz tubes with metal electrodes
mounted on the ends, filled with a gaseous species such as
xenon that serves as the radiating material within the lamp.
Xenon is the most common species because of both its radiating
efficiency and its emission of a broad spectrum of wavelengths
from which to choose in matching the lamp emission to the
pumping absorption bands of the laser.

w.wang
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Pumping lasers include the argon ion or doubled Nd:YAG cw
lasers for pumping titanium-sapphire lasers, excimer lasers
for pumping dye lasers, and gallium arsenide semiconductor
lasers for pumping Nd:Y AG lasers.



Nd Laser

In Nd laser Nd*3 ions (asimpurities of up to afew percent by weight) are replacing the atoms of the

solid host in the active medium.

Three known solid hosts are used for Nd-Y AG laser where Nd*3 ions are added as impurities;
*Glass.

YAG (Yttrium Aluminum Gar net) Crystal.
*YLF (LiYF, Crystal.

The choice between the three possible hosts is according to the intended use of the laser:
*Glassisused as the host material when apulsed laser is needed, with each pulse at high power,
and the pulse repetition rate is slow.

The active medium of Nd-Glass Laser can be manufactured in a shape of disk or rod, with
diameters of up to 0.5 meter (1) and length of up to several meters (!). Such dimensions are
possible because glass is isotropic material, cheap, and can be easily worked to the right shape.
High percentage (up to about 6%) of Nd ions can be added to glass as impurity.

The problem with glassas ahost isits poor thermal conductivity. Thus cooling the laser when it
operates continuously or at high repetition rateis difficult.

*YAG crystal isused for high repetition rate pulses (more than one pulse per second). In this
case a large amount of heat need to be transferred away from the laser, and the ther mal
conductivity of the YAG crystal ismuch higher than that of glass.

*Y AG crystal with the high quality needed for lasers can be made with diameters of 2-15 [mm]
and at lengths of 2-30 [cm].

*Thepriceof a YAG laser rod ishigh, sincegrowing crystalsisa dow and complicated

pr ocess.
Y@ Percentage of Nd ionsin the YAG host is 1-4% by weight.




Erbium fiber

Fiber lasers were first operated in Nd-doped glass fibers, but the fiber laser of major
current interest is the erbium-doped fiber laser operating at 1.4 to 1.6 um. This fiber
laser can be spliced into anormal transmitting optical fiber, and, when optically
pumped with a semiconductor laser at either 980 nm or 1.48 pm, it provides
amplification to a communication signal that is being transmitted through the fiber.
The pump light is fed into the fiber line—with a beam-combining device—thereby
merging with the signal. Thislaser amplifier is especially useful in undersea optical
fiber cables transmitting phone and data information between continents.

Erbium Fibre Amplifier
Courtesy E-Bay
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Population inversionsin
semiconductors

Inversions in semiconductors are produced when joining a p-doped semiconductor material with an n-doped
semiconductor material in asimilar way to that of producing a transistor to create a pn junction. The n-doped
material contains an excess of electrons and the p-doped material has an excess of holes (a material with excess
positive charge). When a voltage is applied across the junction, with the positive voltage on the p side, the
electrons are pulled through the junction toward the positive electrode and the holes are attracted to the negative
side, producing an electrical current flow across the junction. The electrons and holes meet within the junction
and are attracted to each other because of opposite charges. When they meet, they recombine and emit radiation
and also can produce a population inversion. This inversion occurs between energy levels located above and

bel ow the semiconductor bandgap, the gap in energy below which the material is transparent. This energy
typically corresponds to a wavelength in the infrared, and hence most semiconductors radiate in the infrared and
are not transparent in the visible spectral region like glass is. However, semiconductor lasers are under
development to operate in the green and blue regions of the spectrum. At very low currents, a population
inversion does not occur even though recombination radiation is emitted. In fact, such nonlaser-like emission is
the source of radiation from a light-emitting diode (LED). In comparision, to produce a population inversion, a
very high current density is applied within the junction region. However, this high current density leads to
excessive heat deposition in the material; therefore a significant part of the development of semiconductor lasers
involves how to remove the heat, or to make smaller junctions so that less current is required. The material and
its corresponding energy bandgap determine the laser wavelength.
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Semiconductor Lasers
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Semiconductor lasers are light-emitting diodes within a resonator cavity that is formed either
on the surfaces of the diode or externally. An electric current passing through the diode
produces light emission when electrons and holes recombine at the p-n junction. Because of
the small size of the active medium, the laser output is very divergent and requires special
optics to produce a good beam shape. These lasers are used in optical-fiber communications,
CD players, and in high-resolution molecular spectroscopy in the near-infrared. Diode laser
arrays can replace flashlamps to efficiently pump solid-state lasers. Diode lasers are tunable
over a narrow range and different semiconductor materials are used to make lasers at 680,
800, 1300, and 1500 nm.
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Semiconductor Lasers

Semiconductor lasers are quite different from conventional lasers. In particular:

1.Thegain of thelaser material isvery high and isgenerated by a population
Inversion between the conduction and valence bands of the semiconductors.

| n some sense, a semiconductor laser isatwo-state laser system.

2.9incethe electromagnetic mode ison the order of the size of the laser
device, then the transver se mode of the semiconductor laser isquitedifferent
from that of a conventional laser. In particular, the beam is not Gaussian, the
beam profiletendsto be dliptical, and the beam divergencetend to belarge.
3.Thegain spectrum isquitelarge (many THz or hundreds of angstroms).
4.Theshort cavity (several hundred microns) meansthat the longitudinal
mode spacing is much larger than that of a conventional gasor solid state
laser (on the order of GHz or angstroms).

w.wang



Semiconductor Lasers
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Band structure near a semiconductor p-n junction.
Left: No forward-bias voltage. Right: Forward-bias voltage present
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shows the relative populations of the energy bands or both sides of a p-n junction with
no voltage applied to the diode. The n-type material contains electrons which behave
as the current carriers in its conduction band, whereas the p-type material has holes
for carriers in its valence band. When a forward voltage is applied to the diode, the
energy levels are caused to shift. Under these conditions there is a significant
increase in the concentration of electrons in the conduction band near the junction on
the n-side and the concentration of holes in the valence band near the junction on the
p-side.

The electrons and holes recombine and energy is given off in the form of photons.
The energy of the photon resulting from this recombination is equal to that associated
with the energy gap. In light-emitting diodes (LED) this light energy is transmitted out
through the sides of the junction region. For the LED, all of the light is created by
spontaneous emission due to electron and hole recombination. In semiconductor
lasers the junction forms the active medium, and the reflective ends of the laser
material provide feedback. Because of this feedback in diode lasers, most of the light
IS created by stimulated emission.

w.wang



Simplest (and earliest) type of gallium arsenide laser
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Modern diode lasers are formed of structures that contain several thin layers of
material of varying composition.

w.wang



Homojunction diode lasers

p GaAs
Structure and index of refraction p GaAs
for various types of junction n GaAs
in the aluminum gallium arsenide
system.
Top: Homojunction. p Aly.x GaxAs
p GaAs
Middle: Single heterojunction. n GaAs
Bottom: Double heterojunction p AlxGaq.xAs

5 GaAs
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a simplified classification scheme showing some of
the major subdivisions of diode lasers and their
relationship
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Amplification

A semiconductor laser amplifier is aforward bias heavily doped p-n junction fabrited
From adirect gap semiconductor materials. The injected current is sufficiently large

To provide optical gain. The gain coefficient ro(v) of the laser amplifier has a peak value
Rp that is approximately proportional to the injected carrier concentration, which

In turn, proportional to the injected current density J /Q eave surface
r,~a(Jt-1), d= Anein,1, g

Wherert, = electron-hole recombination lifetime @—I I ©
. . . d| PLA .
Ni,= T/t Istheinterna quantum efficiency i |

| = thickness of the active region
a = thermal equilibrium absorption coefficient

An; and J, are injected-carrier concentration and current density just to
make the semiconductor transparent.
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Feedback

The feedback is usually obtained by cleaving the crystal planes normal to the
Plane of the junction, or by polishing two parallel surfaces of the crystal.
The active region serves as a planar-mirror optical resonator of length d

And cross-sectional area lw. The reflectance at the

Semiconductor-air interfaceis Cleave surface

R= (n-1/n+1)? y
P

For GaAs, n=3.6 and R=0.32 o . I
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Resonator L osses

The principle source of resonator loss arises from the partial reflection at the
surfaces of the crystal. For aresonator of length d the reflection loss
coefficient is

a.,= a,+a.,= (1Y/2d)In(VRR,))
If two surfaces have the same reflectance R;=R, =R, then a_= (1/d)In(1/R).

Include confinement factor /~which represents the fraction of the optical
Energy lying within the active region (1), the total 1oss

a=1/l(a+a,)

Where a,represents other sources of loss including free carrier absorption in and
scattering from optical inhomogeneities.
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Gain Condition: Laser threshold

The laser oscillation condition isthe gain exceed the loss, r, > a;, as
discussed in the earlier section. The threshold gain coefficient is therefore
a,. Set J= J,andr = a, the threshold injected current density J, Is

J=J(a+a)a or |=JA
Where the transparency current density,
J; = eldnd/(n,1) or ir=J;A  A=wd
Smaller J, indicates superior performance, maximize 77,and minimize a,

minimize transparent injected-carrier concentration An; and, however, | is

reduced beyonda point the a, Increases because the confinement factor /-
w.wang
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Threshold)
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|nternal Photon Flux

When laser current density isincreased above its threshold value (J > J,), the amplifier peak gain
Y, exceeds loss coefficient a,. Stimulated emission then outweights absorption and other
Resonator 1osses so oscillation begin and the photon flux increases

D =, (i-it)e , 1> i, (steady-state laser internal photon flux)
=0 , I S It

Photons per second generated within the active region

Theinternal laser power above threshold is ssmply related to the internal photon flux by P=hv @
So we have

P=124n (-it)A

w.wang



Output Flux and Efficiency

The output flux is the product of internal flux and emission efficiency , whichis

the ratio of the loss associated with the useful light transmitted through the

mirrorsto the total resonator loss 77.= a,/ a. = a, +a, = [(1/2d)In(VR,R)]/a
(DOUT = NeNint (i'it)/e

The laser output power above threshold is

P.= 1.24n4 (-11)/A, , ng = NN, (differential quantum efficiency)

P «_ Sope=dP,,/di =1.24n /A,
(differential responsivity)
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Output Characteristics

Damage
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At low values of the input, the device acts as a light-emitting diode (LED),
producing a relatively small amount of incoherent light.

At a threshold value, where the population inversion is large enough so that
gain by stimulated emission can overcome the losses, the laser threshold is
reached. As current increases above the threshold value, the light output

int’&8%es much more rapidly than in the LED region.



Overall Efficiency

The overall efficiency (Power-conversion efficiency) is defined as the ratio of the
emitted laser light power to the power to the electrical input power iV

n = n,(1-(i/1))hviev

w.wang



Temperature Dependence of
Laser Output
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a) Schematic sketch of the output of atypical laser diode as a function of drive current
for three different operating temperatures. b) Temperature dependence of threshold

current.
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Wavelength as a function of Temperature
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Gallium arsenide lasers emit radiation in the near infrared portion of the

spectrum. The exact wavelength depends on the temperature at which
the laser is operated.
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Cooling of Laser Diodes
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Infineon Technologies, Agilent Technologies, Hitachi, Intelite, Laser
Components Instrument Group, Alcatel, Furukawa Electrics, Mitshubishi
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Spectral Characteristics

The spectral distribution is governed by three factors

1. Spectral width B within which the active medium small signal gainis
greater the loss coefficient a,

2.  Homogeneous and inhomogeneous nature of the line-broadening
mechanism

3. Resonant modes v, = C/2nd

w.wang



Spectral Characteristics

When the threshold current density is exceeded, the emission
spectrum narrows dramatically and the intensity of the
emission increases considerably. Figure shows the emission
spectrum of a laser diode below and also above threshold.

At higher currents the linewidth of the laser output decreases.

The width of the spectral band represented by the
spontaneous emission is much greater than that of the
stimulated emission. However, stimulated emission produced
by the laser is still much broader than that of conventional gas
and crystalline lasers. It is of the order of two or three
nanometers, as compared to a typical spectral width around
102 nanometers for a HeNe laser.

The emission spectrum is relatively complex and typically
contains a number of longitudinal modes of the optical cavity.
The spacing between longitudinal modes is relatively large,
because of the short length of the optical cavity. However, the
relatively large spectral width of the GaAs laser allows several
modes to be present.
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Far-Field Radiation Pattern

Ao/l

A laser diode with an active dimnesion | and w emits T Aolw
Light with far field angular divergence ~ Ad/l in the
Plane perpendicular to the junction and Ao/w in the
Plane parallel to the junction. Cleave surface
Assume Gassi an beam of diameter 2\Wo,

the divergence angleis @ = (2rr)(Ao/ANo)

Active layer
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Spatial Characteristics
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A semiconductor laser typically has an elliptical spatial profile

The profile is caused by diffraction. Light is emitted through the aperture defined by
the small junction. Diffraction through the narrow dimensions of the junction causes
the beam to spread into a broader angle than is observed with other types of lasers.
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Laser Lifetime

Two different types of failure mechanisms have been identified in gallium arsenide
lasers. One is a catastrophic decrease in the power output. This catastrophic damage
may occur within a single pulse of the laser, and it is associated with damage of the
end surfaces of the laser. The damage is produced by the light output of the laser
itself. Tiny cracks or grooves in the junction are produced. To avoid this type of
damage, peak power output of the laser must be limited.

There is also a gradual increase in power, which is manifested by increasing threshold
current. This damage is produced by the current flowing through the junction. This is a
complex phenomenon that is complicated by random variations in the laser life. To

extend the life of the laser diode, current density through the junction should be limited.
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Other Types of
Semiconductor Lasers

Material Wavelength (um) Material = Wavelength (um)
NS 0.33 GaAs 0.84-0.95
Zn0O 0.37 INP 0.91
Gan 0.40 GaSb 1.55
nSe 0.46 INAS 3.1
CdS 0.49 Te 3.72
ZnTe 0.53 PbS 4.3

GaSe 0.59 INSb 5.2
CdSe 0.675 PbTe 6.5
CdTe 0.785 PbSe 8.5
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Distributed-feedback (DFB) laser

Grating limits emission
to one frequency.
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sy

With introduction of a corrugated structure into the cavity of
the laser, only light of avery specific wavelength is
diffracted and allowed to oscillate.
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1550-nm DFB laser in butterfly package (Courtesy
of Lasertron)
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Laser fiber coupling

Positive Trace Megatiee Trace Laser Diode Chip  Reverse Protection Dsode Chip

Fisar Tip Fibar Postioning Adhesive  Fibar Figsar Pigtail

Typical 1 Watt Fiber-Coupled Diode Laser Showing Interor Construction
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L aser applications

Industrial applications.engraving, cutting, scribing,
drilling, tooling, welding, etc.

Medical applications: cutting, soldering, correct vision
diagnostics of cancer cellsusing fluor escence,

and photo dynamic therapy , remove unwanted tissue,
photothermal, etc.

Micromachining: 3-D micromaching, etching, engraving,
etc.
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Characteristics of Several
Industrial Lasers

LASER POWER WAVE- TYPICAL
RANGE LENGTH INDUSTRIAL
(W) ( m) APPLICATIONS

CO, — Flowing Gas 500 — 45,000 10.6 Cutting, welding, cladding,
(Continuous Wave and free forming, and
Pulsed) hardening
CO, - Sealed 10 -1,000 10.6 Micro-welding, cutting,
(Pulsed) scribing, and drilling
Nd:YAG 1,000 - 5,000 1.06 Welding, cutting, cladding,
(Continuous Wave) and hardening
Nd:YAG 10 -2,000 0.53-1.06 | Micro-welding, cutting,
(Pulsed) drilling, scribing, and

marking
Nd:YAG —Diode Pumped 10 - 500 1.06 Cutting, drilling, scribing,
(Pulsed) marking, and micro-

machining.
Excimer 0.001-400 | 0.157 — 0.351 | Micro-machining, marking,
(Pulsed) and photolithography

Laser Applicalions and Frocessing In Frecison ivianuracturing™ was n

on December 7, 2000

p a the EOC



Laser Wavelengths

- Each type of laser has a characteristic wavelength
of the output beam

« The particular wavelength of the laser has several
ramifications on processing:

— lower wavelengths, typically, have better absorption in metallic
materials

— however, lower wavelengths also allow the transmission
through fiber optics

— lower wavelengths also provide smaller focused spots

w.wang - - o .
"Laser Applications and Processing in Precision Manufacturing” was help at the EOC

on December 7, 2000



Beam Delivery Systems for
Laser Processing

Hard Optic Delivery Fiber Optic Delivery
(CO2, Nd:YAG, and Excimer Lasers) (Primarily Nd:YAG Lasers)

Moving workpiece Moving Dptlcs

e ———— .H'--Fl

* Mirrors must be properly aligned and clean « Versatile delivery to workstation

+» Can be used with practically any wavelength * No practical fiber materials for use with
CO, lasers (10.6 pm radiation)
* Hard optical systems are fairly reliable
* Requires high fiber bend radius (approx. 0.2 m) to
prevent leakage

* Destroys coherency of beam, resulting in

larger focal spot
w.wang

"Laser Applications and Processing in Precision Manufacturing” was help at the EOC
on December 7, 2000



There are major performance differences between Nd:.Y AG and CO2 |asers. One
reason isthat Nd:YAG light is emitted at a wavelength of 1.06 micronsin the near
infrared, while CO2 light is emitted at 10.6 microns. The material interactions at these
wavel engths differ. Most organics don't absorb 1 micron light very well, while they
absorb 10 micron light. So, non-metal processing is generally a CO2 application.
Metals are more reflective at 10 microns than at 1 micron, so CO2 lasers only weld
effectively in the "keyhole" mode, where the irradiance is high enough to generate a
vapor channel in the workpiece. Once you get into keyhole mode, the high average
power of CO2 lasers makes high speed welding possible. For small spot welds,
Nd:YAG lasers are far more controllable.

Also, since there are alot more Nd atomsin aY AG rod than there are CO2 atomsin
laser gas, Nd:Y AG lasers can deliver much higher peak powers than CO2 lasers. This
makes them better for drilling. Conversely, sinceit's hard to cool asolid rod,

Nd:Y AG lasers have problems with high average powers. Y ou can build a CO2 |aser
with very high power; Convergent has commercial 45 kW units, and much bigger
ones have been built.

w.wang



Components of a
Laser Processing System

Incoming
Laser Beam

* The application of lasers in
industry cover a widerangeof Pl \.. ... . ... .. WO ZnSe Focus Lens
processes (to name a few): '

—welding, brazing, and soldering,

- cutting and drilling

— scribing and marking

— micro-maching

- near net shape processing

- Shielding Gas or Assist Gas

» Typically, a particular laser is
chosen to optimize the process

Fusion Zones Cut Scribe

- _ _ e

"Laser Applications and Processing in Precision Manufacturing” was help at the EOC
on December 7, 2000
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Examples of Laser Cutting
with a Pulsed CO, Laser

w.wang

Photo courtesy of PRC Laser



Precision Soldering of Electronic
Components Using a Nd:YAG Laser

Laser Soldered Component Laser Soldered Joint Showing Wetting

5.
1 L
by 3
ra L

'¢1l-¢:

"Laser Applications and Processing in Precision Manufacturing” was help at the EOC
on December 7, 2000



Micro-machining with Excimer Laser
and Image Projection

Incoming
Beam

Field Lens

Mask

Imaging Lens

100 m wide slot in borosilicate glass
using image projection and 20X
demagnification and excimer laser
(ArF at 193 nm)

Specimen

w.wang - - o .
"Laser Applications and Processing in Precision Manufacturing” was help at the EOC

on December 7, 2000



Lasersin General Surgery

Almost every medical surgery in which aremoval of tissueis
required, or a cut needs to be made, can be done with alaser.

In general, the results using lasers are better than the results using a
surgical knife.

*\When ableeding need to be stopped, aNd-YAG laser can be

used. Its radiation enters deep into the tissue, and heats and
coagulates alarge area.

*\When aclean cut need to be done, an Excimer laser is used.
*A more general cutting tool isthe CO, laser.

w.wang




Lasersin Dentistry

Dental soft tissue treatment applications are similar to those
of other soft tissue in the body, and are common for many
years.

In case of gum surgery, with the laser most of the

patients suffer less postoperative pain.

*Almost no bleeding.

*No stitches required.
Dental hard tissue treatment is new, and only in May 1997
the FDA (Federal Drug Administration) approved the Er-
Y AG laser for use on the hard tissue (teeth) in humans.

Rami Arieli: "The Laser Adventure" Chapter 9.2.1 page 11

w.wang



L asersfor eyetreatment

Soldering Detached Retina

Asaresult of mechanical shock, the retina ,ﬂg
Inside the eye can be torn, and detached from

the tissue it is connected to
The electromagnetic radiation from the

. _ Vitreous Humor
INa, Ghr::msr:! Retina
Scl )
result the damaged blood vessels ar ound ""”a Sl

laser heatsthe detached retina, and as a

theretina are closed and solder to place. S0t Yolow
Optic
Nerve

Because of the focusing effect of the eye,
small amount of laser power is needed to
solder the detached retina.

Rami Arieli: "The Laser Adventure" Chapter 9.2.1 Eye page 1

w.wang



L asersin Diagnostic M edicine,
and in combination with Drugs

Diagnostics of cancer cells using Fluorescence, and Photo
Dynamic Therapy (PDT)

One of the biggest problems in medicine today isto find acure
for cancer.

There are many treatmentsfor cancer to destroy the cancer
cells, such as:

 Disectomy of the infected organ.

» Radioactive irradiation.

e Heat treatment.

w.wang Rami Arieli: "The Laser Adventure" Chapter 9.2.2 page 1



Soft laser s

Most of the medical |aser applications were until recently based
on the thermal effects caused by the el ectromagnetic radiation
which was absorbed in the biological tissue.

In the last few years, some new applications are using low power
laser swith output power lessthan 1 Watt.

Some of the effects of these low power levels on the biological
tissue is not thermal, and in effect the mechanism of
Interaction isnot yet clear.

It Is sometimes referred to as Biostimulation, which does not
explain alot.

w.wang Rami Arieli: "The Laser Adventure" Chapter 9.2.3 page 1



L asersin Dermatology

Among these defects are:
*Pigmented skin, Abnor mal skin growth, Blemishes.
*Tattoos. Today, with the wide variety of lasersin use, tattoos can almost
completely be erased from the skin. Different wavelengths are used to
remove different ink colors from the skin. The specific laser wavelength is
selectively absorbed by the specific color, without damageto
surrounding cells. Usually the treatment is made in a number of
treatments. After each treatment checking what was left in the damaged
sKin.
A nice Web site about the laser tattoo removal is at Beckman L aser
Institute and M edical Clinic:

http://www.bli.uci.edu/clinic/tattoos.html

° C a'r CI n Om aS an d m al I g n an CI eS Rami Arieli: "The Laser Adventure" Chapter 9.2.1 Dermatology page 1
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Diode laser arrays

Specifications
sEmitting Dimensions: 10 x 17.2mm
oCW Output Power: 240W
sThreshold Current: 7A
sOperating Current: 25A typ, 30A max
sOperating Voltage: 22.8V typ, 25.8V max
eSeries Resistance: 0.19 ohm
eBeam Divergence: 35 x 10 degrees
ePeak Wavelength: 803nm
eSpectral Width: 3nm typ, 4nm max

Cooling Requirements
osFlow: 1.5 LPM
ePressure: 15 PSI
sWater Temperature: 25C
DI Water not required
«<20um particle filter required

Courtesy E-Bay

laser diode bar array made by Spectra Diode Labs

(SDL). This is model 3474-MB. It consists of 12 20W diode
bars in a 10 x 20mm G stack package producing an
amazing 240W with an energy density of 120W/cm~2.

w.wang



A diode laser bar

Electric A

current out

e HeloU
w.wang

Louis Chow, University of Central Florida



A diode laser array pumped solid
state laser

Waste heat out
Electric

current in Electric
Slab shaped j current out
gain medium
\ J Resonator

«—— mirror

Resonator
mirror

Q
F -+
|-~ 7=

Diode laser arrays (2) with beam control prisms
w.wang pumping a slab laser through both mid sized edges

Louis Chow, University of Central Florida




Light Emitting Diode (LED)

The electroluminescent process of LED isto covert input electrical energy into

output optical radiation in the visible or infrared (heat) portion of the spectrum,
depending on the semiconductor material.

L EDs and laser diodes are very similar devices. In fact, when operating below
their threshold current, all laser diodes act as LEDs.

7
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RS

A nvode Cathode Anode II_II

I
= |

Cathode

Cathode
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& fide

Flat zide and Tong
w.wang lead indicate cathode.



L EDs are generally more reliable than lasers, but both sources will degrade over time.
This degradation can be caused by heat generated by the source and uneven current
densities. In addition, LEDs are easier to use than lasers.

L EDs are found in awide variety of consumer e ectronics products. LEDs are used as
visible indicators in most electronics equipment, and laser diodes are most widely used
in compact disk (CD) players. The LEDs used in fiber optics differ from the more
common indicator LEDs in two ways.

1. The wavelength is generally in the near infrared (because the optical loss of fiber is
lowest at these wavelengths).

2. The LED emitting areais generally much smaller in order to allow the highest
possible modulation bandwidth and improve the coupling efficiency with small core
optical fibers.

The effective emitting area of an LED is perhaps .25 x .25 mm. To focus an incoherent
source like this to a2 um spot with imaging optics would require aratio of distances of
roughly 125:1 for the LED-to-lens compared to the lens-to-image plane.

Simple optics don't focus all wavelengths at the same focal length. So the wide bandwidth
of the LED causes a little trouble. There is another effect having to do with the size of the
lens (diffraction limit) and the wavelength, but this is also secondary to an understanding of
the *primary* reason why an LED can't be focused.

w.wang



Light radiation—energy
bands

Enargy
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a) General representation; (b) for finite temperature
w.wang



Light radiation—energy
bands
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a) Radiation process An electron-hole recombination releases a quantum of energy—a
photon

w.wang ; (b) spectral width of radiated light.



Energy Gapsin LEDs

the bandgap energy E of the LED

Eg:hc/)\

Where:
h = Plank's Constant = 4.13 x 10 eVes

c = speed of light =2.998 x 108 m/s
A = wavelength in nm

w.wang



Common Light Emitter Materials

& Characteristics

Arsenide-Phosphide

Material Formula Energy Gap Wavelength
Gallium Phosphide GaP 2.24 eV 550 nm
Aluminum Arsenide AlAS 2.09 eV 590 nm

Gallium Arsenide GaAs 1.42 eV 870 nm
Indium Phosphide InP 1.33 eV 930 nm
Aluminum-Gallium AlGaAs 1.42-1.61 eV 770-870 nm

Arsenide

Indium-Gallium- INnGaAsP 0.74-1.13 eV 1100-1670 nm

L ight-emitting diodes use GaAlAs (gallium aluminum arsenide) for short-wavelength devices.
L ong-wavelength devices generally incorporate InGaAsP (indium gallium arsenide phosphide).

w.wang




Type Peak (nm) Dominant (nm) Efficacy (Im/W)

GaAsP on GaAs substrate red 660 650 ~55
GaP/ZnO (low current red, 697 (nom)
varies with current) 660-697 600-640 ~10-30
GaAsP on GaP substrate red 630 615 180-200+
GaAsP on GaP substate yellow 590 588 400
GaAlAsP (ultrabright red) 660 645 typ. 80
have seen 635-650
"T.S." AlGaAs (HP) 646-655 637-644 80-95
InGaAsP (bright red-orange) 620-625 608-615 ~200
InGaAsP bright yellow 590 588 400
GaP green 565 upper 560s-570 ? 620 (Brighter greens are simila
"Pure green" GaP_.~~~ near 550 near 555 670
(There'is an InGaP with similar color)
Nichia InGaN green 522 (?) 525 very roughly 450
Toyoda Gosei InGaN green 516 520 very roughly 425
InGaN blue _ 466 470 very roughly 75
(Nichia and Toyoda Gosie)
GaN blue (Panasonic 450 nm)) 450 470 very roughly 100
(This is a broader band blue
SiC ("Cree type") blue 466-470 around 480 very roughly 130
GaN on SiC substrate blue 430 around 450 maybe 50

(Radio Shack 276-311)

W.wang Sam's Laser FAQ



Blue LED

After adecade of intense research, a bright blue LED was successfully produced by Nichia
Chemical of Japan in 1994. The material used for the diode was gallium nitride GaN.
Nichia has also produced an InGaN laser diode which lasesin the blue-violet region of the
spectrum.

Blue LEDs are important for the development of high-information-density storage on
optical disks, aswell as a host of other applications such as high-resolution television and
computer displays, image scanners and color printers, biomedical diagnostic instruments,
and remote sensing.

Other ways of producing blue light from solid state sources involve doubling the frequency
of red or infrared laser diodes. Hitachi and M atsushita have taken this approach to
producing blue light for optical disksand digital versatile disks (DVD).

Reference: The Elusive Blue Laser, The Industrial Physicist, 3, September 1997, p16

w.wang



LEDs are p-n junction devices
constructed of gallium arsenide
(GaAs), gallium arsenide phosphide
(GaAsP), or gallium phosphide
(GaP). Silicon and germanium are not
suitable because those junctions
produce heat and no appreciable IR
or visiblelight. The junction in an
LED isforward biased and when
electrons cross the junction from the
n- to the p-type material, the electron-
hole recombination process produces
some photonsin the IR or visiblein a
process called electroluminescence.
An exposed semiconductor surface
can then emit light.

w.wang

Light

emission
A

AMAAAA

hyperPhysics



Current-Voltage

The current-voltage relation of adiode is derived based on the
Boltzman's and Maxwell’ s equations. The eguation of voltage and
current is given:

’ (e% ~1) (dark current)

I diode

where k=Boltzman'’s constant= 8.62e-5 eV/°K, T= temperature
(°K) and g = single electron charge =1.6e-19 coulombs and | IS
reverse saturated current.

w.wang



Light Power

Light power, P, is energy per second, that is, the number of photons times the energy of
an individual photon, hv. The number of photons is equal to the number of excited
(injected) electrons, N, times the esternal quantum efficiency, T _ . Thus,

P=(N M. hv

The forward current injects electrons into the depletion region, where they recombine
with holes in radiative and nonradiative ways. Thus, nonradiative recombinations take
excited electrons from useful, radiative recombinations and decrease the efficiency of
the process. We characterize this by the internal quantum efficiency, T] e Which
shows what fraction of the total number of excited (injected) electrons produces
photons. The transmission efficeincy with which the internal photons can be extracted
from the LED structure Tl e . Therefore, the external quantum efficiencyM _ = T, 1,

w.wang
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On the other hand, the number of electrons (N) times the
electron charge (e) per second constitutes current (I):

| = Nelt

and N = It/e. Hence, the radiated light power is:

P = (ire)( M, hv)it=[(T ., hv)/e]

Another measure of performance is the overall quantum efficiency,1l whichiis
defined at the ration of the radiated power P to the applied electrical power

1= PIv=N_ hviev

Where V is voltage drop across the device, for hv ~ eV, asis the case for commonly
encountered LEDs, it followsthat 11 = Tl



Responsivity

The responsitivity R of an LED is deifined as the ratio of the
radiatted light power P to the injected current |

R= P/l = M, hv/e

w.wang



Lifetime

Lifetime, T , of the charge carriers is the time between the moment they are
excited (injected into a depletion region) and the moment they are recombined.
It is sometimes called recombination lifetime and it ranges from nanoseconds to
milliseconds. We distinguistTyetween radiative, T . and nonradiative,
combination lifetimes <T that the total carrier lifetime, ,is equal to :

U =1 + 1 o

Incidentally, internal quantum efficiencyyy ;. which shows how many
photons are radiated with respect to a specific number of injected electrons,
can be gquantified by the following formula:

TI int:T/Tr

w.wang



Rise/Fall time

Rise/fall time, t,, is defined as 10 to 90% of the
maximum yalue of the pulse, Rise/fall time is
determined by an LED's capacitance (C), input step
current with amplitude(l,), and the total recom pihatio
lifetime (') |so that:

tF2.2[ +(1.7x104x T °KxC)/],

r

CIutpt poraver -:'1'.u|nali.r.a]

where T °K is absolute temperature in kelvin (0°C =
273°K).
This formula is important because it discloses the

parameters on which rise time depends. With a high
|, the segond term on the right side of Formula by
becomes lnegligible and rise time-is-ultimately

determined by the recombination lifetime.

Manufacturers prefer to measure, not calculate, rise
timg,,aR¢ typical values that can be found in data
sheets range from 2 to 4 ns.



Spectral Distribution

Under aweak pumping, such that quasi-Fermi levels lie within the bandgap and are at
least afew k3T away from the band edges, the spectral density achievesits peak value at
the frequency v, = (Eg+k,T/2)/h, the FWHM of the spectral density is 4v ~ 1.8 kgT/h.
The width express in terms of the wavelength A,

AN ~ 1451 2 kT

w.wang



Modulation bandwidth

Modulation bandwidth, BW, is the range of modulating frequencies within
which detected electric power declines at —3 dB. In electronics, the
general relationship between bandwidth and rise time is given by the well-
known formula

BW = 0.35/t,

w.wang



Modulation bandwidth is limited by the recombination

lifetime

This discrepancy occurs because if the forward current is modulated at angular
frequency=d |, an LED's output light intensity, I(2d ), will vary as follows [5 ]:

I(22) =100) / it eT)]

where 1(0) is the LED's light intensity at constant currentrand  is a carrier lifetime, as
before. Detected electric power is proportional to | .2 Taking | 2&4 )/1 2(0) = %, which is
a —3 dB decline, one can find from above formula that

BW=4A:1 =T

This yields a very important principle: An LED's modulation bandwidth is limited by the
recombination lifetime of the charge carriers. The physics governing this result is as
follows: Suppose you excite an electron at the conduction band. It takes T ns for this
electron to fall to the valence band and recombine. During this interval you cannot change
its status, so that if you turn off the forward current, you must wait T ns until radiation will
actually cease. This T ns interval is necessary to allow a charge carrier to reach its
destination. In other words, you cannot stop an excited electron that is on its way from the
conduction band to the valence band. Thus, lifetime T puts a fundamental limit on the
modulation bandwidth of an LED. (You can repeat this reasoning using a p-n junction
modéel-W#fle an electron is moving through an active region, you cannot stop it; that is,
you cannot change its status until this electron recombines.)



Active Type Radiating Spectral Output Forward Rise/fall
Material wavelength | width power into | current time (ns)
A (nm) A (nm) | fiber (uW) | (MA)
AlGaAs SLED 660 20 190-1350 | 20(min) 13/10
ELED 850 35-65 10-80 60-100 2/2—6.5/6.5
GaAs SLED 850 40 80-140 100 —
ELED 850 35 10-32 100 6.5/6.5
InGaAsP SLED 1300 110 10-50 100 3/3
ELED 1300 25 10-150 30-100 1.5/2.5
ELED 1550 40-70 1000-7500 | 200-500 0.4/0.4—
12/12

Source: Lightwave 1999 Worldwide Directory of Fiber-Optic Communications Products and
Services, March 31, 1999, pp. 58-61.
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LED

There are two basic types of LED structures. edge emitters and surface emitters.

P =P, cosf}
“UN
Edge-emitting LED /
Surface-emitting LED Emission Patbern

Emission Pattern

simple structure, are relatively inexpensive, offer low-

output power is high (emitting spot is very small, typically 30- to-moderate output power levels, and are capable of

50 um) low-to-moderate operating speeds

narrow emission spectra (FWHM is typically about 7% of the output power is as high or higher than the edge-emitting
central wavelength) LED, but the emitting area is large, causing poor

coupling efficiency to the optical fiber

Narrow beam pattern o o
w.wang emit light in all directions



Surface-emitting LEDs

Light
Etched | 7 Matching
wal| ap oKy
Fibed /
. Meatal
area 4 GE,AE—NP# AlGans-N
1-2 um — 2 BiCats
|r'!ELJ|EI|- — Gads-P
Si0a
Matal / By C. A I_3urr_us and B. I. Miller, Optical
contact |HjEI2'|IEd Communications 4:307-69 (1971).
electrons

In surface-emitting LEDs (SLED) the radiation emanates
from the surface. Example is a Burrus diode
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