Appendix A

Laser Safety

Hazards associated with solid-state lasers can be separated into two broad categories:
those hazards related to the laser beam itself and those hazards related to the electronic
equipment.

Radiation Hazards

Although high-power solid-state lasers have the capability of inflicting burns on the
skin, the possibility of eye injury is immensely important. The property of lasers
that is of primary concern with regard to eye hazards is their high radiance, i.e. the
combination of high power density and directionality. The latter property causes the
eve lens to focus the parallel beam emitted from a laser to a tiny spot on the retina. It
also makes the laser hazardous over long distances.

Figure A.1 shows a cross section of the human eye. The figure shows a collimated
beam of visible light impinging onto the cornea, being focused by the eye lens, passing
through the aqueous humor, and impinging onto the retina. At the retina the light is
absorbed. Under normal conditions the photon energy is converted by the retina into
chemical energy, stimulating optical sensations.

Figure A.1 illustrates the principal reason for possible eye injury from a laser. The
parallel rays of a laser can be focused through the eye lens to a point image of about
10-20 um in diameter. If the pupil is dilated sufficiently to admit the entire beam of a
laser, even lasers having power outputs of only a few milliwatts will produce power
densities of kilowatts per square centimeter on the retina. Obviously, power densities
of this magnitude may cause severe damage to the retina. For worst-case conditions—
the eye focused at infinity and the pupil fully dilated (about 0.7 cm diameter)—the
ratio of power density at the eye lens to that at the retina will be about 10°.

By comparison, conventional sources of illumination are extended, they are con-
siderably less bright, and they emit light in all directions. These light sources produce
a sizable image on the retina with a corresponding lower power density. For example,
looking directly into the sun, the image of it on the retina is approximately 160 pm
in diameter which yields a radiation intensity of around 30W/cm?.

The maximum permissible exposure of laser radiation to the eye depends on the
wavelength and is dependent on the spectral transmission of the eye. Figure A.2. illus-
trates the spectral transmission characteristics of the human eye [A.1]. Retinal damage
is possible from exposure to laser energy in the wavelength region between 400 and
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Fig. A.1. Cross section of the human eye

1400 nm (Fig. A.2c). In particular, radiation between 400 and 700 nm represents the
greatest hazard, because the transmission of the anterior parts of the eye (cornea,
aqueous humor, lens) is highest for this spectral region. At wavelengths longer than
700 nm, there is some absorption of the radiation before it reaches the retina. At IR
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Fig. A.2. Spectral transmission characteristics of the human eye [A.1]
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wavelengths greater than 1.4 um, absorption of incident radiation occurs in the cornea
and aqueous humor, and at wavelengths beyond 1.9 pum, absorption is restricted to the
cornea alone (Fig. A.2d). Also ultraviolet radiation with a wavelength shorter than
315 nm is completly absorbed by the cornea (Fig. A.2a). Between 315 and 400 nm,
radiation is absorbed at the lens of the eye (Fig. A.2b).

Electrical Hazards

Although the hazards of laser radiation are receiving deserved attention from gov-
ernment agencies, users, and manufacturers, the chief hazard of flashlamp pumped
solid-state lasers is electrical rather than optical. Many solid-state lasers require
high-voltage power supplies and energy-storage capacitors charged to lethal voltages.
Furthermore, associated equipment such as Q-switches, optical gates, modulators,
etc., are operated at high voltages. The power supply and associated electrical equip-
ment of a laser can produce serious shock and burns and, in extreme cases, can lead to
electrocution.

Safety Precautions Applicable to Solid-State Lasers

Enclosure of the beam and target in an opaque housing is the safest way of operating
a laser. This level of safety precaution is mandatory for laser materials-processing
systems operated in an industrial environment. In these systems interlocked doors,
warning signs and lights, key-locked power switches, and emergency circuit breakers,
and similar precautions are taken to protect operators and passers-by from electrical
and radiation hazards of the laser equipment. Also, microscopes and viewing ports
are filtered or blocked to prevent the issuance of laser radiation, and laser impact
points are surrounded by shields. At points of access for routine maintenance and
set-up, warning signs are displayed prominently, and interlocks prevent firing of the
laser while doors or ports are open.

In the laboratory it is often not possible to completely enclose a high-power laser.
In these situations the following safety precautions should be observed:

e Wear laser safety glasses at all times! Make sure that their attenuation factor is
sufficient at the wavelengths present.

* Never look directly into the laser light source or at scattered laser light from any
reflective surface. Never sight down the beam into the source.

e Set up the laser and all optical components used with it below eye level. Provide
enclosures for the beam. Do not direct the beam outside the table on which the
laser is positioned without using protective tubing.

* The output from Nd lasers and other IR lasers is invisible to the human eye. Use
a IR viewing scope to check for specular reflected beams.

* Avoid operating the laser in a darkened environment. At low light levels the size
of the iris is large and can hence accept a large amount of light. Work under as
bright light conditions as possible (small iris).
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Fig. A.3. Exposure limits for direct viewing of a laser beam as a function of pulse width. Ranges are for
visible and near-infrared spectral regions [A.2]

e Employ a countdown or other audible warning before the laser is fired.

 Post the appropriate hazard warning signs as specified in ANSI Z136.1 (1993) at
the entrance to the laboratory.

* Control access to the laser area and have a flashing red light on the door when
the laser is in operation. Operation of very large laser systems, such as used in
inertial confinement fusion experiments, actually require the installation of safety
interlocks at the entrance of the laser facility to prevent entry of unauthorized
personnel into the facility while the laser power supply is charged and capable
of firing the laser.

¢ Provide protection against accidentally contacting charged-up capacitors in
energy-storage banks, high-voltage power supplies, etc. These components
should be installed in cabinets having interlocked doors. Furthermore, capac-
itor banks should be equipped with gravity-operated dump solenoids.

The key to a successful safety program is the training and familiarization of the
personnel involved with laser hazards and subsequent control measures. The appoint-
ment of a Laser Safety Officer is essential for companies or laboratories engaged in
the manufacture or use of class III and class IV laser systems.



706 Appendix A

10
M
X
N
N
102 N
S
D — L A=12t014
= 1 - N
]
E T A=1.051t01.15
Kl N
g 10 P
8 . "Ny
S -
§ ! \\\ N, \ < A= 07
T .{ N
E 10 \‘E‘ IN - Ny
= A= 0.65
aN X = 0.633
N
10? ML IINL - 062
E A = wavelength in um ; i
=0.4t00.55
10° ) — |1
10° 10! 102 10° 10* 10°
Exposure duration [s]
Fig. A.4. Exposure limits for direct viewing of a cw laser beam [A.2]
Laser Safety Standards

The potential of lasers for inflicting injury, particularly to the eyes, was recognised
early, and as a consequence extensive studies have been undertaken into the biological
mechanisms of laser damage, in an attempt to define safe working levels of optical
radiation.

A document which is very useful as a guide for the safe use of lasers and sys-
tems is the standard published by the American National Standards Institute [A.2].
A comprehensive reference work covering every aspect of safety with lasers and
other optical sources is the handbook written by D. Sliney et al. [A.3]. Additional
information on laser safety can be found in [A.4].

In the United States, regulations for manufacturers are published by the Center
for Devices and Radiological Health (formerly Bureau of Radiological Health), under
the Food and Drug Administration [A.5]. User requirements in the United States are
the responsibility of the individual states, but only a few states have such laws.

Under the federal safety standard, four classes of lasers have been created to allow
manufacturers to categorize a product based on its potential hazard to a user. These
classes are labeled I through I'V, from the most safe to the most hazardous. Class [ and I
are used for lasers of cw outputs of less than 0.39 uW and 1 mW, respectively. Class I11
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and IV include lasers which represent a definite hazard to the eye from direct or
scattered radiation. Solid-state lasers generally fall into class IIT or IV of that standard,
which requires that warning signs, labels, and protective housings be installed to
prevent human irradiation at levels in excess of a “safe” limit. Safety interlocks
must be provided for each portion of the protective housing that can be removed
by the user during normal operation or maintenance. In the event that the design of
the safety interlock allows the user to defeat the system manually, the manufacturer
must incorporate visible or audible warnings of this interlock override during laser
operation. In addition, key-lock switches and warning lights are required along with
other safety devices. Outside the United States, most countries have adopted the
ANSI standard, or a similar standard generated by the International Electrotechnical
Commission [A.6].

The author found the information presented in Figs. A.3 and A.4 quite useful in
calculating the safe distance at which accidental direct viewing of the laser beam does
not present a hazard. These situations occur quite frequently in field tests involving
rangefinders, LIDAR’s and similar equipment. Figure A.3 provides the occupational
health and safety limits for pulsed laser radiation in the visible and near infrared
spectrum. The curves show the safe fluence limits vs. pulsewidth for the visible and
NIR. Compared to the visible regime, the threshold for eye damage is higher in the
NIR because the focused spot on the retina is larger, furthermore higher transmission
losses are encountered for the longer wavelength. The increase in fluence level with
longer pulses reflects the fact that heat produced at the retina can be more effectively
dissipated to the surrounding tissue as the exposure time increases. For exposure times
shorter than about 50 ps, heat dissipation is insignificant and the damage threshold
does not depend on pulsewidth. For exposure levels 10 times as high as indicated in
Fig. A.3, there is a 50% probability of the occurence of ophthalmologically visible
retinal lesions [A.3].

Figure [A.4] gives the exposure limits for direct viewing of a cw laser beam
for wavelengths ranging from 0.4 to 1.4 um. The damage threshold for the longer
wavelengths is higher for the same reasons as stated above. The reader is reminded
that the data presented in these figures should only be considered as guidelines.
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Conversion Factors and Constants

In this appendix we have listed some of the most frequently used conversion factors,
constants, and definitions.

Physical Constants

h =6.626 x 107345 Planck constant

e =1602x10""YAs Charge of an electron

k =1381 x 1072 JK! Boltzmann constant

c =2.998 x 108 ms~! Speed of light in vacuum

g0 =8.854 x 10712 As V-Im™! Permittivity of free space
o =1.257 x 100 Vs A~'m~!  Permeability of free space

Zo = /1ho/€0 = 376.7Q2 Impedance of free space
g =9.8Ims? Acceleration due to gravity

Force Conversions
1 dyne =1 gcms™2

IN =1kgms2=10dyne
lkp =9.81kgms2

Energy Conversions

1] =1Ws
l1cal =4.19]
leV =1.60x 10717
lerg=10""7]J

Pressure Conversions

1Pa =1Nm™?

1 atm = 1.013 bar = 1.033 kp cm ™2

1 bar = 10° dyne cm™? = 10° N m~2

1 torr = 133.3 Nm~2

1Pa =9.87 x 107° atm = 145.1 x 1076 psi



Conversion Factors and Constants

Conversion of English Units into the MKS System

1 inch =2.540 cm

1 gal =3.7851

1 lbs =0.453 kg

1 atm = 14.7 psi

1 Btu = 10558 W s

T [°C] = 3(T [°F] - 32)
AT [°C] = 3AT [°F]
lcalem™ ' C~!'s~! =242 Btu/hr ft F
lcalg™! = 1.8 Btu/lb

Conversion of Angles

1°  =17.45 mrad; I’ = 0.29 mrad; 17 = 4.85 prad
1 rad =57°17' 45", 1 mrad = 3/ 26"

Conversion of Wavenumber n [cm~!] to Energy

E =nhc
hc = 1.986 x 1072 W s cm

709

Conversion of Linewidth Given in Wavelength (A\) or Wavenumber (An)

to Bandwidth (Av)
Av/v = AA/L = An/n
Av =c An

AL = Ani? = Ava?/c

Amplifier Gain
g(dB) = 10 log(E>/Ey)

Optical Units

Wave number 7 [l/cm] = 10* /(A [um])
Frequency v[Hz] =3 x 1014/(A [pm])
Photon energy E [J] = 1.987 x 10~ /(A [um])
Photon energy E [eV] = 1.24/(A [um])

Conversion of Transmission 7 to Optical Density D

T =10"P
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Conversion of Units for the Nonlinear Index of Refraction n,

nslesu] = 238.6 nona [cm?/W]
no[em?/W] = 4.19 x 1073(ny/no) [esu]

Conversion of Beam Quality Factor M to Beam Diameter-Divergence
Product D®

M? = D®/(41/7)

D = beam diameter (mm)
® = full beam angle (mr)
A = wavelength (mm)

M = beam quality factor

Diffraction Limited Beam (TEMy, Mode)

M? =1
@()DQ = 4)»/7'[
Dy = 2wy, diameter of beam waist (1/¢ points)

®gDy = 1.35 mm mr at 1.064 um
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Definition of Symbols

Ay
A*

Cp

Cr. Cr. Cy. Cy
d

d, di4, dest

D. Dy

e

E

E, E, E3 E
Eq

AE

EgL

Esc

Ein’ Eout» Eopt
Eex

Einstein coefficient (Chap. 1)

area

aperture radius

confocal parameter

Einstein coefficients (Chap. 1)
beam breakup integral (Chap. 4)
brightness (Chap. 4)

speed of light

specific heat (Chap. 7)

capacitance (Chap. 6)

combination of material constants (Chap. 7)
thickness (Chaps. 5 and 9)
coefficient of nonlinear polarization
beam diameter

electron charge

Young’s modulus (Chap. 7)

energy levels (Chap. 1)

stored energy

energy difference

electrical input energy

scale factor energy (Chap. 8)

input, output, and optical energy (Chaps. 3 and 4)
flashlamp explosion energy

E,, Eoy, E; input, output, and saturation fluence
E\,E) E;, FE electric field strength (Chap. 10)
E; E, electric field strength (Chap. 8)
L7 fe Sy, for focal length

F finesse of interferometer (Chap. 5)
f pulse repetition rate (Chap. 8)

81, &2, 8(ny), g(Ry), g(Ry) degeneracy of energy levels (Chaps. 1-3)
g(v, vp), g(vy), g(v), g(vs, v9)  atomic lineshape function (Chaps. 1 and 3)
80, 8 gain coefficient

*Symbols whose definitions are not followed by chapter numbers are used throughout the book.



712 Appendix C

G, Gy
8, 81, 82
hv

h

h

I, I, IR, L, Iouw, IN, Ip, Ip

Ly, Iy

IasE

Imn» Ipl

Iac

Is

i,ip,Is

Jsts Jin

Ky

K

kT

k

K, K’

K, K>, K5
kp, ks, ki, kw, kow, Ak
L, 1I(r), 1

Al

L,Ly, Ly, L,
lC’ la

L

l,m,n, p

M

M

m

m

M,

M;, My

no, ns, ni, Ny, N, Ny
Ang, An(r), Ang, An,
Niw, 2w, N3e
n°, n®

n(r), ne, ng
dn/dT
dn/dx

n(l)

np

ng, Ny

ny,n

Mot

ni, Ny, nf, Noo

gain

parameters of resonator stability (Chaps. 5 and 9)
photon energy

surface heat transfer coefficient (Chap. 7)
Planck constant (Chap. 6)

power density of laser beam

power density of pump radiation (Chap. 3)
fluorescence flux (Chap. 4)

intensity distribution of radial modes
acoustic power density (Chap. 8)
saturation power density

current

energy density (Chaps. 2 and 4)

flashlamp parameter (Chap. 6)

thermal conductivity

thermal energy

diffusivity (Chap. 7)

nonlinear coupling factor (Chap. 10)
combination of parameters (Chap. 10)
wave number

length of active medium

pathlength difference (Chap. 7)

distances within resonator

coherence and aperture length

inductance (Chap. 6)

higher order modes (Chap. 5)

beam quality figure of merit (Chap. 5)
power ratio (Chap. 10)

magnification of unstable resonator (Chap. 5)
mass flow rate (Chap. 7)

acoustic figure of merit (Chap. 8)

thermal lensing sensitivity (Chap. 7)
refractive index

refractive index difference

index at harmonic frequencies

ordinary and extraordinary refractive index
index in radial and tangential direction
temperature dependence of index
wavelength dependence of index

intensity dependence of index

nonlinear refractive index (Chaps. 4 and 9)

ground state and lower laser level population density

upper laser level population density

total population density

initial, threshold, final, and steady-state population
density
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An perturbation of population density (Chap. 3)

Ni, N3, Ng, Niot, N(v), AN population of energy levels

N, Neg Fresnel number (Chap. 5)

N number of axial modes (Chap. 9)

N number of flashlamp firings (Chap. 6)

Npn number of photons (Chap. 5)

N number density of molecules (Chap. 10)

Pin, Pout, Py P, Pop Input, output, threshold, intracavity, and optimum
power

Py, Py, Py, average, peak, and cw power

P, P, fundamental and harmonic power

Py acoustic power (Chap. 8)

P,, P, absorbed and dissipated power

P, P, P critical, fluorescence, and spectral power

Povait, P available and incident power

Dikim» Pjj photoelastic tensor, coefficients

P induced polarization (Chap. 10)

p gas pressure (Chap. 6)

P> Pn> PL resonator modes (Chaps. 1 and 5)

(0] resonator quality factor (Chap. 3)

0 heat per volume (Chap. 7)

q parameter (Chap. 7)

Ri, Ry, R, Ropt, Rin, R’ reflectivity

r, 1o, 'L, 'R radius

R(2), R, R>, R, Rt radius of curvature of resonator mirrors (Chap. 5)

Ry electrical resistance (Chap. 6)

Tij electro-optic coefficients

Rs thermal shock parameter (Chap. 7)

p pump intensity distribution

R(A,T) flashlamp radiation

s strain (Chap. 8)

s Kerr lens sensitivity (Chap. 9)

S, 81,8, S combination of material constants (Chap. 7)

T, Topt, Tn, To, Ti, Trax transmission

Ip, IR pulse width, rise time

T,T(r), T(rg), T(0), T temperature

t time

te round trip time of photons

tc time constant

u nonlinear loss coefficient

\% volume (Chaps. 3 and 8)

V, Vo, Vo, Vip voltage (Chaps. 6 and 8)

v, Vs, Vg velocity

w blackbody radiation (Chap. 1)

w width

W, pump rate
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Wis, Wos

Way, Wi

Wo, W, Wi, W2, Wp, Wp|,
Wm, Wn

X, v, 2

Zo, Z

z

o, op(vs), atp(E)

o

o

o

ap

Bo

B

Bes

B

/3//

X

X

57 (va 807 (sdepol

daM, OEm

Ay, AQp +1), A(m +n)

eA, T)

e

o, €
¢, do, ¢(r), p(x, 1)
¢

X XX

1nQ, 1s, Nd

1P, Nas Nsys

Nc, 1B> ME

71st, NASE, 1EQ
TTh

nampv npara "Ram
nn

@, A, do, ¢(1)
K

K

A, Ao, A1, Aoy Ap, Ag, Aj, AL
AL

A

7

pump parameter (Chap. 1)
energy density (Chap. 3)
beam radius

distance

impedance

parameter

absorption coefficient

damping factor of current pulse (Chap. 6)

pulse shape factor (Chap. 9)

thermal expansion coefficient (Chap. 7)

angle (Chaps. 6 and 9)

propagation constant (Chap. 8)

combination of parameters (Chap. 4)

angular sensitivity of doubling crystal (Chap. 10)

frequency chirp (Chap. 9)

group dispersion in solids (Chap. 9)

susceptibility (Chap. 10)

heat deposition (Chap. 7)

resonator losses

modulation depth

frequency separation of axial modes (Chap. 5)

emissivity (Chap. 6)

resonator losses including output coupling
(Chaps. 3 and 8)

permittivity (Chap. 10)

photon density

polar coordinate, azimuth angle

factor determining three- or four-level laser

nonlinear refractive coefficient (Chaps. 4 and 9)

electrostrictive coefficient (Chap. 10)

quantum, quantum defect, and differential quantum
efficiency

pump, absorption, and system efficiency

coupling, overlap, and extraction efficiency

Q-switch efficiencies

fractional heat load (Chap. 7)

amplifier, parametric, and Raman efficiency

combination of efficiency factors

phase angle

combination of constants (Chap. 10)

Boltzmann factor (Chap. 2)

wavelength

wavelength difference

periodicity of grating (Chap. 10)

factor determining Bragg deflection (Chap. 9)
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Vv

UO& vS’ Upa UL’ Ui9 VR’ Vm, Vrf
Av, Avr, Ave, dv
0,0c, 0p, ', Om, AO
0

0

Po

p(v)

o

Os

Oy, O¢, Oz, Omax

012, Ogs, Oes

o

Tf, T21

Tc

3:]

R

Tij

w, Wy, Wp, W1, W2, W3, W4, Ws
Aw
Q

g’ gmaXv é'(t, ¢)
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permeability of free space

Poisson’s ratio (Chap. 7)

frequency

bandwidth, linewidth

angle

walk-off angle (Chap. 10)

normalized beam radius (Chap. 5)

mass density (Chaps. 7, 8 and 10)

radiation density per unit frequency (Chap. 1)

stimulated emission cross section

slope efficiency of laser output versus input

thermal stress (Chap. 7)

absorption cross section

Stefan—Boltzmann constant (Chap. 1)

spontaneous emission lifetime of upper laser level

decay time of photon density in resonator

phonon lifetime (Chap. 10)

decay time of relaxation oscillations (Chap. 3)

spontaneous emission lifetime between states E;
and E;

frequency

bandwidth

solid angle beam divergence (Chap. 4)

cavity losses (Chap. 8)
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1980)

A4 LIA Laser Safety Guide, Laser Institute of America, 12424 Research Parkway, Suite 125, Orlando,
FL

A5 Center for Devices and Radiological Health (HFZ-300), 8757 Georgia Avenue, Silver Spring,
MBD 20910. Performance Standards for Laser Products, Regulation 21CFR1040 (latest revision,
April 1993)

A.6 International Electrotechnical Committee (IEC), Geneva, Switzerland. IEC Standard 825-1

(1993). Radiation Safety of Laser Products, Equipment Classifications, Requirements and User’s

Guide
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Absorption, definition 15, 22-25
curves 58, 64, 66, 72, 78, 85, 89, 92
efficiency, pump radiation 114, 115, 337,
338, 355,377, 424
Acoustooptic
modulator 562, 565, 569-572
Q-switch  514-522
Actinides 50
Active mirror amplifier 471
Active mode locking; see Modelocking
Additive pulse mode locking  546-548
AgGaSe; nonlinear crystal 651, 650
Airy disc 217
Alexandrite laser 81, 84—88
Alignment sensitivity, resonator
296
Aluminate host 42
AM modelocking
Amplified spontaneous emission
195-199
Amplifier, pulse operation
theory  158-163
Nd:Glass  171-177
Nd:YAG 163-171
multipass  177-180
regenerative  180—187
distortions, losses ~ 190-200
chirped pulse  584-586
Amplifier, steady-state operation ~ 188-190
Amplitude fluctuation; see Output fluctuations
Aperture length 611, 639
Arc lamp; see Flashlamps or Krypton arc lamps
Astigmatism, resonator  250-252, 552
Atomic energy level; see Energy level
Atomic line shapes  18-22
Axial modes; see Longitudinal modes

235-238, 295,

560-563, 569-572
117,118,

Ba;NaNbsOj5 crystal
BBO crystal properties 612, 616, 637
Beam divergence, definition = 215-217, 225, 226
Beam overlap efficiency 115, 116,147, 151;

see also Mode matching efficiency
Beam quality factor M = 225-227

595, 611, 621

BEL, laser host 44
Beryllate, laser host 44

Biaxial crystal 603, 612
Birefringence
correction 242,294, 453-457

electrically induced ~ 499-508
thermally induced 445451
Birefringent filter 297, 298
Blackbody radiation 12, 305
Bleachable dye; see Saturable absorber
Bohr’s frequency relation 11
Boltzmann distribution 13, 14, 26
Bragg reflection  516-519
Brewster angle 250, 251, 544, 553
Brightness, definition 158
Brillouin scattering; see Stimulated Brillouin
scattering

Cavity dumping  529-533, 564-568
CBO/CLBO crystal 617

CDA crystal 596

Ceramic, host material 45

Cerium 49
Charging unit, power supply  316-323
Chirped mirrors 578, 579, 581

Chromium lasers 81, 82; see also Ruby laser,
Alexandrite laser
Circulating power  109-111, 258
Cladding, active material 175, 197, 418
Coatings; see Dielectric thin films
Coherence length
frequency doubling 396
laser radiation 17, 262, 263
phase conjugation  674—676

Compensation, thermal effects 451457

Collision line broadening 19

Co:MgF, laser 82, 83

Concave-convex resonator 219, 221, 241,
242-248

Concentric resonator 219, 220

Confocal parameter 215
Confocal resonator 219, 220
Continuous arc lamp; see Krypton arc lamps



Conversion factors

Cooling techniques
laser medium  481-487
arc lamps 301, 304, 313, 335, 336
diode arrays 302, 346-350, 358-361,

395407

conduction,
gases, air 486, 487
liquids  382-392, 481-485

Coolant properties 482

Coupling/transfer efficiency 117, 370, 373-376

Cr:Forsterite laser 82, 575, 583

Cr:GSGG laser 81, 82

Cr:KZnF3 laser 82

Cr:LiCAF laser 92

Cr:LiSAF laser 82, 91-94, 575, 582

Critical phase matching 610, 611

Cross section, stimulated emission 24, 25, 32,

55,61, 62, 68,71,74, 84, 90, 93, 96, 100
CW arc lamps; see Krypton arc lamps
Czochralski crystal growth 59

200, 595, 708-710

367, 402-404, 407, 485, 486

Damage, optically induced  680-701
Damage threshold  688-698

Dielectric thin films  694-698

laser crystals 688, 689

nonlinear crystals  690-694
Decay time, resonator 34, 35
Degenerate energy level 14
Dephasing factor, definition 597
Depolarization losses 446457, 505, 511-513
Depopulation losses 117, 118, 194-199
Dichroic mirror 619, 620, 630, 656—659
Dielectric thin films 279-282, 578,694—-698
Diffraction grating  584-586
Diffraction losses, resonator
Diode arrays; see laser diodes
Dipolar line broadening 20
Disk laser amplifier 172, 175-180, 418-422,

469-473; see also Slab laser
Dispersion compensation  576-579
Dispersive mirrors; see Chirped mirrors
Doppler broadening 21
Dye saturable absorber
542-546

Dysprosium 50

223-225

522,523, 534, 535,

Edge pumped slab 467469

Efficiency factors  112-123, 143, 147, 151, 167,
171, 394

Einstein coefficients 14, 15, 17, 32

Electronic feedback loop 270, 273, 277,
572-574

Subject Index 743

Electrooptic effect  499-508
End-pumped lasers  148-152, 181, 266, 276,
407418, 473481, 556, 560, 561, 582

Energy extraction, amplifier ~ 160-167, 176
Energy level
diagram 28, 29, 52, 56,63, 74, 77, 86, 89, 95,
98
nomenclature  45-48

118, 163, 170, 491
116,117, 161-166,

Energy storage
Energy extraction efficiency
170, 171, 184, 492
Energy storage efficiency 118, 158, 170, 173,

491; see also Extraction efficiency

Energy transfer input /output  112-118, 382,
394, 420

Erbium 48

Er:Glass laser  75-79

Er:YAG laser 73-75

Er:YLF laser 75

Etalon 255, 263-265

Europium 49

Excited state absorption 80, 81, 88, 524, 525

Explosion energy, flashlamp 311, 312

Extraction efficiency 117, 118,122, 123,
160-162, 170, 491, 492

Eye damage 702-707

Fabry-Perot interferometer ~ 255-259, 558;
see also Resonator, optical
Face-pumped lasers  171-176, 418-422,
469473
FAP laser host 43
Faraday effect 153
Faraday rotator 152, 155, 270, 677
Feedback loop; see Electronic feedback loop
Femtosecond lasers 555, 575-584
Filament lamp; see Tungsten filament lamp
Finesse, interferometer 257
Flashlamps
construction 301, 303, 304
cooling 304, 313, 336, 384-392
electrical characteristics 308, 309
failure modes, lifetime  309-314
operating conditions 314, 315
optical characteristics ~ 304-307
Fluorescence 36, 107
Fluorescent lifetime 36, 51, 55, 62, 64, 68, 71,
78, 82, 84, 90, 93, 96, 100
Fluorides, laser host 45
FM modelocking 563, 564, 572-575
Forbidden transition 31
Fourier transform 539
Four-level laser 29, 35, 36, 119-125



744 Subject Index

Fractional thermal loading  423-425, 479

Frequency control ~ 274-276

Frequency chirp 518, 540, 564

Frequency doubling; see Second-harmonic
generation

Frequency stability 277, 278

Fresnel number 223, 224, 282, 285

Fringe visibility =~ 262

Fundamental mode, definition 215, 216;
see also Gaussian beam

GaAlAs laser diodes; see Laser diodes

g parameters, resonator 222, 232-236, 243
Gadolinium 44, 49

Gain coefficient, definition 119, 127, 162
Gain, amplifier 159-161

Gain saturation 108, 109, 122, 188

Gain switching 133, 134

Garnet, laser host 42

Gaussian beam  215-217

Gaussian temporal profile 537, 540
Giant pulse; see Q-switch

Glass, laser host 41

Ground level 27-30

GSGG, laser host  64-66

Harmonic generation; see Second-harmonic
generation

Heat generation, laser material ~ 423-426

Heat removal; see Cooling techniques

Heat transfer coefficient 427, 428

Hemispherical resonator 219, 240

Higher order modes =~ 224-227

Hole burning; see Spatial hole burning

Holmium 49

Homogeneous line broadening 19

Hoop stress 438

Host materials 4045

Idler wave 590, 634, 635

Index matching; see Phase matching
Indicatrix, ellipsoid 440, 441, 502, 604—606
Inhomogenous line broadening  20-22
Injection seeding  268-271, 647, 662
Interferometer; see Fabry-Perot interferometer
Intracavity frequency doubling  618-624
Inversion reduction factor 36

Isolator; see Optical isolator

KDP crystal, properties  502-506, 589, 602,
606, 612, 613,628,633

Kerr effect  201-203, 501, 548-556,
591

Kerr lens mode locking 543, 548-556
sensitivity 549, 552, 553

Krypton arc lamps
electrical characteristics 336, 337
mechanical design 301, 335
spectral data 334, 336-339
thermal considerations 335, 336

KTP/ KTA crystal properties  601-603,

612,614, 615, 637, 641, 647-651, 690-693

Large-radius mirror resonator 219
Laser amplifier; see Amplifier
Laser diode pumped systems
end pumped  148-154, 266, 273-275,
407-418, 630
side pumped  139-148, 165-171,184-188,
287, 393-407, 567, 631,656
face pumped 179, 180, 367, 421, 472
Laser diodes  340-366
arrays 302, 345-351
design 302, 342-351
lifetime  361-363
spatial profile ~ 351-353
spectral properties  353-358
thermal issues  358-361, 347-350
Laser rate equations  32-36
Laser safety ~ 702-707
Laser oscillator
threshold  103-108
gain saturation 108,109
circulating power  109-111
performance model  111-118
output calculations  118-127
diode pumped  139-152
lamp pumped  134-139
LBO crystal 612, 615, 616, 624, 637
Lifetime broadening 19
Light-pipe mode 199
LiNbO3  506-510, 603, 611, 612, 616, 651-655,
662
Linewidth
broadening effects  19-22
control  263-268
Schalow-Townes limit 267
Longitudinal mode selection  263-268
Longitudinal modes 210, 259-263
Lorentzian lineshape 21, 22

M-factor  225-227
Metastable level 30, 31
Microchip laser 276

Mirror mounts 279

Mode beating 271, 623, 624



Modeling software 254, 255, 278, 398

Mode locking, active ~ 560-575
system design  568-575
theory  560-568

transient  564-568

Mode locking, passive  542-560
theory  535-542

coupled cavity modes ~ 546-548
Kerrlens 548-556, 580-583
SESAM  556-560, 581, 582
saturable dye  542-546
Mode matching efficiency  409; see also Beam
overlap efficiency
Mode patterns 212, 214, 230
radius 215, 226, 218-220, 224
Mode selection
longidudinal ~ 263-273
transverse  227-231
Molybdates, laser host 44
Monolithic laser 154, 265, 266, 270
MOPA design 156158, 166—-170, 172, 670, 677

Neodymium 48
Nd:BEL crystal 44
Nd:Cr:GSGG laser  64-66
Nd:GdVOyq crystal 44
Nd:Glass laser

systems  171-176, 418-420, 463465,

469471

material properties
Nd:SOAP crystal 43
Nd:YAB laser 619
Nd:YAG laser

61-64

flashlamp pumped  134-139,164-166,
384-387, 466
diode side pumped  139-148, 165-171,

184187, 395407, 567, 656
end pumped  148-152, 266, 276, 407-418
material properties  54—61
damage 203-206, 688, 689
thermal effects 428, 439, 445, 447450,
474481
Nd:YALO laser
Nd:YLF laser
Nd:YVOyq laser
528, 623,
Neodymium 48
Noncritical phase matching 610, 611
Nonlinear coefficient 200, 548, 549, 575
Nonlinear refractive index 200
Nonlinear crystals, properties 611-617,
649-655
Nonlinear drive, definition 597

42,43, 677
6669, 181
69-73, 416, 417, 423-425, 468,

Subject Index 745

587-592
191-193
190, 378-381, 397, 431,

Nonlinear optical effects

Nonspherical aberration

Nonuniform pumping
450452

Optical coatings; see Dielectric thin films
Optical isolator 152, 153, 181, 186, 270, 677
Optical parametric oscillator  634—-662
configurations 634637
crystals  649-652
examples  641-643, 645, 655-662
performance modeling  637-646
phase matching 634, 638, 641, 646, 653
quasi phase matching  652-655
wavelength/linewidth control ~ 647-649
Optical phase conjugation  669-679
basic principles  669-671
design issues  673-679
materials  671-673
Optical resonator; see Resonator
Organic dye; see Saturable absorber
Oscillator, threshold condition  103—108
Output coupling 111, 117, 119, 121
Output fluctuations  128-132, 271-273, 623,
624
Output vs input calculations
Oxides, laser host  41-43
Oxysulfide, laser host 43
Overlap integral 116

118-127

Parasitic modes 199

Passive mode locking  542-560

Passive Q- switch ~ 522-529

Pentaphosphates 43, 44

Periodically poled crystals ~ 652—655

PFN; see Pulse forming network

Phase coherence, stimulated emission 17
Phase matching 602611, 634, 652-655
Phase mismatch 593, 594, 638

Phase conjugation; see Optical phase conjugation
Phosphate, laser host 43

Picosecond lasers  568-575

Photoelastic effects 440442

Piezoelectric transducer 274, 276278, 520, 572
Piezooptic effect  509-511, 567, 570

Planck’s law 12

Plane-parallel resonator 219, 221

Plane wave impedance 595

Plano-concave resonator 220

Pockels cell Q-switch  499-516

Population inversion  25-27, 159

Porro prism resonator  252-254, 457, 512, 513
Postlasing 508511
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Potassium titanyl phosphate; see KTP
Power supplies

cw arc lamps 339, 340
diode arrays  363-366
flashlamps  315-334

PPLN 637, 652-661

Praeseodymium 49

Prelasing 198, 199, 508, 509
Pulse-bandwidth product  539-541, 562, 563

Pulse forming network ~ 323-331
Pulse shape distortion 193, 194
Pump band 28,29
Pump configurations  366-368
Pump cavity, arc lamps
radiation transfer 368-378
mechanical design  381-392
face pumped disks 418420
pump light distribution ~ 378-381

Pump arrangements, laser diodes
side pumping, rods 393401
side pumping, slabs  401-407
end pumping 407418

face pumped disks 421, 422
Pump source efficiency 112, 113, 301, 337, 338,
355

Pumping rate 33,34, 119
Quasi phasematching  652-655
Quasi three or four level lasers 125, 126
Q-switch, theory 117, 118, 488-498
Q-switch devices
acoustooptic
electrooptical  499-516
mechanical 498, 499
passive  522-529
Quality factor Q, definition 105
Quantum efficiency 33, 36
Quantum noise 272,273
Quantum well 343, 344, 557
Quartz, optical transmission 306

514-552

Radiation lifetime 15
Radiation transfer efficiency 113
Raman laser  662-669
configurations 666
examples  667-669
theory  662-666
Raman-Nath scattering 516
Raman scattering; see Stimulated Raman
scattering
Rayleigh range 215,217, 226
Rare earth ions 46

32-36, 159, 488, 489
461-469

180188

128-132, 271-273,

Rate equations
Rectangular slab laser
Regenerative amplifiers
Relaxation oscillations
567
Resonant reflector 264
Resonator, transverse modes
configurations  217-222
hardware 278-282
losses 104, 105, 124, 125, 223-225, 228
mode patterns  210-214
misalignment sensitivity
design software 254, 255
stability diagram 222, 235, 243, 247
internal lens  232-234, 248-250, 293
Resonator, longitudinal modes
mode structure  259-263
linewidth reduction  263-271
amplitude/frequency control 271-278
wavelength selection  297-299
Resonator, unstable; see Unstable resonator

235-238

Ring laser 152155
Risley pair 253
Ruby laser 51-54

Safety; see Laser safety

Samarium 50

Sapphire, laser host 42

Saturable absorber  522-529

Saturation fluence/flux, definition

173,188

Second harmonic generation
theory 590, 592-602
phase matching  602-611
intracavity  618-624
crystal properties  611-618
systems  629-633

Self focusing  200-209

Self mode locking; see Kerr lens mode locking

Sellmeier equation 648

SESAM 527, 528, 543, 556-560

Semiconductor saturable absorber mirror;

see SESAM

Sensitizer, doping 49, 64, 75, 94, 95

Servo loop; see Electronic feedback loop

Side pumping  134-147, 366406

Signal distortions, amplifier ~ 190-194

Silicate, laser host 43

Shot noise 272

Slab laser 178, 179, 401407, 458-469

Slope efficiency, definition 120

Small scale ripple growth 206, 207

159, 172,



SOAP, laser host 43

Soliton pulse shaping 579

Spatial filter 171, 172, 208

Spatial hole burning 265

Spatial overlap 115, 116, 408411

Spectral characteristics, laser output ~ 259-262

Spherical resonator; see Concentric resonator

Spike suppression 132, 133

Spontaneous emission 15, 31

Spot size, definition 215, 226

Super Gaussian beam 192

Stability diagram, resonator
247,551

Steady state amplification; see Amplifier, steady
state

Stefan-Boltzmann equation 13

222,232,235, 243,

Stimulated Brillouin scattering 587, 590, 592,
669-679
Stimulated emission, definition 16, 17, 24,

25; see also Cross section stimulated
emission

Stimulated Raman scattering 587, 590, 591,
662-669

Stokes factor 115, 424
Stokes lines 587, 664, 665
Stress fracture limit 439, 459, 479481
Surface damage 681-684
System efficiency 123,151, 170, 171, 394
Symbols, definition  711-715
Telescopic resonator ~ 248-250
TEMmnq, TEMplq modes, definition ~ 210-214
Temporal distortions, amplifier 193, 194
Thermal distortions, laser beam 193, 442457
compensation  449-457
Thermal line broadening 20
Thermal effects, laser rod
birefringence 445449
lensing  231-233, 442445, 451-453
photoelastic effect = 440-442
stress 437440
temperature distribution 426437
Thermal effects, slab laser 458-469
Thermal effects, disk laser 469473
Thermal effects, end pumped laser 473481
Thermal lensing compensation 293, 294, 451,
452
Thermal shock parameter 440, 480, 481
Third harmonic generation ~ 625-629

Three level laser 27-29,126,127

Subject Index 747

Threshold condition; see Oscillator threshold
condition

Threshold input 120

Thulium 49, 50

Ti:sapphire laser

Titanium 50

Tm:YAG laser 94-97

Tm:YLF laser 97

83, 88-91, 575, 580-582

Transform limited pulse  539-541
Transition metals 50
Transverse modes 210-254

Travelling wave oscillator; see Ring laser

Trigger circuit, flashlamp  331-334

Tunable lasers  79-97

Tungstate, laser host 44

Tungsten filament lamp 300, 301

Uniaxial crystal ~ 603-608

Unstable resonator 271, 282-296
alignment sensitivity 295, 296

negative branch  287-289
positive branch ~ 284-287
Upper state efficiency 112, 115

Vanadate, laser host 44
Variable reflectivity mirror 270, 287, 289-292
Vibronic lasers; see Tunable lasers

Waist, Gaussian beam 215

Wavefront distortion  190-193, 200-209,
442-449, 669-671

Wavelength control; see frequency control

Wavelength selection  297-299

Whisper modes 199

Wien’s displacement law 13

Whole beam self focusing  201-203

Xenon arc lamp; see Flashlamps

YAG laser host  42; see also Nd:YAG, Er:YAG,
Yb:YAG lasers

YAP, YALO, laser host 42

Yb:YAG laser 97-101, 180, 421, 422, 424, 472,
583

Yb:KGW laser 583

YLF, laser host 45

Ytterbium 49

Zig-zag slab laser 402, 404, 461, 462
ZnGeP; nonlinear crystal 651
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