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IInyn aktwvoPoriog A&lep

(LASER: Light Amplification by the Stimulated Emission of Radiation)

* H axtivoPoiia Aéilep mapdyetor AOY® €E0VOYKOGUEVIG EKTOUTNG POTOVIOV
o€ &va, evepyo puéoo (0£p1o, vYPO M| 6TEPED) TO 0Moio dieyeipeTan (avTAgita)
OTLTIKMG 1) NAEKTPIKAG.

* 'Eva Aé1lep xataokevdleTon pe TV TonoHETNG™ TOL EVEPYOD NEGOV LETOED
2 KotomTpwVv (KOLOTNTA), N amdotoon LETaED TV omoimv (cuvibmg) sival
aKEPALO TTOAAUTAGGIO TOV WGOV-UNKOVE KOUOTOS TNG aKTivoBolac.

AvtAnon

| Evepyo viko I d=nA/2, n=1,2,3...
< d >

Kvpuotepa yopokTnplotikd Tov A&lep

1.

W

Kotevbuvikotnto onA. 1 wikpr) amokAion g 0éocuns. Emeon (cuvnbwg) n
axtivoBoiio Tnydletl omd o ToAd KaAd evBuypapUIGUEVT) KOIALOTNTO .
Movoypouatikdémta: [ToAd KaAd TpocdopIcUEVO UNKOC KOUOTOG,.

YynAn évtaon (1oy0c) ONA TOALE @oTOVIO 0vE LovEada EMPAVELNS OVE YpOVO.
>vupovio (Coherence) oni. 6Ao o, KOLATO TOV QOTOVI®MV TOV EKTEUTOVTIOL
Eyouv TNV 1010 Ao 5




Iotopika otorycia

* 1917 - Einstein suggested possibility of stimulated emission.

« 1958 - Shawlow and Townes outlined conditions needed to amplify stimulated
emission of visible light waves.

* 1960 - Maiman made first ruby laser, with light output at 694 nm.
* 1961 - Javan constructed the HeNe-laser.
« 1962 - Hall et al. discover the GaAs semiconductor laser.
* 1963 - Patel obtained laser action in CO.,.
* 1964 - Geusic and Marcos build the first Nd:YAG laser
- Bridges obtained laser action in Argon-lons. (Ar* laser)
« 1970 - Basov demonstrated the first excimer laser (Xe,).
* 1975 - Ewing and Brau reported laser action on KrF an XeCl.
* 1985 - Matthews and Rosen demonstrated first x-ray laser

« 2001 - Papadogiannis, Charalambidis produce attosecond laser pulses



To mparro laser Ruby Laser: Cr*3:AlLO,

Theodor H. Maiman : 1960, Nature, 187, 493

Energy [eV]
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Trigger electrode Ruby

Fig. 2.1. The first experimental set-up of the ruby laser according to Maiman. The ruby rod
in the middle is surrounded by a flashlamp in form of a spiral.
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Bacwki] npoivm60con ywa dpaon Aélep: Avaotpopn minbvcuov
ONA. Oa Tpémel pe KATO10 TPOTO VoL EYOVUE UEYAADTEPO TANOVGUO GTN OEYEPUEVN
KOTAGTOOT GUYKPLTIKE Ue TN Pocik).

H oavaoctpon) mAnbvcuod amoitei evépyeto (Avtinon).

Avt 1 dvtAnon emtvyydvetol €ite Le OTOVIO (OTTTIKY AVIANGT) €1T€ LE NAEKTPOVIO
(MAEKTPIKN AVTANOT).
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Xvotipoto A&lep

2NV TPAEN avaoTPOoPT) TANBLOUOV Kol OC ATOTEAECULA QTG Opdon AElep gtvar
eP1KTO va emtevydel e cuotiuata TpLav (3) 1 tecodpov (4) emméomy.

AEN gwvan ekt n mapotripnomn opaong AElep o€ GVOTNUA 000 (2) emMmEIWMV.
(Na artiohoynoete).

emineda Gvrinong emineda avrinong
— 2 peTdnTOON - HETATTOON)
oeyepuévo oweyeppévo
eninedo eminedo
avtinon avtinon l dpaon Aériep
) ) oweyeppévo
dpaon Aicep eminedo
NETATTTMON
Ogperermong
KOTAOTOOT OepererdoNS KOTACTOON
Aélep 3 emmES OV Aélep 4 emmEd OV

Baowkég oepyaoisg ot Aertovpyio TV Adlgp

Amoppopnon axtivoforiog - Aéyepon (a): A+ hv—A* B, 2>
AvBopuntn amodiEyepon (b) : A* > A+ hv A, a b] c

1>
Elavaykacpévn amooiéyepon (C) . A* + hv — A + 2hv B,, | 6

Yvvteieotéc Einstein



Hoapaoderyua : To Aé&lep Aroéerdiov tov Avlpaxa (CO, laser)

N, co,
\Y \Y \V
3 2 1 200
NL(v=1)+CO,(000)— CO,(001)+N.,(v=0) —
v=1 001
A
110
9.6 um 030
10.6 um
CO,(001) — CO, (100) + hv (10.6 pm) 100
020
010
000
v=0 -
N,(v=0)+e" — Ny,(v=1) AvaGTpoOn TANOVGUOV

CO,(001) : apyn amodiéyepon
C0O,(100) ka1 CO,(020) : tayeio amodiEyepon



Avaotpopn win0vopov (Population inversion) < Evieyvon (Gain)

<— L —> I
Evepyoé viko | [2>
< d > [ yia TARPN aT bl Cl
, _ dladpoun oTnv
Nopog Beer : dl (X) =—I (x)adx:> | = I0e 2t KOI)\C')TFr)]Tgr}O, gd)) [1>

Av a<0 (apvnTikn (!) aroppdenan) T01E £X0UpE £vioxuan akTivoBoAiag (gain) aTtnv KOIAGTNTA

a, b, ¢ : amAn KivnTikA Bewpnaon Tou cuaTAUATOC dUO ETTITTEOWV

%z—BlznhVN1+BﬂnhVN2+ N, = (B, :G”hi’ | = pc, p=nhv)
| 4
dn dl
ahv=—0'12|(N1_g—zN2)3&:_012“'\'1_3_;'\'2)
(N —&N )= a 4 <0 N >&N [a va ioxvel a <0 amaiteital g4N,>g,N,
012\ g, 2/ = 2 g, 1 dnA. ANAZTPOQH MAHOYZMQN

Ocwpwvtag B (cm™), cuvteAeaTh ATTWAEIWY EVTOC TNC KOIAGTNTAC TTPOKUTTTE!

_ | o232l ,-B2d _ | p-a2l-
lo2a = 108 € =l

"= a2l +y <0= ANy eqro = L
2Loy,
Apdon Ailep euvoeital o€ KOINOTNTEC JE XAUNAEC ATTWAEIEG, Y 8



Metopdoeig neTald evepyEloK®OV emmEomV (cvvtelestég EINstein)

S RN .
oF b&‘\o 6\@6\}4&\ 0%09\>\)<\“ 2uvreAearég Einstein : By,, By, Ay
§ ¢

2> P = p(v) : Tlukvornta 1oxuo¢ akTivoBoAiac

hN hy .
v AN N

N,, N, : mAnBuouoi (cm3) emimédwyv 1 kai 2

|1> B12p BZ1p A21
Se 0 . . dN; dN,
€ OeppiIkn) I00ppoTTia : & dt 0=-B,oN,+B,,oN, +A, N, =0
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N, 0 9 Nopog
N /B /B Planck
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Xapaxtypietikd axtivofolios 2E1{ep

KatevOvvrikornta (Directionality)

2

AQ(steradians) ~ % ~ (AB)°

|

Alotopn déoung : A (mm?)

Q¢ amOTEAEG O, TOV OAAETAAANA®V AVOKAAGEDV LETAED TOV KATOTTPOV TN
KOWLOTNTOG M evioyvouevn axtivoolia eivar eketvn mTov d1adidETAL KOTOL LI KOC
TOL AEOoVa NG KOAOTNTOG.

Koarta cuvénela n mpokvmrovca dEcun AELep yapaktnpiletal amd vYnAN
katevbvvtikdtnta (highly collimated beam) kot o¢ ek TovToL emMmITPEMEL T
O1dooom TG akTIvoPoAiog (e EMYIoTN amOKAIoT Yol OLALTEPD, LEYAAES
OTOGTAGELC.

10 aitio yio THY OTOKALGN GO TNV 10GVIKH GOYYPOUUIKOTHTO, EIval 1 TepiOioon.

Aoknon

Noa wpocoopicete ) owrtoun dEoung Aéilep, unkovg Koportoc A =500 nm, ce
anootoon 1 Km oamd 1o Aéilep av otnv €£000 TG KOILOTNTOG 1 OIAUETPOS TNG
oéoung gtvon d,=5 mm.

10



Xapaxtypietikd axtivofolios 2E1{ep

Movoypwuatikotnra (Monochromaticity)

Av ko AOYm TS apyns e afePfordotntoc oev ival epiktd va mapayHel 100vVIKOC
LOVO-YPOUATIKY] akTvOBoAia, o1 mnyEC Aéilep mapdyovv LYNANG QUCLATIKNC
«kaBapdtnrocy axtvooAia.

Y10 0porTd, TUTIKEC TIES cLyvoTNTaC Elvan : v = 5X1014 Hz

Tomud pacpotikd gdpoc Aéilep : Av = 1x102% Hz

Me g101kéc e VIKEC emTvyYAveTon LEYPLAv = 1 Hz

Movoypopatikotnto : Av/v = 2x1013

Kevtpikd poOho otnv enitenén vynAng LovOoYp®UATIKOTNTOS TAILEL TO PACLLOL
gvioyuong Tov evePYo VAIKOL Yo TN cvykekpiuévn uetdfaon Aélep (gain profile)
Kot ot pvOuot g koo TOC.

Aoknon

No avalnmoete tAnpoeopieg yia 2-3 eumopik®c drobésiua AElep Kot va
OVOQEPETE TIC TPOILAYPAPES TOVG OGOV APOPA TO PacLATIKO gVpog (bandwidth)
NG eKEMEUTOUEVNC aKTIVOPBOAIOC. Na VTOAOYIGETE YOPOUKTPIOTIKES TILEC AV/V.

11



Xapaxtypietikd axtivofoliac LEilep

Awounxers pvOuoi (longitudinal modes) Tnc kotdotnrag Tov Aéilep

r r I n&:d:nizd:v:nij
Evepyo viako | 5 oy
< d > C
Av=v(n+1)—-v(n)=—
v=v(nel)—v(n)=

Il.y. Eavd=15cmtote Av=10°Hz =1 GHz

H petdPoon petacd tov (000) emmédmy mov EUTAEKOVTIL

otV opdon tov AELEP Exel Eva PaSNATIKO gvpog (gain
profile) to onoio mpocdiopileTan omd T YOPAKINPIOTIKA KO TN
GUVOAIKT] OLOTAATUVGT] TV dV0 KOTOGTACE®DV.

O aplOudS TV SLOUNKOV PLOUOVY TNEC KOIAOTNTOC, TOV
EVIGYVOVTOL KOl CUVEIGPEPOLV GT1 Opaot AELEP gvpiokovTl
OVOYKOOTIKO EVIOC TOL QPUGLOTIKOD EVPOVE TNG LETATTOGONG

T0V A1Cep.
'\ AV

N AC N A,

Apdon
Alep




Xapaxtypietikd axtivofolios 2E1{ep

Awounxers pvOuoi (longitudinal modes) Tnc kotdotnrag Tov Aéilep

C
Ay =—
2d Mlep
CAv A
ALl = — = Av
1% C —~
5 s
AZ:— g_
2d S|
o
O
El
S.
AL=1.37nm - AT
%.
O

kowlotntae ~0.1 mm

Exneunouevn axtivopoiia

Aéopn Nd:YAG

A

Tvéhwva
TAoKiS10L

Rh101/MeOH
méyovg L

580 600 620
Wavelength (nm)

N NAVATAY VA \ [\ &
IWAVE vV MO
WSV VY TNVUANA,
L

585 500 595 600 605 610
Wavelength (nm)

MeBoavoAikd o1dAv L TG OPYAVIKTG
ypowotikng R101 (Podauivny 101)
tomofeTnuéVO HeETAED 2 YLAAV®V TAOKIOIOV
(tlocodvvapel pe KoyeMdo OTTIKOD dPOUOD ~
d) avtieiton pe modpkod Aéilep Nd: YAG mov
eKmEUTEL 6TOL 532 NM e amoTEAEGUO VO
nopatnpeiton Opdon AELep amd T YPOOTIKN
otnv meptoyn Twv 600 Nm pe
YOPUKTNPLOTIKOVS SLUUNKELS puOUOVS pe oA

=1,37 nm.

No tpocolopicOel n avtictoryn Tiur tov ov
KOG KoL 1 OTTIKY] OLOPOUT TNG

Koot Tag, d.

X

C,H HN

=

.

NHC,H,!Cl-

CH,
COOC,H,



Xapaxtypietikd axtivofoliac LEilep

Eyxapaoiol pvOuoi (transverse modes) Ty Kotlotntos tov A&Lep

H koot tov Aéilep @avtalel oav £va TPIeOIAeTATO TTNYAol (PPEATLO)

Ao amd avTég TIC dloTdoElS eivarl kKABETEG oTNV 01EVBVVGOT O1AO0CTS TOV PMOTOC
KOUL 1] KOATOVOUT TNG EVIOONG TEPLYPAPETAL LE TOVG EYKApatovg Tpomovs (TEM, )
6mov M ko | etvor 0 apBpodc TV KouPikdV EMTESOV GTNV KOTAKOPLPT KOl KOl
op1LovTia 01Evduvon avTicToiymG.

O1 AWoELg ToL JO1AGTATOV COUATIONOV GE PPEATIO EIVAL YVOOTEC

LPn(x)z\/fsin nTsz .

anxny (X, y) = Tnx (X)Tny (y)

TEMOO TEMO]. TEMlO TEMll

10 10 10 10
8 8 8 8
L 6 2 6 2 6 2 6
F = = =
2 a8 a8 a8
3 % % %
< < <
> > > >
4 4 4 4
2 2 2 2 q
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
X Axis Title X Axis Title X Axis Title X Axis Title



Xapaxtypietikd axtivofolios 2E1{ep

2oupwvia (Coherence)

H ocvpepovia pidg oéoung A&ep VITOONAMVEL TO OTL TO KOUOTO NAEKTPOLOYVITIKNG
axtivooiiac evpickovtol GE EAGN.

AMG e€outiog TOV TEMEPAGUEVOD PUGLATIKOD EDPOLES AV, 01 OAPOPETIKOV UNKOVLG
KOUOTOC GUVIGTMGEG TNG 0EGUNC AEILEP TEAIKA KOTAAYOUV VO TOAOVTMOVOVTUL
EKTOC PAOTG.

[Tpo@avdc VYNAN LOVOYPOUATIKOTNTO OEGUNG GLVETAYETOL VYNAN CLULPOVIA.

Xpovikn coppovia : O xpovog, 1. , 6 omolog pecorafet £1o1 wote dvo H/M
Kopato [e dapopa cuyvotntag Av va EABovv eKTOC PAGTC Kata vl TANPT KOKAO.
Xpovog cvpeaviag (coherence time) @ T, — 1/Av

H ypovikn coppomvia exppaleton kou pe faon to:

Mrjkog cupgaviag (coherence length) : £, =A%/ AL

Xopwn copeovia (spatial coherence) : Exepdlel ™ ovppovio 6g pid ka0et
OLTOUN TNG 0EGUNG.

Aoknon

No vroAoyicete To UNKOS cvue®viag e Kitptvng ypouuns tov Na, Bswpovtog

orohdrtoven Doppler kot vo to cuykpivete pe 1o avtiotoryo evoc Aéilep He-Ne. 15



Xapaxtypietikd axtivofolios 2E1{ep

Aaunpornyra (Brightness), Ieyvc (Power), Evépyeia (Energy)

o0 axtvoPorioc (Radiant Power): P (W)

Radiance : L=P/AAQ (W/cm? sr) A : Stotoun myng
[Tukvotnto evépyerog (Radiant energy density) : p  (J/md)

docpotiky TokvoTTa 1Y00o¢ (Spectral power density): P(v) (W/Hz)
Aaunpdmro, (Brightness) : B, = P(v) /AAQ Av  (W/cm? sr Hz)

doopoticy évtaon (Intensity) : I(v) = P(v) /A Av  (W/cm? Hz)

HMog : B(580 nm; 5800 K) = 1,5x1012 W/cm? sr Hz

Aéllep He-Ne, P=1 mW  B(632,8 nm; Av=1x10%Hz) =~ 25 W/cm? sr Hz

Evépyeto marpov Aélep (pulse energy) : E = IP(t)dt (J)
Ioybg moApot (Peak power) : P = E/At At : ypovikd évpoc marpod (FWHM)
Pon woyvog (Irradiance, Power density) : I = P/A Acknon

ST _ - No emBefourwcere o
Pon evépyeag (Energy density) : F = E/A OTOTELEGLOL TV OVOTEP®
A : drotoun axTivoBoAoDUEVNG EMLPAVELNG VIOAOYIGHAV TOV TV PO




Tomow A&rlep

Agpiov (Gas lasers)

Yypov lypootikég (Dye lasers)

Y1epedc katdotaong (Solid state lasers)
Huayoyov (Semiconductor diode lasers)
Xnuwkd laser (Chemical lasers)
Xpopatikav kévipov (Color center lasers)

EXev0épwv niextpoviov (Free-electron laser)

Epyaotnpikn Ac@alrero kato T yprnon A&lep

210 TEAOC TOV OL0PaVELDV TTopoTifeTOL
TOPAPTNUA OTO 0010 avapEpovtor OEpata Kot
KOVOVEC ao@aAOVG ypnong Aélep

17



EvepyO UALKO TunogKatnyopia MnKog KOpLaTOG

F2

ArF

KrF

XeCl

N,

Organic dyes
He-Cd

Ar *(Argon ion)
Kr * (Krypton ion)
He-Ne

GaAlinP family
Ti:Sapphire
Ruby : Cr3*:Al,0,
Alexandrite

GaAlAs family

Nd:YAG (YAG : Y,Al.O,,)

InGaAsP family
HF

co

co,

Gas

Excimer
Excimer
Excimer

Gas

Dye lasers

Gas

Gas

Gas

Gas
Semiconductor
Solid state
Solid state
Solid state
Semiconductor
Solid state
Semiconductor
Gas

Gas

Gas

157 nm

193 nm

248 nm

308 nm

337 nm

320 -1000 nm (tunable)
325,42 nm

275-303, 330-360, 477, 514 nm

543, 632.8, 1150 nm

630-680 nm

680-1130 nm (tunable)

694 nm

720-800 nm (tunable)

750-900 nm

1064 nm (harmonics: 532, 355, 266, 213 nm
1.2-1.6 um

2.6-3.0 um

5-6um

9.6, 10.6 um 18



Talwounon Aé&lep pe Baocn v 1oy oKTIVOPOALOS £E£000V

CLASS 1

CLASS 2

CLASS 2a

CLASS 3a

CLASS 3b

CLASS 4

<0.4 mW cw

«oKivovvoy av oev amocvvopuroroyndet !!!
CD, DVD (40mw!i)

<1 mW cw, opatn] aktivoBoAia
enikivouvo vtd cuvOnkeg cuveyovg £kBeong

<1 mW cw, opatni] aktivoBoAia
eMKivouvo VO cuvONKeC eoTioemg

Su per-market scanners

1-5mW cw

eMKIVOLVO VIO GuVONKES GUVEYOVG £kBEGN
oeikteg laser

5- 500 mW cw
VYNANG EMKIVOLVOTNTOG, KOUULA Apeon £kBeon
gPYOOTNPLOKA, EpgvvnTiKa laser

[oApkd kot coveyn (>500 mw)
VYNANG ETKIVOLVOTNTOG
EPYOOTNPLOKA, EPEVVNTIKA, 1UTPIKE, oTpOTIOTIKE laser

19



(1)

He—Ne (Aéilep aepiov ovdétepov atdpmv), cuveyng Asttovpyia

1s2s

1s2s

1s

A 2 3.39 um, 632.8nm, 1.15um, Ioydc < ImW péypt dekdoeg mW

He Ne
] 2 ne? opb
g lgm EE el o 3390 nm
> 2 D2 opd
A Collisional 632 8 (=i eneel
transfer . 5 . > . & ©nm
s 1>s 2s< 2p° 4s
A 1150 nm " s 152 252 2p° 3p
Radiative - spontaneous emission
decay / 5 D A5
| 1s= 25 2p° 38
_ : Collisional
Electron impact . deactivation
s Vat wall -
lis= 2s= 2p

© 2010 Pearson Education, Inc.
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(1) He—Ne (Aéilep aepiov ovdétepov atdpmv), cuveyng Asttovpyia

A :3.38 um, 632.8nm, 1.15um, Ioydc < ImW péypt dexddec mW

Glass discharge tube
containing He-Ne mixture

Mirror
(100% reflective)

Power supply

Mirror
(95% reflective)

© 2010 Pearson Education, Inc.
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(2) Excimer lasers (dieyepuévav diuspcorv)

ArF (193nm), KrF (248nm), XeCl (308nm), XeF (351nm)
[ToAuwn Aettovpyio ~10ns, pepucd J

AVTANGN KOAOTNTOC UE NAEKTPIKT] EKKEVOOT)

Ta guyevi) agpla Exovv

KAEIGTEG 6TOPAOEC TNV

Baotkn NAekTpoVIK -
Kotdotaotn. Otoav Opumc
oteyepbovv potdlovv pe
aAKAAL0 KOl £TGL LTOPOVV
Vo, OMUIOVPYNCoVV

Covn dpaonc Aélep

oTafePOVS 0EGLLOVG LIE KPODGEIG €
dTOUO OAOYOVMV.

g<ex

Xe + X

22



(3) AELEP OPYOVIKOV YPOOTIKOV (dye lasers)

[ToAvuedvucég ypootikée 0.7 - 1um, EavOévia 0.5 - 0.7um, kovuapiveg 0.4 - 0.5um
o€ ooAvpata pebavoing, DMSO, d10&dviov 6e cuveyr KLKAOPOpPio TOV dIADUATOC

Ontikn dvtinon pe Avyviec 16&ov, exkkévmonc, dAla Aélep (Ar+, Kr+, Nd: YAG,
otodkd, Excimer)

C,HHN NHC,H,!Cl-
2t4s 7 I O 2415y
S,
—\" NN CH
g 7 Swotavpoon = COOC2 H,

% oTadpg ‘

x

So
TPUTALG

avrinon KATACTAGE

POCPOPIOPOG

amIEG

KATAGTAGE

I govéxTnua

Agrtovpyia 6 TOALG UMK KOUOTOG EMAeKTIKOTNTO (tunability) M| maporywyn
YPOVIKA GTEVAOV TOALDV

Meiovektuara

2HETIKA LKPOS YpOVOC (mNC, TEPLOPICUEVO EVPOC EMAEKTIKOTNTOS AVA YPOCTIKN 23



(3)

AE1LEP 0PYOAVIKOV YPOGTIKOV (dye lasers)

TUNING CURVES

Nd:YAG PUMPED LASER DYES (Continuum)®

RHODAMINE

i RHODAMINE €10 PEl40  RHODAMINE
" | / DA
RHODAMINE \ | / e
B COUMARIN N / LDS 698
500 HR [/ DCM LDS 750

i ' N B / : LDS 765
EF ':ULL';SH::" ' (K / / / ~ LDS 821
o COUMARIN | / e
EE 460 | II|'I|I . o -DS 867
E - COUMARIN .fll / /
il 01
| sTwBenNE | /
i - A P
w
: | \
= F . 1‘ 3 l'li
< F \ \ I 1 1 {
w \ \ \
o A \ \ \ I

WA BRI I i
400 450 500 550 600 650 700 750 800 850 900
WAVELENGTH (nm) ”



(4)

A&1LeEP 0TEPENS KOTAGTUGNS

Ruby Cr*3 :Al,O,

4T1
., blue - .
2
>
pra aT_ | nonradiative
22 \ o7 transitions
v L
| = %
L 2F 29¢em!
Y ‘,I
“\, optically L5
pumped /' °E : Metaotabng
R,/ / KOTAGTOON
! /Ry t=3ms
N\ .
" laser transition
_ V g
4 4 g o0,
( I:3/2) A, 5 1s0]

Time / ms

Figure 3. Radiative decay of the 2E state. Emission wavelength
694.2 nm. Circles indicate experimental points (1/10 of the fotal
number], whereas the continuous line corresponds to the fitted mono-
exponential decay function.
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(4) Aélep oTEPEAS KUTAGTUONG
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(4) A&ep oTEPEAS KOTAOTAOS Atdioyion T 2E Aoyo

: ] / pawvopévov Jahn-Teller
Ti*3 sapphire (Al,O,) >

2
E ! g
Relaxation 5 S
C 8 ?
Q
A A o c
A »n —
> g g
g S a -
c o o
o I
2, < &
D
‘V'
1 1
/ . 400 600 800 1000 nm
Relaxation

Displacement \
1. Evvoeiton n avaoctpopn) tAndvcumy

0TI M amod1€YEPTT) 00N YEL OE
dOVNTIKMG O1EYEPUEVO EMITEDO TNG
Oepedoovg 2T Kot Kot GLVETELD, N
mAnBvcuévo.

2. To @oouaTiKo €0pOG TNG EKTTOUTNG
tov TI:AL O, emtpénet exmopnn
Mlep oe evupeia meproyn: 660-1180
nm, kot’ avoroyia pe ta Aélep
OPYOVIKAOV YPOCTIKOV.
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(4) A&ep oTEPEAS KOTAOTAOS

Optical Power Laser
Optical Power A

A

Ar001ka Aélep

Optical Power LED
Stimulated

emis sion > 1

| Optical Power Laser
/_\ Spontaneous A

> 1 emis sion
Current >/
=—> 1
Cleaved surface mirror
Apyn Asttovpyiog
AlEAevoM NAEKTPIKOV PEVUOTOC EVTOOTG
neyoAvtepng pag tiung katweAiov (Iy) pécw tov
< Electrode 1 iayayon odnysi o savarykaouévn sxmopm
P Gake axTvoBoAlG MG AmOTEAEGLLO TOL LYNAOD pLOLLOY
L o g NG EMOVOGVVOEGTG NAEKTPOVIOV OTTMV.
N> Il sovextijuaza - E@apuoyéc
nt GaAs To moAD pikpd peyefog tv 610dK®mV AEWEP Ko M

Electrode  paikf mopaywyn ehoyotomotovy 1o KO6Tog Kot
Active region EMTPETOVY TN YPNON G€ TANODPO NAEKOVIKDOV

(stimulated emission region) OVOKEVOV (CD, DVD «. 4.)

Epoppoyég o mepiparhoviikés Hetpnoeis aepiov og
http://en.wikipedia.org/wiki/Laser_diode pOTOV.



AZDANEIA EPTrAZTHPIS2N

Tunua Xnueiag
Maveniornuio Kpnrtng

Epyaornpio A€ilep
IHAAN - ITE

A. AyyAog
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Eikova opOaAuikou TpauuaTioyou aro
aktTivoPBolia naAuikou AEIlep

Figure 7. Multiple small laser burns with minimal hemorrhage.

http://www.adtdl.army.mil/cqi-bin/atdl.dll/fm/8-50/INTRO.htm 30 &
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Figure 7. Multiple small laser burns with minimal hemorrhage.

http://www.adtdl.army.mil/cgi-bin/atdl.dll/fm/8-50/INTRO.htm
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255: Beam blinds scientist doing
alignment of a Nd:YAG laser

During optics alignment involving a 30 mJ pulsed Nd:YAG
laser (10 Hz) on a target using a prism, the beam
exceeded the prism's critical angle and struck the scientist
in the eye resulting in a permanent retinal burn.

Unfortunately, no protective eyewear was worn at the
time.

An ophthalmologist was consulted and confirmed retinal
burns.
Blurry vision resulted especially when reading.

http://www.rli.com/accident/case_studies/ 32 %
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Incident ALERT Message from Performance Surety

Student sustains laser eye injury

Op kaly 14, 2004, an undergraduase
sazdent emp loved by anoher govemment
ageacy was nured while performng
work with aClss IV eodymeum
(Nd ¥ YAG laser at LosAlamaos Nasonal
labomtory The student cameto fie
Laboratory %o work with a LANL
saetst nvestigating fe potental use
oflases o sudyng the composition of
comets

The scoertist and studenthad setupa
Lsear expermen designed 10 suspead
and then mahyze particles nsude a
vacuum frget chamberusng an unussal
configumton e was netherdescrbed
nor analhyzed mwork coatol documens
The expenment used a Parsde
Generzng (PG) laser 0 suspead the
particles and fhe (N YAG) Laser
Induced Breakd own Spectrascopy
(11DS) laser 00 vaporaze the suspeaded
particles The PG laser was aligned
versally 0 allow fe beam 1o emter
through the top of the taget chamber,
the LIBS laser was aligned horomally
10 allow the beam % enter through asude
window. The scieatst enegzed bokh
Laser power s2pp bes and was operatng
the LIBS laser with $he Q swinch tagger
cable dscomected (a mode the scoentst
beleved did not allow the LIBS laser o0

Experimental setup showing the target
chamberand the LIBS inser

—_—

produce alaser beam) With $e Q
swich diabled and the LIRS Lhsa's
flashlamps operatng, te samtist bdieved dat
caly white light exited $he hser's opecal tubeand
taveled down the lser beam path The scentist
wanted to demonstrate St the PG laser could
suspend partacles from the sample md n%eaded 0
usethe Eght from de LIS laser 0 iMunumte e
suspeaded pasticles and make Sem vishle nuide
the target chamber

The scient st fired and secured the PG laser and
thea observed diesuspended particles dumnard
by the LIBS laser maide the targetchamber He
told the suudent be could see suspended parscles
and mvited the sudert %0 ke a ok Asde
stadent bent dowm 1o Jook %o Se chamber, she
saow a flash and ssbsequemly noted areddish
brown substance floatng » ber lefteye Nedha
the sciensstnor Se student were weanng lser
eve protection. The sader2 was taken 0 LANL's
occupaxoeal health facd oy (HSR-2) snd was
refared 10 several eve specalsts Laser eve
damage was confirmed Thesmdent comnuesto
expaneace Joss of cemral visoninhe lefteve

Laser operasons were suspended and he LANL
Dimctorassembled 4 %eam to mvestigate de
accadent, detarmne the cansal factors, and make
recommendatoas

Initial Analysis

The mvess gaton s neanng comples on and formal
fodngs will be made avadable = a fow weeks
after correcave act ons are developed mnd
mcarporated. Lines of mquaryhave nchuded Se
use of personal protective equpment, the
mentorng md spaviswe of siadents, manage
ment oversght and comral of wo dk workers, and
the reporting and notficason process for sbaormal

FOR DETAILS:

® Occurrence Report:
ALO-LA-LANL-CHEMLA SER-2004-0001
& PS-7 Occurrence Investigators:
Matt Hardy 867-6335

Rita Henins, 665-8831

An aoRionsl slet abowt this svend wil olow
¥ the invesip ation mve als ostals that
indicats an unknown hazard sxists for other
ampioysss involved i this typs of activily
Formaoms infoarmation abowt *1 st Take, " plesse
cal LANL PS.T o 56850033

August 18, 2004
LANL CHEMLASER 2004-0010

events laborgory measiremens ware made to
chamcterze fe condtons andcoafigerazon
bebeved %0 have exasted wheaheacadent
ocaurred Measerements ndicated $at fe sudent
could not have reca ved a lasereve nury under
these condtons becanse e LIRS e did not
et a beam n thes configurason Comsequenthy,
e team s evalueng fother configurasons
coid have resulied = She accadent

Initlal Recommendations

Management Level Managers should

B Frgure Sat ;mquired safety practices are
smoplemented o e workplace,

B Fnsure tminng mquirements are comp leted
before auth onazng waork,

B Fnsurethat pemonal protectve equpment i
used,

B oo bsea pascand complede abaselne aye
AT oo,

B Fngure changes to work and associased
changes in work configuraton are authorzed, and
fat dese changes am addressed nwaork contral
documents, and

B Provide LANL emplovees with thes “lst
Take,” esher dwough Nesed Safay meetngsor
required mading pograma

Worker Level Workers should
B Know the hamrds of harexpenmeat
B Wearspecified luser eye protecson as
B Challenge unsafe or quess cnable behawior,
and o you're not sure, ask,
B Use imeriocks as designed; and
B Preventeye expomire %o direct orscatsered
radason foma Class IV laser

Mox mformasce will be provided %0 emplovees
m the “Fmal Take™ alert message from Pecfor
mance Surety

W Lasers LIR 402-400-01.3

(hEp/fwwiw eh doe govipaa)

GUIDANCE: Resources at hand

For more information related to laser safety you can refer to:

W Laser Safety: Class 3b or 4 Self Study Course No. 17817
W American Natonal Standards Instaute 2136 1 (Safe Use of Lasers)
W Lessons Learned Operationa! Expenence Summanes 2nd Quarter - 2004

| Occurrence Report: ALO-LA-LANL-CHEMLASE R-2004-001
m Occurrence Report QAK-LBL-MSD-2003-0001

® Occurrence Report ALO-LA-LANL-FIRNGHELAB-1599-0002
® Occurrence Report ALO-LA-LANL-FIRNGHELAB-1998-0002

Experimental setup showing the targe t
chamberand the LIBS iaser
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AZPDANEIA LASER

m EidNn ka1 xapakTnpioTika nnywv A&ilep
s Kivouvol ano tn xpnon A&ilep

m AAAnAemodpaocesic akTivoBoAiag Ai1lep
HE BIOAOYIKOUC 10TOUG

m NMpoAnwn - NpooTaocia
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EIAH LASER

m 2TEPEAC kaTaoTaonc (Solid state)
m Aepiou (Gas lasers)

m Aleyepuevwy Oipepwv (Excimer)

m Opyavikwv xpwaTikwV (Dye lasers)
m Hulaywywv (Diode lasers)

ANNNANNANAN
ZAVAVAVAVAAS

UhQWVvia,
MovoxpwuaTIKOTNTA,
KaTeuBuvTikOTNTA
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XAPAKTHPIZTIKA LASER

m Mnkoc kupatoc eknopnnc (UV, Visible, IR)
m Ioyug/Evepyeia €€0dou (mW-W, nJ-kJ)
m Xpovodiapkela naiuou (cw, ns, ps, fs)

lonizing
Radiation
' W

a
xX-rays Ultra- 2 Radio Electric
gamma rays violet =§ Infrared Radar waves waves
N (N ~
T T T e N | I >
ot | T

10** 10%* 10°® 10° 10* 10° 10° 10 10* 10° 10°
Wavelength (cm)
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AKTINOBOANIA LASER

DAoUATIKEC MEPIOXEC

Band Wavelength
Ultraviolet (UV) UV-C 200 - 280 nm
UV-B 280 — 315 nm
UV-A 315—- 400 nm
Visible (VIS) 400 — 700 nm
Infrared (IR) IR-A 700 — 1400 nm
IR-B 1400 — 3000 nm
IR-C 3000 — 1 mm

37 &



KATHIOPIEZ LASER

m CLASS1 <0.4 mW cw

«akivouvo» av dev anocuvappoAoynBei !!!
CD, DVD (40mw!!)

m CLASS 2 < 1 mW cw, opaTr akTivoBoAia
ENIKiVOUVO Uno OUVONKEG ouvexXoUcg ekBeong

m CLASS 2a < 1 mW cw, opaTn akTivoBoAia
enikivbuvo uno cuvBnKeg eaTiaong

super-market scanners

CLASS 3a 1-5mWcw

€NIKiVOUVO UNo OUVONKEG ouveXoUcg ekBeonc
O€ikTeG laser

CLASS 3b 5- 500 mW cw
UWPNANG enIKIVOUVOTNTACG, KAPUIa aPeon ekBeon
EpyaoTnplakd, epeuvnTika laser

m CLASS 4 MaApika kal ouvexn (>500 mWw)
UWNANG €nikivouvoTNTag ,,
£pYAOTNPIAKA, EPEUVNTIKA, 1ATPIKA, OTPATIWTIKA laser 38 / ‘




Class 1 Lasers

Class 1 lasers do not emit harmful levels of radiation .

Class 2 Lasers (< ImW, commonly found in alignment applications)

Capable of creating eye damage through chronic exposure. In general, the human eye will blink
within 0.25 second when exposed to Class 2 laser light, providing adequate protection. It is
possible to stare into a Class 2 laser long enough to cause damage to the eye.

Class 2a Lasers (special purpose <1mW, e.g. barcode readers)
Class 3a Lasers (1-5 mW)

Not hazardous when viewed momentarily with the naked eye, but they pose severe eye hazards
when viewed through optical instruments (e.g., microscopes and binoculars).

Class 3b Lasers (5-500 mW or less than 10 J/cm? for a ¥-s pulsed system)

Injury upon direct viewing of the beam and specular reflections. Specific control measures must
be implemented.

Class 4 Lasers (> 500 mW or greater than 10 J/cm? for a ¥4-s pulsed system)

They pose eye hazards, skin hazards, and fire hazards. Viewing of the beam and of specular
reflections or exposure to diffuse reflections can cause eye and skin injuries. All control
measures to be outlined must be implemented.

= /\



KINAYNOI AllIO TH XPHZH LASER

- AkTivoBoAia Laser
- 0(pOaAUIKOC TpaupaTiopog, BAARN
- emdepuIkeC BAaBec (eykaupaTa)

- AAAa aiTia
- NAEKTPIKN TPOPodOOid
- TOEIKA XNUIKA, d1aAuTeC (dye lasers)
- To&IKa agpia (excimer lasers)
- PpWTIA
- OEUTEPEUOUOA AKTIVOPBOAIQ
- akTIvoPBoAia nAaopa
- unePBoAIKOC BopuBocC
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ATYXHMATA KATA TH XPHZH LASER (1)

MepioTaTika atuxnuatwyv Acilep (HMA, 1964-1992)

LASERACCIDENT SUVMARY

Others
Fire

No-Hamm exposure

Maffunction |

Electical |

Skinlnjury

Eve Injury

0.00%  10.00%  20.00%  30.00%  40.00% 50.00%  60.00%  70.00%

>TnV NA€loWYn®ia Touc Ta dTuxnuaTta nepiAaupfavouv
TPAUUATIONOUC OTO MATI

http://www.adm.uwaterloo.ca/infohs/lasermanual/documents/section11.html
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ATYXHMATA KATA TH XPHZH LASER (2)

Katavoun arriwv o€ atuxnuata Asilep (HMA, 1964-1992)

Figure 17 - Cause of Laser Accidents

LASER ACCIDENT CAUSES
Acricental Exposuwre
Inccrrect Eyevest A B N s
Impecper Senice i
Ancllarybazad e
Hichwitege B S
Equipenent matfundicn
Eye Praedibnnat ussd
Mignment Procedures 3

0.00% 5.00% 1000% 1500% 2000% 2500% 2000%

Ta nepIOCOTEPA ATUXNUATA CUPPBAivouV KATa TN
dladikacia eubuypauuionc n/kar Aoyw pn xpnong
KaTtaANAWV NPOOTATEUTIKWV YUAAIWV

http://www.adm.uwaterloo.ca/infohs/lasermanual/documents/section11.html
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TO ANOPQITINO MATI

Simplified Cross Section of the Human Eye

Vitrcous

Ciliary Body )
(Foecus Muscle) \ " Humour
el
Cornea . R-: e:ra
Iris etina

E——— ] T
e (Macular
“_"_____..--""'-'_' | Lutea)
Iris

Lens

Ciliary Body
(Focus Muscle)

\ Optic
MNerve

Laser beams are almaost parallel thus the eve's lens will
focus them down to a small spot causing retinal burns.
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ONTIKH ANMOKPIzH KAI
AIATNNIEPATOTHTA ANOPQIIINOY MATIOY
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AMNMOPPO®HzH AKTINOBOAIAZ 2TO
ANOPQIIINO MATI

Iris

»w

Visible and
near-infrared
(1400 nm-1 mm
and
middle-ultraviolet
{180 nm-315 nm)
radiation
(absorbed mainly in
the cornea)

w»
—

Macula futea

YWY YY WY

Mid- and Far-Infrared (1400 nm — 1mm)
Mid-Ultraviolet (180 nm =315 nm)

Anoppopnon oTov KEPATOEIDN)
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AMNMOPPO®HzH AKTINOBOAIAZ 2TO
ANOPQIIINO MATI

Mear-ultraviolet >

(315 nm-2390 nm) b

radiation and selected >

wavelengths from "

700 nm to 3000 nm "

(absorbed mainly »
in the fens)

Near-Ultraviolet (315 nm — 390 nm)
Selected wavelengths in 700 nm — 3000 nm)

Anoppopnon oTov pako
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AMNMOPPO®HzH AKTINOBOAIAZ 2TO
ANOPQIIINO MATI

Macula lutea

Visible and
near-infrared
(400 nm-1400 nm)
radiation
{transmitted through
the eye to the retina)

¥ Y Y¥YY¥Y ¥Y¥Y ¥ ¥

Cornea

Visible and Near-Infrared (400 nm — 1400 nm)

H akTivoBoAia eoTialeTal oTov
auPiIBAnoTposIdn
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MHXANIZMOI BAABHZ I2TSQ2N

m Oepuika paivopeva (eykavparta)
m DWTOXNMIKEC AANOIWOEIC

m AKOUOTIKA KUpATa

m Xpovia npooBoAn




Photobiological spectral domain Eye effects

Ultraviolet C (0.200-0.280 ym)

Ultraviolet B (0.280-315 ym)

Ultraviolet A (0.315-0.400 ym)

Visible (0.400-0.780 ym)

Infrared A (0.780-1.400 ym)

Infrared B (1.400-3.00 ym)

Infrared C (3.00-1000 ym)

Skin effects

Photokeratitis

Photokeratitis

Photochemical UV
cataract

Photochemical and
thermal retinal
injury

Cataract, retinal
burns

Corneal burn
Aqueous flare
IR cataract

Corneal burn only

Erythema
(sunburn)
Skin cancer

Accelerated skin

aging
Increased
pigmentation

Pigment darkening
Skin burn

Photosensitive
reactions
Skin burn

Skin burn

Skin burn

Skin burn
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KANONEZ AZDPAANEIAZ LASER

m AnayopeUeTdl N €i0030C KN €EO0UCIOBOTNHEVWV
aTOHMV OTA EPpyacTnpIa

m YNOXPEWTIKN Yiad OAoug n napakoAouOnon €181koU
CEUIVAPIOU aoPAAEIag

E 2Td spyaoTnpla enifaAAeral n xpnon kartaAAnAwv
NPOOTATEUTIK®WV YUdAI®V

s KaTta tn d1adikaocia subuypappionc aAAd kal Katda
TN O1IE€aywyn neipagaTwv AagpBavovrtal auoTtnpa
HETPA WOTE va anokKA£IOoTEI N MOavoTnTa AUECNG N
EUpeEONG £EkOeonNG o akTIVOBoAia A€1le

s Mpoooxn ornv aktTivoBoAia UV kai IR

m AnapaitnTn ano OoAoug n UI00ETNON KAVOVwWV KAANG
EPYAOCTNPIAKNG NPAKTIKN
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IMPOAHWH - [TPOZTAZIA

YNoxXpewTIKN N XpNonN KAaTaAAnA®wv YuaAi®v
aoc@alsiag Kara Tnv napouaia os epyaoctnpia A&ilep

51&



IMMAPAAEIITMA

Aeopun naApikou Asilep, OIGUETPOU 2 mMm, PE EVEPYEIA
ava naAuo 2.5 ml, avakAwpevn o€ nocooTo 4% ano
OMTIKO EXEI MUKVOTNTA EVEPYEIAC

(0.04x2.5x10-3 1)/(0.25xnx (0.2)2cm?) = 3.2 103 J /cm?

H onoia unepBaivel To kaTwPAl BAGPNC Tou KEPATOEIOOUC
(~107 J/cm?) kata napayovrta ~3x104.

[pooTacia os €kBon AuTOU TOU €NINEDOU ANAITEl XpNnon
NPOOTATEUTIKWY YUAAIWV PE OMTIKN MUKVOTNTA OTO WNKOC
KUMATOC TNCG akTIvoBoAiac Tou A&ilep

(OD) = log(3.2x10%) = 4.5

Nopog Beer: ARy (O.D.) = -logT = log(Io/I) 52 &



EYOYIPAMMIZH LASER

ApxIka puBpuiloue To laser va AsiToupyei o€ xapnAn 1oxu /
gevepyela €€odou

> xed1aloupe NOAU NPOOEeKTIKA TN dladpoun TG dEoNNG Kal
ENIAEYOUME TA KATAAANAQ onTIKA (kaTtonTpa, npioyara, ¢akouc,
ppaypaTta nepibAaong KAn).

Me Tn BonBeia 2 (AYO) KivnTwV I'IETCIO'|JCIT(,0V xaun)\nq
CIVCIK)\CIOTIKOT[]TCIC (ouvnOwc¢ ano xapTi, NAACTIKO N Bappevo
|..I€TC|)\)\O) sanpenouus ™ O'raélaKr'] 6|0600r| NG OE0ONNC ano TNV
£€000 TOU A€I(Ep MEXPI TO MPWTO OMTIKO OTOIXEIO.

E)\syxoups I'IpOGEKTIKCI v KaTsueuvon ™G Bsopnq HMETA TO NPWTO
ONTIKO KABwC Kal TNV EUPAavion nibavwyv avakAAoswy.

Zuvsx@oupe LEXPI nv accpa)\r] KaTtaAn&én Tng d€ouncg oTo
METPNTIKO Opyavo n To d€iyua pac.

MPO20OXH :
TaxuTnTa wTOoC = 3Xx108mM/s >>avBpwniva avakAaoTiKd
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KANONEZ AZDAANEIAZ
LASER

>NUavon cuokeuwv AEIlep KAl EpyacTnpiwy

LASER RADIATION
AVOID DIRECT EXPOSURE TO BEAM

DO NOT STARE INTO BEAM
NEVER WIEW THROUGH OPTICAL INSTRUMENTS

*

Lasar Maximum Output




AZDANEIA EPTrAZTHPIS2N

s AKTINOBOAIA LASER

s HAEKTPIKOI KINAYNOI
YwnAn Taon, AnAn Tpogodoaia kal UPS

s XHMIKA
AEPIA (®i1aAeqg)
YI'PA (O&ea/Baocceic, Opyavikoi d1aAUTEC)
2 TEPEA
AMMOBAHTA

m ATIAOOPA
Tpopodoaia vepou
> UOKEUEC OUVEXOUC AeIToupyiac 55@



HAEKTPIKOI KINAYNOI

= YynAn Taon
m AnAn Tpogodoaoia kal UPS

Neilep katnyopiac 3 kai 4 (Class3, Class 4)
nepiAaupavouv Tpo@odoTIKa NApoXnNS UPNANC Taong
(1-10 kV)

Fd
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AEPIA

To&lka N adpavn puAaocoovTal OE EIOIKEC
PIaAec (neipapaTa, Aeiroupyia excimer laser)

YI'PA

O&ea/Baoecic, Opyavikoi d1aAUTEC,
AvTidopaoTtnpla, Opyavikeg XPWOTIKEG

2 TEPEA

AIAXEIPIZH ATNOBAHTSN



AIADOPA

m OQTIA

BpaxukUkAwpa (MPOZOXH og kaAwdia Tpopodoaiac)
Neilep (AvaQAeEN NAaoTIKWV, XapTIoU, poUXwV)

m TPOOOAOZIA NEPOY
MNPOSOXH o€ owWANVAOOEIC VEPOU WUENC

m 2Y2KEYEZ ZYNEXOYZ AEITOYPI'TAZ

58&



