Bezpecnost prace s lasery




Laser Safety Issues

Laser pointer, 3 mW: —
rather bright; could gquickly damage theretma T T

but: blinking reflex helps

Small Nd:YAG laser, 100 mW:
invisible — no blinking reflex|

= rather dangereous for the eyes

Larger Nd: Y AG laser, 10 W:
burns skin and claothes

amall Nd:YAG laser fir O -switched pulses:
very hazardous even for small average output power

Industrial high power Nd:YAG or CO: laser, 1-10 kW:
for welding; not beneficial for skin and eyesl

i Chrisbire Krchrath Pagchalta




Pokud laser pracuje na urCitych vinovych délkach, na které je schopno se oko
soustredit a které mohou byt dobre soustredény sitnici a rohovkou oka, tak
vysoka koherence a maly rozptyl laserového paprsku muze u nékterych typu
laseru zpusobit, Ze je pfijimany paprsek soustfedén pouze do extrémné malého
bodu na sitnici. To vede k bodovému prehrati sitnice a k trvaléemu poskozeni

zraku.
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rodvonka cevniatia skléra

Poskozeni oka laserem

duhovka

Zornice

Vinova délka

180-315 nm (UV-B, UV-C) fotokeratitida (zanét rohovky)

komorova CoCka  silnice sklivec opticky

voda nery
315-400 nm (UV-A) fotochemicky zakal o€ni CoCky
400-780 nm (visible) fotochemické poSkozeni sitnice
780-1400 nm (near-IR) zakal, popaleni sitnice
1.4-3.0um (IR) Proteiny v komorovém moku, zakal, popaleni sitnice

3.0 yum—1 mm popaleni sitnice




BezpecCnostni tfidy laseru

Trida I: viditelné zareni, velmi maly vykon, nevyzaduji bezpecCnostni
opatreni.

Trida 1M: laser je bezpecny, kromé toho kdy paprsek prochazi
zvetSovaci optikou (mikroscop, dalekohled).

Laserove tiskarny E A U T I D N
CD-ROM

LASER RADIATION WHEN OPEN

DO NOT STARE INTO BEAM OR VIEW
DIRECTLY WITH OPTICAL INSTRUMENTS

CD prehravace

CLASS | LASER PRODUCT




BezpecCnostni tfidy laseru

Trida Il
kontinualni laser, viditelné zafeni, nizky vykon (méné nez 1 m\W)

primy pohled do zdroje mozny, oko ochrani mrkaci reflex

L aserova ukazovatka E A U T I D N

Geodeticke lasery LASER RADIATION
(vymerovani) DO NOT STARE INTO BEAM

HELIUM-NEON LASER

1 mW MAX OUTPUT AT 632.8 nm
CLASS Il LASER PRODUCT




BezpecCnostni tfidy laseru

Trida Illa:

kontinualni laser, stfredni vykon (1 mW az 5 mW), jinak totéz jako
trida I

oko jiz muze byt poSkozeno za pohledu do zdroje pomoci optické
soustavy (napr. dalekohled).

Laserova ukazovatka

Laserove skenery LASER RADIATION
AVOID DIRECT EYE EXPOSURE

DIODE LASER

5 mW MAX OUTPUT AT 670 nm
CLASS llla LASER PRODUCT




BezpecCnostni tfidy laseru

Trida llib:
IR a VIS lasery, stredni vykon (cw: 5 - 500mW, pulsni 10 J/cm?2)

nebezpecli poskozeni oka, nutno pouzivat ochranné pomucky (i
pfi pozorovani odrazu).

Spektrometrie

Stereolitografi
Sreolitogratie LASER RADIATION
AVOID DIRECT EYE EXPOSURE

ARGON ION LASER

100 mW MAX OUTPUT at 455-529 nm
CLASS lllb LASER PRODUCT

Laseroveé show




BezpecCnostni tfidy laseru

Trida IV:

totéz jako tfida Ill b), vysoky vykon stfedni vykon (cw: nad

500mW, pulsni nad 10 J/cm2)

Chirurgie

Obrabéni
(fezani, svareni, vrtani, ...)

LASER RADIATION

AVOID EYE OR SKIN EXPOSURE
TO DIRECT OR SCATTERED RADIATION

KRYPTON ION LASER

10 W MAX OUTPUT at 5630-647nm
CLASS IV LASER PRODUCT




Bézné dostupné lasery byvaji maximalné ve tfidé Il (optické soustavy cd
prehravacu)

Vykonné lasery (tfidy 1V) jsou schopné zpusobit popaleniny, fezné nebo trzné
rany; pfipadné zpusobit pozar.

LASER REPAIR IN PROGRESS

Do Not Enter When Light is Flashing
EYE PROTECTION REQUIRED




Nejen zareni je nebezpecne

* Vlysoke elektrické napéti (napr. pro vybojky).
* Pouziti nebezpecCnych chemikalii.

* Potencialne explodujici nebo implodujici sklenené trubice (napr.
obloukové lampy).

* NebezpecCi pozaru.

 \Vypary, prach, horké kapky roztaveného materialu (napf. pfi obrabéni
laserem).

« Sekundarni zareni (napr. UV nebo RTG zareni), vznikajici interakci
laseroveho paprsku s materialem.




Interakce laseru s materialem
a laserove cisténi




Interakce laseru s materialem

FO = Fab + Fsc + Ftr

Dopadajici zareni o fluenci Fo interaguje s \

materialem. Fab, Fsc a Ftr jsou Fs Fi
absorbovana, rozptylena a propusténa ¢ast — ==
zareni.

" s

Fab = Fth + Fph + Ffl / \

Absorbované fluence Fab muze v materialu zpusobit termicky efekt (Fth) nebo
fotochemickou modifikaci (Fph), ¢ast muze byt vyzarena jako fluorescence

nebo fosforescence (Ffl).




Vlastnosti materialu

koeficient odrazu (reflectivity) pro danou vinovou délku
koeficient absorpce (absorptivity) pro danou vinovou délku
koeficient rozptylu (scattering) pro danou vinovou délku
drsnost povrchu

tepelna vodivost

tepelna kapacita




Parametry laseru a zareni

vinova délka (energie fotonu)
fluence (energie na jednotku plochy)
intenzita

délka pulsu

pulse repetition rate

hustota vykonu

mod (kontinualni / pulsni)

kvalita paprsku

koherencni délka




Druh okolni atmosfery

vzduch
inertni atmosféra (He, Ar)

vakuum

Sekundarni efekty: oxidace, nitridace, absorpce zareni atmosférou
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\ Scattering
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Incident laser beam, energy E

Air : :
i A Energy reflected, rE

Energy absorbed, aE : I /

Material, e.g. stone

- Assuming no transmission through material, a +» = 1




Laser beam (E, F)) Laser beam (E, Fp) Laser beam (E, F)

a) b) P Reflection c)
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Fig. 2.1.1: Representation of energy redistributions in laser-material interaction: absorbing material (a),
diffusing material (b), and the adjacent absorbing and diffusing materials layers (c). E,, E, =reflected and

absorbed energies.

a) Laser beam b) Laser beam c) Laser beam

Fig. 2.1.2: Examples of material layers with different optical properties: a) absorbing, b) diffusing, c) inter-
mediate situation. a) bronze-like organic binder patination on a mineralised bronze surface. b) whitewash
layer on a paint azurite layer. c) Typical gypsum-matrix black crust on Ca-oxalates film and white marble

substrate. The represented optical distributions are purely qualitative.




Absorpce zareni

absorpce volnymi elektrony (kovy)

vazanymi elektrony (polovodiCe) = excitace

vibrace mrizky

Exitace elektront v molekule

Increasing
Energy

(c)
(b) R—
(a) No gap ———
W ® o9 Wide band gap
® @88®  Narrow band gap
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Energy levels in conduction band

- Energy levels in valence band @® clectron




Kovy

Interakce elektromagnetického zareni s volnymi elektrony v kovech je silna,
penetracni hloubka zareni je jen nékolik vinovych délek (skin depth). Absorpéni
koeficient kovl v blizké UV, VIS a blizké IR je mezi 105 a 107 cm~".

Reflektivita kovu v VIS se pohybuje mezi 0.25 a 0.95, v IR mezi 0.90 a 0.99;
reflektivita vyrazné klesa pfi vinovych délkach pod 300 nm (elektrony nemohou
odpovidat na vysokou frekvenci UV zareni). Nekteré kovy (Au, Cu, Cs) vykazuji
selektivni absorpci (= excitace elektronu v d-orbitalech) a tudiz i selektivni odraz
(je zodpovédny za zbarveni téchto kovu).




Polovodice a nevodice

Zakazany pas u polovodict je uzky, za pokojové teploty je dostatecné
mnozstvi elektronl tepelné excitovano do vodivostniho pasu. K excitaci u
polovodicu dochazi v blizké IR a VIS (mezni vinova délka).

Pro nevodice, diky Sirokému zakazanému pasu, nejsou témeér zadné
nosiCe naboje za pokojove teploty termicky excitovany do vodivostniho pasu a
prechody mezi pasy se degji jen v pri excitaci v UV nebo VUV. V iontovych
materialech (napf. NaCl) jsou valencni elektrony silné lokalizovany na negativnim
iontu, optické spektrum obsahuje nékteré znaky atomovych spekter (rezonance).

Realné materialy (nevodiCe a polovodiCe) nejsou idealné krystalicke,
vykazuji rizné defekty, které umoznuji zaujimat elektronové stavy v zakazaném
pasu. Tyto stavy jsou hlavné v VIS, materialy se jevi jako zbarvene.




Zbarveni diamantu

Diamant je bezbarvy mineral. VetSinou se v nem ale vyskytuji chemicke primesi,
které zpusobuji jeho zabarveni. A tak se diamanty vyskytuji v nejruznéjSich
barevnych odstinech. V diamantu bez primési se elektrony mohou excitovat z do
prazdného vodivostniho pasu ze zaplnéného valencniho pasu. Energie potfebna k
excitaci elektronu z valencniho do vodivostniho pasu se nachazi v UV oblasti. Proto
je diamant bezbarvy.

D E F| B H J| K L M(N O P Q R|E T U V W X ¥ Z

Faint
el

Dusik ma o jeden valencni elektron vice nez uhlik. Nékolik
atomu dusiku na 1 milion atomuU uhliku v diamantu vede ke
vzniku donorové hladiny v zakazaném pasu. Diky je
absorbovano zareni v UV oblasti (modré a fialové sveétlo) , coz
vede ke zlutému zabarveni diamantu.

Colorless Mear Colorless Very Light Yellow Liahit Yellow

CONDUCTION BAND g CONDUETION BAND

Bor ma o jeden valencni elektron méné
nez uhlik. Nékolik atomu boru na 1 milion
atomu uhliku v diamantu vede ke vzniku
der s energii zakazaneho pasu, které
mohou akceptovat elektron z valencniho
pasu (akceptorova hladina).

CONDUCTION BAND

ENERGY

VALENCE BAND

ELECTRON

MUMBER OF ELECTRONS ——p NUMBER OF ELECTRONS ——p




Molekuly

Zareni v VIS nebo UV vede k excitaci elektronu v molekule/chromoforu ze
zakladniho stavu do excitovaného (Franck—Condonuv princip).
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Dynamika prechodu do excitovaného stavu v molekule je mnohem komplexngjsi,
dva a vice excitované stavy mohou interagovat mezi sebou (b).




Fluorescence

Aplikace ultrafialoveé fluorescence - zviditelnéni Casem degradovaneho textu
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Multifotonova excitace

Je mozna pouze u laseru, ktery ma dostatecné silny tok zareni, mizi vliv Cerveného

prahu fotoefektu.

S d

absorption | I
CATATATAT A= ANV CATATA AT
emission absorptio emission
one-photon two-photon

excitation excitation




Odraz zareni

Figure 15 Case of natural environmenis: sum of specular reflection and diffuse reflection
(volume reflection is ignored here).




Reflektografie

Aplikace infraCervené reflektografie - zviditelnéni podkresby




Reflektografie

Aplikace infraCervené reflektografie - zviditelnéni tetovani na mumifikovanych
rukou z pohrebisté Semna South, Nubie (dnesni Sudan), stafi cca 2000 let.




Vliv drsnosti povrchu

Drsnéjsi povrchy u téhoz materialu absorbuiji vic
(vétSi plocha + ruzné interakce v dusledku odrazu od povrchu)

Incident light : Reflected light

pecular reflection,
.g. polished surface

Angle of incidence, ; = Angle of reflection, i’

----------------------- Denotes perpendicular to surface

Diffuse reflection
e.g. matt surface
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Procesy probihajici pri absorpci
laseroveho zareni materialem

Incident laser beam

Surface of material

- k= emmw .. .-

Absorption of laser radiation

A c -
(heats surface region)

Region over which thermal
energy propagates

Ultrasonic wave field
(generated by
thermoelastic stresses)

i




OPTICAL ABSORPTION

BELOW THE VAPORISATION
THRESHOLD

725-10 ns,
1210°%-10% W/em?

7= 10-100 ns
1=107-10* W/em?®

ABOVE THE VAPORISATION THRESHOLD

r=5-100 ns, F=0.1-4 J/ecm?
1210°-10° W/em?

7= 20-100 ps
F=1-20 J/em®

r = 200-500 ps
F=10-100 J/ecm?

Optical breakdown

PRESSURE THERMOELASTIC Thermoelastic DENSE PLASMA Possibility of a NOT CONFINED
CONFINEMENT EXPANSION phase rarefied plasma HEATING
I [
Pressure gradient Double phase FAST THERMAL Plasma expansion Quasi-sonic Vaporization
at the interface pressure wave EXPLOSION Shock wave expansion Turbolent expansion
IMPULSIVE PRIMARY Explosive removal Photomechanical FAST SLOW
EJECTION SPALLATION Recoil stress Strong recail VAPORIZATION VAPORIZATION

Fig. 2.1.7: Laser ablation channels for homogeneous absorbing materials. Pulse durations
correspond to the one of the commercial laser systems. Fluences and intensities are roughly

estimated, they only indicate orders of magnitude.




PHOTOTHERMAL
ABLATION

Laser radiation

l .

Material excitation
(single or multi-photon)

Temperature rise

Vaporization

Volume changes
Al g

Thermal and
non-thermal
excitations

l

Stresses generated

Ablation

PHOTOCHEMICAL
ABLATION

Direct bond breaking

Volume explosion




Fotochemicka interakce

se uplatnuje pfi nizkych hustotach vykonu laserového zareni. Dochazi zde
k chemickym reakcim na makromolekularni urovni.

 Hlavni idea:
selektivni fotochemicke reakce, vedouci k nékterym chemickym
transformacim

* Pozorovani:
bez makroskopickych projevl

 Typicke lasery:
cervene barvivove lasery, diodové lasery

* Typicka délka pulsu:
1s...CW

* Typickeé hustoty vykonu:
0.01...50 W/cm?




Fotoablace

dochazi k primému rozpadu molekularnich vazeb pomoci vysoce energetickych
fotonu UV zafeni napf. u pulsnich excimerovych laseru.

* Hlavni idea :
prime stépeni chemickych vazeb UV fotony

* Pozorovani:
velmi Cista ablace, spojena se zvukovym projevem a viditelnou
fluorescenci

 Typicke lasery:
excimerove lasery (ArF, KrF, XeCl, XeF)

* Typicka délka pulsu:
10...100 ns

* Typicka hustota vykonu:
107 ... 1010 W/cm?




Mechanismus UV fotoablace

Absorpce UV fotonu
U

Excited state
(AB)*

dosazeni repulsivnich
excitovanych stavu

t
U |
Disociace : hy
U |
Ejekce fragmentu : Ground state
AB
U \ 7

Ablace \@/

Radial distance




Viiv vinove délky (energie fotonu)

Energie fotonu je nepfimo umérna vinoveé délce laseroveho zareni = UV

LI 4 D

vétSiny kovalentnich vazeb, u IR jde o dusledek multifotonové excitace.

Typ kovalentni Vazebna energie
vazby (eV)
Energie fotonu (A =1,06 ym) =1,2 eV CC 36
Energie fotonu (A = 248 nm) = 5,0 eV C-O 3,7
1eV=16.10-19J C-H 4.3
O-H 4,8
C=C 6,4




DisociaCni energie nekterych typu vazeb

Type of bond Dissociation energy (eV)

7.1
6.4
4.8
4.1
3.6
3.6

ONON®
LI

Energy

3.5
3.0 T
2.7

1

OO({)OC;)Z
NZITOO0OXTITOO

Zero{ vg
point
energy

0 R.

=

Uz Dissociation

energy D,

l

Internuclear distance (R) —=




Vinové délky a energie fotonu pro ruzné typy laseru

Laser type Wavelength (nm) Photon energy (eV)
ArF 193 6.4
KrF 248 5.0
Nd:YLF (4w) 263 4.7
XeCl 308 4.0
XeF 351 3.5
Argon ion 514 2.4
Nd:YLF (2w) 526.5 2.4
He-Ne 633 2.0
Diode 800 1.6
Nd:YLF 1053 1.2
Nd:YAG 1064 1.2
Ho:YAG 2120 0.6
Er:YAG 2940 0.4

CO, 10600 0.1




Fotodisrupce

vyuziva hlavné mechanicky efekt: laser vytvari miniaturni bleskovy vyboj
provazeny mechanickym i akustickym vybojem.

 Hlavni idea : fragmentace materialu mechanickou silou

* Pozorovani: zablesky plazmatu, vznik kavitace razovou vinou
 Typické lasery: pevnolatkoveé lasery, tj. Nd:YAG, Nd:YLF, Ti:Sapphire
 Typicka délka pulzu: 100 fs ... 100 ns

* Typicka hustota vykonu: 1011 ... 1016 W/cm2
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Mechanismus Sireni razove tlakové i ultrazvukove viny je zhusténi a zfedeni prostredi.
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Termickeé interakce

 Hlavni idea :
dosazeni urcité teploty vedouci k danym termickym efektiim

* Pozorovani:
koagulace (organika), odparovani, karbonizace nebo taveni

* Typickeé lasery:
CO,, Nd:YAG, Er:YAG, Ho:YAG, Ar ion a diodove lasery

* Typicka delka pulsu:
1 us ... 1min, hlavné u kontinualnich laseru

* Typicka hustota vykonu:
10...106 W/cm2

 Specialni aplikace (ruzna kombinace expozi¢ni doby a plosné hustoty vykonu) :
koagulace, odparovani, taveni, tepelny rozklad




Termomechanicke zmeny

z~ 1-100 ns

(10°-10% Wicm?) Rigid boundary

p(t) A
Laser beam

>

Free boundary
p(t) 4

Thermal confinement

v

Fig. 2.1.6: Schematic representation of the thermoelastic generation in absorbing materials. The rigid
boundary condition is realised when the stratification is irradiated through a transparent liquid or solid.




Ablace indukovana plazmatem

vznika plazma, které samo absorbuje zareni a dochazi tak expanzi a
kolapsu plazmatickeho oblacku a k naslednym razovym vinam.

* Hlavni idea :
ablace vznikem plazmatu

* Pozorovani:
velmi Cista ablace, spojena s akustickym projevem a zablesky
plazmatu

* Typicke lasery:
Nd:YAG, Nd:YLF, Ti:Sapphire

* Typicka délka pulzu:
100 fs ... 500 ps

* Typicka husota vykonu:
1011 ...1013 W/cm2




Primary spallation
p(t)

Fig. 2.1.8: Representation of possible spallation mechanisms. Primary spallation: produced by
rarefaction peak. Secondary spallation: produced by laser heating and subsequent pressure
development in proximity of the interface between two adjacent layers. Water-mediated spallation:
similar to primary spallation, where water plays an important role in photomechanical and pressure
wave propagation. A relatively strong fragmentation effect is expected in this latter case.




Opfical breakdown

VR TN

Plasma formation  Shock wave generation <= Cavitation = Jef formation

- lonization of - high pressure gradient - vapor inducing - near a solia
focal volume at shock front mechanical stress oundary

- spaficlly confined - moving ot supersonic - successive expan- - during collopse:
fo focal volume speed sion and collapse of cavitation

-70...99 % -1.5% -(15...25 %)

Plasma-induced dblation Photodisruption
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Tissue ablation




Jet formation [l 2nd
L
Cavitation D 2nd
Shock wave U 2nd
Plasma
Laser pulse
! i i ! i 1 ! i i ! i
107" 107° 107° 107
Time (s)

Priblizna doba trvani procesu pfispivajicich k fotodisrupci. Pfedpoklada se 30 ps
laserovy puls.




Tvorba plazmatu

Pri velmi vysokych hustotach vykonu se pfi ablaci materialu tvofi plazma.
Material se odpafi velmi brzy béhem pulsu, oblak plynt tésné nad povrchem
absorbuje Cast energie laserového pulsu coz vede k intenzivnimu zahrati a
ijonizaci uvolneného materialu a tvori se plazma.

Acoustic pulse
Incident laser beam (audible as

l ‘snapping sound’)

Plasma formation i it o
.-" L v
T l Air
. . \ Ll
Ablation of surface material
\H— Y
Q- s L) L

el Surface of material
Expansion of / Heated region,
heated region melting and vaporization

Generation of ultrasound
Recoil pressure from ablated material

TIME 1e:08%9:41 DRTE B&6-38~-94

FRAME + 4 29| > PLAY/STOP 1| ET+865608P8BE580

Figure 3.9, Fjem‘!c n of particulate matier from a po/fmed terracofic wrface irradiated by Q-swirched
Nd:YAG laser radiation (photographed by high speed camera). The is viewed side-on with the las
beam inc m’mrj am the right.




High Power . Heating of target
Laser Pulses -

C::Z—__,_:J Focusing Evoporation of material
: Lens Dizsociaton of molecules

Absorpton of [aser
FPlasma ignition
Plaama Heating ::-f_pla.;n‘m
Plum e Plasma shielding

2 Flasma expansion
@

Target Material

time

Evalution of lazer induced plasma from a target material

Plasma silné absorbuje energii laserového pulsu a stava se extrémné horkym.
Pokud hustota Castic v plazmatu dosahne kritické hodnoty, plasma slouzi jako
stit branici energii pulzu proniknout k povrchu = energie je silne absorbovana
velmi tenkou vrstvickou plazmatu, ktera se extremne ohriva, expanduje a
produkuje impulsni reakci na povrch. Po ukoncCeni pulsu plasma expanduje od
povrchu a dissipuje.




Region-I. centralni (core) Cast.
Emise plazmatu blizko povrchu
vzorku, kde je teplota maximalni a
vétSina specii je v ionizovaném
stavu.

Region-II. Stredni oblast. Vedle
ilonizovanych specii, jsou pritomny
takeé neutralni castice a urcity
pocCet molekularnich specii.

Region-III. okrajova oblast
plazmatu. Jeho teplota je mensi a
je vyssi zastoupeni molekularnich
SPECcii.

Region-|

Target
Material

Region-ll

Laser produced plasma plume from a metal target

Regian-1l




Vznik akustickeho pulsu

Dusledkem razove viny je i vznik akustického pulsu:

Za nizkych hustot vykonu (ne ablace) absorpce zareni a nasledné ohrati a
termicka expanze povrchu vede k rychlé expanzi a kompresi molekul vzduchu
tésné nad povrchem.

Pfi vyssich hustotach vykonu ablace generuje ve vzduchu nad ozarenym
povrchem akustické viny (praskani).

Pri velmi vysokych hustotach vykonu vzniklé plazma generuje Sokové pulsy.
amplituda akustické viny generované ve vzduchu v dusledku absorpce laserového
zareni je zavisly na interakci mezi pulsem a povrchem.




Radiacni tlak

Radiacni tlak = dusledek zmény hybnosti fotont v dusledku jejich absorpce a
odrazu na povrchu. vzniklé sily a stresy jsou o nékolik Fadi mensi nez u

pfedchozich procesu.

Radiation Pressure Coefficient
Blaze Labs Research
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Femtosekundovy puls

relaxaéni doba elektronu je 10-*sek = o nékolik Fadu kratSi nez u iontd
krystalové mrizky, dopad viny — elektron se natahne, iont ma velkou setrvacnost
(nehybe se) — veSkera interakce probiha pouze s elektrony, po odeznéni pulzu
elektrony relaxuji a nasledné interaguji s iontem mfizky a v dusledku své vysoké
energie elektrony dokazou ionty vyrazit z materialu (ablace).

Inverse bremsstrahlung (inverzni brzdna absorpce) — elektrony jsou zpomalovany v
elektrickém poli iontu mrizky a predavaji jim kinetickou energii.

Nanosekundovy puls

puls probiha mnohem déle a proto musi proniknout pres vznikajici
mikroplasma.

Pokud plazmova frekvence pfevysSuje frekvenci zareni, vznika odstinéni v
dusledku vysoké hustoty elektronu a iontu v plazmatu. Paradoxné tak vysSi
dodavana energie muze vést k nizSi mife ablace.
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Vliv hustoty vykonu

Hustota vykonu = vykon pusobici na jednotku plochy paprsku

Increasing
power
density

A

e — -

Extremely rapid and high temperature rise
Results in ablation of material by ‘explosive vaporization’

Melting

Stress generated exceeds yield stress of material
Results in local damage and ablation of surface material

Low temperature rise
Generation of thermoelastic stress
No damage to material




B ¢ B
Below E Linear ablation domain , Saturation domain o125 »
‘" isati ' ‘" ne
§ 5 { iporsaton - 8 s o * W ¥
= : : = O0290ns * O o
'E' 4 : ! 'E' 44 |Ad40ns O .
= : = % 950ns * ? S
-E 34 ! : 'E 3 * [ p ot
S 2 : i § 2 * 0" X
_— n l — N
E E | i E *EF‘:FI 4 X
< 17 : ! E < 1 *I:Il%{ A
1 I
) /| : | gk
I L} 1 1 I L | 1 |
0 Fi 1 : 2 F, 3 0 1 2 3
Fluence [th:m!] Fluence [Jmm!]

Fr

Fig. 2.1.9: Ablation rate for vaporisation-mediated removal; left) general behaviour; right) experimental data
achieved for laser ablation of black crust standards using different pulse duration between 125-950 ns (SFR
Nd:YAG laser).




Interakce laseroveého zareni s
kapalinami
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Absorpéni koefficienty a a absorpCni délky L vody pro ruzné

vinove delky.

Wavelength (nm)

193
248
308
351
514
633
694
800
1053
1064
2120
2940
10600

Laser type

ArF
KrF
XeCl
XeF

Argon ion

He-Ne
Ruby
Diode
Nd:YLF
Nd:YAG
Ho:YAG
Er:YAG
CO2

a(cm-1)

0.1
0.018
0.0058
0.0023

0.00029

0.0029
0.0056
0.020
0.57
0.61
36

12 000
860

L (cm)

10

55
170
430
3400
340
180
50
1.7
1.6
0.028
0.00008
0.001
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Mechanismus Sireni razove tlakové i ultrazvukove viny je zhusténi a zfedeni prostredi.
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Kavitace

Kavitace = vznik bublin v kapaliné pfi lokalnim poklesu tlaku (dusledek prichodu
razové akustickeé viny). Kavitani bublina je zpocCatku vyplnéna vakuem, pozdéji
do ni mohou difundovat plyny z okolni kapaliny. Pfi vymizeni podtlaku bublina
kolabuje (imploze) za vzniku razové viny s destruktivnim ucinkem na okolni

material.
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Kavitace

Na vznik kavitace ma vliv predevsim velikost podtlaku, povrchové napéti
kapaliny a teplota: Cim je nizsi, tim mensi je kavitace.

Cavlitation bubble
growth in negative

Bubbles collapse

: t Surrounding liquid
in comgreasion

Increased static prassura

las
o T A S A S A A
i 2 3 4

Cavitation bubble imploding close
to a fixed surface generating a jet (4)
of the surrounding liquid.

Cycle repeats
Mew bubble growth




Kavitace

Kavitace vznika napfiklad na lopatkach lodnich Sroubd, turbin, na Cerpadlech a
dalSich zarizenich, ktera se velkou rychlosti pohybuji v kapaliné. Kavitace
zpusobuje hluk, snizuje uc€innost stroju a muze zpusobit i jejich mechanické
poskozeni.

-. Root Cavitation




Kavitace indukovana ultrazvukem

Ultrazvuk je mechanické vinéni s frekvenci vyssi 16 kHz. Ultrazvukové vinéni
ziskame napfiklad periodickym nabijenim destiCky vhodného materialu (napf.
kfemene, syntetické latky). Nastava piezoelektricky jev. Vlivem proudu se
material smrstuje a rozpina (deformuje). A tim vznika mechanické vinéni. Tyto
destiCky byvaji umisteny pod dnem ultrazvukové vany a vysilaji své vinéni
smerem K hlading, kde se Cast vinéni odrazi zpét ke dnu.

Priblizné v okamziku dosazeni nejmensiho poloméru produkuje bublina viditelné
svetlo — tzv. sonoluminiscenci.

_ Sonotrode
20 kHz Ultrasonic Frequency Amplitude > 2 pm
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Kavitace a mechanismus cisténi
ultrazvukem

Pro Cisténi je nejrozSifenéjsi pouzivani kmitoCtu v rozmezi 20 - 100 kHz. Bézné se
efektu kavitace vyuziva k Cisténi Spatné dostupnych mist na malych pfedmétech
(napf. k Cisténi Sperkd). Pfedmét je umistén do vodni lazné a zdroj ultrazvuku v
lazni vyvolava akustickou kavitaci, ktera narusuje necCistoty na povrchu.




Ultrazvukove cCisteni je energeticky pomeérné nenarocné, nejvetsi cast energie se
spotfebuje na ohrev lazné. Cistici proces je mozno kombinovat i s odmastovanim,
pripadné s dezinfekci.

Objem cistici vany. Je tfeba jej volit takovy, aby Cisténé predméty byly dokonale
ponoreneé.

Vykon ultrazvukového generatoru. Zavislost mezi objemem vany a potfebnym vykonem
na jednotku objemu (Watt/litr) je nelinearné klesajici.

Teplota lazné. Maximalni efekt ultrazvukového cCisténi je v rozmezi 50-60°C (pro médium
na bazi vody).

Kmitocet ultrazvuku. Nizsi kmitoCet ma vySSi erozivni ucinky a je méné absorbovan
Cisticim médiem i pfedmeéty (proto je vhodné&jsi pro Cisténi objemnéjSich a tézSich
pfedmétu a pro odstranovani vétSiho znecisténi), ultrazvuk vysSich kmitoctu ma lepsi
schopnost pronikat i do nejmensSich otvort a spar.

Odplynéna voda. BéZna voda obsahuje relativné velké mnozstvi rozpusténych plynd,
pfedevsim vzduchu. Protoze plyn je, na rozdil od kapalin, stlacCitelny, po pfivedeni
ultrazvuku zacéne pruzit a tim do zna¢né miry potlaci vznik kavitacnich ucinkd. Proto je
treba pro Cisténi pouzivat odplynénou vodu. Tu je mozné ziskat bud pouhym odstatim,
coz byva zdlouhavé, a nebo chodem zafizeni naprazdno, bez Cisténych predmétu, po
dobu desitek minut.




Cisténi laserem




Cidténi laserovym paprskem

Nd:YAG
] Black crust
Excimer Patina
Er:-YAG .
Calcite _
Pulsni CO2 |
Weathered profile Ideal cleaning Conventional Laser cleaning
cleaning
. Ochrana KD:
Pramysl.
, Koroze
Polymerni povlaky Inkrustace
Eoroz’e dukt Sediment
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Cidténi laserovym paprskem

Object Laser beam
Beam mode
Physical properties —— Spot size
Chemical properties Sgngiin < Pulse energy
Optical properties Repetition rate

Thermal pmpemesé\ Wavelength Result of

laser cleaning

Liquid coating

Beam delivery

Skill & experience of the operator Shielding gas

Other factors

Figure 4. Ishikawa diagram of the factors affecting the laser cleaning process




Mechanismy cCisteni laserem

material suction
plasma ; laser beam
dirt layer A
(partially absorbing) [ <
s V\ g ' "

adaptive layer

_

oxide layer (absorbing)




Fokusace laseroveho paprsku

Focusing lens

1 2
—
R 5 z

Parallel Diverging
laser beaml laser beam
/ Focal point of lens . —p
Handpiece ‘Safe cleaning window’

....................... Denotes position of surface

Figure 4.2. Schematic representation of cleaning with a diverging laser beam.

Obr. 64. Rez kriterem vypélenym laserovym svazkem pfi razngch ]
polohéch ohnisks fokusaénf techniky: a) ohnisko pfi povrechu materidiu,
b) ohnisko pod povrchem
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Figure 6. Schematic presentation of the assumed ablation characteristics of different layers and the consequences for the

bulk glass
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Ablation Rate (pm/pulse)
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(a) (b) (c) (d)

FIGURE 8.6 Schematic representation of encrustation cross section (a) and the two different
ablative mechanisms: the selective vaporization using low fluence (0.7-1.0 J/cm?) at A, = 1064
nm (b), and the spallation at higher fluence (~ 2 J/cm?) or using A, = 355 nm (c). (d) represents
the result when synchronously using both wavelengths at certain fluence values.

l LASER
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Figure 1.
a) Example of stratigraphy of a deteriorated marble observed by an ultra thin section.

b) Descriptive scheme: 1) black crust, 2) sulphated Ca-oxalates film (showing ecraquelure), 3) surface
pseudomorphic sulphation layer i.e. reproducing the shape of the original surface, 4) calcite crystals with
intergranular decohesion, 5) laser cleaning proceeds in a controlled way down to the oxalate layer.

(a) (b)

Laser beam

Schematic of (a) degraded coating removal from a painted artwork (i.e., case
of removal of a coating) and of (b) isolated absorbing impurities/stains from a substrate.




OPTICAL ABSORPTION

Below vaporization threshold

Above vaporization threshold

t,~1-10 ns, t, <t t,~1-10 ns, t, >t t,~1-100 ns t,~1-10 us
107-108 W/cm? 107-108 W/cm? 107-10° Wicm? 1-10 J/cm?
No breakdown Breakdown
Pressure Thermoelastic Thermoelastic lonization Possibility of a
confinement expansion phase Dense plasma rarefied plasma
1 [
High pressure Fast thermal Plasma Quasi-sonic
gradient at Dl I explosion éxpansion expansion
the interface LIRSS Shock wave
Explosive removal Strong recoil Fast vaporization

Impulsive ejection

Spallation

Recoil stress

Mechanical destr.




Thbchonass

lagesr baam

Black layer of dirt

Laser -
L
x i beam .
h White
marble
vapour
Reflected .~
Absorption of laser beam Reflection of laser beam

Initial interaction of long pulse radiation
with a dark encrustation. Strong absorption
of energy leads to vaporisation of material.

Figure 1.3. Normal-mode cleaning (Asmus, 1973).

Black layer of dirt
/

White
marble

Beginning of laser pulse

Vaporisation of encrustation occurs early
during the pulse, leading to formation of a
plasma. The temperature and pressure of
the plasma increase rapidly as the
incoming laser radiation is absorbed and a
microscopic compression is applied to the

surface.

Final interaction of long pulse radiation with a dark
encrustation. Once the encrustation has been
removed further pulses are reflected from the weakly

absorbing marble surface.

End of same laser pulse

As soon as the laser pulse finishes
the plasma expands away from the
surface. The surface relaxes and a
thin layer of material is ejected.

Figure 1.4. Removal of material by Q-switched laser radiation (Asmus, 1973).




Termicka expanze castic

Laser beam

Dirt particle

Surface

1 2 3
Strong absorption of energy Rapid heating and expansion Resultant force away from
by dirt particle of particle surface = particle ejection

Removal of dirt particles by rapid thermal expansion.




v = Luser Beam at

Angularni Cisteni elancing anl

(a< 90°) e
. . . -

EfektivnéjSi nez klasicky pouzivané kolmé usporadani, nejvétsi absorptivita pfi
Brewstrove uhlu.

Pulsed laser beam

NNy st

Index lomu materialu = “//
tan(Brewstrova uhlu).

Fig. 3. Illustration of the laser absorption on the surfaces of the particle and the substrate for different laser incident angles (The density of

“dots™ indicates the amount of heating due to the laser absorption on the surfaces)




Cisténi razovou vinou

Je ucinna jen pro malé a silné vazané cCastice, pro CiSteni pamatek se nepouziva.

Biected Shock wave front

contamina Pulsed laser

Gap distance

Substrate material

Fig 4: Schematic diagram of laser shock cleaning




Steam cleaning

= aplikace filmu kapaliny na povrch artefaktu

* NecCistoty jsou vazany pevné na povrch artefaktu a nelze je odstranit

suchym cisténim.

« Povrch artefaktu je kiehky a je tedy tfreba pouzit menSi hustotu energie.

Nejpouzivanejsi
kapalinou je voda,
mozné je i pouziti
organickych
rozpoustedel.

Kavitace — dalsi mozny mechanismus

Mirror

Pulsed laser

Lens

Steam layer

N\

T

Miczophone

Oscilloscope

Sample

Laser Controller

X-Y stage

(

:‘\ Liquid

Heater

Fig. 1. Experimental set-up for steam-assisted laser ablation.




Ablace v kapaline

Laser beam

Water film Water molecule

Dirt layer
Absorption of energy by dirt layer. Explosive vaporization of water enhances
Rapid heating of water molecules at dirt removal from surface

water/dirt interface.




Ablace koroze v kapaline
(s vlozenym napetim)

laser pulse

electrolyte L i ¢

potentiostal BT IR oscillosoop

transducer

Fig. 1. Experimental configuration for the laser-induced oxide film
removal in a liquid confinement at controlled electrochemical potential.
Ref, reference electrode; CE, counter electrode; and WE, working
electrode,




[ s A ¥

Laser beam Laser beam

a) b)

ablation dilatation

Fig.4a,b. Schematic picture of the energy absorption in the Fe;O4 layer
a before and b after electrochemical polarisation

Na zelezny predmét v boratovem pufru (pH = 10) v tfielektrodovém usporadani
(pfedmet = katoda) se vlozi kontrolovany potencial (-2 V). Vodik vznikajici
katodickou redukci se zachycuje na oxidové vrstvé. Laserovy puls (Nd:YAG 1064
nm) zpusobi rozpinani vodiku a mechanickou destrukci korozni vrstvy.
Monitorovani prubéhu Cisténi se provadi napf. cyklickou voltametrii.




Aplikace laseru pro likvidaci
mikroorganismu

m Glass of high sensitiveness

B Glass of low sensitiveness
Influence of
moisture and pollutant

N N2
atmospheric corrosion
low high Forced growth
energy density energy density Microbes o
(< 1,0 J/lem?) (> 2,0 Jiem®)
-residues of microbes, ﬂ
-damages, caused by laser irradiation et
g 17|
-total ablation
of the biofilm
. N 2-D 3-D
& biofilm
laser

ablation \ T Microbial metabolites damage
: the glass surface

Figure 10. Interaction of glass and biofilm and the synergetic effect of glass composition, abiotic corrosion, biogenic
corrosion and growth of biofilm, factors which influence the effectiveness of the laser cleaning.
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Figure 2. The laser cleaning of two-dimensional biofilms
is successful with an energy density of 1.0 J/cm?.
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Ablation Rate (um/pulse)

Ablation Rate (pm/pulse)
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Laser Fluence (J/cm?)
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(a) (b) (c) (d)

FIGURE 8.6 Schematic representation of encrustation cross section (a) and the two different
ablative mechanisms: the selective vaporization using low fluence (0.7-1.0 J/cm?) at A, = 1064
nm (b), and the spallation at higher fluence (~ 2 J/cm?) or using A, = 355 nm (c). (d) represents
the result when synchronously using both wavelengths at certain fluence values.
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FTIR spektra patiny na mramoru pred a po pusobeni
Nd:YAG laseru at 2.5 J/cm?; Ox: oxalates; Cc: calcite; Si:
silicates.
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Tenky fez dendritické krusty na Pentelickém Tenky fez patiny na Pentelickém mramoru ozareném
mramoru ozafeném Nd:YAG laser at Nd:YAG laser at 2.5 J/cm2. Obraz v SEM (53X BS) (a)
2.5 J/cm?. Obraz v SEM (53X BS) (a) a a polarizaénim mikroskopu (b). Sipka indikuje rozhrani
polarizaénim mikroskopu (b). Sipka indikuje mezi ozarenou a neozarenou oblasti vzorku. Analyza
rozhrani mezi ozafenou a neozarenou oblasti plochy metodou SEM-EDX je v ramecku.

vzorku.




Vysledky Cisténi biogenné
inkrustovaného mramoru. (a)

A=355 nm, H=0.48 J/cm?, n=10 and a
spot overlap of 8=50%; (b) A=5324 nm,
H=1.07 J/cm?, n=10 and 56=50% and (c)
A=1064 nm, H=1.45 J/cm?, n=10 and
0=50%.
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Keramika a terrakota




Thin cross section showing terracotta profile before
(left) and after (right) Michelangelo irradiation at 1.5
J cm-2 (bar =100 ym)

Terracotta surface before (left) and after (right)
SYL 201 at 3 J cm-2. Vitrifying phenomena are
evident
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Fluence: 0.58 J/em? | Fluence: 1.1 J;’cm’-_

Fig. 5. Confocal microscopy pictures of a fs-laser treated outdoor bronze ob-
ject (“Friedrich III statue”) showing the surface topography at different laser flu-
ences (pulse duration: 150 fs, focus diameter: 50 um, pulse-to-pulse distance: 15 um,

1% Sl At




Bronze Sculpture
(Adrian de Vries)

First Experimental Setup during First Cleaning Resulits
Scanning fs-Laser-Cleaning

Copper Oxide Layer

Laser Scanner .~

Corrosion Products
and Dust

Fotografie bronzové sochy (Arian de Vries, 1648)




Stribro

Depot minci Viléma Dobyvatele (Abergavenny)

(left) Microphotograph (x13) of the woven
fabric preserved within the iron
incrustations, possibly the remains of a bag
or purse and (right) SEM micrograph of the
constituent bast fibres (scale bar = 100

um)




SEM micrographs of a coin with half the oxide bloom still present after
laser cleaning: (/eft) low magnification (scale bar = 1mm) and (right)
high magnification (scale bar = 20um)
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FotoNr: 0404A01103 50 um . RE038602 | ——— 100um

Cross section of surface layer structure of leaf gilded spire from
Bronnbach




(left) Microscopy, SEM. (centre) Comparison of contaminated and laser cleaned
zones. (right) Beginning of thermal influence at the cracks on leaf gold




Zelezo

Rimské puklice &titd (4. stol. n. .)

Whesa water Rust is the wea kening of iron due to oxidation of its
collects, there atoms, otherwise known as electrochemical cormosion.
I5 b2ss oxygen 0
Electrolyte Rust
Fe.O, XH,0

H.O

Cathode {inan near the anods)
0, +2H.0 + 48 —>= 4 OH

TRON
Electrons flow within the metal

S L and ions flow with the electrolyte.




1064nm 532nm 355nm 266nm

Cernani Zeleznych fragment( (fimsky tabor u Cologne) pro r(zné
vinové délky Nd:YAG lasersu.




el o

Fig. 6. Liquid film (ethanol) on the surface also removes silica grains; left: laser
cleaned (A = 1064 nm) with ethanol liquid film; right: laser cleaned (A = 1064 nm)
without ethanol liquid film




Cinské hedvabi, cca 2400 let
staré

ex

Koptska textilie, 5.-7. stol.




PUsobeni laseru
na textilie na bazi
celulozy

Horni fada (zleva doprava): 10 pulsu o 1400 mJ/cm2, 50 pulst 01400 mJ/cm2, 200 pulsu o
1400 mJ/cm2, 500 pulsu o 1400 mJd/cm2.

Stfedni fada (zleva doprava): 10 pulst o 1000 mJ/cm2, 50 pulst 0 1000 mJ/cm2, 200 pulst o
1000 mJ/cm2, 500 pulst o 1000 mJd/cm2.

Dolni fadek (zleva doprava): 2000 pulst o 80 mJ/cm2; 3000 pulsti o0 80 mJ/cm2, 4000 pulsu
o0 80 mJ/cm2, 5000 pulst o 80 mJ/cm2.




30 microns

Bavinéna viakna po 200  Bavinéna vlakna po 3 Bavinena vlakna po 500
pulsech o 320 mJ/cm2. pulsech o 1400 mJ/cm?2. pulsech o0 40 mJ/cm2.

Excimer KrF 248 nm




Celuldzova vlakna

Mikrosnimek (elektronovy mikroskop) povrchu bilé baviny: a) pred
ozarenim; b) po 100 pulsech, 1064 nm, 3.7 J/cm?; c) po 100 pulsech, 266
nm, 0.5 J/cm?.




SEM laserem (CO2) ozareného

Inu
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FTIR-ATR spectra Inu:
A) puvodni, B) po ozareni CO2 laserem




Kombinovaneé textilie

Before laser
treatment (x 100)

i

After laser treatment (x 100) Magnifi ed silk surface

Povrch stfibra a hedvabi pfed a po pusobeni
laseru 1064 nm.

After laser treatment(x 100)  Magnified silk surface

Povrch stfibra a hedvabi po plsobeni laseru
532 nm.

After laser treatment x 100) Magnified silk surface

Povrch stfibra a hedvabi po pusobeni laseru
266 nm.




Brokat

Jezdecky oblek (18. stol.)

Cisténa plocha




Povrch zmatnélé stribrné nité pred Stfibrna nit po ozareni laserem
ozarenim laserem




Povrch stfibrné nité pred a po ozareni laserem 532 nm s fluenci 0.6 J/cm™




Stfibrna nit z jezdeckého obleku pred (vlievo) a po (vpravo) laserovém Cisténi pfi
532 nm s 2 J/cm™




Pergamen

Kollagen — hlavni slozka pergamenu (simulace).




Laser baam
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Modelové schéma UV ¢isténi pergamenu a papiru:
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Schéma parametrd laserového ¢Cisténi pro
pergamen (a také papir). Chemicka konverze /
ablace vs. Ig (fluence):

Prahy fluence laseru pro ablaci konaminantu
(proces cisteni) (F; ,) a ablace (F, ),
morfologickych zmeén (F, ., e.g. taveni), a
nevratné chemické zmeény (F .)
Rozpéti fluenci pro nedestruktivni Cisténi lezi
mezi F , a F F se mize shodovats

p,chem* ° p,chem
Fp’m a Fp’th.

b&hem ablace cizorodeho materialu (necistoty, skvrny) z povrchove vrstvy.

po Cisténi.

Pouziti fluence pod abla¢ni substratu dovoluje ,,etch-stop* a zachovani materialu.

g F

pergamenu.




F[Jcm? F[J cm™]
0 0
0.38 0.86
0.55 1.14

Elektronova micrografie recentniho pergamenu.pro lasery A = 308 nma A = 1064 nm.




DRIFT (difusni reflectancni
infraCervena FT
spectroskopie) starého
pergamenu pred a po
ozareni laserem

0.38 J cm=2, A = 308 nm.

DRIFT (difusni reflectanc¢ni
infraCervena FT
spectroskopie) spektra
pergamenu (c) a pfislusné
zmény pusobenim laseru
308 nm a F=0.4 J/cm? (a),
F=0.8 J/cm? (b).
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Staré pergameny mohou byt CiStény bez patrného
poskozeni, pokud je fluence laseru pod ablacni
mezi, jejiz hodnota zavisi na charakteru materialu
(pro stary pergamen 0.38 J cm=2).

Laserem indukovana autoxidace pergamenu se
objevuje az spolu s morfologickymi zménami,
nad prahem destrukce (taveni a odparovani
materialu). Stari pergamenu znacné ovliviiuje
prah destrukce, nelze proto pfi volbé parametru
laseru pouzivat experimentalni data pro
recentni material.

PUsobeni laseru na stary kolagen vede ke
konformacnim zménam, tj. k okrouhlym
sférickym povrchovym atvarim pfi fluencich
mensi nez ablacni prah. Navic, vyznamny podil
zelatiny ve starem pergamenu se odpari pfi
nizSich fluencich nez intaktni fibrilarni kolagenni

matrice.
Electron micrographs of ancient parchment .Laser

treatment at A = 308 nm.

0.38

0.55
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Celuloza.

Left : struktura celulézy s vodikovymi mustky
Right : fibrily papiru (SEM).




1. “ochmyreni’ povrchu papiru zplsobené razantnimu vypuzeni ¢astic, lezicich mezi
fibrozni  strukture ktera vede k ,najezeni” viaken.

2. “tenceni” tloustky papiru v dusledku odablatovani materialu.
3. “zuhelnaténi’ nebo “karbonizace” papiru dusledku laserového zhareni.

4. “Zloutnuti’ nebo diskolorace povrchu papiru.

2000
-

2800 -
Bezprostredni vliv zafeni excimerového = 5700
(308 nm) a Nd:YAG (532 nm) laseru pro = |
razné fluence na stuper polymerace | wavelength (nm
(degree of polymerizatio, DP) celulézy 600 4 =0 308
(Whatman). 1 —0— 532

H[m  S————— i —— —

iy 0.2 0,4 0.6 0.8 [
fluence (Jem)




CENTRO DE RESTAURACION DE BIENES CULTURALES

JUNTA DE CASTILLA Y LEON
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Papir vykazujici oxiudaci v disledku laserového zafeni.




Drevo

Cellular compaosition of wood

Fais .‘.

ray cells
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Fig. 3. Threshold values for layer removal and wood damage for the Nd:YAG laser
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Rimska fise, cca 2. stol. n. I.

The structure of
sodalime-silica Noat glass




Pavodni sklo z katedraly v
Erfurtu se silnou korozni
krustou; Cisténi probihalo v
levé Casti

Sklo necisténé (SEM
prufezu)

Sklo chemicky
Cisténe, pasta s
uhliCitanem amonnym
(SEM prifezu)

Sklo cisténé
laserem: vlevo s
0.75 J/lcm2 a 50
pulsy; vpravo s 2.0
J/cm2 a 200 pulses
(SEM prlfezu)
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Nerve and
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LIBS

Linearni sken poméru obsaht Mg a Ca.
Rostouci obsah Mg jasné identifikuje Casti zubu
zasazené kazem.
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Nd:YAG, Er:YAG, a CO2 laserem ozarena sklovina: SEM images, (b) depth
profiles, and (c) 3D images. Note that the depth scale in (b) of Er:YAG is 10
times larger.
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Ablace kosti (—), dentinu (— — —) a cementu (——): hloubka krateru na puls (m)

versus fluence na puls (J/cm2) pro frekvence 5 a 10 Hz. (a) 1 Hz, 100 s (100 pulsu);
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U

[

5
pot
=

e

P
w

Intensity (a.u.)
S

Phosphate non-irradiated

Collagen

| | 1
1000 2000 3000

0
Wavenumber (cm'l)
[x10°]60F
S
% Co
2
g Nd:YAG
=20
Er:YAG
0 | | |
0 1000 2000 3000

Wavenumber (cm'l)
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Figure 7. Raman spectra of (a) nonirradiated and (b) laser-irradiated
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Malba na drevé, 21.dynastie.
Mumie z Bab el-Gasus (darované
caru Alexandru Ill v roce

1893). Pfitomen lak plvodni i
recentni.

Viola, recent




dammara

Laky jsou obvykle tetracyklické nebo pentacyklické organicke latky s
karbonylovou nebo hydroxylovou skupinou. UV zareni je nékterymi funk&énimi
skupinami laku a jejich deradacnich produktu silné absorbovano a pokud
ablace produkuje reaktivni radikaly a ionty muze dochazet k fotooxidaci.
Chemické rozdily byly zjistény mezi damarou a mastixem pfi ozarovani vinovou
délkou 248nm, protoze damara vykazuje pfi 248 nm mnohem slabsi absorpci
nez mastix. MUzZe dochazet i k depolymerizaci nebo zesitovani (cross-linking).
Ukazuje se, ze odstranéni 10-15 ym z degradované povrchove vrstvy laku
nezpusobi zadné poSkozeni zbylého filmu.
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Laser Fluence (J/cm’) FIGURE 7.4 Ablation rate (a) and ablation efficiency data (b) of a naturally aged unknown

FIGURE 7.3 Ablation rate (a) and ablation efficiency data (b) of artificially aged dammar resin using laser pulses of 25 nsec, 5 psec and 500 fsec duration (A, = 248 nm). The error is
resin using laser pulses of 25 nsec and 500 fsec duration (A; = 248 nm). less than 10%.
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FIGURE 7.8 GC-MS signal ratios as a function of removed layer thickness using KrF excimer
laser at fluence 0.3 J/em? (a) and 0.8 J/cm? (b).
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FIGURE 7.2 Ablation rate (a) and ablation efficiency data (b) for four different complex
polymerized materials using KrF excimer laser. The error is less than 10%.




Pigmenty

Pritomnost barviva zvysuje ucinek ablace v UV oblasti, a zmény absorpcnich
charakteristik a termického chovani laserového procesu vedou casto ke
zmene zbarveni CiSteného objektu. To musime vzit v uvahu, pouzivame-li

laserovou desorpci jako metodu cCisteni.




Olovnate pigmenty

Atormic number

P b - Syrnbal

Lead - Marme of element
2072 - dtornic weight

2-8-18-32-13-4

|
Electron
configuration




Olovnata béloba
(Lead white, basic lead carbonate)

Primym zahfivanim na nizSi teploty (nad 700 °C) pfechazi na Zluty massikot (lead
monoxide, PbO). Plsobeni Nd:YAG laseru bylo pozorovano do¢asné z€ernani, trvani
barevné zmeény uzce souviselo s mnozstvim energie dodané laserem (nékolik hodin az
dni). Napf. 1 puls s fluenci 300 mJ/cm? zpUlsobil vznik nasedlé sk
8 h.

Laserem indukovana discolorace olovnaté beloby.

V horni fadé (a) jsou stopy tésné po ozareni
laserem, v dolni Fadé (c) stopy den po ozareni, ve
stfedni (b) stopy den po ozareni v pritomnosti vyssi
koncentrace kysliku.




STEM neozareneé (a, b, c) a laserem ozarené (d, e, f) olovnaté beloby (2PbCO,
Pb(OH),) zvétseni x5 (a, d), x15 (b, e) a x50 (c, f) tis. Oba povrchy jsou velmi
podobné, bez zjevnych rozdild.




Massikot
(PbO) ma velmi vysokou teplotu rozkladu (nad 1 000 °C). Laserové zafeni zpUsobilo

definitivni a radikalni z€ernani povrchu. Vysvétlenim muaze byt redukce PbO na kovové

olovo.

Laserem indukovana discolorace
massikotu.

Vlevo: stopy bezprostfedné po ozareni

Vpravo: stopy den po ozareni v
pritomnosti vysSi koncentrace kysliku.




STEM neozareneho (a, b, c) a laserem ozareneho (d, e, f) massikotu (PbO),
zvetSeni: x10 (a, d), x30 (b, e) a x50 (c, f) tis. Utvary na (e a f) jsou s nejvétsi
pravdepodobnosti globuly Pb.




Mechanismus diskolorace

Laserovou ablaci se nad povrchem vytvafi plazma, zpusobuijici lokalni ubytek kysliku
(a). Vznikaji priznivé podminky pro rozklad PbO na prvky. (b). Po odeznéni pulsu a
rozptyleni plazmatu muaze zpétna oxidace vést k opétovnému zabarveni (c).




Surik

minium (Red lead, lead tetra-oxide) je svétle Cerveny pigment, ktery Ize pfipravit
zahtivanim (za urcCitych podminek) olovnaté béloby (PbCO,). Je to velmi toxicky
pigment, vhodny hlavné pro olejomalby, ve vodovych barvach a freskach ma tendenci
tmavnout. Pfimé zahfivani vede k jeho pfeméné na Zluty massikot. Pusobeni laseru
vede ke vzniku Cerné povrchové vrstvicky, podobné jako u olovnaté béloby, ale
pomaleji.




Ostatni olovnate pigmenty

Lead chromate nebo red chrome (Pb(OH)2 - PbCrO4)2
pod zarenim 248 nm lead chromate od 0.25 J/cm2 Cerna, nad 0.375 J/cm2
jsou Castice pigmentu odstranény

Naples yellow (BiVO4, Pb(SbO3)2 or Pb(Sb0O4)2)

V&b ol 4

(redukce) je dusledkem fotochemické reakce

Chrome yellow (PbCrO4)
redukce podobneé jako u Neapolské zluti. Pri 1064 nm pigment reaguje jen
slabé, zatimco pusobenim 248 nm zcCerna.




ty
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A 4
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Zluty okr (hlavn& FeOOH) a pfirodni siena (goethit, FeOOH) maji podobné vlastnosti:
zahrivanim prechazeji na hematit (Fe,O; ), ktery ma charakteristickou tmaveée
¢ervenou barvu. Dusledkem pUsobeni laseru (po 2 az 3 pulsech 300 mJ/cm?) je pouze
mirné ztmavnuti.

Palena siena (hematit, Fe,O;) ma velmi vysokou teplotu rozkladu (pres 1 500 °C) a
zihani vede pouze k prechodnému ztmavnuti. Pasobeni laseru vedlo k mirnému
ztmavnuti (po 3 pulsech 300 mJ/cm?).




Mednate pigmenty




Malachit (bazicky uhliitan médnaty, CuCO,-Cu(OH),) je povazovan za stfedné
stabilni a staly pigment. Nebyva ovlivhén silnym svétlem a teoreticky se oCekava
zCernani v kontaktu s pigmenty obsahujicimi siru nebo vlivem atmosfery.
Plvodné svétle zelena barva zacina tmavnout pfi teplotach nad 200 °C, pfechazi
na zlutou/nazelenalou (pfi 300 °C) a nakonec z€erna (nad 600 °C). Ozarenim
Nd:YAG laserem malachit tmavne, ale potfebuje vic nez 10 pulst aby z€ernal.
Tmavy prasek je tvoren hlavné Cu,CO,(OH), , zatimco Cerny hlavné CuO. Po
ozarfeni méni nastalo barvu, uhli€itan a hydroxid se méni na ¢erny CuOQ, ktery je
zfejmeé zodpoveédny za zmenu barvy. Barevna zména malachitu muze byt také
dusledkem zmény na tenorit (CuQO) a kuprit (Cu20).

Verdigris (Cu(C,H,;0,),H,0) nevykazuje Zzadnou
barevnou zménu pUsobenim laseru. ZvySovani fluence i
poCtu pulsu vede spiSe ke Stépeni pigmentu nez k
diskoloraci.




Rumelka

(vermilion, mercuric sulphide) se v pfirodé vyskytuje jako cinnabarit. Je stabilni vuci
alkaliim i vétSiné kyselin, nereaguje s ostatnimi pigmenty, ale rizné se méni pusobenim
svétla.

Tmavnuti rumélky je svétlem indukovany jev, kdy Cerveny hexagonalni
cinnabarit (a-HgS) je transformovan na metastabilni Cerny metacinnabarit (a’-HgS) . Na
rychlost této transformaci maji vliv velikost Castic, vihkost, druh pojiva a predevsim
doba expozice.

PlUsobeni tepla vykazuje pfechodnou zménu na tmavé ¢erveno-fialovou mezi
200 a 350 °C a stalou do &erna pfi teplotach nad 356 °C. Cerveno-fialovy produkt je
stale a-HgS, zatimco Cerny a’-HgS. Naopak, laseru vystavené vzorky se kompletné
zbarvily do ¢erna s kovovym vzhledem. Jde patrné o dusledek vzniku ¢erného Hg2S.

Rumeélka je velmi citliva na infraCervené zareni i kdyz jsou pouzité fluence
velmi malé (50-100 mJ cm—2). Discolorace je velmi zfetelna a stald, v produktu jsou
zastoupeny redukované stavy Hg,S a kovova Hg. Drive se predpokladala hypotéza o
polymorni transformaci Cerveného hexagonalniho cinnabaritu, a-HgS, na Cerny kubicky
meta-cinnabarit, a'HgS — ta se nepotvrdila.




STEM ozarené (a, b) a
laserem neozarené (c, d)
rumeélky (HgS) zvétseni
x20 (a, c)a x50 (b, d) tis.

Pri laserové ablaci se neméni tvar krystalu — to ukazuje ze nedochazi k transformaci
cerveného hexagonalniho HgS na Cerny kubicky HgS. Za podminek laserové ablace
intenzivni tepelna zména a nedostatek kysliku v disledku vzniku plazmatu, je HgS
rozkladan, sira se uvolnuje a redukuje se elementarni Hg.




Vliv Nd:YAG zareni na surik (a); olovnatou bélobu (b); masikot (c) a rumélku

(d);
Nahofre: stopy laseru bezprostredné po ozareni (2 pulsy 300 mJ)

Dole: stopy laseru po 1 tydnu




Ostatni pigmenty

Zinkova béloba (ZnQO)

Pozorovano zesednuti vlivem laserového zareni, nejspis
v dusledku redukce ZnO na Zn. Diskolorace se méni
zpét na bilou za tyden. Pro fluenci 0.6 J/cm2 (at 1064
nm) je popsana diskolorace na hnédo/Sedou.

Titanova béloba (TiO2)
Barva pigmentu pfechazi na modrosedou pro 0.6

J/icm2
(at 1064 nm). Discolorace muze byt zplsobena bud
zvétSenim Castic pigmentu nebo rozkladem oxidu.
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Organicke P
pigmenty

Morenovy lak (Al-Ca komplexni sul
alizarinu)

PUsobenim laserového zareni se barva
meéni pusobenim laserového zareni

z Cervené na bilou. Tato diskolorace
byla pozorovana pro vSechny vinoveé
délky Nd: YAG laseru kromé 1064 nm
kde byl prah vyssi. Chemické vysveétleni
tohoto jevu chybi.

Kurkumin (C21H2006) g
Zustava prakticky nezménén pod UV <

laserovym zarenim (248 nm) pro nizké L
fluence (0.11 J/cm2). Pro vyssi fluence, P31 e s
(0.4 J/cm2) vykazuje pigment slabou |- i -

. . T e
diskoloraci. G G
HO OH




Mikroorganismy

Fruchtkérper ©

Hyphengeflecht = Mycel




Likvidace

mikroorganismu

Epifluorescencni obrazky
bakterialnich kolonii v
biofilmech

(po obarveni 0.01% akridinovou oranzi).

(a)
(b)

(c)

(d)
(e)

()

sklo neozarené;

sklo 10min ozarené fluenci
0.05J/cm?2;

sklo 10min ozarené fluenci
0.1J/em2;

titan neozafeny;

titan 10-min irradiated with fluence
0.05 J/ecm2;

titan 10-min irradiated with fluence
0.1 J/em2.




Filamenty Fusarium oxysporum na papiru.

SEM. 124x

Vlakna papiru po Cisténi barvivovym
laserem. Zabarveni sice nezmizelo,
plisnoveé filamenty vSak ano, jsou
patrné | 5-10 pm dirky, kudy pronikaly
do papiru. SEM. 124x




Penicillium notatum. Spory na papiru (SEM),
232x

VlIakna papiru po odstranéni spor

Penicillium notatum pomoci Nd: YAG
laseru. Vlakna jsou témér identicka s
vlakny puvodniho papiru. SEM. 216x




\ &,
N \\ T e = | SEM views of Scops owl eggshell
/ Ny VISE detector e surface. The cuticle in this sample
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Vyuziti chemickych latek pri
laserovem cisténi

= latky pridavané jako matrice, ucastnici se na Cisténi vyuzitim
laserového plazmatu.

Pozor! Tyto latky mohou mit vliv nejen na prubéh ablace, ale také
dlouhodobegjsi nasledky. Rozpoustedla a kyseliny mohou poskozovat
fragilni substraty, a zbytky matrice nebo zbytku po Cisténi mohou mit

dlouhodoby Skodlivy efekt.




Kapaliny (rozpoustédla a slabé kyseliny) mohou usnadnit odstranéni skvrn z
textilu, pergamenu a papiru. Mechanismy jsou rtizné, vcetné odpareni
(steaming) a laserem indukované disperze v kapaliné i plynné fazi, a zvySeni
reaktivity v kapaliné za zvysSenych teplot. (odstranéni inkoustu, tuhy a sazi z
textilu a papiru pomoci laseru a rozpoustédel a rzi z celuldézy pouzitim laseru a
kyseliny Stavelove).

Bavinéna latka s skvrnami od rzi.
Skvrna nahofe vlevo, ktera byla
puvodné kompletnim kruhem, byla
casteCné odstranéna laserem
(532 nm) za pfitomnosti roztoku
kyseliny Stavelove.




Reaktivni plyny jsou uzite¢né vytvarenim urcitého typu atmosféry, usnadiujici
odstranéni degradovanych nebo zmatnélé povrchy napr. stribra, podporou
elektrochemického naruseni matné vrstvy. (ablace tékavych slozek a moznost
Cistit i fragilni povrchy).

Daguerreotypie pred a po Cisteni laserem indukovanym vodikovym plazmatem.




Monitorovani procesu
laseroveho cisteni

| never should have ha trendy laser surgery. It

was great at first but; you know, at the ten-year
mark your eyes fall gut.
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Molekulove pasy

Spojeni s Ramanovou spektrometrii

LIBS

v

CN

:

Ca(l)

l

i

C,

J(

) W
M Y\ A
3I50 460 4I50 | 560 5|50
Anm)

Fig. 6. Evolution of LIBS spectrum with the number of pulses
during the removal of black paint on wood: (a) pulse 1, (b) pulse 2,

(c) pulse 4, (d) pulse 7 and (e) pulse 9. Irradiation wavelength:

308 nm.
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Fig. 1. Experimental set-up for detection of the scattered radiation during laser cleaning.
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Fig. 3. Acoustic emission intensity as a function of laser fluence in the laser treatment of an oxidised copper
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Schematic diagram of the experimental set-up used for the LIBS experiments and for the photoacoustic measurements.




Sledovani akustickeho projevu
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Fig. 2. Acoustic waves emitted from an oxidised copper substrate under laser irradiation from the first to
the fourth pulse, respectively.




Zarizeni na laserove cisteni
umeleckych artefaktu










Figure 6.

The laser system developed for the cleaning of paper and parchment is organised in a closed box, providing
maximum safety of operation. The set-up includes besides the laser imaging systems and a positioning table.




Povrchove upravy




Nitridace a karburizace povrchu
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Naprasovani povrchovych vrstev
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Natavovani povrchovych vrstev
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Zmeny fyzikalnich vlastnosti
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Zmeny fyzikalnich vlastnosti

Vytrvrzovani polymerniho
materialu pusobenim UV

laseru
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Fig. 11. Simplified photochemical modification scheme of irradi-

ated PMMA.
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Zmeny fyzikalnich vlastnosti

Prechod sol-gel

(Nd:YAG, CO; Laser)
OPTICAL SYSTEM
Lens
System
Micro
Computer [ Sol gel coating
Substrate

Trigger

XY translation stage

Fig. 1. Experimental setup of the process




Obrabeni laserovym paprskem
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Figure 1. The range of processes.




Rezani laserovym
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Ryti a leptani
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Svareni laserovym paprskem
(laser welding)

Svarovani ruznorodych materialu

Navarovani malych soucCastek




Analytické aplikace laseru




Vzorkovani
maleb
laserovym
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Er:YAG laser
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LA-ICP-MS
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Aplikace LA-ICP-MS
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Malba na
keramice

Laser pattern

Fig. 5. Post-ablation photograph showing line pattern which has been ablated across the slip-decoration boundary of a Mimbres pottery sherd
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Fig. 6. Elemental scan showing replicate analyses over time as laser pattern is ablated across white slip to black decoration border

on a Mimbres pottery sherd
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Fig.9 Concentration profile for an iron bloom sample from Mont
. : . . . . . Chemin (Switzerland), compared to the concentration profiles in
Fig.1 Optical microscopy view of a cross-section of an iron . - . ..

. . . the Develier-Courtételle samples, showing low values for Ni in the
bloom fragment embedded in a synthetic resin Mont-Chemin sample
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Fig.10 Plot of the Cu/As-ratio versus Co/Ni-ratio in archaeologi-
cal iron samples from Neftenbach (Roman), Wartau (Celtic) and
Develier-Courtételle (early medieval), measured by LA-ICP-MS




Analyza zubni
skloviny

Age at formation of crown enamel
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Liniové skeny

Plosné skeny
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Dual Mode -
Secondary Electron Multiplier

Electrostatic Sector ESA

Entrance Slit
Acceleration & Beam Focussing
Transfer & Focussing Optics

Plasma interface
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Fig. 2 Lead isotope ratio distribution of the two iridescent Art
Nouveau glasses. Glass T1 consists of two layers of approximately
equal thickness (coloured green and blue, respectively). Error bars
represent total combined uncertainties (k = 1).
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Fig. 3 Lead isotope ratios of Ephesos glass samples after external mass bias correction via the NIST SRM 610 glass reference material. Error bars
represent total combined uncertainties (k = 1). For sample description see Table 1.




Ostatni aplikace

Kovove predmety (provenience, technologie)
Rukopisy a malby (pigmenty)

Keramika a porcelan

Drahé kameny (provenience, napodobeniny)




Laserova mikropyrolyza

Nd:YAG 1064 nm
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Fig. 1. Laser pyrolysis GC-MS chromatogram of volatile organics from native pig muscle, irradiated
with a CO,-laser (10 W, 1 kW cm 2, aerosol sampled on carbotrap adsorber, desorption with carbon
disulfide, on-column injection).
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Analyza pigmentu

Pruska modr

iz Assignment Fe oxidation states
108 Fe(CN) i

124  Fe(QCNYCN)~ 41

134  Fe(CN)7 +2

150  Fe(OCNYCN); +2
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190 Fes(CN)y (+1, +1) or {0, +2)
206 Fex(OCNYCN);  (+H1,+1)or (O, +2)
216 Fey(CN)i (+1, +2) or (0, +3)
222 Fex(OCNR(CN)Y™  (+1, +1)or (0, +2)
242 Fea(CN)s (+2, +2)or (+1, +3)
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Pigmenty v
iluminovanych
rukopisech
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Figure 5 (a) A negative ion LDMS spectrum of the red inkldye region of the Qur’an sample. (b) An expanded view
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Akrylatove barvy
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Fig. 11. Laser desorption ionisation mass spectrum of Winsor and Newton Finity ‘Permanent Green Light’ acrylic paint. The paint was painted on
cellulose TLC plate surface and after drying analysed directly by LDI-TOFMS using a nitrogen laser at 337 nm.




MALDI-TOF

Desorpce a ionizace dusikovym laserem (337.1 nm) za pfitomnosti matrice
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Analyza fosilnich
proteinu

,,Peptide mass fingerprint osteokalcinu
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|dentifikace [ #=
keratinu

Hmotnostrni spektra 1400 to 1700 Da viny jaka (A)
a kasmirskeé kozy (B) (rozklad trypsinem).
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|dentifikace organickych pojiv v malbach

Relative intersity (%)

Triptych Benedetta Bonfiglivho, Madona s
ditétem, sv. Jan Kftitel.sv. Sebestian (XV. stoleti).
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MS/MS spektrum dvojnasobné nabitych
iontd m/z 714.82, z hydrolyzovaného
extraktu z triptychu Benedetta Bonfigliho.
Pfitomny jsou fragmenty y and b
fragmentu peptidu lysozymu 52-63
(FESNFNTQATNR).

Zaver:

jako pojivo byly v
triptychu Benedetta Bonfigliho
pouzity vajeCny bilek a zloutek
triptych.

MS/MS spektrum m/z 402.28, z
hydrolyzovaného extraktu z triptychu
Benedetta Bonfigliho. Pfitomnyy a b
fragmenty peptidu vitellogeninu Il 50-53
(AGVR).
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Degradace
historickych
laku

Fotochemicka degradace
pfirodnich triterpenoidt pouzitych
jako laky

Hmotnostni spektra laserové
desorpce/ionizace dammaru
(nahore) a mastixu (dole) na
grafitu.
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Ramanova spektrometrie

MIRROR 2

LASER |3 ’ ﬁ?—) MIRROR |
SAMPLE /

LENS

ANALYZER PMT

Nd:YAG 1064 nm
He—Ne 632.8 nm




Princip Ramanovy spektrometrie
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Ramanova mikroskopie




Ramanova mikroskopie maleb

Portrét mladika (neznamy severoitalsky
malifr, cca 1515)

Faint layers

Imprimatura

Raman inengiiy
at 1017 e

A
N

50 pm

Faman in tensity
al 1008 cm- !

Ramanovské mapy vzorku S llb.
(a) opticky obraz, (b) anhydrit, (c) sadrovec
(gypsum).




Ramanova
mikroskopie

mikrofosilie
v jurskych
rohovcich
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Fig. 1. Optical images (column 1), Raman images (column 2), and spectral bands used for Raman imaging (column 3} of permineralized carbonaceous fossils
at or near the upper surfaces of polished chert thin sections: (A) Cell wall in the conductive tissue (lignified xylem) of an aquatic fern cf. Dennstaedtia from the
essentially unmetamorphosed ~45-Ma-old Clarno Formation of Oregon. (B) Tangential section of the tubular sheath of a Lyngbya-like oscillatoriacean
cyanobacterium in a conical stromatolite (Conophyton gaubitza) from the subgreenschist facies =650-Ma-old Chichkan Formation of Kazakstan. (C) Transverse
cell wall of a broad cellular trichome (Gunflintia grandis), and (D) a narrow prokaryotic filament (G. minuta), in domical stromatolites of the greenschist facies
~=2,100-Ma-old Gunflint Formation of Ontario, Canada. Each Raman image was produced by combining several hundred pixel-assigned point spectra (“spexels”),
like those shown for each specimen in column 3, acquired over a small square part of the total area analyzed. The resolution of the Raman images is defined
by the pixel dimensions of their component spexels; for A-C, 2 um per pixel, and for D, 0.5 um per pixel.




Raman + FTIR mikroskopie
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Konfokalni
mikroskopie

Svételnym zdrojem je laserové zareni. Konfokalni
mikroskop poskytuje mimoradne ostry, kontrastni, vysoce
informativni obraz s vysokym rozliSenim. Struktury
nachazejici se nad a pod rovinou fokusace nemaji témer
Zadny vliv na kvalitu obrazu. Hloubka ostrosti je vzdy
minimaini.

Detektor
(fotonasobié)

|Dirkova clona

LASER

Polopropustné
zrcadlo

Radkovaci
| Jednotka

VZOREK
Obr. 2. Schéma konfokalniho zobrazovaciho systému

CM 3D Mikroskopicky snimek vlakna mohéroveé viny (Turecko) —
objektiv 100x a 2nasobny zoom




Konfokalni Ramanova mikroskopie
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: o Spettrografo
Beam Splitter 5
; B :2 7 Reticolo
Filtro Motch 1 - l

8Dia framma +
Confocale
Camern

100x

NA09 | Obiettivo Micrascopio
I CCD
130°

Clmpnnz da analizzare

Figure 3. Scheme of confocal Raman apparatus.
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zarizeni pro
Ramanovu
spektrometrii

M : 95% propustné zrcadlo pro vizualizaci plochy
kamerou (Ca).

HNEF : holograficke filtry odrazejici laserovy paprsek
a propousti ramanovsky posunuté zareni (Stokes)

F filtry pro anti-Stokesovskou €ast spektra




Analyza nasténnych maleb (kaple Ponthoz.)




Aplikace Ramanovy
spektrometrie

In feld Laboratory
applications Studies
FAMAN
SPECTROSCOPY
|
[dentification Contraband Diageneses

of materals

Sourcing? Real or Fake? Environmental
Deterioration




Analyza lidskych
pozustatku

Analyza vilasu

Kosterni pozUstatky z
vyzkumu z Newcastlu (silné
podmacena lokalita): mékke
tkané rozlozeny, zachovaly se
vlasy.




Intensity/arbitrary units
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Ramanova spektra vlasu z lidského skeletu (pozorovana degradace keratinové tkané),
pfitomnost pasu 1050 cm~' ve spektrech 1 a 2 (archeologické vzorky) je charakteristicky pro
PbCO3, pravdépodobné z olovéné rakve. Vzorek 3 moderni, tmavé viasy.
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Ramanova spektra historickych vzorku vlasl ve vynikajicim stavu zachovani: Robert Stephenson
(1859). A spektrum Stephensonovych blond vlast, B moderni blond viasy.




Analyza zubu
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Figure 3. FT-Raman external enamel normalized spectra of the teeth examined: (A) Bologna, Italy, 0 BP; (B) Sassari, Italy, 150 BP; (C) S.
Agata, Ravenna, Italy, 650 BP; (D) Bagnacavallo, Italy, 1700 BP; (E) Monte Casasia, Italy, 2700 BP; (F) Passo di Corvo, Foggia, Italy,
5800-6300 BP.




Analyza mumifikovanych tkani




FT-Raman spektra

(a)  soucasna lidska ktze (stratum

corneum),

(b)  stratum corneum ledovcového muze
Otziho,

(c) perudnska svétle-pigmentovana
mumie,

(d)  gronska mumie (30-letd Zena)
(e) peruanska tmaveé-pigmentovana
mumie.

FT-Raman spektra
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Balzamovani neboztikl

Sarkofagy mumii Khnum-Nakhta a Nekht-Ankha (12. dynastie, cca. 2000 BC).
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Ramanova spektra mumifikované kuze
Nekht-Ankha v rizném stavu zachovani (a)
nahore, Spatné dochovana, (a) dole, dobfe
zachovana a (b) vzorek obsahuijici
mumifikaCni substanci — siran sodny
(natron). Zajimavé je Spatné zachovani
kize v mistech pfitomnosti mumifikaéni

chemikalie.




Ramanova
spektrometrie
pigmentu

Polychromovana socha sv. Anny v
§anta Maria la Real, Sasamon,
Spanélsko (13. stol.).
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Ramanova spektra auripigmentu (As,S,), realgaru (As,S,), mozaikoveho zlata (SnS,) a rumélky
(Hg S).




ry :
O I ta r Z e Pigment Chemical formula  Raman bands cm”
HgS

Vermilion 255,309, 347, 376
, Azurite 2CuCO,Cu(OH), 251,404, 623, 770, 838, 1098
L Malachite  CuCO,Cu(OH), 153, 168, 179, 223, 272, 352, 435, 516, 538,
San AntOI N y 722,755, 1062, 1100, 1372, 1496
Lead White  PbCO; 409, 1054

Lapislazuli Nag[AlgSicO24]S8, 258, 286, 545, 581, 802, 1097, 1358, 1642

San Bernabé” Massicot PbO 286, 384, 419

Gypsum CaS042H,0 182, 216, 416, 495, 623, 673, 1009, 1140

Table 1. Chemical formula and Raman band observed (in em”, wavenumber) of
the identified pigments.
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Fig. 5. The Raman spectra of the pictorial materials obtained from the “San Antolin y San Bernabé”
altarpiece. The axis are Raman intensity and wavenumber (cm™).
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Ramanova spektra (a) orthorhombicky masikot, (b) tetragonal klejt (both PbO), (c) sutik (Pb;0,).




|dentifikace pigmentu na keramice

Ramanovo spektrum Cerné malby na
cernobilého stfepu (Ancestral
Puebloan) z Wallace Ruin, Colorado.

saze, ,carbon black® (1584 a
1341 cm™)

magnetit (hlavni pas pfi 672 cm™)




Rozpoznani
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Fig. 2. FT-Raman spectra of the v(CH) stretching region,
2600-3300 cm ~' (Nd**/YAG laser excitation at 1064 nm,;
nominal laser power, 50 mW; spectral resolution, 4 cm ',
2000 scans accumulated).
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Fig. 3. FT-Raman spectra of calcium oxalate ¢ monohydrate
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1064 nm excitation.
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LIBS

Analyza slozeni artefaktu

Monitorovani laserového ¢isténi
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modr. VInova délka laseru 266 nm.
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(Cd0.9Z2n0.1S'BaS04) a (b) chromova zlut

(CdSe03S07) a (b) rumélka (HgS).
VInova délka laseru 1064 nm.

(PbCrO4). Vinova délka laseru 1064 nm.
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Daguerrotypie
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Fig. 3. LIBS spectrum obtained from the daguerreotype shown in Fig.

1b indicating the presence of lead within the silver plate.

Gold paint

Fic. 1. Mid-19th century daguerreotypes portraying (a) a man and (b)
a woman wearing gold rings on her right hand.
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Fig. 2. LIBS spectra obtained from the daguerreotype of Fig. 1a fol-
lowing irradiation of the same point on the surface of the plate with
three consecutive pulses. Each spectrum corresponds to a single laser
pulse indicating the variation in species concentrations through the very
top layers of material.
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Malovana omitka, Théby (Recko).




LIBS spektra malovanych omitek
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Fig. 4. LIBS spectra of Minoan metal samples obtained: (a) on the
flat face of copper rivet; (b) on the outside of metal pin; (c) in the
core of the same metal pin.

Fig. 5. LIBS spectra from: (a) Byzantine metal ring; (b) Minoan
metal chisel; (¢) Minoan golden bead.
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LIBS prokazal stopy stiibra na dfevéné rukojeti bronzové dyky
(Nd:YAG laser, 1064 nm, 15 ns puls, 3-5 mJ per pulse).

LIBS rukojeti dyky z ostrova
Pseira (late-Minoan period,
cca 1600 BC).




Vyrobni technologie bronzu
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Fig. 1. Concentration change of Si, Al, Ti and Mn during the encrustation removal
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coloured paper region; plasma induced by a 355nm laser.
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Fig. 5. Emission spectra of a fresh white coral sample in a low pressure plasma of 1.3 kPa in the wavelength region between (a) 220 and 290 nm, (b) 370 and 440 nm,
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LIF spectra of unvarnished
tempera systems taken at a
resolution of 1 nm with a laser
fluence of 1.2 mJ cm-2:

(a) zinc white,

(b) cinnabar,

(c) Naples yellow, and
(d) lead chromate.

The exciting laser wavelength is
248 nm.

(e) UV fluorescence image of a
cross section of an unvarnished
laser-ablated region of a Naples
yellow tempera sample.
(Magnification is 500).
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