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PREFACE

Atter more than 50 years in scientific publishing, and having had the honour of introducing & great many
publications in the past, | am both delighted and cxcited to have been asked to present this splendid book,
which is both rich and extremely instructive.

Tt = rich and instructive because its two authors, both Tor many vears closely involved in the use of lasers
in dentistry, have been supported in their efforts by 40 co-nuthors who, representing all the continents of the
worlil, are all leading specialists and scholars in this discipline. The resulting volume provides an extraordl-
nary and very important overview on the use of lasers in dentistry. All these scienlists have contributed the
best of their research and elinical experience in the sector of parlicular interest 1o them, providing the user of
this menual with an excellent account of the state of the art in this ficld.

It is splendid because the lengthy and extremely meticulous and work that has gone into this project has
resulted in an exhaustive and highly methodical treatment of this whole subject.

The book opens with a chapter on the physics of lasers before dealing, in a series of delailed and Fascinat-
ing chapters, with all the branches of dentistry: from conservative, cosmetic and paediatric dentistry (o dental
traumatology. endodontics, perindontics, and prosthodentics: then, still in a logical and systematic manner, il
2oes on to look at the mullifaceted aspects of the surgical dentistry (diseases of the oral cavity, bone regen-
eration, analysis of biopsy samples ete.) and finally at implantology. The last two chapters of the book, which
have a somewhat fururistic feel, are deveted 1o laser photobiomodulation, 1.e. the histological effects of luser
treatment on oral hard and soft tissue, and the safe use of these new instruments,

Even though this area has been the fucus of studies by able and enterprising pioneers for two decades
now, it is only in the past few years thal interest in, and research into, the application of different types of
laser has really grown and flourished.

The merit for this goes to the many universities that have infroduced advanced training courses and spe
cial Masters degree courses in this specific field,

In addition, many scientitic meetings and symposia on this topic have been organised, while several sci-
enlific sovicties aned associations devoted to this discipline have emerged and been working, for a number of
veurs now, Lo Taise awarengss and promote the spread of these technologies among dentists,

This book, as its litle clearly indicares, has the merit of bzing aimed, above all, at private practitioners and
professional dentists who wanl 16 be able to apply, immediately. the latest developments in this field in their
daily clinical practice.

‘The most innovative aspectl of this cxiromely useful book s thus the fact that it efters professionals a sim-
ple, clear and effective guide to the practical use of the different wavelengths. This makes it an breplaceable
and fundamental volume for anvone with an inlerest not only in possible future developments mn this field,
but also in the new daily reality of modern dentistry,

Nowadays, with the focus on the quest for qualily, excellence, maintenance of pulp tissue vitality, lasting
resulls, sl simpler. more ergonomic operations. it is clear that dental surzerics and clinies, both private and
otherwise, necd (o be cquipped with lasers, of different types, for use in their routine daily practice.

What 1 ean say Trom my own experience in paediatric dentistry and dental traumatology is that the spe-
cific wavelengths used in these two specialist sectors have, thanks to the enormous advantages they offer,
simplified and increased the salety of interventions, and 1 think that this applies to other fields of applicalion,
Lo,

Compared with traditional spproaches, it is amply documented that laser-assisted treatment offers muny
advanliages. Let me list them:

1, it allows smaller preparations,
it guarantees maximum respect for tissues, with less heating of the pulp chamber,

_it eliminates or considerably reduces the need for anacsthetics,
Citean be used in modern minimally invasive dentisiry:
3. it has weil delined decontaminating, analgaesic and biostimulating elTects;
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FOREWORD

It is with pleasure that I preface the book by Dr. CAPRIOGLIO Clandia and VITALE Marina Consuelo,
result of a methodical and uninterrupted work since more than ten years. VITALE Marina, heeome today
international hoss in the field of lasers in pediatric dentistry, tact honour with teaching that we inculeated Lo
her. She learned the fundamental ones from this technology thanks to her father, Giovanni VITALE, doclor
dermatologist in Italy at Sarannno, and his higher education in France at Paris, the Faculty of Denlal Surgery
Paris-% under the authority of Professor Robert WEILL and the Univarsity Paris-XIT in the Laboratorics of
lasers of Professor Sigrid AVRILLIER. Her research tasks led to the improvement of the knowladge of the
effects of a great number of radiations, varicus wavelengths, on hard mineral dental tissues, Thay waene pr-
sentad in the great international congresses, in the United States, in Tsrael, in South America and in Tapan,
and were in particular published by Internatinonal Seciety for Laser in Deatistry under the aegis of Professors
[.. POWELIL, I. FRAME, 1. ISHIKAWA, 5. LOH and F. MELCER-DDATICHY whose seienlilic contribu-
s, wilh the important world prajection of the lasers in dentistry, were decisive Tor thatl this echnology 1y
definitely recognized and applicd.

This book on lasers in dental daily practice is the sum of works of the new teams which constituted them-
selves on cach conlinent, in the large universily owns and it is the real sien of the vitality of this technology
in the discipline. Thiy internatdonal collaboration proves thal micro-denlistry luser, like micro-gral surgery
laser, painless, touch less, non-invasive and sterilizing can be applicd in dental daily practice, general or pas-
diatrics, for the largest sood of our patienis.

Doctor Jacgues Meleer
Pormer Professor of the Pas W University
Member of the Academny of Dental Surgery

President of 15, L.0D, 1948- 1990
[laternational Society Lasers in Deatistey)
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6. tast but not least, 1t favours greater patient compliance, a fundamental aspect in conservative therapy
particularly in childeen (and also in the disabled), in many cases removing the need for general anaesthesia or
conscious sadation.

The book is completed and enhanced by numerous photographs and illustrations of remarkable detail and
definition. It also provides enlargements, where necessary, of single steps in elinical operating procedures, so
45 lo help dentists apply these procedures in their own daily practice.

Each chapter is accompanied by an extensive and exhaustive bibliography, allowing readers to verify the
truth of, and explore in greater depth, what is reported in the text. It will also surcly be a major stimulus to
many voung scientific researchers seeking to reach important new targets.

Finally, the editor, Dr. Alfredo Martina, is to be complimented on having stimulated and constantly and
enthusiastically supported, in his coordinating role, the authors considerable efforts, and also on once again
having shown the intuition and courage typical of a pioneering figure in publishing.

This is a volume of extreme substance, interest and practicality that is destingd 1o become a timeless clas-
sic and essential reading,

Prof. Damasa Caprioglio

Former Full Profezsor of Chrthodontics
Lecturar in Lithics
University of Parma
Fast President of S.LOLL
paociet Daliung Ji Odontoiateia Infaniile)
Pasl Wive-president of LA DT,
lnternational Associnlion Dental Tranmaralngy
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LASER PHYSICS AND LASER-TISSUE INTERACTION

Luciane Bachumann - Denise Maria Zecell

INTRODUCTION

In this chapter we intend o describe the nature of
laser light and s interactions with biological tissues,
Our sim is 1o place physics inside a “black box™ laser
sale apparatus for non-specialist professionals; and
to make the mechanism responsible for the effects
ohserved aftler laser brradiation clear. Bearing the
ohjectives in mind, wo will make use of many graphi
cal resources as well as common sense examples o
aid the reader’s understanding ol this issue.

Associations with common sense examples must
be handled carefully because they are only analogies
that will be used to deseribe the absiract concepts of
physics and the interaction mechanism of laser with
matter. For a more specialized theory abourt laser
physics the reader must Jook in to other books ' and
search for laser-tissue interaction in!*'.

Table 1.1 lists the physical parameters and the con-
stants used in this chapter. One example is the name
given fo the energy distribution on 4 certain areud.

This laser parameter has different names: energy
density, radiant exposure, fluence, or dose. In this
chapler we use the name that is recommended by the
International Systems of Units ®L radiant exposure,
which 1s expressed in [I/m?]. In the same way the
paramater represenling the power distribution on 4
certain area will be desiznated: irradiance, and will be
expressed as [W/m].

Parameter | Symbal | Unit
Eneriy | E ki
Poner ) P o
Radiant exposire (F nnrg;;'-de nsity) R | M
Irragiance [F-;:r,*_.'e_r El_n_:psit;,-] I | Wim?

Tima

| Eloctric fiold

Fhoton frequency Hz
Wavelennth m
| e=3x10 s

L
E
Iﬁzgnmir finld H Al
Y
F

Speed of light in vacum

Refractive index i

Planck constant | h=
absarstion coefficent | a ! o'

La:_,g_: _frcqucr.qr ) f | Hz

Table 1.1 » Physicdl parametzs and constants used in this chaptar,

LIGHT WAVES

Light emunating from sources, laser sources or
not, is wavelike in nature,

To visualize the wave characteristic of lizht is nol
an easy task for non-specialists, but this concept will
be clarified in this section.

Light can be described by a combination of time-
varving propagation of electric {E' ) and magnetic (H)
fields through space.

These fields oscillate ar a certain frequency (v); 1.
e., the field value increases and decreases v times in
one second.

The frequency al which these Tields oscillate and
their wavelength (A) are related by: Av=ec/n, where
¢ i5 the speed of light in o medium with refractive
index .

To wisualize the electric and magnetic {electro-
magnetic) field we can compare the action of this
Field with the gravitational fekd,

For cxamypde, a ball which Falls down on the earth
surluee is in Facl altracted by e corth, beeause the
garth is “a bigger ball”™ with a lurger mass than the
ball, and both are attracled wgether.

Another mechanic example is a mass coupled
with a spring: if our ball is coupled with a vertical
spring suspended in the air, the ball does not fall o
the earth surface; the spring restores the movemeant
back up and the ball oscillates vertically to dissipate
all the energy heating the environment,

The electromagnetic field acts likewise on the
charges of atoms and molecules: when a positive {or
negative) charge @5 placed nnder an electromagnetic
Fielel, i wall be displaced Trom s position; when the
lield oseillates with Mregquency v, the charee will also
oscillate al the same Trequency.

A we know, our body iy fulfilled with charges.
When an electromagnetic feld interacty with our
tissues, the molecules will oscillate at the same fre-
quency of the wave, This will heat owr body, rigger
chemical reactions. or lead to other mechanisms.

[n Figure 1.1 we can visualize the explanation
tor the electromagnetic field in the space {Figure
1.1a); and in time (Figwee 1,10 When a charge 15
subanitred to the influence of a wave its movement
can also ba describad by the electiromagnetic wave
obscrve Figure 1, Le and consider a posilive charae at



the origin; when the electric field vector of a wave,
described by the armow, interacts with the charge, its
movement will follow the amplitude of the electric
field, Figure L. le shows the electric field al o cerlain
angle; il all photons have their electric field running
in the same direcltion, the beam is named polarized
beurn; if the photons oscillate at 4 nonspecific diree-

tion. the beam is nonpolarized as represented in
Figure 1.1d. The different frequency of the electro-
magnetic field will determine the energy of the wave
{photon). The frequency range of different photons
can be visualized in the upper scale in Figure 1.2;
Lhe second scales correspond to the energy, and the
Lhird Lo the wavelength.

E=Acos(2mz/ )

JANAN
VoV \/\”

# (m)

E=Acos(2mvt)

b)

d) t’gl)

+

VX

Figure 1.1 = a) The claciomagrelic wave s & funclion of te distance at a certain time (t=0). The separalion between two maxima of the waye
amplitude is the wavelength 3. by Amplitude of an elecromagnatic wave 25 a function of time at a point in space {2=0), The pericd Tis the time
necessary for the wave m complete ane cyele; i, e, starting from an amplitude +4, decreasing to-A and returning fo the initial value +A, The
imverse of the perod is the lreguency of the wave; i, e, number of gpdes cared sut in one second. O Crosseclion of item (a) with reprasentation
of a positive charge displaced by the action ot an elecromagnetic field. If the wave oscillates in & determined direction, the electiomagnetic field
is named palarized, and the charge will be displaced in tha same direction of the wave, Otherwise, if the wave is nonpalarized {item d), the wave
can oacillate in any direction and thereflore the charge will be displaced in any direction,
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i

(Wavelength pm)

Figure 1.2 = Electromagnetic spectrum. The first upper scale represents the frequency of wave oscillation. The kigher values represent the
gamma ray and hard cray; when the frequency is decreased there are the soft xray, ultraviclet, visible, infrared, microwaves, and radio
wiaves, The second scale represents the respective photan enargy 2nd the third givas the wavelength of the photon. The main interest in
lasar applications is the ulraviclet, visible, and infrared radiation; these three spectral reqgions are hetter visualized in the graphic and
comgarad with the water absomplion spectiam =,

The corvelalion of the encrgy (£ of a photon with
ity Pregqucney (33 and waselensth (A is giving hy the

A more useful equation is

‘ : : o124
foliowing equation: E= ——
¥
fie: o . .
Ei=r = T; where Eois given in eV oand A in wm. In the same

Firure 1.2, lhe most interesting spectral region for

where & 1= the Planck constant (6.625x10s)
and e 15 the speed of light.

laser upplication is expanded and compared with
the water absorption spectra (adapted from ™),

Qs



The absorption coelficient is expressed in cm™,
the wavelength of the pholons can e visualized In
the lower seale and 1= given in micrometers {JLm},
and the upper scale gives the photon energy ineV.

LASER PHYSICS

LASER DESIGN

Some basic conditions must be satisfied so that a
tunctional laser system can be obtained. First of all
there must be a material named active medium, thal
allows population inversion. 1t is unlikely that this
inversion occurs in nature but it can occur in some
materials, The most probable behavior for electrony
is to remain at the ground energy level, whereas in an
active medium excited electrons are located ar a high-
er energy level for a longer period of time, allow-
ing the stimulated emission. This phenomenon will
deseribed o the following paragraphs. In Figure 1.4
it is possible to visualize the description of the main
instruments for a laser system. The active medium
will he cxcited by means of a pumping source, which
can be anolher laser, an electric current or a nonlaser
spurce. When population inversion occurs, stimulated
emission will take place and an avalanche of photons
will emitted. These photons can resonate between the
twio mirrors: the output mirrer is a partially retlected
mirror, thus allowinge photon emission.

STIMULATED EMISSION

In nature all systems tend to reach the lower cner-
oy state. A tvpical example is a rock on a hill: the rock
tends to roll down to reach the valley, river, or Lhe
sea. Electrons act in the same way, occupying slates
with lower energy. This phenomenon is represented
in Figure 1.5a; if the lower state is totally occupied,
Lhe second Tower state will stare being occupied, Dut
when the system has more energy, like thermal enee-
ay the clectron con acquire this energy and transit o
upper stules, The origin of stimulated emission can
be visualized in Figure 1.3 by four boxes. Figure 1.3a
represents the nenexcited atom with its electron in
the ground state. Stimulated absorption of one photon
will excite the atem and the electron will transit to an
upper energy state (Figure 1.3b), When s spontancous
emission occurs (Figure 1.3¢) a photon will be cmil-
ted and will stimulate the emission of another photon
(Figure 1.3d). For the stimulated emission to oceur, il
is necessary that the active medium presents popula-
ricwe inversion. This situation 15 described by the ener-
ay=slate-transition diagram of Figure 1.5¢: the most
populated state is not the ground state, but an upper
stale, named long-lived cxcited stated. With all the
electrons in this upper slale, stimulated emission can
oceur more efficiently, thus producing the laser bea,
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MONOCHROMATICITY

The menechromaticity of laser light originates
from the different energies during the stimulated
emission described in Figure 1.3, When a photon is
emitted spontaneously, its energy is well-defined and
the other photons stimulated by the first one have the
same energy. Ay a consequence, the laser beam out-
put is composed of wall-established photon eneray; i,
e., a specific wavelength, If the source does not emil
photons with the same energy, the emission speclra
will be broad as in the case of a LED {Light Emilting
Dhcde) or the sun in Figure 1.7,

DIRECTIONALITY

Laser emission oceurs only in the direction toward
which the svstem resonates; i e, in the longitudinal
axis connecting by the first mirror to the two late-
ral faces of the laser medium and the second mirror
{Tigure 1.6}, Otherwise, photon emission can ococur
randomly at any direction in a lamp bulb, spreading
out the energy: consequently leading to a much lower
irradiance than that of a laser beam,

COHERENCE

Laser light has spatial and temporal coherence,
This coherence means that all the photon waves
that compose a laser pulse are correlated in space
and time. As described before, all the photons oscil-
late at the same frequency (monochromaticity), and
heyond this frequency oscillation of the laser pho-
tons starts at the same time. [n other words, when
the amplitwde of the clectric Reld of one photon
(Figure T1hY s at its highest valoe, all photons have
amplitude al this highest valoe loo, which means
temparal coberenes,

Constder that in o certain position the amplitede
of the electric field hay a particular value, Spatial
coherence meuns that at a certain time, all the other
wave photons will have the same amplitude value
at A meters away from the first photon. and the next
surrounding wave photons will also have the same
amplitude value, Therefore, all photons will be cor
related with the tirst photon, The origin of spatial
and temporal coherence in a laser beam is described
in Figure 1.8 and a common sense analogy 1o explain
the coherence is presented in Figuro 1.9

LASER SYSTEMS IN LIFE SCIENCE

The main laser wavelengths applied in life sci-
cnee are listed in Table |20 The Excimar lasers,
nitragen, and higher harmonic of neodyminm lasers
grmilting at the ultraviolel spectral region with the
highest photon eneray, The main ineraclion moecha-
nism for these lasers is photoablation. Thers ane

Pt O

e s T i -



laser systems with emission wavelengths in the
vizible spectral region and their main interaction
mechanism can be described as photochemical.
Finally, the laser svatems with emission in the
infrared spectral region exhibit an interaction mech-
anism dominated by thermal action. The photon
energy changes with its wavelength. For longer
wavelengths, as in the case of lasers emitting in the

infrared spectral region, the photon energy is lower
than the energy of a photon in the visible spectral
region. Likewise, the energy of the latter photon is
lower than that of a photon emitting in the ultravio-
let spectral region. The energy of photons in laser
systems (Table 1.2) can be compared with the main
interatomic bond energies encounterad in biological
malecules {Table [.3),

a)

b)

Slimulated
absorption
Excited state [ ]
() Ground state &
d) | i
NN P~ . NN P
K 2
AV AVAVASR
Stimulated

emission

Figura 1.3 = The four boees rapresent a sequence that originales stimelated emission, In esch box there is described an atom with alactrans
it the ground state, and the horizontal fnes represent the ground state and excited state of ong electron, &) The first box regresents the atom
with tha electrons in the ground state bY In the second, 2 phaton is absorked and ane electron goes o an excited state. < The oxcited atom
emits  photen spenmanenusly and the plecteon goss back ta the ground slate, J) The Grst spantanecusly emitted phatan induces the decay of
a second exciled eneryy stale, Simultaneously, a second photen is emizted, having the same phase and wavelenglh as the fiest photen.



LASER BEAM OUTPUT

In « laser system {continuous or pulsed) it is nec-
essary Lo describe the density of photons in space
and time,

In olther words, it has o be sald how many pho-
tons are present in a determined volume or instant of
time.

To lacilitate caleulation and explanation, we will
use the arca of an irradiated surface instead its vol
ume: i. v.. the density of photons in a determined
area inslead of the number of photons in a deter-
mined volume.

SPATIAL PROFILE

The most common spatial profile of a laser
beam in clinical practice is the multimode or the
Giaussian beam profile,

The transversal profile of that kind of laser beam
can be wisualized in Figure 1,10, Figure 1.10a rep
resents a laser cavity with the traced line indicating
a transversal point of view. Fipure 1L 10b represents
the transversal irradiance, if the laser is continu
ous; or transversal radiant exposure, if the laser 15
pulsed, For a symmetric beam, the same distribu-
tion can be described by Figure 1.10c. The beam
radius is defined al the position where the irradi

Mirror with total
reflectance

Mirror with partial
refleclance -_

Pumping source

VLAY

[ Laser active medium

LR _/

vV

Resonator cavity

Figure 1.4 = Basic design far a laser system, The pumping saurce exciles the electrons in the active medium and promaotes population in-
versinn and the conseguent stimulated emission. The two minors act as an oscillator o amplify the stimulaled emission in the longitudinl
direction,
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Figure 1.5 » Energy-siate transition diagrams af electrons at different temperatures: a) lower temperature, b) higher temperature, <) anc
diagram representing the population inversion in a throe-level laser system. By increasing the temperature itis pessible to populate the upper
energy levals, but it is not possible to reach a papulation higher then that of the ground level. Gthenwse, for & laser active medium it is pos-
sible to increase the population of an upper state ta values higher than the population of the ground statz.
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Figure 1.6 = Directionality; a) The unper fiqure represents a laser
system that describes the direclicnality of the output beam. The laser
emission occurs only in the direction that the system resonate; 0. e,
in the langitudinal axis cannected by the fiest mirear o the teo lat
eral faces of the laser madivum and the second mimror, b} Otherwise,
in a lamp bulb phatan emission can occur randamly at any direction,
spreading aut the energy; as a consegquence the iradiance (power
densily] iz much lowes than the iradiance of a laser system.

ay Coberent light

i

[ Laser media El
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Lamp filamen ;::5'-%..___.
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Figure 1.8 = Spatial and lemporal coherence, a) Ina laser active
medium the spontanecus emission of ene atom {representad by
the hallaw ball) stimulated the emissian of the neighbauring atoms
{four gray circles). &s & consequence, the photon wave of the first
aton (g direumnferencal is at the same spatial position and timea
af the tour photons emitted from the four naighbouring aloms
(four smatter crcumferences). These fue amitted photons are said
to be in phase one with other, b} in a lamp filament, the electran
Clifrent excites the atams, Photon emission then ooours randomly
at differant time and position into tha lilament. The emitted light is
comaazsad of photon waves that are not corrzlated as in the case of
& laser madium,

B S Sum handwideh ~10 nm

Laset\bandwidth ~ 110 mm
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Figure 1.7 = Representation of the emission spectra of the sun, LED
[Light Emitting Diode), and a laser system, The sun ernission covers
all the wltraviolet, visible, and infrared spectral range and the LED is &
little narron but still broad when compared with a laser emissian, The
bandwicdth (& value that maasure how large the saurce) of the sun is
approzimately 1000 nm, that of the LED is 100 nm, and thea laser sys-
tam shows bandwidths of approximately betvween 1 and 0071 nm.

o

Figure 1.9 = Apalogy to understand the spatial and temparal cahars
ence of a laser beam. & mililary parade is & good example of peoples
wiha have spatial and temparal coharence, [n that kind of march, a first
caldier, in the left position walks at the same fraquency and relative
spalial position as his neighbiaurs. For this reason we can say thal the
soldier, number one, i3 in temgorel and spatial phase with the other
soldiers, incliging with the most distant seldier, numiber sixzen.
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Lasar systems Wavelengths (nm) { Photon energy (eV)
Excimer - F, 157 7.9
Excimer - ArF 193 f.4
Excimer- KrCl | 242 56
Excirmer - KrF | 248 5.0
Excimer - XeCl 305 40
Nitragen ] 337 3.7
Excimer - XeF 351 3.5
Dguble jonized argan 151363 3,534
Aigon ] 485145 2.5/1.4 J
Metal-Vapour-Capper 510i578 2421
Metal-vapaour-Gald Nz = 4D -
Krypton 530.9/588.2 2320
" Helium-Neen RA3/594/604/61 21632 1 2.2802.0%/2.05/2,0111 96
Helium-Necn 1152/3391 1.08/0.37
[ Ruby 1 ————| 1.79 =l
Alexandrite 720-800 1.72-1.55
Dye A00-9000 3.1-1.38
Diude 600-1000 2.07-1.24
Titsapphire 700-1000 1.77-1.24 ]
Neodymium (Nd:YAG) 1064/532/355/266 s 1.16/2.33/3.40/4.66
Neodymium {Nd:¥LF) iz 330
Helmium - HosYLF 2060 0602
Helmium - Hosr s . a1 0.584 ——
Erbium - CETmiErYAG 2640 Bajo
Erbium - EnY5GG ATHD [.446
= Ersium - CrErYSGG 2740 0.444
Erhium - Er¥LF 2800 b4z
Erbium - ErYAG 2940 0.422
Carbon dioide QI00-11000 4.138-0.1113
Free electran laser B00-6000 1.55-0.207

Table 1.2 » Laser systems for medical spplications with thelr wavelengths and photon erergy,

| Chemical bond Energy {2V} §
( H Lond 018
‘ NN 162 o
. n-0 )
N—0 L8
C—5 : 200 .
[ =1 3.06
= Lol ! 3.62
C-0 | 3.62
H—H 4.08
H-C 4.3
M= 4.31
H-H 4.49
H-0 4.81
M=0 A
| 0=0 L 517
=t B.37
— C=C £.37
C=0 7.68
C | 2.5
a I a4
NN 9.80 ]
#

y ams rm— Vb ) e s —

Table 1.3 = The main interatomic bond energies present in biclagi
cal malecules, The hond erergy can be broken by the direct absam-
tion of a pholon; this process is named photoablation znd s ac-
complished mainly by lasers with emission in the ltraviclet reghon;
wavelzngths with phatan anergy higher than the bond energy.
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Figure 1.10 = Transversal enargy distribution of a laser beam with a Gaussian profile, a) To visualize the energy distribetion of & laser beam
it is necessary to mag the energy of the heam at different spatial position. This map is representad by figure b, If the beam s symmetric, it is
passibife to represent the same spatial distribution with a graph as presented in figure <.

ance, or radiant exposure, falls down to e (14% of
the maximuonm value).

Morw, Tor a constant power or engrgy per pulse
the transversal arca can change (Figure 1.12) The
lower divergenee of a laser source can change the
transversal area a Hde, ot il can e considerad
approximalely equal the original arca near the laser
cavity., But if the beam passes throush a lens or g
fiber, the transversal area chunges drastically as
shown in Figure 1. 124.

Consider a continuous laser with a diameter
of Imm emirtting an average power of ['W. For
4 laser-tissue interaction, an useful parameter is
not only the power but also the wrradiance, also
named power density. To calculate the irradiance
of a beam we should divide the power by the beam
transversal area:

] g i L
F=I= L =3 -H-—,-=13ﬂ =
A (053mm)” Frr”

I =130 fem

TEMPORAL PROFILE

The lasl paragraph discossed the Jistribution of
phutons in spaee; Flgere L1 will now represent the
cdistribution in the time of a pulsed laser and Figure
113 will show three different temnporal profiles of
luser beams. Figure |, 1[ represents three pulses
amitted during one second with 30m] in each pulse
and a pulse width of 30ms. The pulse width rep-
resents how long the laser system emits the S0m]
EORIEY.

Mg presented in Figare 1.11, these pulses oocur 3
times per second and the laser emits at a frequency of
3Hz. Taking these together with the cnargy per pulse
{50mly and the time width of cach pulse (30ms), 1
is possible to caleulate the peak power (£) and (he
average power (P of this laser beam.

The peak power will be determined as follows:

£ Smd 0050 v

e

'F,r.l o N
A Fms 0055 5
E =11

If the laser is turned on only 3 times in one second
and each time corresponds to (L05s (5Ums), the total
timne during which the laser is “turnad on' is (L15s;
consequently for the same period of one second the
laser 15 “turned oft™ for (L85s. To obtain the average
power we have two possibilities. The Tirst is;

N E M I+ P (M)

d
total tie

[el)

IW(0.155) + O (0.855)

=0.1540;

A second and easier possibility is:

P. = Ef = (50mJ)(3Hz) = (0.05)(3) L = 0.15W -
&

P = 0.15F,

This example is valid Tor a pulsed laser with a
variable pulse width, Now, i our laser is a4 chopped
laser, the avernge power s easier to caleulate. In 4
chopped luser. the beum is Interrupted in such a way
that it produces powsr profile as described in Tigure
L. 13k Por this emission profile. the laser is “turmed
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on” for some (ime and “turned oft™ for the same
period of time; this allernation between on and ofT s
repeated at a frequency () chosen by the operator,
Independent of lhe selected trequency, the aversge
power will always be half of the peak power:

P i
L I gsw
o 2 2

In clinical practice it is important to know that an
irradiation of |'W at a chopped mode {interrupred)
the average power reaching [he tssue is only 0.3W.

| FEETELIS PR o ISP FE e e R T I A T R |

L Peak poower TW
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Figure 1.11 = Output beam of a pulsed laser, A laser emilling 3 Hz
{3 pulses per secand) with 50mi of energy per pulse and 50ms of
plsz width, The paak power for this condition is 1W and the aver-
ane power enly 0,15, The radiant exposure and irradiance depens
on the lighted area,

LASER-TISSUE INTERACTION

OPTICAL BEHAVIOUR IN A TISSUE SAMPLE

Biological tissues have an average refmactive index
higher than that of air. When light interacts with the
tissue surface, part of the lisht is reflectoad at the aidf
tissue interface; while the remaining light interacts
with the tissue and penetrates into, Figure 1.14 shows
the behaviour of a laser beam interacting with the
structure of absorbers und scallers on a tissue slab,
The arrows indicate photon propagation: reflection
at the airftissue interface; backscatlered photons, also
named diffuse reflection; and absorbed and ransmit-
ted photons, also named diffuse ransmission.

The photon density into the tissue is approxi-
mately describad by the following equation:

I(zY=14e"";

where « is the attenuation coefficien! and g the
axial distance into the tissue, measured Mrom the
surface (see Figure |.14), The attenuation coucflicient
measures how fast the photon density decriases into
the tissue; this value depends on the tissue character-
istics and on the density of absorbers and scatlers in
the tissue, Consider the example of a tissue wilh an
attenuation coefficient of 2cm’', The irradiance into
[he tissue will be:

I(z)=1Te"",

Ap= A =A< Ay Ay F-3
a} A @ a} l P | N PP,
i(s)
b Ay A @
= / ; Gy Py
- O] ML
o | EEEEETTaA : fs)
I i) =
& =y
== L=E/A -

— Rorl \k J ] Pe=E/AL
) R A BT TR 1=1%A 1{3 P.=Ef
' £ 5

l Afom) IEiJ

Figure 1,12 = Asea of a laser heam for different fradiation condi-
tions: a) unchanged laser beam; b) changed by a lens and ¢ by
a fiber tip. a) The transversal area of an unchanged laser beam
diverges a little, but far shor distances fused in clinical practice), it
can he cansidered equal for dilferent distance values, b) if the laser
passes through a lens the beam will converge to a focal point (f)
and diverge again. ¢ Anather example is a laser beam couglad 1o a
tiner. d) Representation of the radiant exposure or irradiance as the
transversal area increases.

10)

Figure 1.13 = Laser beam cutput, a) In & continuous emission the
average power and peak power is equal and constant as the |aser
is turnad an, b} If the beam is interrupted (chopped), the average
power falls down 1o half of the value of the peak power hecause the
laser is 50% tumead on and 50% turned aff, o) In a pulsed laser, the
peak power is calculated lrom the energy per pulse and pulse width,
and the average power depands on the laser fraquency
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Figure 1.14 = Ropresentation of the basic principles of the interaction of laser light with a tissue slab. After the interaction, part of the beam

can be reflacted at tha material surface, named Fresnell reflectance. The photons that penatrate into the tissue can alsa be backscatterad (dif-
fusa reflection’. The remaining photons will be absorbed by the cheomophores inta the tissue or pass through the slab, leading Lo the diffuse

transmissicn (forward scattering),

MNow, the irradiance a 0.5 cm! into the distance
will hea:

Lizy=1e " = 1,(0.37);

i ¢, half centimeter heneath the surface, the
irradinnes is only 37% of the initial value, In other
words, il at the surface the irradiance was 1Wicm?,
hall centimeter beneath the surface it will be 0.37
Wicm:.

The attenuation coclficien! changes for different
wavelength and tssues, The water is the main com-
pound in soft and hard tissue and will determine
the attenuation. According Lo the water spectrum
and ignoring some scattering by the waler itself, it
15 possible to determine how deep the wavelenath
travels into the water, taking the absorption coel-
ficiant for different wavelengths,

INTERACTION MeCHANISMS

The consequence ol the inleraction of a laser
heam or nonlaser source with a largel tissue will
be determined by the beam irradiance, interac-
uon time. and absorption coefficient of the lissue.
Figure 1,15 describes the mechanism that pro-
dominates in laser-tissue interaction approximately
(adapted trom 7. The diagenal line represents the
radiant exposure. [t is easy to see that two different
ircadiunces combined with two different interaction
times can pronduce the same radiant exposure. o the
Following seclions woe will discuss the main 1ierac
tion mechanism luking place during laser wradia
tion in medicul practice: photochemical and pho-
tothermal interactions. The nonlincar mechanisms
will not be described in this chapter.

PHOTOCHEMICAL INTERACTION

Approximately, chemical reactions involving
phiotans ean he classificd as photochemical reac-
tions., The most pupular example is photosynthe-
sis; in our body other examples are the production
of melanin and of lhe light-induced compound
Vitamin D. All these reactions involve photons,
The main idea of the photochemical trealmenl is
to use a chromophore receptor acting as a catulvst:
and a general reaction for the photochemical inter-
action 1s expressed in the sequence:

A+hv € A"
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Figure 1.15 = The intsraction of |aser radiation will be determined
by the duration of the interacticn and the rrradiance values. For es-
ample, phetochenncal nteraction mechanisms are dominant for low
irradiance, long-term cxpasure, while non-linear effects occuring far
shart puelze, high irradiance expasure (adapted from [7]1
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Figure 1.16 = One dimensional madel of a laser iradiated tissue with the representation of a remaved layer, the optical penetration depth
(2o} @nd thermal penetration depth (2,,,,). The (7 ...} represents the depth that the photens reach. As the photans interact with the Lissue
and penatrats into the tissee, they will simullaneously produce tissue heating. This heat can propagate deeper into the tissue. The (2.
regrasents tha depth that the heat reached, which can be larger than the optical penetration, as exemplified in the figure.

The reagent can be a molecule or a radical; the
absorption of a photon with energy Av produces the
excited state A%, The inverse reaction can also occur
with the desexcitation of A% and the emission of a
pheaon.

PHOTOTHERMAL INTERACTION

The photothermal interaction is characterized
by reactions thal eceur aller a local temperature
increase, In this mechanism different effects are
included: coupulution, vaporization, carbonization,
melting, amony other effecls,

These effects can be achieved by different wave-
lengths, emission modes, and pulse profiles. Heat
production by light absorption and conseguent con-
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Figure 1,17 « Relative temperature progression at different dis-
tance from the irradiation site. The temperature profile can be visual-
ized for differant times after the irradiation has stopped: 0.5ms; 2ms;
Sms; 20ms; and 50ms. The temperature and time delay are only reg-
resantative values for the tamparal and spalial visualization; the real
lemperature and e depends on the iradiation parameters and on
the thermal properties of the tissue.
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duction Lo the surmounding tissue can be visualized in
Figure 1.17 for dilferenl time delays at the surface,
In this fAgure, il iy necessary to consider that the Gs-
sue irradiation occurs al =0 and the pulse widlh is
much shorter than 0.5ms.

Spatial distribution into a tissue block can be
visualized in Figure |.l&. The solid lines repre-
sent isotherms; 1. 2., regions where the temperatura
shows the same value. An example is when the tissue
between the pulse and the first solid line increases T,
“(Z, while the tissue bepween the first and the second
line increases ', "C.

During tissue irradiation with a laser beam, the
tissue can be removed through ablation mechanism
or vaporization. This removal laser is represented as

T >T: =Ty~ T;>Ts
Figure 1.18 = Spatial distribution of tempesature inta a tssue
alock, In this dizgram part of the tissuz is remeved by vaporization,
ablation], and the remaining tissue is submitted to thermal effects
with the higher terperature lacalized in the first layer susrounding
the removed tissue ahd the lower temperature in the deepar tissue,
The fime and temperature at each layer depend on the iradiation
pararmeters and on the thermal properties of the tissue,
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the: fiest laver in Figure 1,16, However, photons pen-
cirate further into the tissue and will be absorbed by
il. The Tight will penetrate into the tissue and there
will be a distance where the intensity falls o 37%
{1/ of the initial intensity. The distance betwesn the
surface and this depth is defined as the optical pen-
elration depth {7, % this depth is represented by the
saeond laver in FI-IgI.iE'E [.16.

T adidition, the photons absorbed in the second
laver will heat this layer and dissipate to surround-
inir regions where the temperature is lower, Thermal
dissipation will also cceur into the tissue, The depth
where the temperature decreases to e of 1ts peak
value will be the thermal penetration depth {z,,.,..),
described as:

Feparsan

z['r}l'-'lru-u.'l' - t."':]'1";-- lf}l

where ® iz the lemperature conductivity of the
tissue and ¢ is the time of laser action on the tissue
(laser pulse duration). The temperature conductivity
is related with the heat conductivity (£) cxpressed in
W/m, the tissue density (p) expressad in kgfm?, and
specific the heat capacity () expressed in kl/kak.

For several applications it is importanl 1o adjust
the duration of the laser pulse; i. e., the time of the
laser pulse action on the Tissue, in order to minimize
thermal damage to adjacent structures, By adjusting
this laser pulse it is possible 1o minimize necrosis of
the surrounding tissue ¥, This is obtained by equat-
ing the optical penetration depth (2,3 to the thermal
penelraticn depth # hence: 2(1], 0= (KT, 00) ¢
and the interaction lime (1) will be renamed as ther
mial relaxalion e (f, o0

The importance of the thermal relaxation time
will be explained by the following considerations:
a) for a laser pulse duration t<t,,... heat does not
even diffuse to the distance given by the optical pen-
etration depth: b) for t<r, ... heat can diflTuse (o a
higher value than the ontical penetration depth and
thermal damage of the adjacent rissue is possible.

LA

R TR

THERMAL EFFECTS ON SOFT AND
HARD TISSUES

The laser parameter together with the optical and
thermal properties of the tissue will determine the
spatial and temporal distribution of the temperature
inside the tissue, and the maximum reached tem-
perature and the time during which the tissue 15
submitted to the laser will lead to ditferent biologi-
cal effects. The binlogical etfects on soft and hard
tissues are summarized in Table 1.4: for specific
details see reterences 7.

Temperature {*C} Biological changes in soft tissues

45 Hypertharmia
30 | Reduction in enzyme activity, cell immobility |
&0 ' Protein denaturation, coagulation
| a0 Permaabilization of mem brant-':s_
100-140 Tissus vaparization
150 1 Carbonization
Temperature ["C) Bivlogical changes in hard tissues
140 Eliminatian of adsarbed water
200 Collagen deraturation
200400 Organic material loss
400-1000 Carbunate luss
200-A00 Cyanate formation
i 200-1000 Cyanate loss
200-1000 Changes in Hydroxyapatite structure

B0 | [Cay PO and (Cay POg-r formation

1100 Ca.lPouh 0 formation
1300 ' Elimination of structural water
1300 Hydroxyapatile melting

Table 1.4 = Dependence of hialogical effects an the temperature in
heated soft tissuss [3] and hard tissugs [2. These values are an ap
proximation because the presence of thess etiaces is not restricted to
a specific temprrature but also &2 8 range of temperature and they
are also dependent on the charectaristics of the tissue,
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