: : N
Lecture 11: Specific Lasers \ ( To build a laser, you need

» Solid  Two mirrors
* Gas * Gain medium (liquid, solid, gas)
o Liquid ) Pump

 Semiconductor
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/ . \ / Solid lasers \
Atoms (again): « Optically active atoms are embedded in a solid,

« All atoms have ground state, excited states, and e => 999% of solid “irrelevant”
continuum

, , * Atoms are trapped in place
» We are interested in ground + first few excited

state only. * Solid must be optically transparent

« Examples of suitable host solids:
1) Glass
2) Sapphire: single crystal Al,O,

» Energy levels, lifetimes, gain-bandwidth different
for different atoms

* “One atom, one color...” (not exactly)
3) YAG: yttrium aluminum garnet Y;AlLO,,
. /] |\




4 Solid lasers

* Ruby laser
* Nd:YAG

* Nd:Glass
 T1i:Sapphire

4
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Ruby laser A

First optical laser, developed at Hughes in
Malibu, T.H Maiman, Phys. Rev. Lett. 4, 564 (1960)

Host solid is sapphire (Al,O;)

Optically atoms Cr, doped 0.05% by weight

No longer in widespread use because of
limited efficiency, spiking behavior
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Ruby laser

“~. _Fastdecay: T~0.1 ps

~
X 2A
E

~<a

2E LongT~3ms

Stimulated emission
6943 A (red)

1. Why do we draw level diagrams this way?
Angular momentum selection rules. (Discuss

Ground level A,

2. F-A transition long-lived (why?)

2. F states are “bands”, because Cr is in solid
matrix, i.e. many states. Good for pumping
(why?)

3. This is 3-level in the bad sense.

4. F-E decay non-radiative /

5 Pumninoe?



/ Ruby pump in g : (usuellslllilsllzlsed)

Because it is three level, need

Absorption

Absorption at laser freq. small
Absorption band large (typical

= | o g ¥

Y[ :
, JULJ. hy 1
= ’ N .u\

1 1 -
A e qﬂ T fH:ll.'J 1 ](Jl.l

Vavelemmgll ITLs b
Wavelength From Verdeyen
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Flashlamp output
el gl g

kW/cm? of pumping for inversion.

solid lasers, not gas lasers. This is
Wavelength why gas lasers not optically pumped.)

)

of

[ Ruby laser picture: N

From http://home.achilles.net/~jtalbot/history/ruby.html
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e Nd:YAG

* Four level laser, so easier to pump

» Host solid is single crystal YAG :
yttrium aluminum garnet Y;AlLO,,

» Optically active atoms Nd,
doped <1% by weight

 Useful for cw operation, becauseYAG has
high thermal conductivity and can handle

a lot of heat.
» Useful for pulsed operation because of B

W.

eriod
" Nd: 60 electrons o

14.01
15

9 3097
33

74.92
51

1218

83

209.0

y,

tnthanideSeries* ce Prfna|® sm Eu Gd T Dy Ho Er Tm Vb Lu
FimiAdA Ot~ T DA 11 N D, A v Fa e DL a4 Ca C oA ANA NP 1 »~ /



Fast decay

T~30ns,-”
4

.
.,
.,

.,
,

V%

Ground level 41y,

TeeaooN 4F,, Longt~255us

Stimulated emission
1.06 pm (1nfrared)

\\\\\\\\\ SR 11/2

e
.
.,

1. With 60 electrons, energy levels are quite
complicated. I give up on the selection rules. It
doesn’t matter anyways, only the resultant
lifetimes, which can be measured.

2. Pumping? Can be flashlamp, or also diode laser.
3. Required pumping power 10x lower than ruby.
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Pumping:

 Flashlamp
* Diode laser
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Fast decay
T~30ns,-”

Ground level 41y,

\

One of these lines
is 0.8 um, close to
a typical diode laser
Frequency.

F,, Longt~255ups
Stlmulated emission
1.06 um (1nfrared)

e 4,

e
.
.,

1. With 60 electrons, energy levels are quite
complicated. I give up on the selection rules. It
doesn’t matter anyways, only the resultant
lifetimes, which can be measured.

2. Pumping? Can be flashlamp, or also diode laser.
3. Required pumping power 10x lower than ruby.

Diode pumped
Nd:YAG laser picture:

|l

From http://www.mellesgriot.com/products/lasers/technology.a

\




Na:Glass \

Similar to Nd:YAG
Host solid is amorphous glass (S10,)
Less useful for cw operation. (YAG better.)

Energy levels broadened by amorphous glass
(inhomogeneous)

BW~3 THz; useful for pulsed operation.

T1:Sapphire laser A
* Optically active atoms Ti0; <1% by weight
* Host solid 1s sapphire (Al,O;)
* Ti interacts with solid so the E,, E,
broadened significantly.

The atoms in the solid vibrate and interact
with the Ti1 atoms.

* Gain bandwidth huge (100 THz)

* Can use as tunable laser
(if you adjust mirrors, discuss HW#1)
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» Makes for ultra short pulses
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/ Ti:Sapphire N

) ~
" \\\ Fast decay
Spontaneous emission lifetime
T ~ us => must pump hard
Pump Stimulated emission
0.7-1 um (discuss)
T y
% ,// Fast decay




11:5apphire pumping

’E

ETY

absorption

g

absorption

oss section (107 em’y

Cr

=

I
=

400

450

T T
s00 550 600
Wavelength (nim)

wavelength

From Verdeyen.

So you can pump with any frequency from 400-650 nm.

Usually pumped with Ar ion (480 nm) or doubled Nd:YAG (532 nm)
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g

g

emission

Spontaneous emission

4

= g

Hif)

Conclusion: Gain-bandwidth is HUGE!

0.6 um

/ N\
/ P \
1 / / \ \\
[/

B

wavelength

( T1:5apphire lasing wavelength

1.1 um

From Verdeyen.

Flourescence = spontaneous emission after being pumped to a higher level.

100 THz.

Makes for extremely fast mode locked pulses. (how fast?)
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Hurricane

T1:Sapphire picture

The Fiest Dhibe-Puitrpeel, Ubtraast Tisnappbine

Asmphors — Al b O Cormpars | Packarge.

e HeNe
«CO,
e Art

Gas lasers

\



(Gas lasers \ ( as discharges: N\

* How do we pump a gas laser?

Gas of atoms

 Optical pumps not efficient. (Why?)

» We use electrodes with a high %
voltage, and cause a gas discharge /'H'

e This 1s how “fluorescent” lights
work. What happens as we turn the voltage up?
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_ Gas discharges: \ / Collisions: N\
Gas of atoms e-.\ //'
/

o x

Electron (accelerated by the electric field) collides with an atom.
Energy from the electron is given to the atom, placing it in a higher energy state.

At first, nothing. Atoms are neutral. (Draw on board). This is one method of “pumping”

Then, one electron gets pulled off of one atom.
In the large field, the electron gets accelerated and impacts other atoms, . .
knocking off other electrons. Before : After'
A current of electrons is now flowing; the positive ions also cause a current.

(This reduces the voltage a little, but you can still keep a finite voltage.) ) \

\ In steady state, the current is constantly flowing.

82 — 82

1 —¢, y

—e—¢



Collis10ns:

Excited He atom
Ground state He atom

* )
/\

Excited Ne atom

Ground state Ne atom

He-Ne collisions serve to excite He, de-excite Ne...
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HeiNe Laser N\

He and Ne

"

+ Partial pressure of He, Ne (about 1% atmosphere)

* Electrons “pump” He: EXCITED HE IS LONG LIVED!
* He “pumps” Ne

* Ne is active lasing element
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ee”  He: 2 electrons

eriod ;

Ne: 10 electron

14 15 16

1 IVA VA VIA
5A 6A
6 7
2
1201 1401
3
4
7259 7492
EY 51
5
187 1218
85
6
2005 2072 2090  (210) [ (210)
7

From http://pearl
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I'ICINC L.adCl

He

Ne

2 A Collisional i
ollisiona 339 um
excitation \—31)
2.4 um
2 ¢ _______ -2S K 633 nm
Any of the red lines can lase. 115%_21)
Cavity losses will select a line.
electron impact fast decay
pumping Is
collisional
relaxation
I's ground state

ground state

‘ Increase current=> increase pumping rate to a point (discuss) ‘

N
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HeNe Laser Picture

*Spider" for bore suppart

oxidized aluminum cathode

optional Brewster window
gas reservolr  anode

Millions built. l m— i S s
Very compact (20 cm long) ==—= t — ou Ei
~1-10 mW out l & —— ——
cutput coupler bore cylindrical aluminum housing high reflector
fin <32 1A - o
7 &
47 &8
I 12 TR St —
f]l“'!ih‘
-y
azll '.nnon

Sef-contained rectangular helhum neon lasers.

http://www.mellesgriot.com/pdf/0044.8-44.9.pdf
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Neon signs

A
Red photon out
P LYAVAL fast decay
Is .
collisional
excitation

collisionyl

ground state

\

CO, Laser

CO, and N,
and He

||/

* > 1 atm pressure of CO,, N,, He
 Electrons “pump” N, (60% efficient!)
* N, “pumps” CO,

* CO, is active lasing element

* 8-18 wm based on vibrational energy levels
e Verv hioch nower (W) noccihle /




viprations:
N

. ‘ l Vibrational energy quantized:
l E~J(J+1)h, where J is an integer,

h Planck’s constant.

Energies much less than electronic
Energies (typically 100 meV)

O
‘o
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pumping

—_— gro

electron impact

Uy LddTl

-
Collisional

excitation
10 um
9.4& s
Any of the red lines can lase. 3
Cavity will select a line. fast decay
fast deca
und state
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/

CO, Laser Movie

http://www.prclaser.com/material.htm
http://www.bristowlasersystems.com.au.

Ar Laser

Ar*

~

||/

* Multiple electron collisions pump the Ar*
* Output from 400-500 nm



AT Laser Picture \

* Very inefficient. 0.03%

» Typically consume kW of electrical power
for 100 mW out optical

¢ Must be air cooled or water cooled.

N

http://www.mellesgriot.com/products/lasers/technology.asp#argonion
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( Dye¢ lasers \

* Dye dissolved in water or alcohol
(104 M)

 Vibrational+electronic energy levels
broaden lines

* Liquid needs to circulate because
dyes becomed saturated

 Cover entire visible spectrum
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/

Output

400 nm

Dye lasers \

e ﬁ\{' \ HEXPE
E Foe \ AN YT
I f I| NIRY If \
TN Y \
_J“\ -.r"_ 7| \ .ll. I : || A\

1000 nm
Wavelength

From Verdeyen

/ Efficiency D

» Table of various lasers
follows, most less than 1%.

» Semiconductor lasers ~50%.

* Opportunity for extra credit.

\ )



/

N\

~vvall plug cIriciency

Laser Efficiency
Ar* 0.05%
Rh. Dye 0.005%
HeNe 0.05%
Ruby 0.1%
Ti:Sapphire 0.01%
Nd:glass 1%
Nd:YAG 0.5%
CO, 10%
Semiconductor ~50%
Light bulb ~50%

Semiconductor lasers A
 This “laundry” list gives only
certain wavelengths

« Semiconductor lasers can have
an “engineered” wavelength of
whatever you want...

* Also can be electrically pumped

J
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QVHI start on them 1n next class
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