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+ BAXIKEY APXEY OIITIKH2 I'lA TH AIAAOXH
THX AEXMHY LASER

H niextpopoyvntikn Oewpio ociyver otv pwo Gaussian 6éoun laser
owtnpel Tov Gaussian yopoxktipoe TS Kou €@ amd TNV KOWAOTITO.
Ka0acg tpoympel, n 0éoun arA@veTOL KOl 1] OKTIVO TS 0VEAVETOL OE:

w2(z) = wy? [1+(Az/m w?)?]

Edo® z givar N awd0TO61] KOTA PNKOS TOV KEVTIPIKOV GEova amd TO mo
6TEVO TP RO TNG dEopung, TOV OVOpACETAN “uson THS OEouNS”, AKTIVAS W

H 6éoun emiong yopoxTnpileTon awd TPOGEYYIGCTIKA COPULPIKES EMLPAVELES
oTa0ep1C PAoNGS, 01 0TTOLES OUMS OEV EIVUL GUYKEVIPIKES, 0TTMS UTOPEL VA
@avel amo v e€looon:

R (z) =z [1 + (W, *n/hz)?]

omov R givor N OKTIVO KOUTOAOTNTOS TOV KUUOTOUETAOTOV GE M0
amooToon Z amo TN pécn TS dfounc.
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Otav n 0éoun €xel TaSOEPEL OPKETA LOKPLA, OTOKAIVEL ACLUTTOTIKA UE /*\
no nuryovio 0, 0mov:

0, = /zw,

Avto pmopel va derybel Bewpavtag to 0, = W/R ko onpetdvovtag 0Tt
Kobdc 10 Z yiveton peyoldtepo, to W telvel oto AzZ/mW, Koi 10 R
mANcldlel 10 Z. Xnuewwote 0Tl 0 0, peTpoduevo o€ oktivia, givatl To
HUIGO dvoryuo TNneG 0ECUNG - TO GLVOMKO ONAddN Avolyua g déoung o
gtvat 10 NMAGG10 CLTNG TNG TIUNC.

To avorypa g déounc tov pokpvov mediov eueaviCeTal oIV TOPUKAT®
EIKOVOQL.

(q) ['ewuetpikog tomog
Méon oéoung aKTivav oéoung, w
iianme .
AGUETPOG TG PET] G Axrtiva Méon
) BETUNG fon e 2wy KOUTOAOTHTOC TOD 0E0UNG
4 lopETpOs KOUOTOUETOTOD
o1 pe 2w lon ue R

(o) Zopmeproopd tne Gaussian déoung otn péon g dEoung
oa102008  (P) Avorypa d€opng poxkpivod mediov Gaussian dEopung.



O1 0éonec laser o€y €lval KOTA KOVEVE TPOTTO ETITENES Ko

WOOVIKG TaParAINAES

WS¢ MITOPOUNE VA
UTTOAOYioOUNE TO EAQXIOTO
uéyebo¢ knAidag oro orroio

MITOPOUV va goTiacOouyyv ;

» Evag woptdg @okdc 1 éva Koido KdaTomTpo pmopovv  va,

Bewpnbodv ¢ Odwtdéelg mov emiPdAlovv  pion  oaAAAYn TG

KOUTOAOTNTOGC TAV® G' €V, KUUOTOUETMTO, TOV TEPVA OO QVTEC.

[Ly., éva emimedo kOLO (TO Omoio €xEl UNOEVIKY KOUTLAOTNTO)

€0TIALETAL GTNV ECTIOKY] andoTaon f, AOY® ™G KaumvAdtntog 1/f

oL EMPAAAETOL GTO KVULATOUETMOTO.

» Katd tov 1010 tpomo pior Gaussian oéoun, n omoio £xel petadobel péom tov eokod 1

EYEL OAVOKAOOTEL G GOEUPIKO KATOMTPO, MeTOPAAAETAL HOVO KOTA TNV  OKTivo

KOUTLUAOTNTOC TOV  KULUOTOUET®OTOVL. Iowaitepa M OKTiveh  KOUTLAOTNTOC  TOVL

KOUOTOUETOTOL UG 0éoung laser, mov eE€pyeton and v Kowldtnta laser, eivor Tumikd

NG TAENG TOL EVOG UETPOV TEPITOL KO £TGL £VOC KUPTOS QKOS 1] EVOL KOTAO KATOTTPO LIE

LKp™) €0TIOKT andotacn Oa petatpéyet T 0EGUN G€ o, dEcUN £VTOVA GUYKATVOLGOL.
24/10/2008 4



N O1 ctrohoerc: wi(z)=w,2[1+(z/nw,?)] %
| KOl

R(z)=z [1+(w*n/hz)?]

epapuolovtor yevikd oe oécuec Gaussian kot €T6l UTOPoLV v Qappocholdv otV
eotocuévn 0éoun. Me v mpoimodBeon OtL M 0éoun laser mov eEEpyetor amod TNV
KOOTNTO dev €lval aioOntd amokAivovca, 1 oKTiVo KOUTLAOTNTAC TOV KULUOTOUETMTOV
R, apéomg petd 1o mépacua tov pEca and 1o eaxkd, Ba eivon ion pe v f, Onladn v
EGTLOKT] OTOGTAGCT.

H aAAn mapduetpoc €ivar n w, n axtiva dnAadn TG 0EoUNG OTAV OVTH EIGEPYETOL GTO
@axko. IIpoceyyiotikd, n péon G 0EoUNG Kol EMOUEVMOC 1 ECGTIOKN KNALOO TG dEoUNg
anéyel z = R = f and 10 axd. AnAadn pe dAra A0ylo 1 déoun €0TIALEL KOVTA GTO POKO.
Me avdAoyoug GLAAOYIGUOVS, GUVAYETOL OTL: w, SAR/w

Omov W, gival n axtiva g £oTIOoHEVNG KNAOOG.
Edqv omv apywn 6éopn dev eixe mopepfandei o Axtiv, kapmoAbtTos
QKOG €6TIOCMC, | ACVUTTMOTIKT YOVIK OTOKAMONG
0., Ba NTav /7w, 6mov G' aVTNV TEPinTOON TO W
unopel vo Bewpnbel 611 gvupioketon Kovid o710

g 0t0 PoKo, R

[T
uéyeboc g wéong g oéoung laser. 'Etor 1 A
aKTivo TNG E0TIAGUEVTC KNATOOC elvat:

H eotioon wioc Gaussian oéounc.
24/10/2008  Has HNS 5
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+ Mop@ég déoung £Ew atrd TnVv KoIAGTNTA laser %

= TpwoBidoTam ameikovion g

- e e | Hopengpiag Gaussian Séoung
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Fig, 2. Intensity distribution with transversal modes.



LASER BEAM FRONT

1%

CAVITY

s

2 XNUATIKN avammapaoTach Tou Aeyouevou
“cavitation effect”

To o@aivépevo «otrnAalotroinong» (cavitation effect) 1mou dnuioupyeital,
Bonbdsl Ta TTAPOKEIPMEVO OTPWHATA TOU IOTOU-OTOXOU VO «OPOCIOTOUVY,
eCaheipovtag TIG oupEg (TNV TTEPIPEPEIN) TNG Gaussian KATAvVouNS TG 0E0UNG,
KAVOVTAG TTI0 aTTodOTIK TV atmrodounon. lapoucia evog OTPWUATOC VEPOU
TTAVW aTTd TOV 1I0TO, TO TTPWTO TPAIVO TTAAPNWY Ba dnuIoupyroel pia KoIAGTNTA
€CATHICOVTAG TO OTPWHA TOU VEPOU OTNV KEVTPIKNA TTEPIOXT, EVW OTTO TO ETTOUEVO
Ba xpnoIpoTToINOEi HOVO N KEVTPIKN TTEPIOXN] VIO ATTOOOUNON.

24/10/2008 7



4+ AAAnAeTtTidpaon Tng déopung laser pe Tov 1I0TO KAl O
POAOG TNG HOPPNG TNG dETUNG

= SEM image of free-running Er: YAG laser ablation
crater on root dentine surface for t=80 ps, E=12.5
mJ/pulse, 50 pulses, f=2.5 Hz

=SEM image of free-running Er:YAG laser ablation
crater on root dentine surface for t,=80 ps, E=20
mJ/pulse, 200 pulses, f=2.5 Hz

24/10/2008



4+ AAAnAeTTidopaon Tng déoung laser pe Tov 1I0TO Kal O
POAOG TWV TTAPAMETPWY THG OECTUNG %

SEM image of free-running Er:YAG laser ablation crater on
root dentine surface for t,=80 pus, E=70 mJ/pulse, 40 pulses,
f=1 Hz.

by

(a) SEM image of Q-switched Er:YAG laser ablation crater on root dentine surface
(t,=190 ns, E=25 ml/pulse, 50 pulses, pulse repetition rate frequency f=1 Hz). (b) TEMy,
like beam profile at the output of the Q-switched laser for the case of (a).

24/10/2008 9



P6Aog TG PopP@rig TNG Séapng QA -
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4+ AAAnAeTTidpaon Tng déoung laser pe TOV ICTO KAI O %

208
192
176
160

144
128
112
96
80
64

i

3D beam profile at the output of the Q-
switched Er:YAG laser.

Root dentin surface ain y
Q-switched Er:YAG laser ablation

2D beam profile at the output of the Root .dentin surface alteration b.y
Q-switched Er:YAG laser Q-switched Er:YAG laser ablation
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4+ AAAnAeTTidopaon tng déopung laser pe Tov 1I0TO Kal O

24/10/2008

POAOG TNG HOPPNG TNG BEoNG

SEM images of Q-switched Er:YAG laser ablation craters on root
dentine surface for a) t;=190 ns, E=70 ml/pulse, 40 pulses, f =4
Hz, b) t,=190 ns, E=70 mJ/pulse, 150 pulses, f =4 Hz, c) t,=190 ns,
E=50 mJ/pulse, 50 pulses, f =1 Hz. d) TEM; like beam profile at
the output of the Q-switched laser.

N
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1. EAe00epn 0éoun (Free beam)

2. Otk iva
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sl OTTITIKEG ivEG

Katavoun @wTtog 0TO AKPO TNG OTITIKAG
ivag.

lswuerpia akrivoBoAnong - rapadsiyuara :
a), b) akrivooAnon smipaveiag amro
EKTETAUEVN OEOUN N OTITIKN ivd UE PAKO.

C) - €) EOWTEPIKN AKTIVOBOANON UE OTTTIKES
iveg O1aQOpWYV TUTTWV.

q Iy C LE g &

Various light application modes. a) Superficial (mia%«ns). b) Intracavital

superficial. ¢) Intraluminal superficial. c) Intracavital superficial. e)Interstitial.
24/10/2008 perfi perfi perft 13




Mapadciyuara yewuerpiag )

aktivof3oAnoncg.

a), B) smipaveiakn
akrtivof3oAnon amo supsia
Oéoun N omTIKN iva UE
QPAKO. Y) - £) EOWTEPIKN

aktivof3oAnon ue S1aPopeS

OTITIKES IVES

24/10/2008

H katavoun Tou ewTog atrd
TO AKPO OTITIKWYV IVWV

J

L
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Wl Jatpikéc ovokevés laser — mapaosiyuata %

S

Fig. 9. CO, laser with operating microscope and micromani-

pulator (Photo: Carl Zeiss).
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Wl latpixég ovokevég laser — mapaoeiypara, %

1 =

Fig. 12, Q-switched Nd:YAG laser attached to an ophthal-
mologic split lamp (Photo: Carl Zeiss).
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Wl Jatpikéc ovokevés laser — mapaosiyuata %

Fig. 7. Nd:YAG laser system in an operating room (Photo:
MBB Meadizintechnik).
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Wl Kou epyaotnpraxés ocvokevés laser %

Lazer E.UBUl}pC'(ppIUnl;

Epyactypraro laser Er:YAG, kotackevijsc EMII.

Epyaoctypiaro laser Nd:YAG, sumopiko.

24/10/2008 18
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N

@ 2uoTiuaTta odynong tng 0EouNg — EvOOOKOTTIA

ALY

Fl'lyrlnphaqngu Gastroscopes Maphroscopoas
duodanoscopas
colonoscopas
| | :
Arthroscopes Bronchoscopes Urstroscopes Laparoscopas Hysteroscopes
Cysloscopas Amninscopes
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sl EuPBpvoyeipovpyikn ue laser

LEFT:
Figure 2.3: Pre-natal cardiac surgery, showing a
catheter passing past the aortic valve leaflets.

BELOW:
Figure 1.4: Venimetra's smart coronary catheter

Source: htip:/wrww venmeta. comprenata. lifn

o Smart Cormonary Cathales . Har Ceds
oy Yanmels & ey 5

Verimetra, using thin film processing, has embedded a velocity sensor and a series
of bar codes (for visualisation of the catheter) onto the tip of a catheter used in
balloon angioplasties (Figure 2.4). Aw6:http://www.verimetra.com/prenata.htm.

24/10/2008 20



MANIPULATION

EIOMEDICAL O 5
> - = 1 [

LASER L
DELIVERY OPTICAL  HANDPIECE
LENS-BASED FIBER
LASER-TO-FIBER
COUPER

TISSUE

A conventional mid-IR biophotonics delivery system
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IR Delivery
Hollow Fiber

MID- IR Er-YAG Hollow Taper

LASER
(A=2.94 wm)

— |

Smart
Fiber Tip

Tissue

Experimental setup of the all-optical-waveguide delivery system for
precise mid-IR laser ablation of specific brain regions in a goldfish
model to simulate Parkinson’s disease

24/10/2008
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T'ia ™y poOnuatikny wpocouoicwaon twv Ocpuitkav %
ATOTEAECUATWY TG AiiieTiOpacng laser — 16TV TPEmel va.

ANPOOVY VTOWN TOIAES TAPAUETPOL, OTTWIG:

Laser kol OTITIKEG Islé?;ﬂgfziwv TUTTOG 1I0TOU
I8160TNTEG ICTWV
I , _| OsepuIka amorsAéouara
| . . Mesragpopa
Avarrruén Bspuornrag BcouoTNTAC

AR
<3( gy )=
LA
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4 OTITIKEG 1010TNTEG BIOAOYIKWY OOMWYV: CUVTEAECTAG %h:%
atroppoPnong Kai Badog dicicduong TnG akTivooAiag

Typical tissue opltical penetration depiths as

(2)

=
o

5
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Figure 2.
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"4 Mia GAAN popen Tou BABoug dicicduong TG akTivoBoAiag

| NA:YAG | Tm:YAG | Ho:YAG |I ErYAG Il CO, |

1.064 1.96 2.1 2.94 10.6 A [um]
. : « ) 3
H 1 pm L
JL 20 pm
\
100 pm
L
300 pm
B
|II III
|hl
1-5 mm

Penetration depth in soft tissue of typical mid-IR
biomedical lasers and Nd:YAG laser for comparison
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+ Dwtolcpuixny opaocn twv laser — nalnuotiky ueiétny %

W& MansparoTyra — anoppopnon

O = GOVTELECTHS OATTOPPOPNOHS

p ]0 (ﬁx) [t(ﬂ’x)
| U > >' It(ﬂ’x) — 10 (ﬂ’x) ek
Tunable
Laser (4,) ] Aviyvevtng
Aetyuo
I(x)= (1-R).I,e™ Amroppéenon
Where: — I(x) = transmitted intensity at point (CHTAﬁ
') (W/em®) ,
— I, = intensity incident at surface HGOI”.IC":IKI]
(W/cm?) ITpooouOIWaN

ouUuQPWVA UE
TO VOUO TOU
Lambert-Beer)

surface reflectivity (fraction)
depth into tissue (cm)

optical absorption coefficient
(em™),

|
x
nonoon
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+ Dwtolspuixny opaocn twv laser — naOnuotiky uelétn %”'?

s The starting point is the heat deposited due to the primary event, the photon absorption.
* A simple theoretical model of photon absorption is the exponential law (Beer- Lambert law):

F(x) =F,e™®* = x=— In[ Ko ]

o | F(x)
where F and F, are the laser energy fluence per pulse at a depth x in tissue and at the
surface correspondingly, and a is the absorption coefficient of the tissue.

At x = d, optically transmitted fluence, F, decayed
“Carious” "Sound”
(dccuy:c.d) (decayed)
Py — (d = etch depth per pulse, or etch rate). Therefore we
would expect:

Gradient = 1/a Id =LinE]1-Linr]
a % o T

Lﬂ F ¢ Deviations from Beer's Law

. With
5 *_.4 water
spray

to threshold fluence for material removal, F,

Intercept gives F;

IT No

water
spray

| nF
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Photon diffused by the infinitesimal tissue element

24/10/2008

I(F.5.0)

-y

E/: .I:

ae, (1)
£ (1)
p(s.s')

28




Effects of scaftering on
radiation propagation

I
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depth, =z g depth, =z

> subsurface peak > |lateral spread > diffuse reflectance

> slower (and more complex) fall-off with depth

MBE 1028
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+ Dwtolspuixng opaon twv laser — uaOnuotikyg usiséTy %

H yevikn €€icwon peTta@opdg BiobeppoTnTag oe TPEIG OIAOTACEIG DiVETAI
atrdé Tn oxéon:

o1ToU p(g/cm3) gival n TTUKVOTNTA TOU 10TOU, C N 181K BeppdTnTa (J/gr °C),
K (W/cm/k) gival n €181k BEpPIK aywyipotnTa Tou 1IoTou Kail Q; (W/cm3) o
PUBUOC TTapaywyng BepuoTnTaC.

2.€ KUAIVOPIKEG OUVTETAYUEVEG N TTAPATIAVW OXECN UETATPETTETAI OTNV !

2 2
1.8T+L8T+QL_
r ort r’o¢’

otrou D=k/pc (cm?/s) eival o ouvTeAeo TG BepIKAG didxuong. OcwpuwvTag
OTI N BeppdTNTa PEEl TTPOC Wia KaTeuBuvon X, EXOUME:

30



+ MsTtagpopa Bspuornrag %

Ot 6NUOVTIKOTEPOL TUPAYOVTES YLO. TOV TEPLOPLOMO TS ay®YNS TS OeppoTnTog
oT1 MIKPOTEPT OVVOTI] TEPLOYN YOP® G0 TNV aKTIvofoAiovpevn givar 1o BdOog
gvepyelwokns oamoleong, mn  Oeppikn) owdyvon kKov M perofornq @dong
(atpomoinon) Tov 1670Y.

LASER BEAM

& o light penetration depth

X,p: heat affected zone

\J/x t (diffusion length)

k: thermal diffusivity
t: interaction time

24/10/2008 31



+ Msrapopa Ospudrnracg (ocuvéxeia) %

ATTO TNV AAAN pEPIA, N BepulKr dlIAXUON TUVOEETAI LE TO XPOVO BEPUIKNG
QTTOKOTAOTAONG, T,, TOU OKTIVOBOAOULEVOU UAIKOU OAAG Kal TN OIGPKEID
TOU e@appolopevou TraApou laser, T, H armaitoupevn augnan mng
Bepuokpaaiag, avaykaia yia Tnv aAhayn ¢Aaong Kai Tnv arrodounan Tou
I0TOU, XWPIC OPWC TNV AVETTIOUPNTN BEpavan Kal TwWV YEITOVIKWY I0TWV,
ETTITUYXAVETAI LOVO €AV n OIAPKEIQ TOU TTAALOU Eival uIKpOTEPN ATTO TO
XPOVO BepuUIKAG ATTOKATAOTAONG. 2ZUYKEKPIMEVA, TO TTOOOOTO TNG
QATTOPPOYPOUNEVNC eVEPYEIAC, F, TToU €ival dilaBEaipo yia T BEpuavarn Tou
OYKOU TOU UAIKOU OTTOU TTPAYUATOTTOIEITAI N atToppo®nan diveTal atro TN
axean:

F = (T/T)[1-exp(- T,/T,)]

AnAadn, 1o pEyEBOC TNG Bepulkng dlaxuong €Ew atrd TNV TTEPIOXN
ammoppopnang meplopietal amo 1o Aoyo T,/T,. O xpovog T, amo tnv
AAAN eCaptartal amd 170 PABo¢ ammoppoPnang, d, KAl TO CUVTEAEDTH)
BepuIKNG d1AXUONG TOU UAIKOU, k, CUM@WVA pE TN OXEDN:

T, = d?/4k

24/10/2008
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+ Arrodounon — opiIouOS %

I.aser ablation

Ablation: loss of material == liquid expulsion, vaporization

* Vapor consist on: clusters, molecules,
atoms, ions, and electrons

Vapor/plasma * The higher the laser-light intensity the
plume higher the density of species

Liquid expulsion  « The energy required to remove an atom

\ / from a solid can be estimated from:

AH® [Jlatom] = AH\, [Jg] / N,
AH,,; enthalpy of vaporization

N_=L/M: atom number density
(L=Avogadro Number, M=atomic weight)

m Materials Saarland University § &
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4+ Amrooounon: aAAnAsmidopaon déoung — 1I0ToU %

[Laser ablation - vaporization

However... the plume will absorb and scatter the incident laser radiation!
Considenng only evaporation:

Energy input: mpm—r[P P)1—-R)-B]

F: laser power
P.: power absorbed by the vapor plume

P_: energy looses (heat conduction, radiation, convection, reaction
enthalpies, etc.)

Plume R: reflectivity

/ 1. dwell time of the laser beam
Energy to required to vaporize a volume A Al
Ah
: E,, =AM p|L +L, +c, (T, ~T)+c, (T, ~T,)
‘ P L,: latent heat of vaponzation; L,,: latent heat of melting

Cpe. Cpit specific heat of solid and liquid, respectively

T.,: melting point; T,. vaporization point; T,: initial temperature
oo density

Ah: ablated depth; A: ablated area

m Materials Saarland University

24/10/2008 34



Wl dotoamooounon ue laser — noOnuatikyg uelétny é %

Mathematical modeling of PMMA plates, ablated with a Nd:YAG laser (A=532 nm,
t,=6 ns), based on “uliauf and Dyer model for thermo-elastic photomechanical

mechanism. ( m experimental results, —— simulation curve).
3 1 FM:T::-::SE nm 7 = 1 ln /uaF:D _|_1
= T I Zﬂa 2P
3 I
E 25 4
E
2 = 2
b o For ®>®,, , P"= 67.5 MN/m?,
‘ug - Grineisen factor ['=1, ® =0.89 J/cm?,
2 z=28.385 pm, p,=6.6 e,
D 10
5 ' | ' | ' | ' | ' | ' | ' | v I v 1

o1 oz oa o4 (1 og or 0z o0& 10

TURWATATE EvEpy Elu:cn;(..l.l'cmzjl
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Wl dwtoamooounon ue laser

Mathematical modeling of PMMA plates, ablated with a Nd:YAG laser (A=532
nm, t =100 ps), based on Sauerbrey and Pettit model for two-photon absorption

(n=2). ( m experimental results,

— HoOnuaTikyg uEAETn

simulation curve).

N

P uBpd: o ToSap roryS(umm Ao )

tn=1[l|:l|:-5

B PhMAR=532 nm

O =2.75 J/cm?, z="7.143 um,

—d

1

—n
-

ﬂl .
2-py-he g

X =

O

@, =0.028 J/em?, d,\ 0 ,,=1.19
gr/cm’, m, .= 100 a.m.u

MMA

: A

w1 —exp[—o, - K( ) SoRs

o, K, =45-10""cm"*

o.o 0.5 1.0 1.5 2.0 2.5

MukwdTn T Enfpl,lzmn;l:..l."cmzj

24/10/2008

3,0
dPMMA

Po = =7.2-10""cm™

My
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Wl dotoamooounon ue laser — noOnuatikyg uelétny é %

Mathematical modeling of PMMA plates, ablated with a Er:YAG laser (A=2.94
pm, t =80 ps, and pulse repetition rate 2 Hz), based on a modified Beer-Lambert

model for photothermal mechanism. ( m experimental results, —— simulation curve).

m PMMA plate, 2 HZ
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w
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® =25.6-62. J/em?, ®,=25.6 J/cm?,
c¢,= 1.42 KJ/Kg, d=1.19 Kg/em’,
E,..=348 KJ/mol, o ;=210 cm!,

Ablation rate (um/pulse)
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