Laser Physics: PHYC464 Optical Science & €ngineering
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Examples of Specific Laser Systems

> Gas Lasers
CO, 200+ kW

>So|id-State Lasers
Nd:YAG (15 kW)

>Fiber Lasers
Yb3* (5+ kW)

> Dye Lasers

>Chemical Lasers
COIL (7+kW), MIRACL (>1 MW !1)

>Semiconductor Lasers




Active media and spectral ranges

Ultraviolet

dye lasers

excimer
lasers semiconductor lasers

solid-state lasers

wavelength
T T T T >

100 nm 500 nm 1pm 10 um

atomic gas lasers




electronic transitions

vibrational transitions .V\/\/\/W.
+—>

rotational transitions

emission

VIS, UV

NIR, IR

FIR

Proprietary Data
University of New Mexico



—

o
=
&

£
Hurl
[=]
a
£
il
=
a S
w
I~
3 oac
E 32,
= ©
a 5 O
=
£ 3
wrl ¥6°Z '06'Z DVAIT m Z £
wi 6/°2 DOSAHT M W
wrl 80’z OVACH ., : _ S
wrl 10z ovAiwl = m £
wrl g T sse|fig 2 m m H
WU 6TET OVAPN .W M M.n_..
] (=)
(WU 6L0T-LFOT SISOy Joyjo) = rmmmmmmmmII | £ £
wu 90T DVA-PN w = E
o =
T3]
g ©
WU 9¥6 OVAPN — L =] -
T M. [V} m
[ Lo
< E o =R
4g a3
(=R

wu £+%69 Aqny

wu 8z9 Joden pjoo

wu z'g/g Jodena saddod —

wu zeg (ps|qnop) oYAPN
wu 5015 Joden uaddoo

=
o)
T
o
e )
mn
0} £
= _c
T3
. g
wu gge (pa|dLy) OYA'PN X3 4
wu ige JaWidXs” 48X 295
<= m
g
WU B0E JDWIDXD [DIBY  wereeeereeeres m
35
WU 99z (IUOWLIBY,, ¥) DYAIPN — —= S«
WU 8FZ JBWIOXD 1Y wrevrereranss 5 m.M
- .
Wwu zzz Iswpxe D43 o 0o
wu €Tz [Pluowiey,, ) OVAPN W E ; -
WU €6T JSWPXS 41y g3 @ £
0 o =~
B =) 5T R
wu /6T Jawpxe Y T 20m
— N
_ EER
E
ml
o
g




Typical laser efficienciesn :

Argon - ion

CO, laser

Excimer

Fiber Lasers

GaAlAs (diode laser)
HeNe

Nd:YAG

outputpower

electrical input power

< 0.1%
< 20%
<20%
<30%
<40%
<0.1%
<10%

Proprietary Data
University of New Mexico



Gas Lasers

high
rear voltage output
mirror coupler
........... - -
discharge laser
beam

The excitation mechanism in most gas lasers is via electric discharge




Section 11.1 p.2

The first Gas Laser: He-Ne

Ali Javan, et al. (Bell Labs, 1962)
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e The second working LASER system to be demonstrated.

e The first gas LASER to be produced.

e The first LASER to produce a continuous output beam

e The active laser medium is a gaseous mixture of He & Ne atoms, in a roughly 10:1 proportion

e The gasis enclosed in a cylindrical quartz DISCHARGE tube



Comparison of Gas Lasers

Section 11.1 p.3

Laser Type Linear Power Maximum Power Power Efficiency
Density percent
w/m w
He-Ne 0.1 1 0.1
Argon 1-10 50 0.1
CO: 60-80 >104 15-20




CO, Lasers (9-11 micron) Section 11.1 p.4

C. K. N. Patel, "Continuous-Wave Laser Action on Vibrational Rotational Transitions of CO2," Physics
Review, Vol. 136 A, (Nov., 1964) P. 1187

Applications (pealing peanuts to star wars)

eIndustrial (cutting, welding, material processing)

eMilitary (range finding, targeting, remote sensing, sensor blinding, destroying ...)

eMedical (cutting, skin resurfacing)



11.2 Molecular Vibrations and Rotations

eTransitions are between molecular vibrational-rotational levels.

® 0 O

Modes of vibrations:
«Symmetric stretch
«Asymmetric stretch

*Bending mode



Section 11.2 p.2

Simple Harmonic Oscillator (Quantum Mechanics):

E(n,n,,n)=hv,(n+1/2)+hv,(n, +1/2) +hv,(n, +1/2)

states

(001) { J=18‘ Rotational

J=1

(010)

————————————————— (000)



CO, Laser Transitions

Section 11.2 p.3
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Section 11.2 p.4
Effect of Gas Mixtures: CO,+N,+He

S N -« « — -
He 00 06,9 "o oo ) N,
(001)- (1) Metastable
10.6 um
9.6 um
(100)
(020) .
— discharge
excitation
(000) — (0)

eNitrogen helps populating the upper laser level in a discharge

eHelium helps to depopulate the lower laser level by collisions

Other possible additions to the gas mixture: CO, H,



Section 11.2 p.5

Typical Co,:N,:He Gas Ratios Recommended by Laser Manufacturers

CO, N, He Laser Power Rating W

1 3 17 20

1 1.5 9.3 50

1 1.5 9.3 100
1 1.35 12.5 275
1 8 23 375
1 6.7 30 525
1 2.3 17 1000




11.3 Gas Discharge Phenomena

cathode

% % o W o oe
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eElectrons emitted from cathode get accelerated by the electric field

*The energeticelectrons excite the vibrational modes of the gas molecule via inelastic collisions

100

B (o2} [}
o o o

Percentage of total power

CO, (001) + N, (v=1)

CO,:N,:He =1:2:3

.......
........
.

Lo
K

ionization

...............

1 10
E/P (V/cm/torr)

100

Example:
L=1 meter and P=25 torr

Need V=25 kV for optimum operation




11.4 Specific Types of CO, Lasers

High Power CW Operation

U DC-Discharge § | CO,N,:He |

’ IR Brewster Windows (ZnSe, NaCl, KCI)

eLongitudinal discharge (High Voltage: 10-100 kV)
ePressure: 10-100 torr

eMultistage discharge tubes can be used to produce kilowatts of output

power

/@ RF (10KHz-100 MHz)
Q RF'DiSCharge ~+—

\ CO,:N,:He /

e|n practice waveguides are used.

eHigh discharge stability, high pulsing frequency (up to 100 kHz)

eExpensive RF generatorand requires EMI shielding

0.2 W/cm in a waveguide laser



Example: A 250 W CW CO, Laser Section 11.4 p.2

[ 3METERS —]
OUTPUT MIRROR
CATHODES CATHODES
/] LASER TUBE
- -
1S J.J\\
[ TURNING MIRRORS
|7L‘ LASER TUBE ., >
{—qz T 1
HR MIRROR
« = .
REGULATED
="| POWER SUPPLY

Operating Parameters of Commercial Class | CO, Lasers.

Active Length Output Power Gas Mixture Gas Flow Rate Power/ Length Water Flow Rate
meters watts CO,:N,:He liters/min W/m liters/min

1 50 1:1.5:9.3 1.15 50 2

2 100 1:1.5:9.3 1.15 50 2

5 275 2:1.35:9.3 4.01 55 10
6 375 1:8:23 4.26 62.5 10
9 525 1:6.7:30 4.23 58.3 10
18 1000 1:2.35:17 14.35 55.6 15




Laser Hardened Materials Evaluation Laboratory (LHMEL)  Section 11.4 p.3
WP-AFB, Dayton, OHIO

LHMEL I- 15 kW CO,
CW Laser

o
ADJUSTAEBLE COOLANT IN
MIRROR
MOUNT




Section 11.4 p.4

1 Gas-Dynamic Lasers Basov & Oraevskii (1963)

Principle: Population inversion by rapid expansion (supersonic flow) of s super-heated gas

COZ+N2+H2 - -~ v=10°cm/sec.

- ~

T=1000-3000 K ! ;

-’

P=1-20atm.

—m‘ —COMBUSTION
| CHAMBER
, OIFFUSER}
yd
LN L
a’" “'\-.
K
SER BEAM l

ecw powers up to 1 MW have been obtained from gas-dynamic CO, lasers !!

fl nversionregion _




Section 11.4 p.5
Gas-Dynamic Lasers

Large scale 135 Kilowatt gasdynamiclaser at Avco Everett Research Lab.
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ePulsed CO, Lasers

Most Common: Transversely Excited Atmospheric (TEA) CO, Lasers

Pulsed H..V

Low pressure gain cel %

(for single longitudinal operation) —

eFlowing or sealed systems
ePulsewidths from 50 ns to 300 ns
eRepetition rates: 1Hz.to 1 kHz.

ePulse energy: 50 mJ to 10 J (amplified)

Section 11.4 p.6



Section 6.5, p.4
Excimer Lasers:  applications in lithography and eye surgery

With phenomenaladvances madein equipment technologyin the last two decades, and today microelectronicdevices fabricated using
excimer laser lithography totaling $400 billion in annual production, itis the semiconductorindustryviewthat excimer laser lithography has
been a crucial factor in the continued advance of Moore’s law, enabling minimum features sizes in chip manufacturingto shrink from 0.5
micrometerin 1990 to 22 nanometersin 2012. This trend is expected to continue into this decade for even denser chips, with minimum
features approaching 10 nanometers. From an even broader scientificand technological perspective, since theinvention of thelaserin 1960,
the developmentof excimer laser lithography has been highlighted as one of the major milestonesin the 50-year history of the laser.

. . . A
molecules exist only in the excited state
XeCl 308 nm ] E xcimer upper level
< ‘ o Bound State
KrF 248 nm % ? ~
ArF 193 nm & A
= .
F2 156 nm I.E ——— Laser Tramsitions in UV region
~ Excimer Ground State
’ Separated atoms
Distance between atoms (1un)
excitation
emission
of a photon Proprietary Data

University of New Mexico
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10. Solid-state lasers

10.1 Introduction

Examples:
The lasing atoms are fixed in a solid (crystal,

(@) Nd:YAG (yttrium aluminum garnett crystal doped
with Nd atoms)
A =1.064 pm, 1.331 um

glass). Solid-state lasers can operate in continuous
(cw) or various pulsed modes.

host crystal

(b) Nd:glass (glass doped with Nd:atoms)
A =1.062 um (silicate glass)

e e ‘ A =1.080 pum (fused silica)
iiliiiiu iiliiiiu
Qe Qe (c) Ti:sapphire A=0.7-1.1 um

(d) HM:YAG (holmium atoms doped into a YAG crystal)

elementary cell of ”

the host crystal

(e) color centers (intentionally created defects in a crystal)
A =1.5-3.5 um (in different hosts)

1 2 3456 70

H He
Li Be BCNGOF Ne
Na Mg| AlSi P S Cl Ar

K CaSc T V Cr Mn Fe Co Ni Cu Zn Ga Ge As Se Br Kr
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In Sn Sb Te | Xe
Cs Ba La Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Ac .

\ %=2.1pum

Transition metals |



- . Optical Science & Engineerin
The 4f-4f transitions in Rare-Earths lons: fjni\,ersity S Now Moo
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SSL: much smaller cross sections

SSL: much longer lifetimes

SSL: much higher saturation intens.

SSL: much smaller quantum defect

SSL: much(!) wider gain spectra

SSL: atom lifetime >> cavity lifetime

OSL: much higher number densities

He-Ne

Nd:YAG

Ti:ALO,

A 633 nm 1064 nm 700 - 1000 nm
o IO em? | 4x10%em=2 | 4x 10" ¢m™
o/ 7 | 60ns/10ns | 250 us/~30ns | 3.2 us/fast
fa 2 Wem? 2 kW/em? 200 kW/em?
B 2eV 1.2eV 1.6 ¢V
E 20 eV L. eY 2.3 eV
Aw 2ax1.5GHz | 22 x 200 GHz | 22 x 100 THzZ
T, 200 ns 5100 ns 5100 ns

, | torr | at.%, 0.5 wt.%.
N

3x10% em?

1.4x10* ¢m?

1.7x10* ¢m™?




10.2 Layout of a solid-state laser

Laser rod (solid host material doped
with the atoms of the active medium)

NIy outcoupler
end o ST T T L e EE R AT ;I g
mirror
CorrrttreREtELY
e laser head
/ —  (reflective walls to
I A U R concentrate the
amp pump ;
(flashlamp, 20
arclamp,

ower suppl
laser diodes) P PPy

coolant coolant

in out

lamps

dual elliptical reflector laser rod




Maiman’s Ruby Laser




Nd:YAG Laser Nd:YVO,

The most common solid-state laser is based on Nd atoms as dopands.

e

Energy diagram of Nd:

energy is transferred

to th tal (heati
B — — o the crystal (heating)

700 nm

800 nm

‘ O
v,
>
(o]

ground
state
Fo Hap
A dFil'z
= E| E| E| E
2| g g 3| 8| g Output (Nd:YAG)
| cw: <1000 W
o pulsed: pulse energy <1 Joule
N Q-switched - 10 ns pulse duration
- ", modelocked — 10-100 ps pulse duration
' 4'9.’2




Green Laser Pointer: a frequency doubled diode-pumped Nd:YVO, Laser!!

Batte Pump LD
Y Driver | DPSS
Laser Module
MCA
Nd:YVO, KTP
| R I e S r
| AR
e ]
LD+ | a il
LD~ 5 § J B = } :
/ l‘;::: .............. W
7 i
808nm Pump Expanding
Pump  Focusing Lens c“f'”"m Fi":o
Diode Lens i v

|Beam Paths: | 808 nm — |1084+532nm 5§32 nm |




Ti:Sapphire Absorption/Emission Spectra

1.0

Relative Intensity

o

Titanium doped sapphire (Ti:Al,0,) laser

=

400 500 600 700 800 900

Wavelength (Nanometers)
Figure 1

Output
coupler

Ti:Sapphire

L b
T
Wi
N
Vi
b

v

The jewel of ultratfast lasers!!

High
reflector
Pump Laser

-

%

"

Ti:_sapp_ﬁ 3 o

1000

Prisms
(Dispersion compensation)

High reflector

crystal



Historical Progress in Ultrashort Pulses

ADVANCES IN SHORT PULSE GENERATION

A1
10 Nd:glass Nd-YLE
Nd:-YAG '

Dy\ S-PDye\ | Diode

2 4u

A |

=

© Color

g Center CryAG

D

L N = CrliS(C)AF

D:_ Erfiber (telecom)
Cr-forsterite
Nd:fiber

T WiAmpiHication Ti:sapphire
Courtesly of E'P.' lppen | | | : |

1965 1970 1975 1980 1985 1990 1995
Year



Fiber Lasers (e.g. rare-earth doped silica fiber)

Pumpcoupler Doped active fiber Pumpcoupler Pump light

>

Pump light Fiber bragq grating (FBG) Fiber bragg grating (FBG) Signal-fProcess fiber




erbium-doped glass fibers

‘Fr2
-4
emission Hn
. 4
absorption ~ S3/2
N\ s 8,
A~ = T F9/2
— e
4
A~ A4 19/2
| | | > 25 Ty
500 1000 1500 nm g
o
M3
pumping with diode lasers
is possible = g
2, & 3, g
" e \n X
Ly (2,3 [~
o & o i
The wavelength of about 1550 nm is particularly interesting for S = = =
applications in telecommunication.
s
Er3+



Power (W)

940 nm

1030 nm

Growth of Yb:HPFL SM = =r———
(near diffraction limited)

=

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010

Year

o

1050 nm
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IPG Fiber Lasers

A single module can supply:
» 250, 400, 800, 1000+ W of laser power

* Wavelength of 1070nm (NIR)
* One 7 or 15 um fiber core
* 0.34-0.41mm*mrad beam divergence

TXHxD=60x33x4.7cm
Efficiency (DC) > 35%
Building blocks (modules) for HPFLs

IPG Fiber Lasers: The technology

ALAW 2009
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11.3 Fiber-optic Communications

The carrier frequency of light (~ 1014 Hz) and subsequently
the transmitted bandwidth is much larger than what can be
achieved by electronics.

€

= silica-glass fibers

o)

s 17

c

9

O

£

S Rayleigh ™.

c scattering A

= " infrared
© .
2 034 absorption
(]

o

©

1 1 >
1.0 1.5 wavelength (um)



Section 11.3, p.2

Fiber transmission line

input
signal signal N m\_ amplifier/ W receiver | signal I
processing repeater processing
le q|
= g
6000 km
Ir?GaAsP transatlantic US - UK
diode laser

560 Mb/s per fiber pair

80000 simultaneous voice channels
repeaters 100 km apart




12. Chemical Lasers
12.1 Introduction

population inversion is produced by a chemical reaction

A +BC ——AB + C*

electrical power supply is not needed
airborne lasers
first chemical laser: 1964

Examples:
reaction active medium wavelength
F+D,—> DF*+D DF 35-4.1um
Cl + HI — HCI* +1 HCI 35-4.1um
H +Br, — HBr* + Br HBr 4.0-4.7 um
F+H, > HF*+H HF 3.5-4.1um
|+ 0,* > 1*+ 0, I 1.31 um - exothermic

- generation rate must be large
enough to overcome spontaneous
emission and collisional relaxation



12.2 The chemical oxygen-iodine laser

chemical reaction: O,(1A) +1 > 0,32 ) +1I”

: /' energy transfer :

: O—l J

steps:
1. generation of singlet oxygen Cl, + H,0, +2NaOH — O,(*A) + 2H,0 + 2NaCl

2. production of excited iodine  0,(1A) +1 <> 0,32 ) + I

3. lasing of excited iodine



Section 12.2, p.3

schematic diagram of a chemical iodine laser

parameters
iodine
- —
mixer supersonic e MW ouput power
\ nozzle

e wavelength 1.315 micron

/

expanding

gas (cooling) e pulsed and cw

singlet oxygen

laser
Y output

atmospheric absorption 1 km propagation in atmosphere

T T T T T T T T T
1.0 L 4

o0& L .

o4 L -

Transmission

02t 4

oo b

1.0 1.2 14 16 18 20 22 2.4 26

Wavelength (pm)




