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| Objectives

Transition-Meftal
Solid-State Lasers

To summarize the sequence of historical events leading to the development of the
fransition-metal solidsstate lager.
To sumnacize commercial upplications for transition-metnl solid-state lasers.

&

¥ & & @

]

344

“the primary commercial. solid-state Taser materials {ruby, alexandrite, Timapplvire,

To-compare-and-contiast-the- energy- band structure-and-major-tases-properties-for

NdYAGH,

To deseribe B design of dng laser cavites.

To conpare and contrast ring aser cavities with linear cavities,
Te deéseribe the tniportance of birefringent filters.

To compite the intensity transmittance for 4 birefringent filter,

To deseribe the congtruction of a commercial laser pumped continuous wave Tisapphire
{aser.

To deseribe the design principles underlying femtosecond pulse Jaser design, This
would include such issues as group veloeity dispersion (GYD), self-phase modula-
fion {SPM), femtosecond pubse remporal measurement, colliding pulse mode-locking
(UMY, grating pulse compression, solitons, and Ketvlens mode-locking (KLMY.

To describe the w.nsxme‘ticﬂ of g commereial nltrashont pulse Tisapphire faser.
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111 HISTORY

The history of tansiien-meal solid-stte, imable fwsers is exceptiopally fasciming. Fov
the HeNe, argon-ion and NaYAG Jasers (even the diode pumped NEYAG lasersy the
meajority of e laser science was o place by the mid-1960s and commercial developarent
procepded rapidly after that, Transition-metal tunable solid-stale Tasers ace quite differeat.
Trapsition-metal tunable solid-state lasers are barely mentionad io review papers en tunable
Taser technology as recently as 1982 '

Tissapphire lasers (the current stars of the solid-state tonable laser marken) ware discoy-
ered by Moulton in 19827 However, early resulis with Tisapphire were not promising due
w difficultios with material growth” 1t was only after the materiuls problems were solved
that 1he true potential of the Thsupphire laser was reallzed, Ay 2 conseguence, much of
the faser development nclading the remarkable sell-inadi-locking propesties of Tisapphire
discussed in Section 115} has ocovrred relatively recemly,

The wansitionpenl solidatan nable lasers use metals in the fourth row of e
periodic table as the sctive fons, The waosition-muetals bave g partially fitled 3d shell, and
the yvardaus nt}suwﬂ iansitions ocour nedr tis shell, 3d elecirons intesct more stiongly

with the erysial Teld than the 41 electrong in conventionn] salid-stute lasers such as N&IYAG,

This-canproduce-tomaitions that tnvolve phonons-as-well-as photens -{(often vatled-vibronie
oy phonon-terpinated tangitions). Such tanst e vather peoulive, ag ey can wests
faue-dove) Taser behavior bebween Bve Jevel ansitons. A schematic of & vibronie banstiion
it :llue»imts,d i Plgare (L L
; o ancaptical photon s used 10 mike the thosition from the ground -

e, Then the election decays to the upper laser state by releusing a
it spmilir o photml The Taser aetine ovears Betuwasn 1he upped
The Tower ey state then dotdys 1o the ground Stute by releasing

state to the pump 5
ohonon (an geoustio
aind towwer laser su

=%

T Goenther and B Buser, JEEE L of Ouanoun Elecwoi, QU-15:1179 (19821

T R Nendlien, Selid Siite Resvurch Repord, DT ADSATI084 (9823 (Lexington: MIT Lipeotn Lok,
82 pp. 15221

I’ Lacovary and L. Bstevowite, IEEE L of {()rt(mlnm Efecipan. 08211614 {19855,




348 Transition-Metal Solid-State Lasers Chap. 11

another phionon This, fowr-siate faser bebavior Is obtuned from a systom that is effectively
two-state. Mo importantly, since a wide varfety of plonon Gansitions we possible, the
upper and Tower laser states consist of lurge manitolds of states. Therefore, highly tonable
Taser action is possible,

The firsi vibronie lager was reparted by Johnson et ol at Bell Laboratories By 19632
I was a divalent teansition-nwetal Taser using Ni¥%in Mg¥a. 1t stimulated some early work
by MeCumber in the theory of vibronig lasers” However, i was eryogenically cooled and
did not exelte much commersial nlorest, '

Further effonty by Johnson and s colleagues diring the mid o Iate 19608 resulted in
several morg uymwami V gooled sfivalent mansition-metal Tasers, These mcluéui Co*t in
MePFs and V2 o Map,t

A major mivmxwmem gepurred in 1976 when Morris and Chm}’ observed that wexan-
drite (BeAlhOuOr'™ or chromitm doped chirysoberyl, tunable fronr 700 min 1 818 nm)
would Tase on o vibrosie trensition. Walling o al, confirmed these results and demanstrated
Qeswitching behavior®  Alesandrite was particulinly fnteresting ot the time of s discove
ey br'cmm, it Jused at room remperatine and increased i output power as the lemperature
tocreased,?

The successful use of O™ ih a beryl covstal led to seversd other interesting vibronic
tosers, 1o particular, o 1982 Shand and Walling,'® and independently Buchert et ol
showed that emisiald (ReALISIONCE?, snother type of chromiume=doped chrysoberyl and
jupable Feora roughly 700 nm (o 800 mnid would fase as o vibronic Tager 3t voom lemperiure.
Chromimn wag also found 1o geperste vibronic laser perfornunes in gadolinium seandium
gallium gamet (GSGG)LY

These encouraging resufls i chvomium-deped materials Ted to a rebirth in tnable
solid-state Jaser vesoarch, Thsapphire {the crown jewel of modemn tunable solid-state lasers)

UE Tohnson, 8.8 Dtz and 15 Guagenhebn, Plvs, Re Lo 11318 (1963),

SE B MeCmnbor, Plye, Hev, 13ATU T8 DB MeCQumber, 4 Marh, Plies $508 U104y and DUE

MCEERBar, PR Rev T ANSS (1U68Y
“4, B Jobmsen, B ]

’nhmm Appl. Phve, Lert, S21 (3040 LB, Jolipson wed 11 J

. *mmm 2 Agpt. Fhve, 353837 (19673
g, an, e, F0178 (19063,

Ej o3 o Mums s UL B e, ™ ‘fu(\mmﬂbwﬁg*x’(f Heryliws Alumivate Lo LS Patent 83,997,853,

AT B
AR L Walling, BLP Jeanen 1. C

Aver Sun Proseiseo, £A 10758 1 03

fm 4182 1!‘37@

L Madss EOWC DL and O3 G Prieoon, Aunual asesting Opt. 3¢k
fag: #. P Bemson B O Mo B W, O/ Dl and 43, Peterson, 1.
st B P Fatassn RO Mlowds omd Bo W (DL TERE 3 Quonii
iy ‘mtnl (“‘ Walling, ¥ B Jossson B, O Morsts, and B W 0 el Prow
‘&m PhetedTpl, gy, fn T30 {19
L Shad ang H, }m,\.ﬂum TEEE Foof Quptiont Elecrron. Q,E'iv FasdBl 1 1u8Ry
HOAY Shand and 3. Walling, JEEE L of Guenin Blécwin. OF-15 1829 (B8,
YU Bochers, A Kt and R 1 Al JEEE L oF Guimtion Eletean, SE-19R1477 (983,
R T OB Kalins VOV Laptev A A Mibeutie, ¥ V0o, VL O Oxtronmiey,
BP Pasbints A M Paoblenoe, Vo A Smiisoe, ACF Eiiyskov, and Lo Sheteehnkens, Sovs o Qugerion Elession.
YEIZM (1983 ’ ’




Sen. 1.2 Applications . asy

was discovered i 1982 by Moulton at MIT Lincoln Lubg 33 Aflimugh sipphire 1 the oldest
faser muterial (ruby is Cr' fu sapphine) the discovery of the broadly wnable nature of T3
in sdpphlm wis quite unexpected, A roview roport on tinable solid-state lasers published in
1982 and a review paper oo alexandrite lasers i 1985" do et even weation Tisapphire.

Part of the delay in Tisapphire enrerging a3 a visble commercial tmable solid-state
Taser was: mgteriale-bused, - Bady Tisapphive covstaly showed an absorption ot the lasing
wavelenpths thal was approsinmiely an oider o maguitinle Tugher than the. dbsorption in
high-qoality sapphire.. & nlunber of bl defects wie pmpnwﬁ“’ and after much inves-
Hgatio the residaat absotplion v verticslgragions-Trevae (VOFT erystals way shown m be
dhive fv quadraply ondzed Blaniom (175 substituting for the aiutmmtm in the sapphire, /78
Growth and duoealing wmethods bave significintly reduced this problem in moders cotymer-
ciab Thsapphire mawrisd,

I spite of its many advantages, Thsapphire does suffer from a few disadvamtages. In
particular, its short upper state Hletime (3.2 e8) makes i quite difficult to pump with @ Taup.
Although lamp-pumped Tisapphire lasers have been built,' most commercial ‘Tisapphire
lasers are pumped with argon-iop or doubled NiYAG lasers,

Several other materials have seen some commercial interest as possible tamp pumped
faser materials, T particular TICaAIFGCr™ and LiSrAIF O™ have seen some interest as”
possible tumable conmmercial Taser sources.™ A number of other chromium-doped naterials
including Crifomsterite aod Cr YA are also showing stong potential,

Transition-metal solid-state tunable fasers are stl] being actively developed. Bames™
and Budgor vt ul # pmv;da gootd averview. freitinents of this dum!umm, field. In Addmsm
there are three spectal lssues in 1BEE jowpals on tunable | asers, #

B B ploulion, Solid Swie Resarcl Regort SR SDIA 23054 TIOR3 (A1 Lincoln Lob., Lextugion,
VORZS, pp 520 vepotied b P onltos, “Recent Advances i Solid-Stows Livess” Pros Con Lases
Edevirasopt Aoheim, U8, 1984, papar WAL,

S 1 Shenther and O Buser, IREE A of Quantinr Eteerron. QE- TR (19R2)

B e Willing, Helter H-Sanwelson. L Hape-be A

ot TS

Efecwpn, LE-ILIS08 (1985)

B pavovara et L sty TEEE Foaf Qo Blesyro QB2 DS 14 (19838

YA Suncher, A, 1 Sty B L. Apprsal, and BB Py, TREE 4 of Guenrion Electron, B399 (19883,

B, Kvestii vehiez, I Stupgs B Babey, o AL Strsss, W Rapoprat, and O Khatink, TEEE J o
Do (HOREY

Lo Byopkie, TREE L of (hortinos Elecivon,
Swayssnd HLOWL Newkiek, o Appl Plax

Sed, Topicy in Quiivany Electron, RET (109,
Wy Tonahls Fasers Hanidleonk, ed ¥ 1, Duade

Ay

e - Aeademds ; )
ssteseentiss and L Gl Belhizee, ady Dbl Saffd Stare Tasers B Bedting Speinger Verlag,

fSan §
VA Hede 10
33513

H

EE L, ol s Blectron QES (1082 QB-3F 1988y sad JEEEL of Sel. Fopdes i Quicntion
Elserroa, (1985,




348 ‘ Transiion-Metal Solid-State Lasers - Chap, 1)

11.2 APPLICATIONS

Trangtion-metal solid-state tomble Tasers provide two mador Teatuees. Fiost, they are tunable
over 1 broad range of visible aod near B wavelengths. Seecond, they can be used 1o produace
extremely short pulses, ,

The teoability featvne. memiy that these Tagers are e for speciroscopiv applications.
Thits sl only eludes tmditond scientilie. spectroscopy, Dt also madical dingnosiie spoic-
sroscopy. For example, Tesapphive lasers have bean used to perform an optical w
nal mammography.™ There tre slse poteatial applications for sbsorption, Kamay,
ence spectroscopy i medical imaging ™
s compete with dye Tasers for miedical applivations keguizing . bat
tunability and intensity. Prinury atiobg these are conmétic simgery Tor port wine birthiarks,
relungicctasia, warts, streteh marks, dcne sears, removing tatinos, d psoriasis.™ Tunable
solid-state lusers glso compete with dye Iusers Tor medical applications such ax shatiering
Kidney stones,”?

In addition, the extromely shiont pulses possible with tnable solid-state lasers wre
finding application in mivromachining, Femtosecond-pulsed Timsapphire tasers can be used
for micromuchining holes in metd and polymer substrates 83 well as for ablating pho-
toresist fitms and cutting traces on semiconductor materials. ™ Tisapphire lasers compete
with NdiYAG, diode-pamped NEYAG, and excimer fasers Jor this exvemely important
market,

113 LASER MATERIALS

Ruby: alesandrite, and Timsapphine are the migior trusitionemetid solid-siaie Taver materiads.
Although ruby. bs not used vommercially as 9 tunable kser, It does have § tunable vibeonie
transition, Interestingly enough, the Dind steoctre of alexandeite 4y quite stimilar o ruby;

except ivalexandrite the vibronfe transition. s the inporsnt one and the narrow Jine tansiton
is not used. Inocontrast, Thsapphire has orystulline mid mechanical. properties virtually

idenieal oAby, bur s S erERT and SIneTe
A number of publications can provide additionn) information for the interested reades.
Oiverview trealments are given by Weber,™ Koechner® and Duarte.™ while more specific

Rippser P AN 11506,

Fewrhie Warld, Feb,. 72 (1996,

Flager Foeas Workd, My 66-7 (19968 -

ey Faens “’('?if;}x‘é',. Sy 657 (1090

Lager Frens Werld, Fainury: 3 (1O98),

Wstarvin 1. Weber, sd, Hondbook of Fase fenice vmd Techmology, Yol. § Lasers sl Measees (Bosa Fao,
VL CRC Prosge e, JOB2E, and sitire wecently, Marvin . Wby, od, Haalliook if Laser Scivie aml Techroligy,
Supplenany B, Loy (haty Rator, FLL ORC Pross, $nd,, 10913

sae K oschiier, Solid Stite Liser Enginering, 3l ed, (Berlin Speingers Vorlag, 1990),

-
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Figure 11,3 -Theenergy band diagram for
by,

information can be oblamed from the wide variety of review papers on alexandrite™ and
Tisapphie % Manuficturer data sheets and application notes are also very useful,

11.3.1 Ruby—Primary Line at 694.3 nm

Rubry (chromivm-doped AlyOs) 35 4 ved or pink hexagonal crystal whose most familiar appli-
eation is feweley. Ruby is an opticatly uniaxial crystal® that ts bard (Mob’s bardness of 9),
of good optical quality, and sxtremely thermally conductive 0,43 Wiom-K at 300K3, Ruby is
nonhygroscopic, refractory, and is generally considered the most durable of the common laser
crystals (with the possible exception of Tisapphite). Ruby crystals are typically grown by the
Crochralski method [the same method as used fir the growth of silicony. Ruby can be grown
a0, 6, or 90 deprees (o the optic axis, and Taser material is usually grown at 60 degrees,

Sapphire is doped with Cr'* to obtain ruby. The Cr** substitutes for the AP in the
crystal.. Typical dopings are (.03 weight pereent of Cry O However, excess chiromium eitnt
distort the crysial structure and concentrations are sometimes reduced to 0.03 welght percent
to entuince the optical beam quality,

The-encrgy diagraiefor roby-is-ghven-tre-Figore- T2 Ruby-is-three-saie -and- is-the
only coinmercially viable three-state laser system. The laser pump bands are prinwipally

the 8 and the ' bands. The ground state is the *Ay band. The twe pump bands Torm
minifolds ventered around the Bue (00 amy dad green (335 nm);. The pump bands are

REL Prugite el Tusible Lavers Baidhook (S Dheged Acidénie Pags 19955
BLCOWATE 1 F Helles, HL Baastson, TR Hater, 5 A Pare e KoLl Mo, 1
Elecsron: Q211368 L1085 ]
A Saniher A b Stk B L A, sad 10 B Bahey, 2BEE L of Orenriany $lecrron, T4
R Apsarwnl, d Sonchen 8 Stupp, B Pdwye A Steae W Bapoponanid £ Rl B8
Cinentinn Blevroon, P3I003 (1988): '
Poadugor crystal suppliers are Lnkon Carbide (roby, slexamidiite snd Thisppbivey snd Ligen Alross
falexandoagl .
s arinsial peysiat
tis 3 dHferent Tudex of'y

2 Qudivitn

G5 C1RRRY,
L, saf

des ot rehrastion . and e thisl
{ o bl srvstals

ose whisse tweo ol the Cavtesian i oy Bivve di
wion dig See Baation 8,3 for w liscossion of telaxi
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ench quile wide, with the blue band about 6.05 micrens wide asd the grees band about 0.07
mderons wide, ,

The ifevine Iin the pump bands. i5 extremely short. with the jons cascading almost
mmediately 1o the metastable £ states, The upper 7 E state is termed the 24 state and the
lower is termed the £ state. The 24 and 7 states are separated by 29 em™), which gives
a poputation raiio atthermal squilibriten of 87%. Thus, while feorescencs in ruby ocoury
from buth the 74 siate 1o the Y4 friarmed the B ransition gt 6929 oy and Srom the E
state to the "4y (lermed the Ry transiion ot 694.3 nin). laser action fest oceirs oy the Ry
trausition. Onge laser getion has begun, the rapid relaxation time from the 24 1o the E
transition probibits Taser action stwting on the By line. The aoly way o start Taser action
on the By line is to suppress the &) fine by special dislectric comed mirrors or interal
cavity absorbers. (Imteresting enough. even though Yasing oceurs primarily onthe By and
Ry Hoes, sidebands have been observed on the long wavelength side, do panticular av 767
nm, atributed to vibronic lasing.)

Since ruby is usdcial, its absorption cosfficient i g very strong function of the po-
larbration divection of the light {see Figare 1135 This property steongly affects the beam
quakity, The best optical quality raby & grovoy with the crystal axis a1 60 degrees o the
boute axis. When such a ruby rod is pumped i g diffuse reflecting pump cavity, plmip
Light parallel to the c-axis will be absorbed differently than pump light perpendicafar to
the c-axls. This will cause the pump distribution {aad thus the fuser output beam) 1o be
oftiptical,
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Figure 183 Binge rohy I ondaxdal, s abgorpeion coeffickent i a very strong Tugeyion
of the pabwiration divecion of the Hght, (From D, O Cronemsyer, J Opr Soe, Am,
SHATOR 11960), Reprinted with the perniission of the Optivat Socioty of Amarice.)
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$1.8.2 Alexandrite—Turable from 700 nm to 818 nm

Alexandrite (BeALOgCr™ or chrontism-doped chrysoberyly iy 1 hard orthorhombic mate-
rial, Chirysobery] itself is considiored g seriprecious jewelry material and is commonly calted
ariental topmz. Tt mnges e color Trons yellow through green to brown, When thrysoberyl it
doped with chromsinim, the muterial s emerdd green and displays o secondary red color
when viewed by adificial light. (A% an aside, one varlety of cheysoberyl oecurs in v erystal
form consisting of puallel arvngements of fibers. When ot as 4 cabochon, it 18 called
-Gark-eve oritigersevd :
Alexandriie is blaxial,™ hard, of pood optical quality, snd quite thermally conductive
(023 Wen-K g mu‘z;}amd with 0.14 Wiene-K for YAG and 042 Whom-K for nuby),
Alexindite is noshvgroscopic, melts ot 1870°C, and has o Moh's hardness of 8.8 (which
prakes it bawder and yovre durablie than YALL but somewdiat less than roby) Sdditonally,
atexandrite bas a very high thermal fracture Himit (60% of ruby and five times that of YAG)
Doping the yellowish chryseberyl with chromimn results inan emerald gregn alexans
deite crysial, Alsxandrile i biaxial and the crystal appears green, red, or blue, depending on
the angle and B ghtmsz conditions. The principle axes of the indicatris are gligned with the
erystaliographic as ; akly as;wwif:d with Hght paraliel to the b-axis because

g ms pmmmmn m 1m xnu ! gﬂ‘;‘ Qn tmwx ti‘nﬁ i any (unct direstion

Do {Miuuﬁ fsiummum mws in ‘xtemndme, Om, Mm imx THrTor symmm y, (ha mhu !.ms,
nversion symmetry, Most of the chromium substitutes for aluminem in the arger miveor
site {ubobt 78%3, which Cuckilyly “is the domimmt site for laser actdon, The doping in
alexandrite can be s gredt deal higher than with roby. Dopiag cocentrations ay high s 0.4
weipht percent still yield srysialyof goud optical qmtxw {afthowgh 0.2 1 0.5 weight pereent
15 somhewhat mote Lemmon

The energy dingram for alexandvite s giver in Figure 114, Alesandrite can. be

teddas either a thies-state systen or as vibronic four-stile system (nute the sintilarity
,te Yaser ;mm;} bands are principally the A thigher) and the 17y Uower) bands,
state is the Ay band. The two pump buwds Torss numitolds contered around.

Fgue Sectionr 83 Runore ﬁiw;&»wu [ 1 ma mdms!m»
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thie Dloe 1410 mod and yetlow (580 noil. The pump bands are each quite wide, with widilis
approsismaiely 1O angstrons,

hva Fashion simih 1o mb’v there is domettable T £ stite. A with ruby, laser setion

can Geely o the B Bines of the B8 stateand G peneeie three-stat laser behavior ai similay

{ 6804 mn) 'fim major difforence belween the R-state lasing in alesandrite and

1 cses . higher threshoh! and Tower efficiency. Thus, alexandrite

2’1'&: "i‘s‘xr’tabiﬁ 123‘,58{ m}e;ﬁge’iiﬁx; Whn
% ot et bolweey
wba e 1 xiim iimn ;mmiv mamxx sties, Iim», me. senission ui 4 p hoton is ulso geeompanisd
by the emission of phonons as the state returns to cquilibriuny,. This is whay provides the
torability,. The laser wavelsigth i detcinined by which. of the vibronic states is the top
faser state. Apy encrgy ol carred off by the photon will Uk be emitied: by photons 1o
restore the svstene (o ity groved state.
Lasies action occuirs by smission from the VT stite 1o the excited vibronic skiies within
the *4+ band. Subsequent phonon emission returns the T4y baud to squilibiom. The * 7
state is moch shorter lived (6.6 ) than the metasiable * K states (154 ms) and is quite close
in erergy (800 oot

), 50 the metastable 2F states serve as a storage state for the 7y state,

In any Taser with a very broad pumping curve, there is the risk that the Yaser photons
themselves will be yeabsorbed. Luckily, in alexandrite, there is a deep minimum i excited-
jon absorption aceoss the primary laser toning range. Therefore, excited-ion sbsorption is not
an tesue ol much of the rangs. However, the long wavelengrh tining Hmit in alexandiie
& due 1o exeited-ion absorption. At higher wavelengths than 818 nm, the excited-ion
ahsorption cross-section is larger than the Jager oross-section, and liser action Is supprossed,

Alexandrite has excoptionally fascinating bebavior with temperaiure, As the tempera-
e fncreases bn most four-stste Teserss the lower Jager stale population inceeases, and Taser
wetion Is reduced, . However, the Taser outpul From alexandrite incroases with semperatorg
sy 1o 1 tempertiie of ardund 2007, aiid then decrenses abroptle. This 5 becaose there
are two eompeting lemperatie effects vy alesandrite. Althoush the Tover state poputidion

deex insrease-widvtemporature-thereds-abso-the coupling between-the metastable forge
stttes and the * 1 stre. As the mperature increases, the population in the upper faser state

Tnurenses, paaly Counteracting the ticrease I popidation in the Tower sfaté, Thils, alexan-
drite possessed ag improvistent i pedformance with tempertine ot wavelengths greater
il 730w

Unforunsiely, the lifetimes of Uwe upper and storage stales xﬁmcwhax reduce: the
advantages of hisher wmperatives.  Whish the fempertore i dncrbased, the popudation in
the 7 stige fncrenses. However, ihis stale hus a shorfer Hlefime. Thus the effetive upper
state: lifetime (the populationsraticed combitalion of the two upper stale stafes) is reduced.
A semnetesriperature, the conbined uppor state Hfetime s shorter than the pump polse
width and cvergy 35 ot in flueresconce. This also reduces the advantages of ndteasing
e ratune,

Qs Haal tempecature offect v worth meationing. AL higher wimperatures, the peak of
the-gabn cirve shifis (o Tonger wavelengihi, Thix s due o inereased phionon popilations as
well gs o shift of the R tines and enhancenient of the long wavelength vilwonic transitions.
Fhe nigt vesudt Bs i rather deamatic change indaser wavelength with incréasing temperature,
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Sinve afexandrite s Dlaxial, Qsabsorption eoefliclent s a very strong funetion of the

polarization divecton of the Hght, is ofl theee divections! {Bew Pigare ¥1.50 This copaies

soroe of the same odestdiion and pomping inhomogencitics observed 1 viby,

11.3.3 Thsapphire—Tunable from 670 nm to 1080 nm

Tisapphire was developed selatively late I taser evolution. However, since the discovery
of faser action In Tisapphive in 1982, T mxpphnc has beconie one of the MOt widely nsed
solid-sidte Taser wiaterials,

Recall that vaby 85 chromium-doped ALOw Thsapphite & timive-doped AlLO:.
Thus, roby and Trsapphire huve ey of the same mechandenl and oplical” properties.
Thsapphirve s adso an optically uniaxdal coystal thap is hard (Mol's bardness of 9% of good
optical quatity, and extremcly Germally conductive (042 Wiom-K) Tisapphire s nonhy-
groseaple, refractory srd §s even wore durable duap ruby due to a stight advantage obtained
with the ftanium doping.

Supphive-is-doped-with-Ti1a-ebtaby-Jaser quality-Tisapphive.~The T subsiitutey
for e AP the evystal, Typical dopings vange from 0.03 10 013 weight petcent of

titaram (shighily higher than the clwomiom in rubyy However, the sinlarities between
suby snd Tosapphire do not include. the speciroseopy, The energy tiagimm Tor Thsappd
{Figure T1LOE prssessey only two states, but e vibyoric palurd of the irsnsitions makes it
possible to abserb fram the betton of the proond stare ¥o the upper vibronie mantfold and
w fise from the botm of the upper vibeonic imanitold dows to the vibronic ground states.
this pwui‘ Cspectroscoly i ey by the single (s elgaron, The 3y stare
fwhich woukl be degenerate fn a froe transition-metal) is split by the cobic field when the

metil s subsitutionatly r}{:cpcci inter the whambnum st tn the mg}phxrﬁ P vesult 3w sdoubly

o

degenerate pxcited state *£,
ground states wie Tiathee s
Bt masnifold uf suxiw
cotples 1 the excited st
couple wrthe mmgi state
mers conventional e

and @ triply degederate ground state Ty, These exeited and
14 by the trigonal field anti spin’ orbit L(;uphm The vesalt i3y
ard @ top manifold £, One phonon of energy 172 em ™!
state find two phonoms with energies of 220 and 260 cm !
{Iy comparison, yuby has three d electrons dod g rather
v state disgrd)
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Thsapphire possesses very large polarization dependent absorption bands in the blue-
sreers (centered aronnd 400 no with widths of voughly 130 nmy see Figure 1LY Absorption
of mdiundon polurized along the optic axis 7 is newdy twice that of the perpendicilar po-
larization o, The ubsorplion is generated by vibionic transitions hetween the pround state
Ty, and the excited state 2E,. Simitarly, Tisapphire possesses very large polarization
dé:g?én.dem evnission bands In the red IR {eenteses] around 780 nin with widths of roughly
230 nm}. Nearly theee thnies as much Hght s emitied polarized along the optic axis 7 as
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perpendicular 10 it ¢, The einission i penersted by tangitons bciwacn vibrosio leansitions
from the excited state £, 1o vibronie tansitions 1o the. groumsd state 4 T

Tt is u delightful propesty of the vibronie states of Tisapphire that the absorption and
cmission bandys basely overlap, Thus, o laser photon genersted within the emission band is
aalikely s s s abisorption ia the absorption baid,

Although Thsapphive has a ressonuble cross-seetion (4.1 107" ca’), it also bas o
relatively short upper state Hotime (3.2 gs). AS a vonsequence, it i 2 difficul material o
pumnp with fashinmps. However, fashlamyp operation has been achieved. with outpiis on
the order of 3Mpulse gt 2% efficiency. Plashiaraps used for Thsapphive must typieally be
shiered (for example with a dye) w convert the blue-UV light of the lamp inte the blue-
green absorption profile of the taser. The usual design steategy for successiul operation of
a Hashlamp pamped Thsapphire laser s o create a very short flashlamp pulse (less than 10
1457 through clever design of the pulse-forming network.

The blus-grecn absorption profile of Thsupphire 3s beawtifully matched 10 the output
of cw argon fasers, ow intermally=doubled NGYAG lasers (particularty diode-pumped ow
YAGs) and pulsed doubled NdYAG lusers. Using a Q-switched doubled NAYAG laser
as the pamp gives the additional advantage of penmiting gain-switched opesation. {Gain
switching is similar 1o Q-switching, except in gain-switching, the laser gain is uuped on
very quickly, rather than the laser Tosy being turmed off very quickdy.)

The phenomenal bandwidtyof Tisapphive is ideal for mode-docking, Thsapphire lasers
fave been mode-tocked with acousto-optic mode-docking, passive mode-locking, injection-
seeding, snd coupled-cavity mode-locking. fn 1991 it was discovered that Thsapphice lasers
will ,s;d{ mode-tock, A ey of advanees oceurred in thas technology, resuling in elegant
m*‘%h&ﬁs tor selb-mode-docking Tisapphiee lasers with nporad pulse lengihs of less than
11 s, This advancement was 2 major change i laser developroent; us ont] that wme all
ultrsshort pulse lasers were dye lasers {sed Section 11,5},

11.3.4 Comparison between Major Soiiﬁ«ﬁtafe Laser Hosts

Conssider ihe sold-state hosts as shown i Table 111, Notice that vuby and Thsapphire

wre the mechanically-more robustad theemally - conductive N YAG md-wlexandrite-are
both Tour-state lasers with fong upper state populations (permvitting Tamp pumping), while

TABLE 111 SOLID-STATE LASER HOSTS

Ruby Nd:YAG Alaexandrite.  Timsapphin
Hardaew 4 22 8.5 9.1
Fhermal cooductivity 343 14 .23 D42
WK 0K 300 R TR0 K3 £300 ¥
Uppertstate difetimg , 3 23 260 13 3.2 4%
130{} k} 300 K3 {300 Ky L3Ry
i Cistoaschon 3 S5 L ¥ BRI k)
e o '
Linewidih (A) SA ety o 48 063 2500

{30 KD AR RY
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Tisapphire has a very short opper state population (generally requiring Jaser pumping).
Na:YAD ami Thsapphire have relatively large cross-sections. while. alexandrite and ruby
v sumalier cross-sectionk, Thsapphive has the widest Huewidth and yuby the nanowest,

11.4 TEEAPPHIAE LABER DESIGN

Trsapphive lagers difter front vonveational solid-state hisess in two major, ways: Fiest,
Truapphive Tasers are typlcully pumped by 4n srgon-ion or NGOYAG laser. Ag b tonseguence,
the ressyrant cavity geometry is often & ring or folded-Z cavity to-allow the pump beam 1o
intoract with the Jaser maleria) while avoiding pump light in e output beam. (Ring laser
cavities are discussed dn Sectton 114,13 Second, Thsupphice lasers have very Tacge tuning
curves. Tuning elements such as efalons do not possess salficiest range 1o wne Tisapphice
tasers. Tostead, bieefvingent flters are usually employed. (Bivefringent filters are discussed
in Section 11.4.25.

11.4.1 Ring Lasers

The first ring resonator was demonstrated in 1963 by Tang et al. b ruby ™ Although the
primary applications for early ring 1esonators were in optical gyroscopes.™ ring lasors did
not-see much conmmercisl applicalion as resonator sirictares until the developmant of the
dye laser. 2 Not only did the ving ease some of the geometrieal constraits in building
dye lasers, the commer-propagating natare of the mode permitted the constuetiun of the firg
femtosecond pudse lasers (see Section 130,

Ring faser geomidries we ofien necessary with Thsappbite Tasers, betause of the
geomeiricsl reguirements nposed by pump lasers. Some especially-elegant designs hove
been bmplemented, incloding diode-pumped monolithic ving tesonatons where the entire ring
is inside the goin material*™

Basies ﬂm ring resonators. The protolypleal Jaser résonafor consists of two mie

pos fucing e sF(see Fignre 1 18y Thiv configiration erestes elechio and mxpgnetic
feld standing wives in the resonator with 4 peniod of one-hall of o optical wavelengt.
These standing waves heract whtb only part of the volomie of the liser winterial, thug,
creging spatial inhomogeneities o ahe gain, This effect & termed  sparial - bole
buining. , ’

1 the loser s raoning on multiple loagitudingl modes . [eremhig many  ovedapping
standing Wwave: re ﬁs}i or i the haser is a gus Jaser (where the atoms are g constant
fotiony, liﬁs &1 sipntficant,  However, for singhemode solidestate Tasers,
spatial hole boriig Caﬁ*m,n.zEmzmiiy reduce the sulput power of the opirdting lases yaede.

R0 Lo Tang, FLOBtug, and €3, debas, 3r., £ Appl Plivs. MITIES (1B

& w. Chow ot al, Bew Mod, Phys, 5561 (1985),

AP, Kbt wid 15, Mulker, Ops. Commme 2307 (19715,

ML Gigen, 1P Hohioer, wied B KL Tisted, Opr, Compnm, T390 -(1973,
Y1 Kane and R, L. Bysr, Opt Lot 10:05 {(1085),
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Figore 114 A& sivpl ring resonaior will
Bavs: Jomgitodinl modes {the Back-and-fanh
tength of o onveationsl Jaser is équivalkent
ter the rownd-trip keogl of a ring Jasa)
and standing wave patterns. Hormed by
the dnbersciton between: the Yedt aod right
Sraviedhng waves In the ringh

‘material > mechanicslly moving the maedal,® or by phase modulating the beam emering
the material,” However, one of the most stceessful methods for elimingting spatial hole
burping ie fo stocture e resonaior in o anddivectional ting geometry,

A simple resomator fsuch as in Pl 11.9Y i not very differeat from g conven-
tional resanator ’ sewill have longinadinal modes (he back-and-forth
feapth of o conve font e the. round-teip fongth of A vy laser) and

directional ring Tasers oo longer possess standing waves and do st creste spatial hole

oA, Breapgerrs JEEE L of Quanim Eleetrrm, QE-R:235 (1973,
AL Gy Dandeheyer, Appl Phvs. Lot 1324 (1970
T, 15, Danfelieyar, Appl. Phos. Larr VT500 (1970
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burning effects, Hliminating spatial bole burning provides several advantages. First, since
the faser material s more homogenéons, there I3 more ovedall gain available to the fon.
gitudinal modes, This increases mode compeiition between adjacent longitudinal modes,
making it possible o pump the Taser harder and stll retain single longinudinal mode oper-
ation. Additionally, since the gain is more homogeneous, maye power can be extracied by
a single operating mode. The combination of increased pumping range and increased gain
means that unidirectional rng lasers can deliver significantly more power than conventional
resonators.

Ring Iasers possess some additionsl advantages, 1f a laser is Daing used as a pump for
o ting Jaser, it is relatively easy forconfigure the resomator so thal the back-reflected beam
is. not tetirned back inte the resoniztor of the pump laser (see Figure 11,103 The optical
system formed by a plane paralle] mirror of 3 conventional resonator and the output mirror
of the pump Jager can act Bke a Fabry-Perot cavity attached to the laser, The interaction
between this external Fabry-Perot and the resonator of the pump laser can significantly alter
the frequency and intensity properties of U pump haser. (This is the orlgin of the osciltation
that oecurs when aligning 4 laser cavity with a HeNe laser and backyeflecting the alignment
beam precisely down the bore of the alignment lasor.)

Ring lasers ulso possess more fexibility In cavity design, particulasly for unstable
resonators of for lasers that have a stunber of sensitive intracavity elemens. Additionsdly,

unidirectional-cing Tasers {Fop

LR

exanple, the gain malerdal might be followed by # doubling erystal snd then by @ bisgfringent

filter.) Tnbeorent erdering of vplical components is fraportant. in ey applicatioas.

Creating unidivectional osciliation,  One method i generating unidirectional
oscillation iy to create o sl exteraal vavity alipned with one of the propagating direttions
of the ring Theer Ged Figure 111 TF the taser is running counterclockwise (COW), the
raveling wave in the laser does not interact with the external cavity, However, if the laser
is running elockwise (CWY, the beamt is back reflected into the COW direction and supports
the COW magde ™

This mathod works: for corain laser matedials, However {even whon it works) fhe
method does not completely suppress. the light in the smwanted dirgction. Perhaps more

oy Ferng o {fy Contabom WNRY sad sy for Slockwised are Bath eonpgonty tsed i Jest snpinessring.
Phere b noostindand otsfion (o distieguisd them, aedd 5o the mining most De desheced from simpest: Here T uill
st OW fi e T,
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Counter- S
clockwize
cowy S

547
Pump beam {7 .

Figare 1111 Oneomethod for generating
unidivgeduonl edeifuion 10 s ring bser is 10

Mfreon

L il
el e gropspating dinsetions 1
Faser,

importantly, the wethod van enhance mode-beating (particularly if there are multiphe fongi-
udinal Modes onning 10 the ringd and inerferamende effects.

A more relable method for peserating unidirectional oseillatdon i a ring Iaser s (o
use an optical diode constructed from 3 Fasaday rotator, a balf-wave plate, sod @ Brewsier
plate of polarizer {see Figure 1102,

A Fasaday roftor (as used I ring fasey) is a device that chianges the angle of linvar
polarization of Heht as & funcrion of an applicd DC magneric fiekd. The angle s changed
in the same diveetion, independent of the direction of the wave propagation.

To explain this further, consider u vertically polarized wave taaveling e the CCW
direction and entering a Faraday vorior as shown i Figure 11130 Assume the Favaday
rotator changes the direction of Huear polarization Trony vertical 1o 43 degrees io the verdeal.

/i’
Ve
cow /’
Cipical digds beam )
//j b { Hallwave Faaday Polaom, or - d * g
/ COpIE  adator  Bewstepale T % /
/ wsergtale - NN
N ; SN
AN
\ /
*, ,.xf

Figtre 1512 Anether misthand i g
14 to plave an optival divde feastiocted Trom s Banndiy 5ob
& Brewster plate or pidarizec) in the resomaton.

b esgillation B0 a0 dog faser
stor, - Jadfweave plide and

gt

st weidirests
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Faraday
fotator

-

CwW 100w
/,M' . Figure 1113 Verivally polucized fight
L {V } pussing throagh a Faraday votator in

clockwise (UW) and counterclockwise
(OOW)Y disections.

Now, assume a vertically polarized wave traveling in the CW direction is incident on the
same Faraday rotator. The rotator will also change the direction of linear polarization from
vertical 10 4% dogrees to the vertical. “The angle has been changed in the same direction
independent of the propagation direction of the wave,

Contrast this behavior with thit of @ hatfawave plate. Consider o vertically polurized
wave traveling in the COW direction and entering u half-wave plate as shown in Figwe 1114
Assume the halfavave plate changes the direction of linear polarization from vertical to 45
degrees 1o the vertienl. Now, assume a vertically polartzed wave traveling in the CW
divection i incident on the same half~wave plate, The rotator will change the direction of
linear polarization from vertical to 315 degrees to the vertical {that s, 45 degrees in the
ather divecrion {rom vevtical) :

The wausual nature of Faraday cotators can be explaioed in another way. Asstine that
a Faraday rotator is configured with @ mirror so that & beam enters the rotator, bounees off
the mirrer and enters the rotator again (it taveling the oter dircetion). (See Figure 1113

Consider o verticallty polarized wave trveling in the COWdirection and entering the Faraday
Hallwave plate
R
ol I '
R A
CW cow
Ko A Figave 1138 Vestivally poladeed light
193 vy passing Uunngh & halfwave plate in
B slockwiss (WY ansd cousteralockwing
OOV Hirentions
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Faraday

oW Cow

CFigwre TLIS Vortioally polarteed light

p.w\um through o Faraday robior in e

diection, Being back elieewd, wid

fack thromgh the Faniday yotstor in
the € W ifrrestion.

atator, Assume the fotater changes the direcdon of Hnewr polasization from vertical (o 43
degrees 1o the verdeal. Now, the beam will be directed back through the vottor by the
wmirrer, and will again be ultered | by 45 degrees in the same direction. The beam is now 90
degrees Tront it orghmd polarization,

Contrast this with 2 halfowave plate, Assume that o halfowave phue is configured with
W orivror s that & bean anters the Talf-wive plate, bounees of ! the miiror, and enters the
half-wave plate again (but taveling the other direction). (See Figure TE16) Cansider
vertically poladzed wave traveling in the CCW divection and entering the half-wave plate.
Assuroe the half-wave plate changes the direction of linear pelavization from vertical o 43
degrecs to the vertieal, Now, the bewr will be directed back through the half-wave plate
by the mirser, and will be altered by 45 deprees 1o the reverse direction. The boasn is af the
savmie. prodatbzation as the origiat!

The contrasting propertios of Faraday rotators and half-wave plates allow the creation
of optical diodes. As an essmple, consider the optical systern Hustrated in Figure 1117,
Hiore, o Brewster plafe tor polarizeny 15 oriented 1 pass verticad pﬂid;m&tt{m Thi Brewsler

e

ale s Telowed BY R FaTaday TomLor and e By halfrwaive plaer Consider the COW

wave fivst. A vertically polurized wave i (irst passed with no foss by the Brewster plate.

Halb-wave plate

¥ £ %
iy S
2 "
oW | COW.
| -
b
¥ A
i ‘} L.W chmmm, it tm«k':ummi wivd

passing Yk thaoipdl e hliwaid pline i
i U8 ddivesting
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A A
h{::, o
Half-wavs T
plate T
Faragay Loow
Polarizer {71 7] Figore 1117 The contraging propenicg
A af Faradiny rotstors wmd hatfwave phites
" ,_;;w aflew the wrestion sl aptical diotde) This
et systony passew COW Hght uedtaggad, bot
sttepuiares W ikt

Then, the Facaday rolator changes the direction frem verticid to 45 degrées 16 the véftical,
The hstf-avave plate then retums the polarization divection 1o the vertical, The originad wave
polarization has been weoversd,

Now, consider the CW wave. A vertivally polarized wave enters the half-wave plate
s the divection s changed from vertical 1o 45 degrees. 1o the vertical, The Faraday rotator
{hiedr continues the change 1090 degrees to the vertical, The CW wave (now perpeadicular
to the CCW) experiences high loss Tvom the Browsier plae {or polarizer) and s atlenu-
aed ‘

142 Birelringent Filters

A tunable laser (such s Tisapphice) requires soime type of adjustable optical aiming element
fir order t s with 4 narvaw Binewidin, Spadally disperssive elomots, such as prisess or
© grathrgs tan be vsed to provide tis toning. However, It is extremely difficult o design
pood tning systems for wide bandwidth umable fasers using spatially dispersive eleenis ™
An alternitive strateey B 0 use dlalons, Redall from Chapter 3 that g conventionnl
eialon makes o very good high-vesahition ilter, Howevey, & single dron can oialy be wuned
over its free spectral tunge, Thus, etalons are well-saited for isolating surrow Hnewidl
femores Tsuch w¥ o siogle argon-ion longitadingl moder bol sre dess well-suied for broad
g, ,
 Birefvingent Giers offeran effective alterative (& dispersive clemonts o -aladons.
Mitltiple element birefdngent filiees oifer excellent resolution over a very brvad spectil
tuming ringe, The Brst use of u birefngent Alter gs 3 tunable ndrcow band faser filiey was

A, L Blovm, O Brgiveernsg 11RO,
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o,

Biretringent plate af ~
7 Brewsters ahgls ‘

SR Y%

i*ig,um H 8 ;’\ iu(xmngcm filter 4
b e 3
avity @ Brew«ainr*; anpler The

gent ity vatl toansrolt aoset of

waveleapths carrcepaiding 1o a intepaad

snsher of Pl wave etndations in the

erystul,

3 Birefringent filters are apalyzed by Bloow™ Preuss and Gole,™
i ‘Nx,gus et al, hold & patent on a birefringent filter for use i a

in 1972 by Yarboroug)
angd Valle mnd Morteno,
tunable pulsed laser cavity,™

A Bincfriogent fter is a plate of bmtmwwi material placed instde a laser cavity ot
Brewster's angle {see Figare 11,18). When the wavelength of the Rght incident on the filrer
corresponds o an integral number of full wave retardations in the birefringent clement, then
the beam emerges nchanged, However, if the wavelength of the eident Hght I8 anything
sther than an integral munber of full wave retardations, then its pobarization will be altered
andd 3wl suffer Toss at the Brewster swface. Thus; the Direfringent Slter will transmit 2 set
of wavelengths corresponding 1o an fniegral number of full wave retrdations w the crysial
{see Fipure 1119),

A birefrngent filter cap be tuned by rolation around its own asis (the rotational
divection that dogs not dhwnge the Brewster angle ordentation).  This alters the index of
refraction seen by the fucident e and thus te wavelongih corgesponding to o dntegral
aamber of {ull wave returdatidng.

A single bivefringent filter possesses o sinusoidal-like ransmiltance profile (see Fig-

ure - H LA that dsasually- o0 rowd. foru v duning cloment in.a Thsapphing laser
However, multiple birefringent filters can be gsed 1o provide greater seleetivity, For exam-
piu Figure 1120 ustentes the fransmittance of 4 three-stage quarks biveliingens filter with
of 0.5 g 1 mvmoand 7.3 mim. '

gent fillers can be analyzed with. uoalrix technigue i slsailar Tadbion o
digtecnic filns ™ OF special interest s the zmmxtly transmitisnce tor g single

Wiy 51 Yarborounh sod £ Bobut, post-dewiling papers CELEA misiiog (19731,

Fa Hloow, L Opr. See of Am SR4AT (TR0

PR Presist dod 1T Coles Appl O 18102 (1980,

NP Valle and B Moot Appd, pn 31538 (10825

K, Megus et o, Birelhagent Filwy Tar Use v s Toaable Pubsed Laser Cavity,” TLS. Patent 45,104,946,
e V7, 1RO3,

B3 R Preuss and 3 L Cede, Appd, Sipn 19703 (1480
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Figare J1I0 A single bivefringent filder passesses 4 sindsoidal-like trmimitanes
profile.

Transmittange

RATAV RS
1100 1300 1600

Wavglength (nmj)

Figure 1120 Muliple birelvingent filters i be used o provide preaser selectivity,
This Hlusirales the transmittance of @ three-slage birefringent filier with thicknesses of
0.5 mm, b oan, sl 705
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birefringent filter given by

E R D
N oL eost )

Trag e 1~ i3 ) vt - i
[nk - vostig) cos? (9}

Gt mi ﬁ,,fi e wy{mu}v gf}}/n et (f?}:.@v(r;&};n ] » mf s )
LA [i woposH s {?ﬁ}/ﬂ‘{ ooty east {Q‘}}/z;{,j e [l - c@v{{f}}n“} ;
i 51N

where 8 = /2 — 8y for Brewster angle Incidence (where 8 is Browster angled, ¢ is the
fning angle (ranges from O to 90 degrees), and o 15 the thickness.™

Example 114

Caleulate the tansmittanee For o tieesstage brefringent filter Tabricated from t;um‘w Assume
the smalest ¢hument s 0.5 oy thick and thar the elements afe in the ratio 152015, Assume the
Bler is in st Brewsiec's angle angd that the rotations] angle is 50 degrees. Plot ﬁm transmitiancs
from 600 s 1o 1300 g -

Solutivy,  Progrms such as Mathesd are well-saited for this typs of calcubaion. Figare 11,20
Hiustiates the resalts of 7 Mathend categlation for tis problam,

11.4.3 Coherent Model 890 and 899 TiBapphire Lasers

‘The Coherert Model 890 laser is 2 lasee-pumped ow broadband Thsapphire aser {see Fig-
ure 11210 The outpis power depends oit the puinp and cai be as high o 2.3 walts with
the SW mirror set and ¢ 13 wiatt argan-ipn puing, .
These seis of standaird opres e tsed o socesy the Tisapphire tantoy nnge. Using
these three sets of optips, the wavelength con he tuned from 690 we o beyend 1100 n
(s Figuree 1122)
In order o secommodsie both low- and high-power pump Tasers, the Model B90 can

- be gonfigured for elther high-or Tow-power pumging, The goal of 1he varable pump scheime

i o optimize the aveddep butween the. TEMy g resonator mode gnd the pump beam.. This

muximizes the conversion efficiency and minimizes thermal Teosing i the Tisapphive,
The laser wavelength 35 tuned with a birefvingeant flter (see Section 11.4.2), Smooth
continious tning s accomplished by minhmizing th competition between the birefringent
uning fiter and the natural birefringense of Tisapphive, To achieve this, e coystal is
rgunted sueh that the polarization vecter of the intracavity mede 38 glighed parallel to the
c-xis of the crystal

The alignment of the polarieation and opde axis veetors is achieved via o face-normal
votution . adjustinent. This slignment prevents gaps or skips in the output tuning curve. The
dodel %50 resorator 4 o folded Haear resouator {see Figuwre 1133): The backbone of the
890 rexonator is a 5 cm dinmeter, solid, staioless-steel har.. The bar has a high thermal
miass, which redoces the sydtem sensitbelty w0 chidnges W the ambmm temperature, Mirtors

o R Presseand § Lo Oule dpad Ope 19708 {19801,
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656 700 Y50 BOO O A50  Y00 950 1000 1050 118U 1150

Power imW

Wavelength (hiny

Figure 1133 The Colwremt Meaded B9 laser & 2 ~paripad 0w - madband
Tisapphice laser. Thive seis of stuntand optics s ssed e ascess the Thsupphire tuning
sange. Using these Then sets of optics, the svrvelenpth can be bued from 620 nm.
feyond. 1100 mn, (Cokitesy of O Colwaen, Ine, Laser Group, Santa Clavs, CA)

LY
/(d// L
(7 1.
Fesgbvmgint Flus SRutped §gter
EX2]

Flovee 1133 The Mode! 890 vesmnion s w foldid T desomter, (otiizey of e
Codwrent, tae, Laser Geoup, Santa Olars, €4%

M1 and M3 are transpiwent 1o the pump light Mirrors M1, M2, M3, and M6 are hiphly

reflective over the Thsapphire laser wavelengths, Mircor M4 is the autput mitror for the
Taser, Mirrars P1, P2, and P3oare highly reflecting at the pump wavelengihs. Thus, the
plrnp beam enters the cavity along the M1 1o MS axis and the laser action ocowrs belween
thie M4 and M6 otiput mirvors. The remaining mivrors are simply o assure that the pump
Bewn can effectively pump the faser material without Diteracting with the Thsappbire faser

: ; ¢ 4 more elaborate version of the Madel %90, whi
899 Thsapphie er, A% with the muodel 890, tlues sets of sundard ‘opiics are used
to sevess the Tisapphiee taning range. Using these three sots of optics, the wavelength can
bo tuned from 700 oot o bévord 1000 am (sed Figore 11.24) The outpul power depands
wit the pump and can be as high as 3 watts with the SWomisror set and o 20 watt argen-ion
g, '

The Model 899 resonator 15 1 folded ring resonator (see Fagure 11.25) using an Invar
frather than stainfess-steal) backhone, Mirrors M1 and M3 are transparent W the pump
Tty Mirrors M1, M2, and M5 are tighly rellective over the Thsapphive laser wavelengths.

oh s the Moded
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Mirror Md is the output mirvor for the hser, Mimors P1, PB, st P are hiphly veflecting at
the pump wavelengths. Thus, the pump b:.mm eatters the cavity slong the MI-MS axis and
the luser action ocours around the MI, M2, M4, and M3 ring. The optical diode and sk
shommb are required 10 wssure um;fmmmn.-ﬂ gperation wroand the ring (more on ring 1o
in Seciton [L4.1)

11.6 FEMTOSECOND PULSE LABSER DESIGN

Since the discovery ol mode-locking in 1964, there have been three penerations of mode-
focked tasers:

The first-generation lasers wre in the subnanosecond regime, fubricated from sohd-
state rterials such s Nd-Y A and Nd:ghiss, and wsing either aetive loss mechanisms
{such 8% ACOUSIG-DPUC node fockers) or pussive | mechanisms {such as saturable
absurbersy, These Tasers we ultimately Hmited to pulsewiddy by the nelatively narmoy
spectral bandwiidth of the gabn material and the hubility of the sstorable absorbers 1
track with the pulse nuprowing.

The second-generation lusers are i the fantosecond regime, using organie dyes as
the gain materials, and with passive modedocking using saturable absorbess i com-
bination with rapid dye gain saturation. These lusers have demomsteated narrow pubse
widths, bat are difficult w align and maintain.

The third-generation Jasers are in the Jow fenitosccond regime, using solid-state vi-
brawic materials sveh as Thsappbive, with passive soliton-like pulse shaping formed
by balacing self-phase vandulation against group velocity dispersion. These Taseds
alse ciumunstmw parsow pulse widihs, but srecstraightiorwand o constraet.

1oty el Tesparch e

suex- oy aleafost opies

and Spicimann et al ¥

wcii #$ yoview papz’rs wcﬁ % Kel i:,r ot dL, M Kimse et al,)

11.5.1 Dispersion in Femtosecond Lasers

Dispersion is the ability of a material 0 alter the frequency character of Hght There are
two main dispersive properties mportant in the design of fomtosencd pulse lasers

The fiest dispersive property of interest is group vidosity dispersion (GYT3 Group
velacity dispersion is the lendency of various froquencies of light to propagate at slightly

vt Sl 1981 Janiary

i Ltk Oty
PEY, Weedler, W Kmm, m&i £, it
M Ry *xi, hzmmma, r ﬁr;
Rehinide, T
My Qp:chmum, P Lmicy T, Buibiog dmif Krauen, TEEE 7, of Qranton Fledtron, 3G (19441
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different speesdy in certain materials, T materiads with a normad or positive GVD, the looger
wavelengths travel Faster thao the sherter ones, thus red shifting the pulse. '

The seoond dispersive property of nterest s self-phase modulation (SPM). SPM is un
unensity-dependent phase shift that manitests iselt cither spatially or temporally, (8PM is
often eomed the Kew effect) ’

Spatisl SPM can also be described as self-Focusing, As the Tutensity wy the center of
the pulie incresses, the index of refracton ol the material ereases, and the pulse foeuses.

Temporal SPM 15 a fime-dependent phase shift that oecurs a8 the pulse sweeps through
the dispersive material, “The rising inteasity ois the front edge of the pulse increases the index
of fefraction. “This will delay the todividual oscilfutions, and thus red shift the rising edge.
The reverse effect pecurs o the tradling edee (blue shifing the tailing edge). Thus, emporal
SPM chirps the pulse.

For witrashort pulse generation, the round-teip tme T the resonator Tor alt frequency
companents of the Hght must be the seme. Otherwise, frequency componests with different
phase shifis will no longer add coberenty aud the mode-locking will break down {think of
an ummode-locked Juser with vandom phases),

Iiv @ normal taser, temparal SPM will couse a red shift of the pulse and the GVD
will ulso gonise o red shift of the pulse. Thus, by order 0 achieve transform-limited pulse
witdths, it iy necessary o ncorporale some type of dispersion compensation that blue shifis
the pldse, . .

Pricems ave the wmost common way oF ntoducing OVD compensation, Although the
alass hi prisws bas normal dispersion (red shifts the pulsel, the geametry can be wrranged
s0 that the bhie compoents trassverse the prism path in o shorter fength of thme than the
sedd components. An example of 8 prism pabr where the GV s a function of L is glven in
Figore 11,26,

11,5.2 Nontinearities Used to Create Femtosecond Pulses

I an smmode-toeked Taser, ol of the longitudinal modes witl be running widh random phages.

TREEE Tandonn PHESSS THAY bE SVRcHiOnZl By The gddiinn of W Raiane AR TN
Luser i nefereed to oy passively o sellmode-tocked wihen this noplinesrity by generated
within the lasér aiid does nor depend v sxemal influenees:

For passive mede-Tocking 1o wirk, the Tatroduced nonlinearity mast creste an amiphi-
wde or phase nsabiling. 31 an amplitude instability &5 croated, this amplitude instability
shotfd grovide gain to the most fatense initial flactuation and loss o the others. T addition,
this amplitude instabiliveshould be shorer e the minimum size of the initial fnciation,

v dasere where the upper stite-Hiftime. bs short-in-comparison 1o the cavity. round-trip
time (principally dye lasers) these requirements on the imroduced nonlinearity are easily met

Fijape 1L
COHUE

sy i e hlws Sobpetents
Frnsvirse the et putl ue s shodies detigd
oF e sy thie sed cpmposas
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by using @ slow suturable absorber, The combined action of the rapid saturable gain {due 1o
the Jaser) and the slower saturable absorption (due to the dve) ereates a gain window that
Follaws the pulse width down to the dephasing dme of the dye (usually tens of fenitoseeonds).

To iftustrate this in more detsdl, visunlize a short spontaneous fluetuation, As the
fluctuation goes tough. the saturable absorber, the infensity of the pulse will bleach the
ahsarber and the absorber foss will drop dmzmnwlly‘ Ax the fuctuation goes thiough the
gatn material (with o shor upper state lifetime), 1 will dynamically teduee the avaitable
gain for a period following the pulse, Thus, there fs o window between the drop in loss
due o the dye bleaching und the drop in gain doe o dynamic gain saturatios. This window
favors the mare Intense pulse (see Figuw 1137

Nowe consider the situation with o typical solid-state Jaser.  In sofid-state lagars, the
upper state lifethne s vsually long and the lasers do not esperience dynamic gain saturation
on time seales compatible with mode-Tocked pulses. Thus, passive motde-locking techuigues
incsolid-state Tasers vely on saturable asorber:dyes with extenrely shovt lifetines. T these
systems, only the dynamic bleaching of the dye works o shorten the pulse. These systems.
are niso Himited by the finite-stote excited Hfethoe of the saturable absorber dye. Sueb life-
times are plooseconds in most organic dyes. Bven the most exolic semicondactor saturable
ahsothers Bave fetinses in the hundreds of Temtaseconds {and are severely wavelongth
dependent).

However, it is also possible to mode-lock a laser using spatial or temporal SPM. 5PM
bas the interesting characteristic that it almost instantarneously follows the variation in the
~optical field intensity, This ulteg-fast effect can be mstormed inte 2 saturable absorber
respanse by inclusion of compensating elemonts in the laser eavity,

For éxample, spatial SPM (self-focusingd can be used to vreate an inteasity-dependent
loss. Spatial SPM will introduce an intensity-dependent change in both the location and the
width of the resonator mode bean widst, By introduction of & hacd or solt aperture, the

lf-foensing effect can be converted foto an intensity-dependent Toss, (The process is also
referred to as Kepslens mode-docking or KLM)

Keerdens mode-locking can be used in many solid-state lasers, ither by relying on

the-intrinsic- sel-focusing-of-the Juser-mawrial-or- by adding-aselffocusingmaterial, .1

magty cases (or example, Thsapphire) 1 18 not even necessary o inchude o true a;m‘mrc.

bt and joss

Time Figaes 1127 o Tasers where Ui L

stage: lifetinie B short i comparison 1o Ve
gavity romubadp time fhae iy aowindow

) between 16 drop in losy due 10 the dye
Pulse Bheaching sad the diog i gady e 1o
' Gy e seeration:  This windaw

Tirms  Tavars this fom Interse pulse,

ntensity
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The higher gam seen by a smaller mode will experience gaio saturation and this will serve
s a-sofl aperture in the cavity,

11.5.3 Measuring Femtosecond Pulses

Once laser pulse widths drop below g few nanoseconds, it becomes ditficult o measore them
with conventional phojodetectors and electronies. Thus, & vardely of elegant techniques have
appeared 1o mensare these short pulses.

The matorily of these techiiques depend on use of two pudses, with one delayed n
timie with respect to the other (see Figure 11.28), These two pulses are typieally created by
a beam splitter and the relative Gime délay intipduded by a doving nirvor {sech as 8 minor
on @ speaker). The polses are then allowed 1o m-lnteraet i some way, and @ trace obraived
faera this interaction. By changing the position of one pulse temporalty with respect to the
wther, an autocorehition patiern can be oblained {admittedly, st one point per palse),

There are 4 number of possible Inreraction elements. Two of the most common are
second harmonic erystils and two-photos phosphors. In the second-harmonie methed, two
stras of sy interferpmeter am arcanged so that the pulses have ontbogonal polarizations. A
second-turmonic erystal i cut so thit harwonic Hght is ouly produced when both putariza-
tions are present. The method thus measures the overdap of the pulse Wi{h s tfuiﬂyui weplica.
The fwo-photon methad is somewhat shmpler 1 coneept thawi o w0 method.

In'the two-photon methoed, the infemcion materisl g simply 4w WWhsn
two photons are simuitaneous absorbed in the fuorescent mgterial, 8 stmie Ph(ﬁt}ﬂ of twice
the Trequency is ernitted and detecrsd iy w camers o photbdetseior.

11.5.4 Colliding Pulse Mode-Locking

Earky work in-fomtosecond dye fasers primanily Focused on resondlor desigs. A lrge ninbey
of destons were pmpmcd and tested, However, in 1981, Fork ot al. came up with the se
mirror colliding pulse mode-locking (CPM) ring Jaser. BLE CPM rings sre so successiul i
all femtosecond dye lasers since then uke sote form of CPM ring genmetry.

A typical set-tp for a CPW system is shown in Figure 1129, The laser gain material
is a flowing jey of rhodamine 663 dye excited by s uegon laser. The saturable absorber is
g thin jet (10 pom) of absorber dye,

L Fork, B L Greean, snd O, Y. Shawik, Appl, Phys. Lew %671 (3981
WY LBk, OV Shank, B Yerowad €. A, Hirteoea, JEEE & of Qoo Flrorron. (V8500 (1983
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In CPM, two comnter-propagating pulses we synchronized su as to ovedap in o sat-
urable absorber dye, The itederénce of the two palses will creite 4 stapding wave pade
in the saturable absorbey dye. The minbmom ogs condition in the dye corresponds o the
maximum constructive interference for the laser pulses.

The system is self-synchronizing bacanse the Towest loss condition always otoars whep
the Iwo countec-propagating palses ovardap in the saturable absorber, Other conditions we
manre lossy and capidly lose out o the lowest loss situgtion.

Competition between pulses Tor guln i tintmal beckise the pala recoviry Limg s
swift iy comparison 3 the round-tiip cavity time. The interval botween pulse arival times
in the pain media can be made Luge snd equal for both pulses by separating the gain and
absorber jeis by one-guarter of the round-tip path lengths (The idea bere is For the pulses
1o overlap in the satuvable absorber dye jet, bul st in the gain medin)

A figure of migrt for saturable absorber dye mode-focking Is the rato of the optical
field intensity wirich suturates the absorber; w the optical feld infensity whieh satwrates the
gain material, The Wgher this o, the more stable the Taser, CPM rings offer 2 minimum
of & factor of two improvement over conventional resonators (the factor of two is becanse
two puiaes saturate the absorber, while only one pulxp samm(u the wm mdmml 3 An

thn mumsed %ai}xmy of CPNI vings: permits removi val of dzspcmw wuy dm;uns whzui
nyay broaden the pafses The net result is that TPM rings reduce the pulse width by g fackor
of 4 to 10 over conventional vesonators,

1155 Grating Pulse Compression

Cirating palse Compression 15 adlagsioal fecling
by using self-phase modulation {see Figre 11300

Aninput pulse is direeted through a dispersive puteria) which browdens the spectrum of
the pulse through self-phoase modulation, (Siogle-mude Gber is the usual dispersive material
- hecause the et vields spatially wniform fregqueoey. broadening which Is abmost enfirely
- ghag 1o self-phiase modulation. ) The resulting pidse (of the same teporal width, bot with
afactor of 3105 broder t;;}eumxm i thent reflecied betwesn wo gratings. The grating
pair ireduces 4 phase shift, which is 2 quadhatic funu;cm of frequency and 45 opposite in

oy rodaging the empoml length of pulses
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input pulse Specirally
A hroadened
/ N L] pulse
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[UCERETCICENE e P _::m
T,

Oplical
fihey

Grating
pair
Tamporally
compressed
puilsse
CFipove TLW Goattog pulse compression wses selfephase modufation 3o a fiber
“brmden the spoctnon of e palse; Tollowd By % grating paly to eropondly conipress
e pulse,

v shorier pulse with 4

sign to that of the dispersive meditm, The ¢ad resalt is g temporall
bioader spegtiam. '

1156 Solitons

Onee. the CPM ring Jaser geometsies becume well-established, research. began o foons
o digpersive propeties of the resomatos: In 1984, Martinez et sl proposed the idey
that balancing group velocity dispersion ({GVD) agabnst self-phase modulation (5PM) might
pmwdc soliton-like pulse shaping and further reduce the temporal pulse width” B However,
Martinez of 3% obssrved that this effect wag valike 10 oo in comventional CPM ring
lasers: because of o competition belween o negative contribution 1o the intracavity SFM,
which arises o the thine-dependest sataration: b the absorber dye, dnd the pusilive 8PM,
which. arises from the fast Kerr effect o the dye solvent. This causes an intracavity tofal

| SPM that is small god wegative, Thelr suggestion was that one of these contributing sourees
would need to be reduced for the soliton behavior to be obseryved ™
This concept of balancing the GV agaiost the SPM ta form solitons was first demcon-
ated by Valdmanis et al, in 1985 ioa shoamisror UPM ring cavity wiitli Tour prisas wsed
s :ﬁsymrsim; h’uﬁng ﬁI@:nmnts"“*“‘ {sew Figure 11 ‘”ii' in thm mm‘xgxmmm four immi »,.mc

B
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T o
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’z%
3‘
“«f«
s 4
=
=
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:3
&
E‘*
i3
il

j .dufﬁ?‘ bm th«, ptshe w;d{i& ﬂmdtxaii% mmmmw, h}r oxuess pm & {}“J’I}, ’shr;e faser was
iy not stablé o ran with 8 & mode but with long pulse widihs, Valdmanis et al:
h} pithesized that the Fast Kere effect by the dye solvent was compensating for the hegalive

Wrartinvz, R4 Fark, st &P Gordon, Opk Loy, B1S6 (1984},

2, Matinez, R, L., Forkd, and 3 P Gerdon, L Opre Soo 8 20733 (19831

53 A, Yaldmanis, B L. Fark, and 3 P Gordan, Op Lo, 10131 (1983,

885, A Valdowmns and R, L. Fork, IBEE L of Gnostim Blestron: QE-72112 {1986),
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& shxemiroy t*ﬁ"\‘i ¥t i mxy i Your prisios aed ws dispeesion wonlng elewents. (From
5 A Valdowands v 8 L Pork, “Design Considerstions: foe o Pemtoserond Polse Laser
Bafancing Self Phase Modulstion, Group Velority Disperdion, Saturable z\iamxmmn agnd
Sarurable Gapn” WEE L of Ouantum Flecirom QE-I0112 (1986]

itraduced GVD by the prisms and thus ereating the soliton formation. I wssence, the Keer
effert generated  pulse with g positive chirp (8 positgve lingar chicp has & phase grester
than zero and can by considered qualitatively o have te red Tight coming first and the blue
light coming second), which required the addigon of a negative GVD 10 genersie pulse
cismprsssion,

11.5.7 Herr-Leng Mode-Looking (KLU in ThSapphire

Prior 10 1991, » variety of mode-tocking technigues had been applied to Tisapphire. These
ineluded syachronous pumping, acousto-optic modalation, passive mode-locking, fojection
seeding, and additive pubse mode-locking, The only cormmon Teature was that the techiiques
werg difficult wnd nol very suceessfd (the shortest pulse width was approxbmately 300
fertoseconds using injection seeding), :

However, in 1991, Spence of al. demoostrsted & new mode-locking wehuigue in

THSAPPRFEYT THIS wChniguy was the fivsr demonstetion of Kenslens modeTocking and
b the elegant featire that the critical noolinearity was produced by the Thsapphire coystal
itselt (rher than by an additional optical elemeng),

The cavity natorally mede-locked down to 100 fs and was ustonishingly simple (cons
wmmg ol W prisms Tor dispbrsion compensation; see Fpure 11325 The simplicity of
-up mcmt that fm xxauits weh am wcﬁ acwpim umii tb s c%’fiei waﬁ z;()’nﬁrrirui

E‘M*g%axxa
srode-ocky ;

The demongtration nf self-mode-locking by Spence, coupled with the recognition of -
the importince of dispersion compensarion in Temtosecond pulse tasers, sparked a flurry of
ey activity i the earky 19490s. Cavity designs simplified deamatically dod eesearchi effort

Sy B, Spence, PN Kean, dad WS Sibbatt, £ Lo 1642 (3984,

SR Wrwasy, WL Perimaai, 1 Beabor P Cudey. ML Holer, M. Ober, € Spidimang, B, Wianer, and A
Sctunieh, SEEE 1 of Qovunnes Elecrron. 38:2097 {19924,
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moved oward more sophisticated metiods of dispersion t,mmxmmtmn The widerstanding
of subileties in material dispersion guickly fed 1o Thsapphire lasers producing pui&u. i the
10 ¥ vange without external pulse compression,™ 7 The extracrdinury mechanical simplicity
of madern fentosecond pulse Thsapphire haser systems is stimuolating commercial interest, "

11.5.8 Coherent Mira Femtosecond Lasers

The Coberent Mira lasers are ultpashort pulse Tosappbive fosers. "The Mim 900-F s 4
Afeprtosecond pulse laser with output pulse widths froms 100 10 200 f5. The laser i3 tunable
froon Tess than 700 am 1o more than JOD0 am By changing tmrrm sets, The Mi BO0-P s
very similar in overall desigo 1o the 900-F, except the optical cavity has been-optimized for
opertion near 110 2 p8 {sm Mmm: ii z;,

The optical davity
puinp beam emers ag M4, ;md O ’»‘1»& aﬂ& M:; are iums;mmm ft thx, pnmp ix ghL Mirrors
M2, M3OMd M3 MG, and M7 we highly reflective over the Tisapphire wavelengths,
Mirror MI s the sutpot misror for the Taser. The cavity can also be run as aow cavity
by shoply moving prism PLand using the mirer combination M1, M2, M3, M4, M5, M8,
ad MY,

The Bhva 9005 s vypically pamped by iy 81orI5W argonsion-laser-Average outpud
power raiges T 2 mW (LW nrior set pumped by an & watt asgon-ion Taser) to 1100
oW (SW mioroe set puiped by g B4 watt argon-ion faser)e The repatition rate ds 76 Mz
with ¢ bewrs diameter of 107 0 0.8 mm and o divergence of LS 1o 1.7 mrwd,

The Mira 900-F uses Kevrleos mode-locking (see Section 11.8.7), where the nonlinear
clemient is the Tisapphire erystal. A iod apertuee is provided, vather than relying on the solt
apertute ol the nunlisear focusing. GV compensation {see Section 11.53) is accomplished
waing & pati of prisms PUand P20 A biveftingent filler see Section LLA2) 3 Incorporated
for brosdband aning.

Femtosecond Tisapplire lasers using GVD compansation do nol start mode-locking

: xpxmmnc:amiv, Some tzmsient change tn cavity length is typically required 1o initinte the

fe

Asiki, £ Himng 1% Garveyof Zhoi, . Kapfeya, sod M. Surneie, O Le 1897701998,
W Ctirigor, M. Mumase, H Kapteyn, 1 Zhow, and C. Huang, S, Letr (1463,

el Ky, PPvactical Tasers Wil Bpaws Yrbous (s tast Applisations”™ Lover Porus World Jwes 1354
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wre 1934 A schenmaic of the Mits fetosecomd Jaser savity, (Courtesy 0f the Coheserd, b,
Yasser Giromp, Santa Clara, CA)

mode-docking process.  (Tisapphive researchers typically start the lasers made-locking by
tapping on @ smirror!). The Mira laser incorporates 4 novel transieni-length variation lechnique
that creates a sufficiently short pulse to start the mode-Tocking process.

The optical cavity for the picosecond Mira 900-P is illustrated in Figure [1.35. The
pumyp beam eaters @t Md, and mirrors Md and M3 wre transparent to the pump Hight. Mirsors
M2, M3, M4, M5, MR, and M10 are highly reflective over the Tisapphire wavelengths.
Mirtar M1-is the owput mirror for the laser, The cavity can also be run us & ew gavity by
stmply moving pasim P1oand mivror M10 and using the miror combination M1, M2, M3,
M4, M3, M8, and M9,

8 M10 Mo

Puinp bosar

Figuse 1535 A sehematie of the Mira pieossennd hiser wavity. (Cowrsesy of the Coberent, Inc.,
Lager Grongs Santa Clira, €AY
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The Mira 900-F is typically pumped by an 8 w0 13 W argon-ion laser. Avenge owput
power tanges from 270 mW (LW miror set pumped by an 8 watt argon-ion laser) to 1300
MW (SW mirror st pumped by a 14 watt argoneiog faser), The repetition ate is 76 MHz
with 4 besm dismerer of 0.7 10 0.8 m and a divergence of 1.5 ® 17 mrad,

The: dMirg D00-P also usex Rorplons ’mac}vimk’im {see Reution [1.5.7), whire the
vortiear cloment 1% the Thsapphire crvstal. Agiin, @ hard aperture 38 provided ratber than
relying on the soft apeture of the nonlinear focusing slong, However (ualike the Mirs Y00-
£y GV vompensation {see Seption 1131 18 ac:c-mm;imimd by removing prito PLand using
A Gires-Touenois interformmeter A Bivefringent filter {see Section: 1142} i incorporated
for Broadband tuaing.

EXERCIBES

Oyerview of transition-nreial solid-siale lonable lasevs

1LY (désiuny Obtain acopy of B, 12, Guenther sud RoG. Buser, HEEE fowritad of (hannt Electranics
QEARLUIO 0983 Redd i and compare the predicnions of 1982 with the soreal development
of tonble sobid-stuts Tasers betwean 1982 snd today. Your answer shoald include:

{a) o brigd swnmmry {one o0 twe paragraphs] on how it Wik poceived a0 1282 it nable
fosurs \muki evolve,

(b a beief suampary {oug or fw ;mf*wmpim o He actual evedption, wd

{ei s toble comparing the predicted development with the wetund development,

112 (destany Obtaine & copy of € Pollack, 1 Baber, L Blass, ansd 8. Muskgral, JEEE Jownnd of
Selecied Toples fn Quantmn Electrades 161 {1853, Rewd 1t und sunvoarize the pradictions
for the fotre in de develvprent of solid-state fossrs Your andwey shoukd be in the form of
(i) o Tew senfonses descdbing the corrant gerception on solid-siae laser developnent, and
{hy 2 table or Jig sumnmarieing fefony developments,

Transtthonanetd solid-stute tupable foser materialy

113 esignd Ohtain munsfacmess” da shaets Jor mby, NEYAG, atexandrite, wd T
(You iy wish to cotmdinate with your classmares 1o avaid Tusdng :
somtacting the sime vendont Coustruct 8 table companing thie uptic ] a;xd pl 1}\ L propenties
of these ruterals, Comipare aind contrast the aetals, Your answer should fnclode:
ta} & suminary table, and
(b severs] pavderaphs discassing the relative advantages and dissdvantages of the materiads,

Ring buers

114 (Fesizod In vetog a HeNe Taser a8 an alignawat Taker, I I quite contdnon o observe 2 Targe
ascillation when the back reflection §r<)m - Hat epriesl component 1y redivected baek Inko e
aliguinent H 24 _

LS (desipny Consider dn I system coty af g rhaer, i Fi‘arztriay wotidor, and a balf
wave platel Prthe {5011
policization by 3 ;i% : Wowlve, the
direction of the Hoege ;}Cﬂm;zaan ety g.rmé_ .imm {itc, %mseja} rolgtor i 20 degdes From thie

® Avabony .

s, Lasery (Y Valley, G University Scince Boks, PIRGY, pp. M3-44.
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1o

Anse

normal,) Using dingrams similar o Figure 11,17, explain the effect that this element would
have i installed woa Oypieal ving laser, )

{desipm) Cronting unigireiiional seillation is a veévy important design sssie io tog ksees. The
et frentionn using an external covity or a Paraday rotior {0 create siaiditestonal oscillation,
Fropose at l&mt e nihf:f mathiond for schisving unidirectionsl oscillation W o rig Jaser, Your

’{’a’} 4

1€} a tm’ .sm{mcea Hiscussing the itdea,

Birelringent erystals . .
117 Assume that you have two Identical polarizers orlented swith their polarization axes at 9 degrees

118

118
1510

35854

Wave

1113

to wach other, Assume vou have an incident unpolarized white Hght sotres of an intensity of
10D watrsfom®. e hoth polarizers have Qa0 and Aee=3.3 over the range of the white
1ight suurce. Hmv wnich Hight iy transmitied tirdagh the polarizes?. Mow, add & third idention]
putarizer in-betseen the 1w crossid polarizers, orfented ar 45 degrees to each original poladzer,
How much light is now transmitted trough the hree polarizers? How much light would be
transmitted 1 the thee polarizers were purfect? Baplain

{elexign} Yse foany core oud ping to constract g miode! of the indicatrix for a negative unluxial
srystal. (This can be done by cotling twe foamevore cliipses with . and o major ases, and
o foar-corg circle with @ . tadivg, Then, one of the cllipses is ewr in bl and one is cut
in guarters, The spructure I then resssembled ag an indicwtrls using the ping. The maodel ean

-be fusther enhanced by addiog o &-vetor ang the associated ollipse using a different color of

foam core,)

{design) Repeat the previots problem, but build: a positive uniaxiul indicatrix,

(design) Repeat dhie previous problew, but build an isdicatrix for a biaxial coystal. Biaxial
ervstals have o optical axes. Locite them on the indicatiiy ence it s built,

Consides the general problem of propagation thiough o positive or segative onfaxial erystal.
Dlegenmine an eguation that atlows the caleulation of w (8. ¢y and w00, ) for an arbivary
and P given m, wad e of the origine! vrystal.

Sonsider the following wriaxiabcrystalss

Crystal 1 0
ChBwIs 15443 1530 .
Butite (Ti00y 2616 2903

Culcite CEAABG ARG

Assume feat you are propagating » beam of 38 degrees (o the optic asiy {as reasured from the
aearialy and midiviey betseeen the e and veakes (R, w45 degress tooeach axish. Deeemine
thiy observed po (0, Oy wod te w00y Tor all thiree sestems.

phittes :
Asstive that you ar on ap nteiview for 4 job da pptcs wind e vweviswes hands. you (g

identically appenting aptical lements. She s vou s they are 3 quarterwive plate anil a
poladirer: She asks you 1o fgore oot which is which, Describe wehat method vou weuld use

10 dstinguish betveeen the elements using only Hewms prosent I g conventional intereiesier’s

office.
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Consider wwave plate fabricaiod From caloite in, = LE584, n. = LABGE). How thick must the
wave plate be i order 1o operate as a-quater-wave phte with 4 A2 phase shift? Assume the
wave plats is 1 be ped with o G328 no Jaser.

Bivelvingent filiers

1115

1Ly

Create o prograng that predicts the taisinission of & Divefringent e, Use this progamt to
calpylate the frmmeaittdnce of 4 Urce-stage Hller fubricated from quartz, . Assubne the smallest
Alementis 0.6 mor thick and that the watio fs 1015 Assume the filiey i ingalled b Brewsiees
arigke and that the sedationad auple 1 30 degiees.

The valeulnod tonsminsion Toickion of a1 bivefingens e really does not Hlustte the wie
vadue of the fillers when instatled fnside 4 bser cavity., Combine the bivefringent filtgr sal-
ysig of Sectpn 114,20 with the pumping constaints discissed T Section 5.6 (0 juedict the
outpat fntensity (s a fupction of wavelngth) for 4 Tiepphire taser with a birefringens filtey
insialled inside the Juser. Assume the Tisapphine laser is the Colierent model 380, diseussed
in Section 10.4,3, Assume hirefringent filter is the one in Bxerdse 11,15, Your answey shinild
include:

(a) a brief (2 few sentences) analysis of how you atincked the probjem,

(b} a Hsting of your sssumplions,

{e} a concise swmary of vour final squations, and

(d} a plot of Intensity (v-axis) versus wavidength {e-axis) Tor the lager.

it

The Colievent model 300 snd S99 Thsapphive Insers

1147

(design) Obtuty date shoers from twe major masufacturers of ow Thaapphire lasers. Compure
st comtrast the faser systems, (You may wish 1o coordinae with your classomtes W avoid
faving 5 Tage number of people contacting the sume vendor} Yows answer should include:
{2} ¢ table comiparing the various features of the foers, and

(B} seversd paragraphy disoossing the felatve strengths dod woakpesses of the faser systeis,

. The design of fomtosecond fasers

1118

RS 34

1120

{olesin) Cbvatn coples of Q. B Mardnez, R L. Fak and J. P, Govdow, Dot Lere. 155 (19843
3A Valdmanis, 1. L. Pord wnd L P Govdon, Opr s T3 OURS); and T B Spenee,
PN Wean, and W, Sibhert, Opr Lerh, 16:42 09911 Each of these papers is repgsentitive of
thestiter ol e et b the Hme-the paped winy written— Rewd the papens; wiid devalop-t suminary
of the development of the stte of the ave in gronp velociy dispersion (GVDY compiasation
bepwepn 1984 and 1991, Your stswer shoutd tnclude o bried (three 10 five paragraphs) suromary
of the developrient of the stite of the state of the art in GVE compensation between 1984 and
1991,

{dlesipn) Measaring the width of femiosceond palsés ja g real -chiaflongd! One wgpe of indivect
wrexstrement weluigne s discussed in the st Progose fwo uther possible ways for measuring
the: palse width of & coml plses, Your answer shoubd dnclude

(4} s suhientes for weastndng te pulse widthe of femtosee

(h) @ Tew sanfenies o sath dppronch {with caliilstions ws sppropriante) descabing the advig-
sageg andd disadvantages of the approach.

(edigny Do some Huaiy rescurch {for exaniple, cheek sesint tssuns of lade jovoals sueh

wn Faser Favwe World wud Photonfos Spectoi, wind vecent fesins of apademie joursals such as

B thuraal of Qaupeon Elecivonivs, Applied Plivsics Letters, awd Opiivs Letlersy wad

deteimine the sorrent sute of the gt e festosecond-pulse Jasess, What doyou shink s the

shonest possible plse Tenpth® Your mgwer should foclnde:
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o one- o ovoopareraph deseripion of the siate of the art in fomosecond pulse sers
tinchaling reforenpaty, and

(b} ane- 1o thisepasgraph sun of yoor opinion Tsuppinted by fucts, references, aud
colculationsy 67 the shortest possible pulse Jeagth from s femmtosecond-pulss faser.

“The Coherent Mirs femtosecond Gusers

LT (design) Obtain data sheess from two mjor manufacirers of femiosecond-pulse Thsapphire
lasars, Compare and contrast e laser systems,  (You iy wish to eoordinate with your
classuates 10 avoid having a large number of people contacting the same vewdor)  Your
answar shonld fozhude:
ta) 4 table camparing the varions features of the Tasers, wud
(h¥ sovernl panerophs discossing rhe relative srengthy and weaknesses of the laser systems.
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Cblectives

{arbon diexide lasers
« To summarize the generic characteristes of the €Oy laser,
& To describe the various energy states of the £0; laser and to summarize how these
states interaey with gach other, '
= To spronariee the seguence of historics] events leading o the development of the
CQ? aser,
» To describe the major characteristics of wavegtide versus free space COy lasess.
= To deseribe the construction of a commercial wavegoide COy laser,
Exclner lasers
s To sumenuarize the generie characteristics of the excimer laser.
& To describe the varions engrgy states of the excimer laser snd to summarize how

these states intoract with each other,

» To summarize the sequence of historical events leading to the development of the
axchmipr laser.

& To describe the general design principles underlying excimer lasers, These iaclude
prelonization, corons discharge chreuitry, and main discharge cirtaitry.

# To deseribe the construction of & conunercial excimer laser,

Semicondustor dlode lasers

s To summarize the sequence of historical events leading to the development of the
sardgonducior Taser ;

# To desoribe the energy band structore of the semdoonductor dinde lager
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» To sumsarize he process of pumplog the semicondnctor diods laser with a PN~
: Janction. ‘

# To describe the process of creating a semiconduetor taser cavity by cluaving the
sermiconductor maierial,

& Todescribe the simlariies and differences between homostructure and heterostrue-
wire semiconductor diode lasers.

& To describe the importnce of vertical and horizontal confinement in designing
semiconductor laser stuciures,

» To describe the major vertical and horizontal confinemsnt siructares,

» To describe the general physical principles governing the design of guantem wells,
with special emphasis on the importance of the widih of the quantm well in
determining the optical propestes of guanturn well hiser diodes,

124 THE DESIGH OF CARBON DIOXIDE LABERS

€0, lasers vpersic over & series of vibrational and rotational bands in the regions 9.4 and 106
een. They are both bigh-average-power and high-efficiency laser systems, Commercially
avaitable ow OO, lasers range tn power {om 6 watts o 10,000 watts, and Costont lasers are
available st even higher powers, Small {210 3 feet long) CO4 lasers can produce hundreds
of walts of average power at an efficiency of 10%. Larger €O, lasers can produce many
kilowatts of cw power, 0 Tasers are widely used in such diverse commercial applicetions
as marking of electronic coraponents, wafers, and chips; marking on anodized aluminum,

trophy engravingacrylic sign makingrapid prototyping-of-3D-models; cutting of ceramisgr———————
textiles, and metls; carpet, sowblade, and safl cutdng: ddlling thin film deposition; and
wire stripping (see Figure 12.1). Thev find application in the medical fleld for laser suegery,
and in sesearch for speetroseopy and remote seasing. Military applications include imaging,
mapping, snd range-finding. They bave also been used in inertisl confinement Tusion as an
altermive 10 large ghass tasers,

€Oy 15 o taser materiad totally velike the materials discussed so for in s text. Con-
yentional lasers lute off of slesteoniv tusitions between various atomis states, Oy Tasers
tase off oolécular gansitions between the vadous wibratiooal and rotational states of CO;,.
Aoy ather things, this meons that OO lasers have s Tonger wavelongth and highey off-
clenty than mest conventionsd Tasers, Addittonal formation on QO Tasers can e found
i Chieo,' Datey.? Tyie? and Witeman® Additional nformation on high peak power and
gas dynaraic 005 lasees can be found in Anderson® Beaulien,® and Losev.”

“Paer Ko Ulseo, Homdbook of Muolectr Lavers (Mow Yok MarcebDerker fae, 1987}

bYW Dey, U0y Laverss Bifsvirand J%p%lffga&ézﬁf¢,& ey Yok Acidende Press, 19763,

B, {?v,val::cz., Advancey In Qe Fleetrontes, Yol 1o s3I0 W, Goodwin, (New Yok Avwdemic Peess,
BT, ppe 120-198, ]

S S Winennn, The 0, Jover (Bertin: Springer-Verlsg, 19875,

st Andseson, Cexdeiande Pagers: An hiradietion (e Yorks Academic Yrew, 1976)

83, Besgliou, Proc TEEE S00671 118718

78, . Loswy, Gasdvsamic Laser (Botind Springer-Verlag, 1881
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Figure 131 Cathon dioxide leser coting syarem. (Courtesy of Syarad, Mukiltao, WA,
apd Sumunagraphics)

12,151 Introduction to 00, Laser States

Consider the €O molecule a3 depicted in Figure 12,20 There are three normal modes of
vibration possible i this molecule: the symmetric stretch wiode, the bending fode, and

the asyminetric stretch mminde. The states ure Inbeled by a notation {(pi.. po. ) where the

oo gtk

subscripts refer to the various nermal modes and where p is an integer corresponding to the
number of guama in the mode. Thus (001) is the stalz with one quanta in the asymmetric
stretch mode and (200) is the state with two quanta in the symmetrie stretch mode. The
1oral vibrational energy of the CO; moleoule is expressed as

Evy, vy, vg) == By (;;, + é) 4 Ry (m £ %) 4 !‘ziia (m - %) (1213

where vy, vy, v3 tepresent the frequencies of the particular modes.?

S Apanin Yardy, Optical Efecironics, 4 o {Piileddptia, PA: Savnders College Pobilishing, 19913, p 242,
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Carbos giowide meleculs

Byroenasirie stoeich msdes

Bending mode

Asymmatnie shreich mode

Figure 12,2 Normal modes of the carbon dioxide moleote.

The €Oy molecules ¢an also rotate, resuliing 1o @ series of closely spaced ststes char
- ackerized by the roational quantum number J, The rotational energies of a given vibrational
state § relative tothe J =0} level are given as

B po mﬁ,«J(_} G 1) o he, I+ 19 e

where B and 12 ave constants.?

The principal leser pansitions in OOy are the (Q01) to (100 105 um mmmmm and
the (001 Y 1o (0203 9.4 g bansitions fsee Plaure 1235 Bach of the lovels (001}, (100), and
{0205 consists of a series of rotationsl states. Transitioms in OOy ooour between states where
L =¥ A 4 Vg (enined the P hmmh) and g v [ T Geomed the B-bimeh).
{Bee Figure 1244

fuo w&vﬁlmgth discrimgination Is provided dn the cavity, the Psbranch of the (Q01) to
(109) 105 am transition will dominate. However, i wavelengih selection is provided (by a
grating, for example), it is possible to lase on any of the allowed P-or R-bransh transitions,
Hotice, however, that siuce hoth the (0013-5{100) and the {001}~ (H20) transitions share
the samne upper lassr Tevel, then the (0013 (100} wansitdon must be suppressed for the
(0 - L 100) drangition fo lase,

The majority of COy lasers contain 4 mixture of three gases (COy, Ny, and He) in a
roughly D817 atin'® The €Oy is the laser gain material. The Ny has only one excited
mode {the symmetedeal sretch mode) sod the epergy of the {13 My vibration wicely alignas
with the (001 upper state of the OOy niolecule (See Bigure 12.3). Since the Ny vibrational
states wte metasiable {very fong Bietimes) the energy in the (1) My wensition {plis o ke
kittic cnergy) can be tensferred fo a OOy molecule as 8 means of populating the (001)

¥amnon Yarv, Qrancugr Blestranics, 24 &b, (New Yok John Wiley and Sons, 1975), po 213, Appesdix 3,
oW, W, Duley, OOy Lasersy Effects and Applications (New York: Avadewnic Press, 19783, p. 16,
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apper OO Jevel footice that the We- 00, eoergy tansler is very similar 1o tie He-Ne en-
sepy branafer do HelNe laseeg see Bection 8.1.3)% The heBum i the gay mixtare provides
epoling by mednd of theomal transter 1o the walls (heliom i3 4 very thenually vonductive
gagy. Heltom also plays 5 role in optitiiing the Kinetic encrgy of the My molecules for
magiman energy transfer bebtweern the My and OOy

Beeause of the metastable Ny and the match between the (1) Ny Jevel and the (001)
Ly lavel, the conversion efficiency between input electrical power to power in the upper
laser state 18 50 to 70%. Since the quantum efficiency is roughly 45%, this mesns they CO,

“lasers van Operate at extramely high efficheuctes (10 1o 35%).

{12.1.2 The Evolution of 00, Laswrs.

The first demonstration of Taser action from €O, was reported by Patel in 1964, 11128
The concept of weldg Ny to Gansfer vibrdnonal enerpy from the lecttical discharps 1 the
COy was recogoized by Legay and Legay-Sommaire in the same year' and the ea of
incorporsting helium for cooling was first proposed by Patel 5 year fater.® During this
period of rapid development on the COy laser, Pasel and other researchers were able io
improve Patel’s briginal 1mW outpet to roughly 100 waig, 161718

The first 00 Jesers were construtted fom Jong tebes of glass whers the desired laser
mmixtare flowed tupogh (e glass wbe (see Figure 12.5), Electrodes in the gos genorsted
g plesma wre to excite the Ny molecules into their symumetrical stretel mode,  Although
the very Hrst dernonstration of laser action from OO used RF excitation, sysems soon
converted to DC excitation for increased power.!?

- charge rinning longihadinally down the cavity. As a consequence, opersting pressures wers
tow due 1o the necessity to creale and maintain 4 plasma over # long distance. However, in
1970, Beaukien®™ first reporied operation of an atmospheric prassure €Oy laser by exciting
the discharge mansversely o the cavity (see Flgare 1965 These Transverse Bxolted An

" mospheric (TEA) lasers offersd higher guiny and greater cutput powers than longitudinally
exeited Tarers

SR Pl S Rew Rive . 13588 (V64
Ve KB Pard, Phys Bev Lo U3 837 (19640
LUK, Pated, Pl Rew I3SATIET (1964

M, Logay and B, Loghy Sommaing, £ & dead Sof 235050 (198

Be v w, Patel, B K. Tiong and 1O Mo¥ee, Appl Phey Lent 12400 11963,

BOCK W Pateh Pl Rev, 13641187 119641 :
VN Lagay-Nomsire, L. Foary, e B Legay, ©.8 Aead Sof 20083050 (1085,
RN el PO Y and LOHL MeFes Appl P Lave 100 Q868)

B RN Pael Appl Piigs, Lot EIRTI98G. !

BEE Haanitn, Al Mok Lo 160504 0870,
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TRANSMITTING BE
&?awaw My Géﬁ%?;’g&?{é%
[THRT Mess)
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DIBCHARGE |

ERACTION H

LEAF ¢ 3 L3 NOTE THaT T
SRRINGE & MICROMETE RS B A DIBCHARGE
FOR ALIGNMENT e N THE TERACTION

Frgaee 3125 Baly cwrbun dhogide Yeser sonamction, (From O K W, Pad, Phpr. Rew, Leir 13
GBI (1964 Reprintd with the permbssion of g author)

The COy faser Grawitches exceptionally well sod Q-switched operation was reported
in 1966 by a number of researchers including Flynn,?b% Kovaes,™ Bridges?® and Pate] ¥
However, the narrow bandwidth of €Oy (approximsiely 50 MHz), means that physically
Tony lasers are required to effectively demonstrate mode-focking. In spite of this difficulry,
the first mode-locking of & conventional COy laser was reported in 1968 by Caddes,™ and
Waood and Schwarte” High-peak power can also be obtained from COy Jasers by pulsing
or galy switching the lasers.® TBA lasers are espocially well-suited for production of
Righ-prak power Oy Taser pulses,®

{1 a conventional €O, fsser, the outpit power will fncrease as the gas flow is increased.
This increased power is thooght o be due to enhanced cooling and more effeciive removal
of dissoviation products such as €O and € from the €Oy discharge.” However, in many
apphications, it is not possible to support the perpheral equipment oy handling flowing
guses and ¥ sealod lnser confipurstion B8 vegquired. T & scaled lazer, the lack of gas fow
means that some suechanisn must be provided W fegensrate the dissocialed gas products

g W Flysn, ML A Bovess, C K. Rhodes, snd A, Javan, Appd Bhys Lot 853 (19865

(1466
B, W Flyon, b O, Hooker, A, Javan, M. A, Kovees, aod €. K. Rbodes, JEEE £ Quon, Elen. QE-2378
{19661

¥, 1, Bridges, Appl. Phys. Lett. 9174 (1946},

TR M, Pated, Pve Rew. Lea T6AT3 11966),

B B Caddes, L. M Osierink, and RO Tatg, Appd Phys Lert 1174 11968,

0, R Wood and 8. B, Schesriz, Appl. Fhys, Lew, 12:363 (1988),

Ba, ¥ R, Appl Pl Lett, Y2324 (1968)

W Duter, COy Laversi Bifects aad Applicatives (NG Yorks Achdune Press, 19763 Chaprir 2.

Repyis, 1, Cin Advaney in Opitond Elecrronics, Vol 1, &g DWW Goodwin (Mew York: Acadernie Priss,
1970, pp. 167168,
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Dslector Fheare 336 A achematic of an ewrly

| v Tramsverse Bacited Avnospherie {TEA)
Bttt fuser. {Repeinted with permission from A1
Boaulion, Appl Fhys Legt 16508 (19703,

By 10 American Toste of Physios)

{particulardy the oxygen speciss) back into COp I these products are permiited o react
with the wbe walls, the chomical equilibriom of the plasma is distwbed and additional
digsocistion products are formed. Various regeneration methods include adding additional
gases, perfodically heating the tobe, or inporporating catalyst alloys on the elestrodses, Sealed
lasers demonstrating such regenerition methods were first developed by Wittman in 1965%
urther developed by Wittman™ and Carbone

The inttisl wse of flowing gases (o iprove e outpet performence of COy lasers ked
i the development of another fascinating way to pump COy. The basic idea Is to begin
with & hot equilibrium gas mbnture and then W oxpand e mixtues through 8 supersonic
nozle, Thivlowers the remperatues and pressues of the gas mixture In e thioe short conpered
tor the upper stnte Bfetine, - When this ooturs, the upper leser Tevel cannot track with the
tepperature and prassure changes and so remaing 4t s nital values. In contrast, the lower
fevel population drops diamatically, The resull B 4 popnldtion trversion thit exiendd some
distance downstredrs of the supersonic nozzle {see Figure 12.7). Lasers using this type
of puraping e called pas dyramic Tusery and wers first soggestad by Konvakhov and
Prokhorov™ in 1966 and dermonstrated by Gerry™ and Konyukhov 3

Thie most spectadidar Torms of gas dynamic lasers are those run using jet or vocket
engines as the pump sowce. The basic idea is to craate » Taser gos mixtwre by burning some
typia of fuel that gepwrates the COy. The fuel source is often igaited with a methanol bumer,

By, 5 Witessy, Pher Lot 185125 1965,

Ry 3. Witteren, JEEE J. Qwan, Flecpron, QRS2 (1965,

LY Cashone, TREE 1 Quan. Elecron, (QB-5:48 {1968

PR, ouyuktiov and A, M Brokliorev, JETP Len 33286 (1968}

Vg, T, iy, JEEE Speotrant .31 (19F0),

By K. Honyukliow, L, V, Mateozov, & M. Brekbhorov, 13 T, Shahunov, and N, ¥. Shirokos, JETP Len.
{3331 (1970%
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Figare 12,7 Gas dynamic laswrs operste by sreatiog @ population Inversion via gay
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FE-88 (1970), GHIT0TEER)

Quiskodraess
nesziss
%
Hlitroyen Sz Zom
5 !

Fuel

and air

Akkdarnini

Burnar Optical Eattussr
Davity

Flgare 128 The most spestecular forms of gas dynenic davers wre those o using jet

e rocket shygines x the pop soiee. (R BT Geory, TEEE Spectewm 231 (1530).
EFIIREE).

AR

which also injects water Into (e mixture, {The water is vaed v decrease the lifetime of
the lower laser state.] Bxtean pltrogen §s added to improve the sxcitation of the Q0. The
resulting mixtuve i¢ then pompressed by the sagi'ne and allowsd to expand out theough &
series of supersonie nozzles. The optical cavity isthen lmamd sideways apross the sxpansion
chamber (see Figure 12.8).%

g Levry, JEEE Eprcinon T:51 K iéﬁ?é}, ‘




Sae, 1281 The Design of Carbon Dioxide Lasees . 383

gk, Zmsg
| FLATIN PR
?13 1 ANQDE {"5;& LT HORE
3 g
: al
U S Gas W Gas ﬁzf?‘-w%”:i ! = Bom

& ,\ S ) — H

L
SARTIAL REFLECTOR | WHVESUIDE iéju 0% REFLECTOR
COOLANT COOLANT
W ouT

$ B B P
TE e e (% P T mv,ww T Een

Figure 12
WOH g g f:sm} } ﬁ;s(ﬁ;@m, B (J Eur&b frix zmci ?’ W "»mnh 'Xﬂnl Blrss,
RN (19781 EH9TE Amaricsn nstiuie of Physing}

12.1.3 Waveguide OO, Lasers

Ore yery good method for improving CO; laser performance 15 to decresse the bore size
of the laser, This increases the numbsr of gas collisions with the bore and significantly
enhances the vooling rate (ee Figure 12.9), If the slectrodes are located transversely {rather
than longhudinallyy in the laser cavity, then the possibility also exists of using the electrodes
themselves as an optical waveznide, thus permining an even smalley bore size, The use of

such a wavepnide allows increased gas pressure with the aftendant advantages of improved
gain wd Jarger linewidth, Operation 2 wavegeide mode also affors some addidional
advastages o alipnment stability. The voncept of a waveguide Uy laser was first proposed
fn 1964 by Marcatili and Schmeluer™ and later demongtenied by Steffen and Koeubuht™
and St ¥ Transversecxcited wavepnide lasers gre disclosed by Smith in UL, Patent
#3815.0474

Wavenuide lasers use # sl bove 1o confing the laser beam, The bore i itsell an
optieal slement, composed of twveor four aptically reflecting walls, Conventional mircon
are placed on either and of the coviey, byt {unlike o conventional Trep space Jaser) these
it do net defing o Gaussian bean in the cavity, Dstead, the Biser establishes various
stable motded insids the bore (ool wnlike the modes b w haser fiber or e zig-zay b nsed).
It 5 also possible w control the mode frmation ‘by‘ introducing anifacts inside the bore tha
force the development of stble reflecting points.*

By A, 1 Marsil and R A Schiseliser, Bell See. Toch J 43078 (1964),
L Sreffen and BB Kacabuhl, Fovs Lenn 2VAGTE (1968
FIROW Snith, Appl. Phys Lest (332 (1971

Hipser W, Siith, “Teaasvensely
£

ser, VLR Patent $3815087, Juse 4, 197
Serer Lasdoang, PSealed OF RP-Excitad Gus Lasers and o Mothed for Thele Manufsentee” UE. Paers
AR A0E, Movimbey 13, 1G

4 Waveguide Gas §

&
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Waveguide lasers are typically differentiated from free space lasers by a number caljey
the Presnel simber. Thiy s defied as

ar
Frop o

e (123
whees @ 33 the beam radivg (for g evlindrical laser) or 142 the beam width (for 8 squars
lasery, L is the leogth, amd 1, the free space wavelongth. A laser with a Presuel number o
less thun .5 is @ true weveguide Iaser, A laser with a Fresnel mumber of greater than abogy
10 is a true free space Joser. Lasers with Fresnel nurabers around 1 are intermediate lassre
that huve some of the Teatores of both classes P
Wavegnide lasers arg typeally smaller, lighter, easier to aligs, and cheaper than their
ghass {ube ancestors. They alsoe have significantly lower operating voltages, 85 the gas
discharge must only be sustained transversgly seross the bore (8 fow millimeters) rather
than longitudinglly along the twbe (thany centimeters). ’

12.44 A Typleal Modern C0; Industiial Laser

The remaioder of this chaper will focus on a family of sealed low-power COy lasers
representative of modern commercial Jasers used for industrial laser machining applications
such gs cutting and marking (see Figure 12.10% The specific units under discussion are the
very pupular series 48 sealed €Oy Jasers manufaotured by Synrad in Mukilieo, Washington,
L1554, These lasers vepresent an excellent cxample of modolar design and are svailable i
thres power levels {10W, 25W, and S0, (Sex Figure 12.11)

Oy lasers can be operated with fowing gases or 1o a sealed configuration. Sealed
lasers (such as the series 48 lasers) have vhvious wdvanteges in the industrial workplace
a5 they do not require complex gas handling systerns, Sealed Iasers sre only commercially
available up to approximately 250 watts. The cross-over point between sealed laser tech-
sology and Howing gases technology is roughly 3 KW, and driven primarily by size and
manufactiuring constraints *

Water-cooling s another srivical tssue in OOy laser design, Although 0 lasers are
exceptionally afficient, 10% efficioncy sl means that 90% of the fnpul power epds up
somewhers else, usually ns hest In the chassis. I the laser gets wo hot; then the lower
state population increases, and the laser performance deops, With good heat sink design,
sealed 20 lasers can be operated in alr-cooled wmode up to approsimately 25 walts. Pagt
that power level, water-cooling is typically required ¥

Dsglgn and manufaciure of the seres 48 module.  The basie serles 48 module
is deseribed in LS. Patent #5,0685,405 (Peter Laskmann, “Sealed Off RF-Egeited Gas Lasers
snd 8 Method for Thelr Manufacture,” November 12, 1991) and the techaology s discussed
i VLS, Patont #4805, 182 (Peter Laskmang, “RE-Bxcited AlMetal Gas'laser,” February 14,

gy Latkomagn, “Sealed OF BB Excied Gag Lavers did s Method for Thels Masufactoe” 118, Fatent
ESORSADS, Maventbsr 12, 193
e Daalmat “Using Low Power U0k Lasers in Industedal Appcations,” Synfed Application Mow,
ot Lankining, “Using Low Power GO Lasers T Indusuital Applications.” Syniad Appliosion Nog.
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Flpure 1249 Typical products murkad by a carbon dionide Jassr. (Cnucteyy of Syorad)
PIoa P 4 ¥ ¥

1989). The key points of the design and manufacturing are doscribed below and additiona]
details may be found. in the patents,

The basic ssries 48 module consists of two extruded aluminum elpewodes and two
extruded aluminum ground plane swips {see Figave 12,123 The toner surfuces of the elec-
trades and ground strips gre optically refloctive at 108 pm (The glecirodes are typlestly
anodized with 4 5 pm herd anodizetion 1o iraprove dischargs sability and RF breakdown
charsderistios ™) The top and botom electiodes are jdentical and messure spproximatily
1 o by 2 om by 40 cmlong. The left and right ground plane sidps are also Wentical and
measure approximately 2 em by 4 cm by 40 om long. To reduce costs, the overall shaps
of the elecirodes und ground plunes {s prodefined by the extrusion provess and only minor
post-extruaion machining operations need to be performed,

The inner surfaces of the electrodss and the ground strips define the optical cavity of
the laser. The bore of this cavity measures roughly § mum squate, which gives the overall

Y Thang, 5. R. Byron, L Laskeane, and W, B Boidges, Cleo "8 1998 Terh, Jupead Sevter, Yol &,
SACHMERY, pp. 3584 ’



296 Other Major Commercial Lasers  Chap, 15

Figure 12.3%  ‘The Synrad sesiee 4% sealed catboni dloxide lavers, (Cowrtesy of Synred)
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Basic sxdruded slectrode ground plane stips.

Taser system & Fresnel number of approximately 1.5 and a diameter to length ratio of approx-
tmately 0,015, Thus, the laser operates in the inermediate regime between full waveguide

operation and full free space operation, In this intermediate regime, only a fraction of the
power of the optical wave interacts with the walls of the cavity. This fraction &5 high enough
1o obiain 1 good optical fill facter, but not so high as to create large losses dug to absorption
in the optical cavity structure.

{f the opuieal surfaces of the eleciodes and the ground srips are

p&r‘f’m:iiy flar an d

aligned, then spurious reflections from the surfaces may cavse shermtions in the ourput mode
pattorn, . By deliberdely invoducing wriifaeds inte the cavity geometry, these aboryations
muy be reduced or eliminated. Two types of artifacts have besn found o be sucoessful
i reducing mode abeirations. The fest ardfact vousisty of stighty taperng the walls of
the bore. Tnthis mothod, the bors i3 made slightly lavger near the end miboor than at the
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front mirror, The tper angle is quite small, typicslly less than a millivadian. The second
astifact sonsists of introduping small, sharp bewds i the optical surfaces. The bends oan
be in one slectrode and its adiacent ground strip, or in two opposing slectrodes (or ground
strips), If the bend is introduced into W electrode and its adjacent groond strip, then it
ts-a-bend-on-the- prder-of-5-10-10-millicadinns 1 the -bend-is-introduced-into-opposing

slectrodes (or grownd sivips), then it is on the oder of 1 millivedian, These bends prevent
reflections uff sll four walls from adding in phase to produce competing modes and paragitic
wseillations. .

Thie ey electrodes and w0 ground . plumes are assemblad in 2 clesn roonn The
slectrodes and ground plane strips are slipped into an outer case as shown iy Figure 1213,
Srmall ceraunic beads are vsed to Isolate the electredes from the ground planc sirps. Larger
pepamic disks ae nied o isolate the slectrodes Trom the vuter oase. Blectrical feedthroughs
twhich also serve as gas 811 ports) are provided in the outer case.

A cormmen dause of short Hfetimes in 00y lasers 18 the accumulation of walet va-
por. Water vapor can migeate fwongh the o-ring mirror seals, or be formed by hydro-
gen combining with dissosisted oxygen An effective way 1o minimize vontamination
dus to water vaper iy to inttoduce # gester into the cavity. A molecular sleve getter for
remeval of water vapor {3 typically inserted lmo the cavity during the initial assembly.
Following the initisl svsembly, sluminem mirror mounts ars welded to both ends of the
wibe. The laser moduls s then subjected o a Wgh vacuum bake-out progess. This pro-
cess remnves water 85 well as e majority of volatile eontaminants such as hydrocarbons
and hydrogen,

The buke-out process is followed by a passivation process where the laser module i
exposed to an oxygen-helium plasma. The passivation process produces numerous OXygen
species that teact with the exposed aluminum parts and create aluminum oxides, {4504,
supphite, is one of the mary aluminum oxides formed by this process.) These oxides serve o
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prevent oxygen loss in the finished laser and extend the operating lifetime. The passivation
progess also serves 0 clean the bare of the laser and provent sontamination of the miroe
doring operation.

The passivation i3 performed by generating sn oxygen plasma within the lser bor,
To create all the oxides necessary for effective passivation; the plasma is operated at sev.
eral different temperatores, and at peak excimtion powers that exceed those the faser will
gxpericncs in operation,

After the passivation is corplete, the laser mirrors are added 1o the module. Although
nearly perfect mirror alignment is required for effective operation of a rue waveguide lager,
the best mode quality sod output power performuance of an inlermediate regime laser i
uiten obteined when the end mirrors are shigned slightly off-axis. The back mirot is &
1009 dielectric conting on silicon {3 meter concave for the 10 watt series 48 laser). The
front mirror is flar with a partially reflective dleloctrie vosting on Znfe (95% reflectiviy
for the 10 walt series <% Tasery., The mirrers are mwomned against g o<dng seal and theee
seaall screws provide slgnment adjustment, {Although e o-ring seal at first glanve seems -
like 2 potentiaily vasatisfactory slement, f:sjmuci experiencs has shows ther 1o work guin
well, The leak vale is ﬁp@mx;mds,iy 1 e’ of helivm per year, not the imiting factor in
the laser lifetime. The o-ring motuts do not fail catastrophically, snd provide a simple and
straightforward means to make alignment adjustments. V)

Onee the mirrors have been installed, the laser is aguain subjecied to 2 short vacuum
bake-out. This bake removes water vapor intraduced by the mirror mowting operation. The
bake is relatively short (120°C for 8 hours for the 10 watt series 48 laser) 1o avoid damaging
the passivaton layer.

Omee the bake-out is completed, the faser is carefully realigned and permanenly fitled

Coeith the opecating gas mixture. The operating mixture consists of roughly 7% xenon, 10%
OOy, 13% Ny, and 67% He® (The xehon is added 1o Jower the overall glectron temperatiye
and fraprove e coss-section of the (1) ransition in 3% The hasic laser module s now
epmplets.

The finished laser module can be mounted in one of several different housings, The
most common 18 Yo mount the lsser in s simple housing focorporating an integral hest
exchanger. The laser tube fits in the bottom of the housing, and the RF electronics 1o drive
the slectrodes mounts in the top {see Figure 12.14).

Exgx"as\ﬁiﬁg iiw tm&'ié‘r mm’iuiﬁ. “I"‘he, 'i;saqic 3{) watt iaﬁc’r‘ is cie.,sigﬁeﬁ o ai’factiveiv

8,
wm ﬁwﬁula Mar s*i&.tmde% {af ihs« sameg iamm as the 10 wai& efez:smées}, o asmmd
stripy {twrta as Jong as the 10 watt ground strips), and two RF modules define the 25 watt
module.

The two 23 wan tindules are combined together in 2 simple by effective way i
form the 30 watt module, The standard 25 watt modele lases with its polarization vector

HEp Lankenann, Leivers ond Qperomivs Masddy 3541 {1B8Yy
#p. Lagdemann, "Using Law Power Gy Lasors o fodusirind Appifeaions,” Synrad Agplicatjos Note.
MW, Witterman, The £ Laver (Berfine Springer-Sedag, 1087, 1 7475,
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Figure 12,34 Symet COy sucder 48 Intersal modules sng hovsings.  (Courtesy of

Synrad)
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parallel 1o the ground planes.™ I one 25 watt module is installed with s polarization
Vector vertical, and the second installed with s polarization vector horizomal, then the
orthogonally polarized beams can be combined at the output using 3 polarizing beam splitter
(set Figure 12.1%), ,

The same modular scaling strategies are applied to the RF. drive electronics, The
single 10 watt module uses one R¥ driver board. The 25 watt module uses two identical

driver boards, and the 50 watr module uses four identical driver bogreds,

i "j%}‘i‘; F. Ehang, 8. K Byron, P Laskann, and W, B, Bridges, Cleo 94, 19904: Yook, Digesr Series, Vol 8
M e, op. 3588,

¥
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Design of the BF driver poard.  Although the very sasly €O, lasers i‘raqmnﬁ},
used a radio frequency (RF) discharge 52335 this was considered by most researcheps
to be an inefficient and inconvenient excitation source™ It was oot until 1977, whe,
Katherine Laakmann began re-examining the use of RP-axcitation for waveguide lasers ™
that the potential value of RE-excitation for small sealed waveguide Iasers becanse appareny,

Conventional COy tusers use & longinudinal high voltage DC cument 10 create e
plasma. Tn s DO longiudinally excited laser, the output power is difficult 10 control gles.
wrically, Changing the voltage across the electrodes changes the chamcter of the plasmg,
This, in turn, alters the plasma impedance and the ability of the plasma to excite the €O,
molecules, Thus, a rather small change in the exciting voltage can result in large changeyg
in the laser performance. Fusthermore, the length and stability charagteristics of the longt.
tadinal gxciiation make rapid changes in the laser performance difficaly,

In the laie seventies, Leakmang Blectro-optics (started by Perer and Katherine Lank.
mann) developed the transverse BF-excited €0 laser. Fhe major advaniage of rangverse
Biexdited Tasers is that the outpd power can be electricdlly sontrolled over g wide range,
at rates of up to 20 kHe. (Figure 12.16 llustrates the control of the owput power by alter
wtion of the duty évcle for § kHe and 20 KHz operation Trom & 65 walt Syurad CO; Taser)
Other advaniages of RF-excitation include significantly lower vollages (hundreds compared
o thousands of volis) and the possibility of longer Jaser Jifetimes due 10 reductions in
gag-dissochation-related damage,

RP-excitation does have its cogts. In particalar, wansistor controlled Rf-excited de-
vices have ronghly half the wallplug efficiency of simitar DCexcited units® Additionally,
thie power supplics seuived for RF-excitation are typically more sxpensive than those in an
squivalent DC-excited unit

The excitation frequency of the RF discharge ranges from z value of approximately
pi2a o S0u /e, whepe's 18 the width 6F the Taser Bove, dnd v'is The drift velooity of electrons
in the laser gas, The drift velocity ranges from approaimately 5- 10% w 1. 107 emfsec in s
typicsl Oy taser pas mixmre™ Thus, for 4 typical transversely excited RF discharge laser
systenn, sppropriste excitetion frequencies He in the UHE-VHP region,

o order 10 svoid madlo imsrférence with other services, certain ISM (Industrial, Sci-
entific, Militery) frequencies have bean set aside by the FCC for industrial uses requiring

e K0 Pl Pl Ree 13641187 419841
3y, Bgrehewitz, L Doshee, B Fasreng, &, Traffen, and B Vauky, O R Hebd Seanc Aved. Sci. 360:338]
{19635),

S99, Basetwitz Lo Darbee, A Traffon, sml B Voutien O R Habd- Seenc.Avad,. Sci-260:548 1 (1963}
233 Farreny, €. Moyer, O Rossedd, ., Dhehee and P. Barchewit, O R Hebd, Seanc, Acad, ot 3613817

{19081

8¢ Rowett, B, Favong, and P Barchowits, [ Olim, Phys 6491 {1957,

Spee, B8, tn Advanges fn Opical Elpcirimizs, Vol 3, o4 Do W. Govdita (New York: Aeadumic Press,
19705 i 1L

S ¥atheting Laskaisan, “Wavegride {3us Laser with High Bequeney Tranisisys igcharge fixc:%mxiérg“ 118
Palent #4.159.231, September 28, 1990,

P aikimenn, Lesry dd Sptiie (9891 op 3531

Filatherine Lo, “Waveguide Gus Lasir with High Froquensy Traneveise Dissharge Bxciustion” U5
Parent #8.169,231, Septendony 3% 31978
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large soounts of RE power, These 18M freguencies are used for Jarger BE OOy Insers and
are 27,12 MHy and 40,68 Mz, Smaller lasers may opsrate sutside of the 18M frequency
timits if the shielding is sufficiently good so thar RF leakage is below FCC minimums.®
Supplying power t the plasma of an RE-exvited tausversely pnped €Oy wavegnide
taser requires careful dosign. The RE voltage source typically has a very low impadaics,
while the laser tabe way hove an fnpedance of hundreds to Boosands o oluns at its opentting
frequency, A laser tube with o sguirs bore 4.8 oot ie width and 37 oo long, with a Jaser gas

pressure of 60t willk-lve ap-dmpedance of approsimately-208-ohms when-operating-with
an output of approxinmtely 15 wans® The impedance incresses as the power decreases,
ard s severgl thousarsd ohms if the plesma & not igaited,

An isnpedance snatching aetwerk typical of the Syniad Sories 48 Iasers is deseribed
i1 LR Pareay #5,008,894, “Dirive System for RF:Bxciied Gag Lagers,” by Peter Laakrosan.
The basic concept is Hlustrated in Figare 12,17, An RF power supply output stage is
connected through a transmission lne 1o the pair of electrodes and ground suips forming
the wavegoide laser. The collector of the upper transistar in the push-pull outpat stage of
the RF power supply is connected to the top electrode of the Jaser through the core of a 14
wiyvelength (at the laser operating frequency) trepsmission line. The lower tansistor in the
pish-pull output stags is connected through the eladding of the transmission line to ground
via a Blocking capacitor. A cwll connects the top electrode to the bottom electrode of the
wavegiidy laser. (This coil serves to newtralize the capacitive reaciance and (o generaty
bi-phase sxeiation of the p?a&;maﬁz} A transformer 15 used to mateh the impedance of the
final stage o the preveding chouiy ln the BRF sovrce. »

In g osmall R¥excited Oy laser (such 26 the Byorad 10-30 walr sevies 45 lasis)
the entire power supply and impedance matehing networks can be integrated into 2 single

By &a&?ﬁi&amfs& sty Low Power Oy Lasses tn Inchistrial Applications,” Synrad Application Mot
B L adknmann, Thive Sestern for 8P Bxctied Gay Lasers.™ US. Patent $3 008,894, Aprid 16, 1891
By ¢k, “Bhetgoally St Gseillating B Ercind Gad Laser,” 1.5, Parent #4,837,772, fupe 6, 1949,
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wnit wx Hlogtrated 3o Plgurs 12180 The luput stage of te power supply 1 g relatbesly
comventions] BF oseillsor chronit. The oulpet slage 18 8 pushpull stage and is integrated
into the wopedence matching network a8 described i the previcus paragraph and in U8
Patent $5,008,804.8

P, Laakmsnn, “Drive System for RFE-Bxeited Gus Lasers, U5, Paent 45,008,554, Aprdl 16, 1991
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CEEAE Uplicel Componenis and Deteotors for ©0; Lasers

Wirkdow, mirrors and lenses.  The long (10.6 jum) wavelongth and high average
power of CO; fasery fead o some diffieulties in consteuction of optical systems. Conven-
tional glass optics capmot be used at COy wavelengths due to high optical absorption and low
thermal condeotivity. Table 12,1 summardizes the nportant opticel propertios of materials
typically used foc transmissive optics in CO; fosers. The alkeli halides (such as XBr) end
to have very low sbsorption, but are hygroscopic snd requirs special coatings 1o survive in
moist eovironraents. The serniconductors {such as ZnSe and GaAg) ars mueh mase robust,
but with correspondingly bigher abscrption coefficients. Unfortumately, both germanium
{Ge) and-silicon (81) suffer from a thermal rungway problemy Above & certain oritical aser
intenaity, a8 the sample heats, the absorption Increases, and the sample hieats more. This
feedback mechanism rapidly results in destruction of the sample,

TABLE 121 PROPEATIES OF MATERIALS USED IN TO; LABERE

Material  Thermal expansion  Thermel combuctivity o fat 105 pm
(w108 740 (w1 W/ em o0 cmhy

Nalt 38.8 6.5 134107

KBr 43 4.8 5402

ZnSe T3 i3 &0

Gudz 3.7 37 120

% 432 120 2.5

e i) V) KE Rl

Fing selenide (FnSe), » wellbehaved semiconductor with 4 refatively high thormsl
conductivity and - fow absorption, ts the typical choice for €Oy wansmissive optics. ZnSe
dows ot suffer from thermal runaway and has the major advantage of being transmissive
from 600 nm to 13 pon (This sliows Jow power Hele lasers to be gsed for alignment of
CO; systerns.) Znde is available commercially as in the forr of windows, digleciric-coated
pactially-transiitting mirrors, ond lelisés.

The very high average power typical of OOy lasers means that COq reflecting optics
must be thermally conductive as well as poor optical absorbers at 10.6 um. Dielectric-
or medat-conted mirors with slngle-crystal siticon substeates are the mirrors of choice for
tawer-power OOy Tasers. Higher power lasers use metal coatings (typically silver or gald)
on molybdenum or copper substrates. Molybdenum (with a thermal condaetivity of 1.33
Wiem °() offers roughly squivalent thermal conductivity as silicon, but is 2 much more
durabile refraciory material. Molybdentim may also be used without & surfgce metal coating
of gold or silver. (Uncoated molybdenwm sairrors typizally have reflectances on the order
of 98%.) Copper (with ¢ therms] conducrivity of 3.9 Wem *C) {s much more thermally
conductive than either silicon ar molybdenum, but significantly Jess rugged. Copper 1s also
diffoult to polish and exmpﬁnnaﬁy easy 1o soratch dudng oleaning

The long wavelengih of COy lasers does offer certaln advantages during fabricatdon
of optics. Diffraction and foensing effects of scratches we roughly proportional to (1/4)%,
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Thus, a relatdvely pobr finish i:.y visible optics standards may be perfectly suitable for 0o,
faser optics. Additionally, the longer wavelength permits fabrication of optics using sy,
methods a3 diamend turming, If property fabricated, 2 dizmond tmed CO; reflector fnay
not neesd-to be polished after fabrication.

GOy lagor detpetors.  The long wavelength and high average power of CO; lagers
also lead to difficulties in optical detection dnd laser power measurzment. Several dets.
tion technplogies are Sommonly employed with OOy lasers 10 overcome these problems.
These wehnologies indhude tennopiles, bolometers, pyroclecuic crystals, and long wave
Jength sermiconducior photovoltaie and photocondactive detectors, (For more defails op
thermopiles, bolometers, snd pyroclecitic crystals, see Secion 8, 43

The majority of phorovolaie and photoconductive semiconductor devices are fabri-

cated from silicon and heve 2 rooghly 400 1w fo 1 g rpsponse range. A simiple sxample

of # phictadetector of this tvpe is 4 PIN photodiode, However, photovaliaic or photocondug.
tive devices do pxist with responses i the 10,0 g range. To move the detector into the
LB range reguires switching o more exotic semiconductors with narmwer bandgaps
than silicon. Examples include HpCdTe, CaTe, and PbSnTe. However, 10.6 s infraved
photovoitsic or photeonductive detectars do suffer from a special problas. Semiconductor
enesgy states that absorh in the 106 o range are separated by spprosimsiely 0.1 ¢V,
Thos, thermad population of the energy states from sources other than the Jaser bear &
guite Hkely., Theretfore, the detectors are offen cooled using Hauid haliom, Hauid titrogen,
ar thermoelectriv voglers,

1.6 e padintion s fur autside of the humsn visual response, Thos, a number of
techniques Have heen develpped (o srsble humans W Iocate the besn and roake qualitative
measurernents. The siroplest nclude such things as sbsorption in foamed pedystyrene, woad,
or ‘metal, Mofe comples methods inchude the vie of dolor chdnged in Bduid Srvsials and
vigible Suorescence Trovg various materials. Ooe of the most elegant and effective nethods is
the thermalauenching of visihlz lumineseance from 5 20043 phosphor suettsd contintously
with UV Hght, The osusl configuration s o use o UV light to axcite the back of a small
soreen ovated with the phosphor, The phosphor glosws 2 brilliant vellow untdl it interacr
with 4 OOy beam The O beam quenches the fuorsscence and leaves dark sreas on the
sCress,

2.2 THE DESBIGN OF EXDIMER LABERS

Eaoimer™ lasers operale un the radiative bansition between the excited stale of 2 molecule
and ity ground side. Commereind excimer Tasers wpically use moldenles formed from the
gombination of heavy noble gases (such ax Xe, Kr, and Ar) and halogens (such as ¥, O, Br
and 1) Common sschmer liser combinations include ArCHUITE o), AP 1183 o), Bifl
(327 am), Bl (249 a, XeBr (382 nm, XeC 308 o), and Xal (381 o). Exchoer lasers
operate pulssd and ave avallable in srgrgies ranging from several millijoules o handfuls of

S i oot sorrect Dsagtc e word axee 5 g {o bomspolsd e sy el as Xen Heteropoly
madeankes such g Xelt wrs i coractly wnnsd eipdey snolecnls Hoevewer, e i gukie dihrel o
fronuunce sxcipler Tavir, e Serm extimir Tk growa 10 mes both wlasses of fasrs,
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joules per pulse. Repetition rates range from a fow KMz to hundeeds of He and owtput
averape powers e svatlable up te 500 waus,

Bxchmer lasers are prived for their ability to efficiently produce rohamnt UV and deep
LIV sndintion, Thsy sve used fnsooh Sverse commercial spplications as Yaser hole delling,

Jaser chyrnical vapor deposition, laser photochemistyy, creation of soft x-ray plasmas, semi-

vonductor waler cleaning, laser machining, laser ablative sputiering, éxcimer laser surface
annealing, desp UV lithography, and laser planarization. They find application in the med-
ieal field for coronary angioplasty and photorefractive keratectomy. Research applications
include spectroscopy, laser photochernisiny, 183{:}' doping of semicondoctons, and regote
sEnsing.

Bxcimer lasers, ke OOy lasers, are vory different from the otlrgr lasers diseussed in
this text. Conventiongl lasers lase off slecipmgde transions helween various alomic states.
Bxchmer tasers lase off the transtion between 4 molscular excited state and = moleeulat
gmnmi state, This means that exciner lssers tend to have a shorter wavelength and higher
efficieney thas most mnwm‘mmi fasers. Additional information on excimer lasers can be
found in Rhodes.® Lande,’ Blliot?” and WeberS

12.2.4 Introduction 1o Exclmer Laser Siates

Congider a gas mixiire of 2 rive gas 4 such akeypton) and 8.1 o 0.3% of & helogen gas X
{such a5 Ruorine). Assume that the mixtare is puriped by an intense glectron beam, which
forms AT and X jons® The fons then recombine to fornt the excited (AT X7 state a5

AY b X7 M e (AT T M {12.4)

where A 15 the rare gas fon, X s the hadogen ion and 3¢ is any third bedy (usually another
sare gAs 1on) to assure momentirn conservation

The (AT XY moledules are the eacied molecules and form the upper state population
{with a lifetires on the order of 3 o 15 88, The AX molecales form the lowsy staie
popilstion; However, the lifedme of the AX molenule is sxtremely short {on the order of
tens of fertoseconds), Thus, even though the ppper state lifetime s shott by the standard
of most lugers {eoy of tanoseconds a8 compared 10 ens or buadreds of micruseconds), it
g still three orders of magniude proaise than the [Wetime of the ground state. For excimer
tasers 1o operate correctly, it §s necessary for the ground state moleceule to dissoctare rapidly,

“Bystems for whivh the moleculs dissociates slowly do not make successful Tasers because

thie taser botlenadks in the ground state.)

81 R, Riwdes, v, Breimer Lavers (Bastin: Springsr-Vertog, 1954), particuisely Chapter 4, pp. 87-138,
¢ weled Laude, Brclmer Luvers (uthedandss Klower Assdesain Publishers, 19943
Fryaeid Kot Ulnndolad Loser Technology ond Applications {San Driegn! Asgdenio Prass, 194933
Baturvin 1 Webie, 88, Handbosk of Laver Sofente and Teckhnoloyy, Yol 1L Gy Logers (hoca Raton, Pl
LR L oo 19833, pretieuionly Sestien 3, pp. L9330 and Marvin I, Webi, od, Handbook of Lexer Sclence
vt ‘zgmnazmvé Supp § Lavirs (Bos Raton, FLoCRO Press, fovg 1991, partondarly Section 011, pp, 3412387,
e A% snd £ Tons we A sud X wtaeee ik Swes Jost or gatnesd que elestion mspentivaly.
Wit exeiied LAY X0 i o tocivnale vt the ke somibar of slestrong 31 A X, but with ont of the tlettrons
W a Bater enaigy wu. :
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imetuciagr ] répulsive poteotinl Hel Reeps two o fram
sopantion Gecngying e Same spaee.

‘The physics of exclmer laser opetation i3 indwrently conpected to the basic processes :
of molecule formaton,  Regall that the formation of » molecole s driven by 8 balanes
between the conlombic attraction of the jons and the repulsive potential that keeps (wo long
from occupying the same space. Thus, the fonmation of 2 molecule is a function of the
distance between the two lons {see Figure 12.19) I the two ions are widely separated,
there 15 no molecule, If the two tons are Wwying 0 ocoupy the same space, there is no
moleculs, The balance between the coulombie attraction and the repulsive potential creates
a well or pocker in the potential energy curve. When the two fons are al a distance (the
equilibrivem internuclear separation) corresponding 1o this energy well they are bowund and
form the moleoule: .

The simation In a rare-ghs hadogen laser 13 somewhar more complicated than that
Hustrated in Flgure 12,19, This is because of the simulianecus existence of dtms, ton,
moleentes, snd their various excited states. A stmplified potential energy disgram of 2 rare
gos helogen excimer Taser is llustrated o Figore 1220, Notice that the upper state manifold
has two kinds of porential energy curves. Thars are covalent cuives corresponding to the
bonding of an excited atom with another ator (A” 4 X or A + X*). There are also fonic
curyes mm}ag::rancimg, to the bonding of two fons {47 X™). The ionic curves aczuaiiy form
a Tamily of cirves, beesuse there are g variety of electon configinations possible in the
(AT X" } L‘(Cﬂ ii mtis:

Toweest mm ot ﬁx uppe; ;.,mz.nfmci. Thas& are »ystems w%wm the a.rcmmga. i}etmaﬂ iik/
jonie and covalent state energies vecur for larger internuclear separations thag the equilib-
riwmn dstance, In these systems the dynamics of the reavtions Jead inevitably to molecules
residing in the bound metastable (A XY state. From the (A1 X state, the only availabie
dowmward energy tansition is by radiation. There are no compeling alternative paths.

The lower state manifold is similer to the upper state manifold, but somewhat 1685
complex. Sivea the lower state does dot have dons, the only potontial energy curves e
those associated with the vartous electronie states of the covalent AX. The Jower state iy
(or may pot) have a potential well indigating the existence of a bound muleculs,
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Figure 1220 A steplifisd potential energy diagram of 8 rare-gas halogen laser (Prom
C. K, Rhodes, o, Evcimer Lasery (Borling Springer-Veslag 1984), Fipwe 4.1, p. 88
1984 Springer-Verlag,)

The grofssion speotran of Kef lustrases the radistive characterstics of a typical rare
gas-halogen transition (see Figure 12.21), The largest peak carresponds w the transition
frotn the bottorn of e potential wall of the {4FX ™) excited state to- the bottom of the
potesitial well of the AX eaviied sate,

Commerctsily interesting rate gas hatide lasers are puraped by electron beseo excitstion
or by elsetrical discharge. T slootron boam excitation, a0 encrgetic elestron ey is cremted
i vactwm and Sirevted through a thin mewd ar polymer membrane inte the gas mixture, High
enetgy slectrons seattering off atoms in the gas create fons, exclied atoms, and secondary
electeons, The secondary slectrons, in turn, creats more {ons, excited atoms, and slecirons.
The fons and excited amoms react o form the excited molecules.  Under slectron beats
sxeitation, fons are produced in preference 10 excited states (by ai‘mnt a %1 ratio) and thy
privary reaction is

AV X e M (ATXY 4+ M {12.5)

where A 1s the racs gas fon, X is the halogen ion, and A s any third body (usually another
rare gas jon), to sssure momentum conssrvation,

Pulsed electical discharges are mom commonly used for commercial fasers becguge
they offar the potential for higher punping efficiency snd higher average powsr. In ap
electricsl dischge, the low energy slectzons diift along in the electric fald and Increass in
energy. Bventuslly, they reach the energy threshold for excitation of the first excited state
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Figure $321  The crsission spectrum of Kaf Hlusteptes the *agiiativc chargsteristivs of
w typleal sere gas-hadogen wnsiticn, (From € Ko Rbodes o, Excimer Lasers (Hedhin:
Springee-Varlag, 1984, Pigere 42, p. 91 01984 Springer-Verlug.)

of the rare g stame, Then, they eollide inelastically with the rars gas aom, leaving the gas
atom in an excited state and rerurning the gleciron W low energy. Under these conditions,
a very fast and efficlent reaction termed 2 harpoon collision s involved.”

A ME - WXV M (12.8)

12.2.2 The Evolution of ’Excim{ays

The first excimer was demonstrated in 1970 by Basov et a1, at the Lebedev Physics Institute. 7
This laser was an Xoy exclmer that lased at 176 am and wag excited by a relativistic electron

“hesm directed iato Bguid xenon, o 1972, Koehler et al. atl Lawrence Livermore Naiiom&l

Laborstories demonsirated an Xey laser using electron beam pumping of gaseous xenon,”
Laser acton from XeBr at 282 nm was first reported in 1973 by Seardes and Hart at the
Navel Research Laboratory,™ Sewrdes and Hart measured the optical gain of the XeBr m
be 4% per pasy wver 15 om of aodve 'lmgth The experiowent was orginally run at |

4% By, but dids was reduced 10.0.1 10 1% Bry when the Bre was discovered to guench tha,

HeBr excited stats.
A few weeks leter, Bwing and Brau reported laser action from XeC! at 308 nim and KeF
at 249 ™ An independent observation of laser action in KeF was also seported by Tisone

Ty R Hersshback, Adv, Chest. Phys, 10709 (19605%, pp. 367-379 in partionian.

PG Basov, V. A Dasliyehey, Yo M. Pogoy, snd 8.0, Khodkevich, JETP e 13329 (39703,
B A, ek, Mo A Fordober, 13 L. Redbead, and B, L Bbere, dppl, Fhys, bete 2LASR T
WY W, Searben and O A0 Har, Appl, Phye Lew THI43 (1978),

5 Bwing and O &, Bran Apsl PRy Lett 31330 (1973).
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eral™ and Mangano and Facob.™ In the Bwing and Brou experiments, laser action was ob-
tained from & wixture of Ar Xe, s Ly at 89,910,001 and from a mixiore of A, Kry and By
st L0 L The vutpul suergy wes approxiniotely 30 5 from the XeCl bater and abprox-
inately 4 ml from the Bl laser, Tisone ef al. vsed & mixture of 3000 wrr of Ar, 150 o
of Kr, and 6 torr of Fy and were able to obtain 3.6 1 by using 5 om digmeter cavity mirrors,
In the Mangano and Jacob experiments, laser action was obtained from 2 mixture of Ar, Kr,
and Fy at 97.9:2.0:0.1. The maximum output energy in the Mangano and Jacob sxperiments
was O ml. All three experiments used a pulsed electron gun to excite the gas mixture,

Reports of laser action from XeF soon followed, first discovered by Brau and BEwing,™
but first published by Ault et al.”™ Brau and Bwing used a mixwre of Ar, Xe, and Py at
90.6:0.3:0.1 where the mixture was excited with 2 cold cathode electron gun. Ault &t al.
ased a mixture of Ar, Xe, and NFy at 250:25:1. The use of NFs i the Ault experiments was
"o hoth minimize the corrosive effects of Ty and to avoid quenching dus to self-absorption.
The measured outpit snergy Trom: the Aolt sxperiments was 3 ml per pulse, the pesk power
was 300 kW, and the pulse width was 10 as.

All of the early vacimer and sseiplex lasers were electron boam pumped. However,
the efficiency sdvantages of using elecirical discharge pumping were revognized very early,
Since exchmer jasers fequire very high voltages, longimding! discharpe excitation of excimers
was never soccessfully attemipted. Tnstead, excimér teehinnlogy leveragad off te existing
developiments in tausversely excited OOy Iasérs. A major advancement ocourred in 1975,
when Bornharo and Diew gt the Maved resesrch Iaboratories modified a TEA COy lagser and
demomatrated excimer laser action with ap electrical discharge.®

Gias flow. o order o operate an slectrically discharge exelisd exvimer laser, it
is necessary o provide an electte field it exoeeds the DO treakdown voltage of the
gos mistore by g factor of 2 tn F This sypieally reguires voltges of 18 w15 k¥VY/em:
Pathermare, tis pulse must be applisd in 2 time shortcompared 1o the electronie svalanche
time of 20 & 30 ns. This voplies o rise dme of seversl k¥ aanosecond. Fioally, tere st
be sufficient electrons In the clrouit to supply the growing plasma. This requires & very Jow
Impedance slecirival exciation cirouit.

The discharge pudse of dn exginier lager cresles o number of jonized smd exchied
species. Many of thess specios are quite long-lved. 1f another dischsrge pulse attempted
before these secendary spevies have decaved, the msolting efecrrical discharge will be un-
stable, Therefore, in taost covunerciad exchmers, the gas flows across the electrodes. In
geaeral, the bext results are achieved when the How rate is high znough to flush the dis-

53, ¢, isony, A K. Hays, snd 1 M. Hoffawn, Opt Conmermm, 13188 (1975) {The Rwing paper was
mesived o Juse 17, 1978, sod the Thone paper on July 7. 1975,

Y5 AL Maogano sad £ 3L Jeiob, Apol Phyx Lew. X108 (1975). (The Gyelng paper Uooinote #73) wis
sevsdved on duse 18 1975, and e Musgano paperon July 7, 19783

L L Bving and £, &, B, Appl, Phv Lew PR3O and O A, Bravoend 1 1 Bwing, Appl Phys.
Lot TTALE (19758

BE R Al RS, Bradiord st M. Lo Shaniall Apal Flve fem RD813 (19953

st Hecti, Larer Plonesry, vevised od. [Hoston; MA: Avademis Prese 1592, . 48
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- mudtiple paratlel pins, where the pins were fired shoultanecusly. Spark gaps provide exeel-

~reatased o theesarly development of excimer Tasers {due 1o the difficulty and gxpense of ——

charge volume between the glectrodes 2 to 3 times before the nexi pulse. In the case of higy
power lasess with pulse repetition rates of 500 Hz 1o 2 kHz, this gas replacement meang
that velocities of 50 to 150 m/sec are requived. Thus, aerodynamics becomes a critical pagy
of excimer laser design,

Prajonization.  Good electrical discharge uniformity is essential for the successful
operation of a pulsed excimer laser. In order to provide g unifonm high voltage discharge i
high pressure gases. the gag must be prefonized mmedinely prior 1o the application of the
maln lectrical tischarge pulse, Preionizativn means tut & wifonn ion or electron cload
is generated in the gas in the discharge region. This cloud serves to seed the discharge.
and prevent the formation of arcé or streamery in the discharge. Once the mitial cloug
(approximately 107 electrons/om®) is created, the muin discharge will proceed by avalanche
fosieation 10 create densities near 10M electrons/em®,

Prefonization is a very challenglug problem becanse a large number of 2léctrons must
be created quickly. Preionization can be accomplished o a vardety of ways* ® The two
most common sre UY Heht and w-rays: UV Hght-oan be-generated by spark gaps or by
cortoa discharges. However, UV light does hava the Umitation that the Tonizing rangs is
restricied to 8 fow em ™ Xorsys can be created in x-ray tubes by collisions of energetic
electrons with a high 7 material (such as wngsien). Kerays lave 2 much deeper penetration
degm but dre mwoe difficult to ereate. Tn addition, the use of :w'xyz in 3 sommerciol sysiom
renuires special Heensing znd spproval.

Multiple spark gaps are commonly used to create UV light for prefonization ™ Barly
exctmer Taser systems used o linear sparkbosrd where esch spark gap was separately dis-
charged to create 3 waveling spurk wave down the length of the cavity, Later designs used

lent prefonization, but at the cost of some structural complexity,. More iroportantly, spark
gapy erode and tend (o contaminate the laser gos and optical components of the resonator.
Spark gaps are much less frequently used today, a5 they bave been replaced by corona or
%-ray prejonization methods,

Corona-dissharges tend 1o provide lower glectron concentrations, but are siructurally
simpler and do oot contaminate the ges, Corena discharges bave the additiond advaniage
hat they can be sastly integroted with the main electrads structure, This corona discharges
are Triost commonly used with commencial excimens (sich as ¥oUl) that do not requies high
elpctron prefonization concentrations. »

Another alternative is 1o wse x-ray preionization.® Although s-ray prefonization was

making short x-ray pulses) advances n x-ray gentraton ischnology for lasers have mads
soray prelonization o very vigble shieoative w corona techinology, This is especially wue
for the more exote excimers which may require igher prefonization electron dengitizs,

84,3, Patiner, Aopl, Phyy Lo T 0% (1974,
BE 0 Lin, 4 dppl Pryr 5210 (19803,
VR, MidesThaive, M. Obara, sl T, Pulicham, TEEE 4, of Quonivon Elecrron, DE-HL198 (1984),
SR Miysaki ot al. Rew 553, Josewin 3301 (1685

B8 Suniida, M. Dbiws, ned T, Pelivkam, Agpl Phys, Len, FEQ03 (978,




Gy L
1 ~ o
YT v 5 Main electrods

e Kprﬁimfﬁmﬁ{m/
g, T slactrodes

Main placirods

Flgure 5222 A typleel sorona dischucge cheowit. The two medn clecwodes are oriented. trang-
vepsely. The two pretonization slecirodes am also orlented wansversely, and sm paralisl 1o the main
whectrodes, (From E. Mlter-Horsehs, “Apparatus o Prelonizing » Pulsed (e Laser” 1.8, Patent
BE247830, Sept, 28,1993

Corona discharge oroullry.  The corona discharge method s one of the most
cormen commercial praionization techniques. ¥ In the corona discharge methad, UV light
is penerated by a gos discharge between 4 mete] and 2 dislectric, The UV Light then oreates
a-weak tonlzation i the discharge rogion of the clecirodes: - One-of the wgor advantages
of corona prelonization is that the divlectric prevents formation of spark channels to the
prejontzation slectrodes. Thos, the contarsination effects of the sparks are climinsted

A typical corona discharge circoit is shown in Figure 12.22.85 The two 'main slectrades
are oriented wangversely, The two prelonization electrodes are also orented fransversely,
_and_parallel to the main_electrodes. The preionization electrodes consist of a conductor
with 2 sureounding dielectvie (or sxoamiple, 5 guans deeve),  The prefunixation electrodes
are placed near ope of e main electrodes and are connssted o the poténtial of the other
electrody. A high-voltage source charges the storage copaciior, and the pulse is tdggered
by & thyratron for quivalent high-voltege witching slement). The prefonization potmml
is ths driven by the main discharse pulse.

Anather option is shows in Figure 12235 The peomenry is similar to Flgure 12.22.
However, with this sviem, the prétogization potentisl 1§ driven by o sopunias set of eircuiy
from the main dischargs pulse. This permits more subtle tuing of the lming between the
twa svents, but ot the cost of sddicony! siroaltey,

Sl suother option is shown in Figure 12247 Here, the clever use of inductors and
capacitors generates 2 very rapid staning spike acioss the prelonization electrodes, which
15 followed by the main discharge polse. Sujtabde cholee of inductor and vapacitor values
permit this girdeit 1o be tuned B oplindim oulpul phwer

65, ¥ Brnst and A€ Boer, Ot Comnid 2T05 11978y,

B4 Hassne ot B M Bergmann, Bee Sol fistrion. 50053 (1979,

B Mitloe-Homehe, “Apparanss for Bectoniaing  Pilsed Oay Lasin)” U8, Paiont 85247530, Sept 2L,
1995 )

By Miller-Hoesche, “Appaistus for Profonizing & Pulsed Gus Liser” (LS, Patent 95,287,534, Swpt. 2),
1053, : .

'

Wy Riiftor Horsshe, “Apousams Tor Proioolslop a Pulied Gas Laser” UL, Patent 25247531, Sepi. 21,
194%,
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Frgure 1233 Another typs of soroms discharge chreniy, Tn this eirealt, the prefonizaton
potentisd ia Griven by & separate seb of cireultey from the main dissharge pulse. This
ety ware subtle tning of die Sadoy brdween the teo gvents, bub Bt the cost of
sdedicionad cieniny. (Fom B MillenHomehe, “Apparatus for Prelosizing « Falsed G
Lasee,) UL, Patent 85,297,331, Sept. 21, 198315 ’
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Figure 1324 Inthis clrouit the clever use of nduesoss and capacitoss genanibes 5 vary
~followed By e
discharge pudse. (From B Miler-Hovsche, “Appacatus for Prefonizing 2 Pubed Gag

Aser™ LS. Papnt 95,287,537, Sepr. #1, 10833 :

Main discharge ciroultry,  Once the prefonization stage is complete, the rasin
discharge pulse must be generated. The electrical discharge requirements on disclarge
excited pulsed sxoinrer Tasors are quite stengent. T

Yo vise time 33 short (0T Adsee) and the

valtage and power are high (50 KV and 5 kW), Furthermore, the gas {after breakdown) has
aovery dow impedanos,
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Figurs 12,38 A typiosl dischawge cirenic for sn extiraer Taser, TS cirodit provides ap elestricel
interface berwesn ¢ high-voltage, high-tmpadanve power soumee, and 5 relatively low-impedanse.
inser lowd, (From T, 5. Fablen snd B, Muss, “Blectrical Excitation Cireuit for Gas Lasers,” UE
Patent #9,549,091, Oet, 32, 1985

An example of a typical discharge cirouit is shown in Figure 12.35% The clectrical
cdreuit provides an electricsd interface between s high-voltage, high-impedance power source
and 4 relatively Jow<impedance faser load, The cirouit inchudes an slecteioal excitation clroult
10, 7 churging sirciiin 16, 8 pealge forming nebwork 18, and 3 laser load 14

The chargiop cirenit includes 4 power sowrce vaparitor C, a charging capacitor Uy

~seriesconmeeted with an fnduetor Ly e charging choke Ly andum isolating giode Dype Phage

choke Ly and charging diode Dy isolate the power souree 12 from the pulse forming network
1B, (The capacitor O s significentdy lavper than the capacitar Co) A thyratron §; isalse
included in the charging cirouit. The comrol elecwroade of the thyratron is connected 168
pulse generator, ' ’

The pulse-forming setwork (PFN) incledes 2 satureble inductor swich B, a blas
power source for Sy, and w choke Ly conpected in series with the bias winding of the
safupible Inductor switch. The PPN also includes a PEN capucitor Oy shurited across the
saturable inductor switch 8y and a second PEN capacitor Cy connected between TP, and
THy. Additionally, the PEN includes a muagnetic diode charging inductor Ly, a bias power
souree for Ly and a choke L connected in series with the bias winding of the magnetic
diode chiarging Inductor. (The choke Ls provides isolation of the blag power Solree for
Ly from High-vollage pulses produced by wansformer action on the bias winding of the
magnetic diode-charging Inductor Lay The laser Toad 14 & connected bebween TP; and
sorarmon, The nductance Ly represents the distributed inductance of the glectrode structure
of the laser load 140 A prelowizativn oircuit 28 iy also ingluded.

The eleotrical excitation cuvuit performs four relatively separate operations: 4 slow

resonant charge of the charging capaeitor Oz, @ medium-speed charge of the pulse foruing

oy 5, Fablen and B Miss, “Riectriod] Bxcitotipn Clroalt for oy Lasers,”” 1.8 Palent 84,339,081, Ceg 22,
1985,

W
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Figure Y126 The heart of the 5300 is u pressure vessel consisvang of twa cocentricaily
monmed cylinders. From D, 5 Clack and T, 8. Pblen, “Gaz Trensport Laser Systpm,”
.8, Palent 93,601,327, Bept. 9, 1986

network 18, an inversion of the voltage on half of zﬁa pulse forming network, and finally
the haser dischargs.

$2.2.4 A Typical Modern Excimer Lasse

The remainder of this secton will focus on an industrial exciroer laser tntended for industrial
materials processing applications. The specific unit under dlscussion i3 the XME 5300 lgser
manufacnrad by XMR, Inc, in Fremont, CA. This laser is representative of a high-end
industeisl materialy processing excimer laser.

The XMR 3300 is a XeCllaser operating st 308 nm and producing 200 watts a1 300 Ha
for an energy of approximately 660 mlfpulse. The repetition rate i selectable from 1 10 300
Hz and the pulse width is 40 o 30 ns. The puiput beam incorporates a beam homogenizer

of 5.76 anmospheres with & buffer gas of neon and uses an HCI precursor to generate the
chiorine. The design of this laser is discossed in D L Clark and 1. 8. Fahien, “Gas Transport
Lager Bystem,” (U5, Patent #4,61 1.327), and 0T, &, Fohlen, “Cas Discharge Laser Having
a Buffer Gas of Neon,” (U8, Patent #4,393,505), and 1s only summarized hers. 7%

The heart of the 8300 Is a pressure vessel congisting of two zocontrieally micunted
evhnders {see Figure 12281 The outer cylisder is metsl and constitutes the outer wall of
ihe pressure vessel. The inner cylinder fs o dieléotrio und containg tie PPN for the alectrddes.

WL Clark snd T8, Falden, MOas Traport Laser Systen,™ UL, Puvss 4811327, Bept. 3, 1956
VST 8 Padden, s Dischargs Loser Having s Budfer Gu of Beon” US Paat 84,300,505, July 12, 1983,
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The gas How is between the inner oylinder amd the outer cylinder and s driven by a'set
of blower fans. A gas-to-ligudd heat exchisoger 18 located near the botors of the pressure
vessel,

The slectrodes arg placed ou the top of the imer dislecude oylinder and the lasgr
i% excited tansverselys Two pairs of preforizing corona electrodes wre located slightdy to
hoth sides of the main dlecirodes. The main discharge plasma is created between the two
elertrodes near the top of the pressure vessel. Thus, the optical cavity is located paralie] 1o
these elegtrodes,

Physically, the 330 pressure vessel consists of a nickel-plated staindess-stee] cylinder
that is 100.cm loag and 80 o tn diameter. The vessel contains approximately 200 liters
of laser gas. The stainless-steel oyvlinder has a welded flange with an o-ring groove on each
sngd, Bnd plates are bolted 1o the welded Hanges. Although the system operates at & prossure
of foughly 70 psig, the heaey stainless construction has been pressure tested up to 180 psig.

The lsser system i designed for easy repair and matntensnce. Al of the components
inside the pressurized vessel are readily accessible. A removable cantilevered anm hinged to
the flange holds the end plale so that it san be swoog sway from the fange. Once removed,
the end plate s supported on v wheeled cradle, The inner diclectric cyvlinder, electrodes,
PEN, blowers, and heat exchangers are altached to the ead plate and are removed with it.
This configuration provides ready access to the sub-assemblies for servicing. Huch of the
sub-assemblies I8 a module and can be replaced independently of the others,

The electrodes are bvo sedid-rail electeodas, 79 cm long and 2.3 cm wide, spaced by
2.5 em. The materis) of both glectrodes is solid nickel. The electrades are mounted to
the outgide of the mermal dlelectrie cylinder, Bach of the slectrodes 18 bolted to wighteen
. feedthroughs penetrating the innes diclectde cylinder. Bach feedthrough is o-ring-sealed as
it entexs the domer oylinder. Howsever, the slectrodes can be sdjusted or removed without
replacing the g-rings.
Pive to 10 KW of heat 15 genersted b the Jaser gas froen the dlestsical discharge, the
corona prefontzation, and the blower fans. The gos to Hguid heat exchanger maintaing the
285 temperature at S0°F with a 65°F input voolant teroperanwe at o flow of 3 103 gallons per
minute. The heat sxchanger s a finned tbe constouction, nickeb-plated W mindmize damags
from the gas ke, T order © misimizg Teedtnoughs, the heat exchanger is welded to
a flange, which s sealed to the end plate with ag p-ring,

Figare 1227 15 » perspertive Bpure llustrating e sotive system. The outer metal
eylinder defings the shape of the entire systerm. The inner diclectric cylinder van be scen
toward the back of the drawiop (Somewhet Kidden by the funs), The window for the optical
cavity can b soen nsar the front top of the pressure vessel, The large wiangular housings
on sach side of the prévsire vessel contain the drive assembly for the blower fans.

The double Cylinder structue offers & number of advantages. To begin with; U placey
the pulse-forming network inside of a largetsicel steucture, This serves as an ideal Faraday
vage and mintmizes the lser genenting domisging slectromagnetic iiderferente frony the
exwemely Hgh voltage anl sufrent pulses; The Faradey cage consteuetion sirmitarly reduces
the possibiity of accident tippedng of fhe PEN by extérnal sunrees. Locating the PEN
close to the electrodes minimizes the overall inductance of the electrival system. Finally,
Incating the PPN within the pressure vessel minbmizes the number of feedthroughs,
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Figurs 1227 A pecsprotive figors Hostating the hater chansbier of the XME 5300, The ouex
wesst eylinder definey the shape of the wnutive systera. The inner diclectric cylinder can be senn

* award the back of the deawing (somewhnt hiddon by the funs) (From [0 L Clask and T 8, Fablen,
“Gias Transport Later System,” ULE, Paipst #4.011.327, Sepl. 9, 1986

The eecentic placerent of the cylinders s also g critioal part of the design. Notice that
the elecirodes are locaied 8 the narpowest part of the seusture. This incresses the veloclty of
thie gax over the sleetodes and enhunces the yniformity of the gas fow. The Row velotity &
masimized in the double-celinder geometey because there wre wo sharp bends, constrictions,
or changes in direction, Additionslly, the sylindrical geometry mintmizes the surfacs sres
sapased 10 the gas mixte,

coemee Cpe - -the tnsior-challenges dn consimacting-exchmer-Taser systems 15 the porrosipn—-

eatised by the halogen ons, Early exchmers were notorious for blowing sesls and destroy-
ing electdeal vomponents,  Thug, excioer faser design must wchude g pumber of festures
W shpultancoudly sadues leaksge and enhence the leser Bietime, The 3300 tacorporaies
magnetic couplings for the blowers I order o provide g hermetio seal with no mechaniend
eontact. Within the pressurized vesssl, bearings ap Rubricaizd with Suorinaied lobrssnts,
The blower and coupling bearings inside the vessel are enclosed in 2 housing, which is
pressurized with & smsll Rew of halogen-free gus o addition, noatedals wed ngide the
presstite vessel have Doy selected carcfully. The matority of the metals are nickelplated.
Ingulating wmoerials wre quartz of Ceratnie '
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Wirwlng Angle

P 1238 Muerbh provessing Spplicetions (such, a8 less planarization o laser
annealing) equestly reyeise n “top hiet” bearm prodile withadiustidble o and v dimensions.
Wiy of XMR, Frewong, TAY

Th pressure vessel has an inpit and sxhavst port for gas wplenishioent. Although
the 5300 can tun for approximately 107 pulses withont seplenishamont, sventually parasitic
chemical reactions will deplete the hslogen and the system will need to be recharged.

The prefonization s supplisd by 8 corons wive, The corons wire fva quarne nsulated
conducior, The discherge velume cretted by the corona wirs s approdimately 70 » 2.5 %
2 em?,

Toizusually necess:
inftially support e discha
imi‘priW%ivm %‘*m‘ £ high i<3ni

vyt provide a-buffer pas-in-an excimes-laser-mixture -in-order 10—
Many excimers use helium, becsuse it is chemically inedt,
o ;mzmz{i:&j cand forms stable Tow prossure ﬁiﬁchmgﬁs‘ iis

s

g;a*; z\‘wn t‘sfm% maﬂ} ‘%civmit&at”s aver hc;zum m & 5yatem wm porong wirg ;m:zsmzmm;
Lise of neon a3 a bufler gas incraases both the output power and efficiency of the Tuser, This
enbanced performance sppaws 1y be rolatéd 10 increased stbillty of the plasma,

“The electrodes are pulsed ot 20 (6 SOV, The sise time of the slectical pulse must be
shorter than the upper state Tietime (3 to 15 'us). AN of the chrenlt elemants in the PPN are
preferably insulated by & bath of vansformer oil, The insulating oil is covled by circulation
thfough 4 heat exchanger. Electricat connections from thy pulse founing network o the
sxternal clrcuitty are made with vomtinuous cables sealed by compression o-rings.

The laser resonator uses a conventional high-reflecting rear mirror and partially trans:
parent fromt mirror. The laser nuns o2 psendowsvegulde mode in the vertical direction and
ina froe-space mode in the horigonial, This creates a beans profile that is Gawssian only in
the horizonwl direction.

12.2.8 Laser Bewmn Homogenizers

Materials provessing applications (such as laser pim?rmman or Jaser annealing) frequendy
vequire & “top hat” beam profile (see Figurs 12.28) with adjustable x and v dimensions.
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Since most materisls processing Jasers lase on some combination of Gaussian rodes,
an optical element (called a homogenizern) Is necessary to convert the Gaussian beam inte the
“top hat”! profile, A Jarge number of wehniques have been used to bomogenize laser b,
Oine class of fechniques consists of using lonses, white colls, or waveguides 1o divide the
heam into small parts and then recombing the parts inte the desired 'é‘ia{}ﬁ’ VOB A second
elass of techoigues Bses prisms or misors 10 fold the beam onto ftself?

KR uses ¢ homopentzer of the beam dividiag type. In their homogenizer, 57 vwo sets
of arvays of crossed oyfiodeical lenses four groups of oylindcival lenses In wial) are used
1o divide the incoming beand into an sreay of Sheamlets” {see Figare 12.29). A focusing
Tows then recombingy the beamilets hnto a “wop hut” distdibution on the exposure plang. In
the MR commercial unit, arraye 3 and & (and the focusing leng) dre fxed, Arays |and
3 are free o move. The separation of greay 1 from aray 3 delermines the ¥ dimension
of the homwogenized beam, while the separation of array 2 from amay 4 determines the y
dimension. Notice that the homogenized "top hat” distribution Is always formed & the same
tacation from the homogenizer, independent of the location of the arrgys.

12.2.6 Application Hightight

Excimer lasers ave employed in 8 large number of laser materials processing spplications.
The short wavelength, high vpergy, and high average power of excimer Jusers present vaigue
myaterials processing benefits,

For exmmple, the polysilicon thin film transistor (poly-Si TFTY is considered to be
he next technological step in the development of active-moaleix Yguid crystal displays.%8
Potvsilivon has 2 number of advantsges over amorphous silicon, As one example, polysilicon
possesses mors than 100 tmes the carder mobility of smorphous silicon, thus enabling
CMOS peripheral display deivers 5 he integrated right into the display. Displays with
huili-in drivers are more reliable than conventionsl displays, because electrical connections
are implemented i nietallization Tayers on the substrate Hisell nstead of with thowsands of
TAB-bonded Interconnects. Another benefit of eliminating TAB-bonding s that screen pitch
is 1o Tonger Hmited by interconnection plich, thus opening the door to super-high-resolution
displays suitable for imaging and graphics applications. In addition, high mebility poly.
5 'I“i”i transistors offer fast charging speeds to compensate for RC time d&iayg in larger
display

}{mxzewzf., commercializing the vse of poly-51 TFT devices for active-maurix Bquid-

. grystal displays hes been difficalt, The costomary approsch fo creating poly-31 TV devices

i to vie 4 guartz substmte with a layer of deposited amorphous silicon and dlowly annes]
{G0°C for 24 hours) the mmrg}hcmzs silivon into g polysilicon thin film. However, the high
eost of quartz substrates and the Jong-process times required for furmace aanealing have made

Seary, Optical Enghresring Y1472 (1988,
Fiwanaki ot wh Applied Uptiss 397736 (1908},
Fsano sed Liv, 4

sare and Applicasions {1988, p. BL.

Y&, Fabden, 8. 3. Hutehitun, wed T, MeNuly, "Dpticsl Beam Tnttigration Syster,” (1.8, Patent 84,710,044,
Mareh 39, 1988
. Fanbowsky, Laser Focur Worbd (1994},
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this process impraciical for high-volume production of large displays, Unfortunately, lower-
priced plass sulmtrates cannot beused, becanse the high temperatures used in conventional

antealing processes also well the glass substigte.

Laser anpealing offers sn aliomative o furmece amealing for cresting economieal
poly-8 T devices (see Pigurs 12301 In leser avnealing, the laser only heats the surface
of the mederial, thus allowing matenials other than expunsive guarts 1o be used a8 substrates.
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Figure 12230 Schemans of an excimer laser dnndaling aysteny for moanufaciioing poly-S1 TP
devives, {Courtesy of XMR, Provont, CA)

Both argon nad exchmer lasers have been vsed 1o anmen! smorphons siticon to polysiticon
However, excimes lasers have a significant advantage over argon lasers in this application,
This i becanse exchners are high power (2004 watt), short pulse (20- to 50-ng) lasess.
Ag-n conmsequence-they-onty Josally-heat the sorfsce of the fln-The melt reglon extends
fust 50 o 100 ne below the surface. Excimer faser anncaling is the only current anpealing
technology that can reliably teansform amerphous stlicon Into polysilicon while the subsirate
FERRING 4l rodm imnperature, ‘

The basic process for creating polysilicon tin films by laserannealing is quite straight
forward, Helore processing, e subsirdte i covered with an smorphous sileon thin filmd
The excirace then soans the glass substrate with 2 spatially uniform pattemn of overlapping
rectangular podses, The UV energy 15 swongly sheorbed by the surface layer of amorphous
sificon, which rapidly meHs and vecrystaliises into polysihicon The tostintareous local teme
perating in the surface layer ds high esongh 1o acldeve excellent orysudiinity, However, e
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averspe temperature of the glass substrte remaing substantially bedow the damage threshold
and is unatfected by the laser crystallization provess.

Buics eer gnnealing 15w scanning provess, 1 offers considerable prasent and futiee
process fexibility. The manufacturer hus the option of selectively annealing desiguated arens
o moving to larger or sinaller substrates. In addition, laser annealing provides the high
throughputs required for high-volume active-matrix liguid crystal display manufacturing,
The high pesk energy of the excimer lser, combined with & 300 Hz pulse repetition rate,
enables 360 x 4350 mm substrates © be processed in as litle as three minutes,

2.3 OVERVIEW OF SEMICONDUCTOR DIODE LASERS

12389 History of Ssmiconductor Dlody Lasers

There are ofien periods n solence when magjor dlscoveries are roade simultanecusly by &
number of differoal researchers. The euly history of semivonductor dlode lasers follows
s phtem.

Consider the research exvironment for lasers in wid-1962. The existing lasers were
nsers with Jong path ledgths and Targe external vesonstors, These lasers lassd on narrow
wansitions between well-defined discrete states. Serindeonductors (with g high free carvisr
absorption, wide basdwidii opticed ansitdon, and relatively swall sigg) ware assumed 10
Tisvves Defficient radistive recombination and were conaidered an bnprobable matertal for
lasgr action:

However, in-July-1962-Keyes and Quist p‘t‘e%nmd @ pager, “Recombination Radiy-
tion Emitted by Gallium Arsenide Diodes,” at the Solid State Device Research Copference
(8SDREY in Durbam, NH.2 100 This paper described intense Juminescenes with 2 wuan-
wan efficiency of approximutely 83% from Qeds junctions at 779K, These results were 50
stavtting thet they cnevgized 2 nmber OF résearch groups fo consider the quastion of semi-
conductor Tasers. Thess Included research groups at General Bleowie, TRM, and MIT Lincoln
Laboratories, (Notice that all of these groups achieved semiconductor laser operation in the
latier half of 19628

The General Blectde group used n-typs Gads wafers with s xine diffusion to form
# degenvrays PHiduncton. (The inportance of the degeoerte junction was pointed out by
Bermard and Duraffourg in 196119 The resulting wafers were cat fnto strips approximately
0.5 men wide and comented to plates so that the edges could be Tapped and polished. These
polishied edges formed the Fabry-Perot resonator structure. The resultiog diodes were cooled
o TPH and operated o pulsed mode, The paper gpnouncing the first semicondutior laser
operation was the General Bleciric paper submitted in 8aptuxabz: 1967 and sppesring in the
?xmfﬁm%m 1, 1962, edition of Physical Review Letters,"™

&‘?& 1 iwwx ared T, B Quis, “Recowbinstion Radintion Badited by Gallioe Aesenide Diodes” prozentad
& s Sadid Srane Devine Bey, Oy 1963

1Rrhe piaserial o Ghesn papurs was ler pablished R, 5 Keves and TUME Quist, Prwe JRE SRISEI (1960

Wing gs &, Bervund and &, Dueafibueg, Phve Siar Sol DA (1561,

g N Mall U0 Penpen E D Bingdey, T8 Solive, snd B 00 Culscn, Phos Bowd Layg, D386 119620,
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‘The TEM groop dse vsed n-type Gass wafers with 1 Zive diffusion to form a de.
generate PH-juncdon, The IBM group was struggling with the concept of how 10 make 5
resonator, and so decided to atterpt o demonstrate stimulated emission without a résonasgy,
The M Applied Physies Letter veporting the coberent stimulated emission from 2 Gasg
PN-upetion was subrnitied in Dictober 2%2 appsaring within days of the publication of the
Geperal Blectric Physical Review Letter,)”

The MIT Lincoln Laboratories group also tsed n-type GaAs wafers with 2 zine diffy.

-sion. They glected 10 use mechanica! polishing 1o Torm the resonator siructure aad dohieveq
jaser action within a few wesks of the other groups. Thelr first paper was submitted ip
Noveniber 1962, and their msults were reportad in g pair of experimental and theorey.
el papers®0 1 The MIT Liocoln Laborstories group was alse noteworthy for being the
first group to address the question of applications for the new lasers by demonstrating 1y
transmission from & rooftop, and then from 2 nearby mouniain fog, '

Very shortly sfter the first demotistration of laser sction in & degenerte Geds PN
junction, & number of loleresting and important advencements ecourred, Just 2 few weeks
after the initind announcement of GaAs dicdes by the General Electric group,'” Holonyak
and Bevacqua demonstrated the fiest visible (710 nm) laser diode in GaAs, ., P, using pol-
ished Faces’™ (the Holooysk and Revacgus paper was submitted in October 1962), The
first ew operation (at 2°K) was observed by Howard et al,'™ and the fiest pulsed room-
emperature operation by Bucns et al /0

The izsue of polishing versus cleaving to create the small Febry-Pertt cavities was 4
exitical one in early semiconductor Taser development, ‘Aldwugh deaving is now considered
to be somewhat sasier than polishing, the first three lasers to be demonstrased <l ipcorpo-
rated golished Pabry-Porot cavitdes. Holoyak originally attempted cleaving, but retumed 1o
polishing after difficulties in cleaving Gady. P The fiest reported use of ceaving is by
Bond et al, in 1963, Dill and Rutz patented the cleaving concept from a disclosure filed
on Crotober 20, 1962,112

Laser rosearch then began to diverge into o number of separate areas. The idea of
using heterostnictuess in semiconductor dinde lasers wes a very powerful idea and was

;

WML 1. Nathan, W, P. Dumnke, G. Burns, B, H, DU, r, and G. Lasher, Appl. Phys. Lett. 162 (1962),

B9 A Quist, R, B Rediker, R, 3 Keyes, W B Brag, B Lax, A Lo MoWhorter, and M. 1. Zaigee, Appl.
Phyx, Lotz 191 £1982).

“"A L MeWhoner, H, .i {exgu, and 23 i;z% 4 Appl. Phys. 34235 (1963).

Rt ¥ Fsdson, €. R, Crant. und B 6. Bargess, “Cullivm Arsanide

Diogs .S{mti.; flizi&ws,@m b) i.ﬁfi’«!ﬁﬂ {3{?@;;).” ngr{m 3% S4-d5{1900) vod R 3 Feyen, T 8 Quist, Be H
Rediboer, Mo L Hudson, € B, Grang, sad 5, W bleyer "Madideted Infrared Dads Spans 30 Mikes™ Blaorrn, 30
3835 1315635,

TR N Ml G B Fenos 4 B Bingsley. T, J Soliys, sod R O. Carlson, Phys. Rev. Lert 9366 {1962},

1 Frodonyelk, S, and 8. B, Boveines, Appt Phys Lot 182 11942),

OB Howsd, B R Fang, ¥ 810l Jop wod ML Mathan, 183 L Rey, Develop, 7083 (1952,

Y93, Bupws and L L Nathan, TS 2 Rex Develop 188 (1962), "

g L Bosd, B G Cohen, RoC 0 Ladie, and A, Yarhy, Appl. Phye. Leir 357 (1963

YRR R, DI, e, and BOF Rusr, Pisthod of Fabtication of Crystalfing Shapes.” 1S, Palort #3,.247.575, filed
Ortober 50, 19527 teened April 18, 1965,
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tirst proposed by Kroemer in 196307 However, the heterosiructire concept roguired the
developmient of approprinte materisle-procsssing fechaologies, sooh as Hguid phase epitaxy
{(LPEY wetal-otganic shemical vapor deposition. (MOUVD, and molecular beam epilaxy
{(MBE), Therefore, the origingl proppsal of Keosmer went relatively sonoticed.

In 1963, Nalson first demonstiated the Hould phese epitaxy growth of GaAs on
Gaks M In 1967, Woodall ¢t al. demonstrated the growth of the heterostructure AL 8. As
on GaAs."¥ The first LPE pulsed room temperature heterostructure lasers soon followed
in 196916 UT 8 gnd the ow room temperature hetevostructure lasers, '3 Quantum con-
fineraent was the next major advancement in hetersstroctures, In 1978, Dupuais et al. fiesy
d{tmf:rmimmé a room-temperaiure quanium well laser.™! Buained quantam well imurs so0n
followed 13333,

z}mmbmm feedback lasors {DFS lssers) were another major track in laser develop-
ment. DFB lesers Incorporate an intrinsie grating to foroe single longlndinal mods opera-
tion, Kogelnik and Shank first developed the experimental and theoretical ideas behind DFR
lasers. ™ Nakamura et al. reporied the DFB semiconductor laser oscillation by photopump-
ing GeAs 1 Seifres et al 'Y reported the first Ai{’iaAs:/GaAg single heterostructure DFR
junction lasers. Casey ot al'® and Nakamura et a1l used an AlGaAs/GaAs separately
confined heterostruture to achieve the first DFB ow escillation & room tesiperatyre. Room-
wnperature ow operation of & DFB Jaser at the fiber-optical conununication wavelengih of
LS o in InGaAsPand was first reported by Utaka et a1

Digtributed Brage reflector Tasers (DBR lasers) are a variation on DFB lasers where
the reflectors aye oulside (rather than luside) the active region. Lasing ocours between the

O, Keoearer, Proc. TBEE 3078

Loy Nl ROA Bey, |

BA1, M Woodall, 1 Rugpprecht, and € D Pauit, Solid-Sware Devicr Conf, 1967, mﬁ,mazs sepbeed 10 IBEE
Yeunn Flectean, Devises BU-10630 (19875

"“’?i Forpgeel And H, Wahyon, 8OA Row 36"566(19{&@)‘

I Hayestt, M B Puaish, and P WL ft‘sy* {EEE 1. Quenimem Efgorron, (QE-5211 (1969,

Moo 1o AMerow, V.M, Asdteev, B L. Papon; wnd MLOEL Trokan Fio Yedh Polupiovsdn. 311328 (156%)
(Sos. Plive, Sepdeosmd 3310 HIHNL

B Havaihts ML B Panish, P0W, Foy, wed 5. Bursuskh, Appd Piss Lew 1108 1190,

gy 1oAleoy, Vo ML Andaey, © artaizow, Yo, V.20 B P Morozov, BOL. Pomol, amt v,
&, Trolity, Fir Tebl Poluprovedn, 471800 (197018 e Fhys. Sescond. &1873 (19714

iys Dpitec B 1 Dapkis 8. Bk, o, B A Rezsk, md R Chin, Appl- P Lot 3008 11978),

R Yablonovind art B0 R, & Slefeedve Tevhapl, UT-4:504 (1088% 61393 (1088)

U3ps ¥ Hous, BB, Gilbert, Lo Bfbaun, snd M, € Harvey, Appl Phys. Log S33371-(1988).

B 1A Thils aed T van Brongen, Eledteen, Lage FR1735 (19890,

P Kook wid O, V. Shank, Azl Phys, Ler U152 {38713 andd B Kogsinik end . V. Shank, Anpd,
Fhw Leg, %2307 Q98

AL Mukhrined oA Yadiel HLOWO Yon o and B Soowkh, dppl Bloy Lew "252:515 (151%
HEE R, Beitrss B D Busobsty, snd W, Srten Al Phys L 250508 (1
Wiy 0 Casey, 32,5 Bovnekhy sud ML Begpos, Appd. Phyr Lege IRRT{0005),
Blakawtison, A AN, 8 Unmeds, w8, %y ,%;w;t? Pheen. Lot FHRABI (1995)
L LHabE & Akt B Sali wnd Y Mausodhies, vt Lets U981 (1985
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gratdug mirers, or between one grating and 2 copventional fapet. The fist DBR lasey Wag
an AlGaAs/GaAs laser demonstrated by Reinhart et al ™!

Vertical-cavity surface-amitting lasers (VUSEL) were later developments in semiogy,.

ductor Taser technology.'™ Soda et al. demonstrated the first VOSEL™ This was & dogpy,
heterostructore InGeAsP device operating ot 1.3 pm. B used metal miorbrs and lasag ai
THR, In 1982, Baynhan, Scifres and Streifer filed o patent on various desigas for VOgE
devices. ™ Bpitaxial mirrors for YOSEL devices were first demonstrated in 1983198 ¢
1969, the first ow room emparature VOSEL device was demonstrtied by Jewell ot 49 19
Thiz device was s quantum well sotive fegion sandwiched between o+ and p-doped semp
conductor Bragy reflectors,
i o sevies of review papers in volume QE-23 of the FEEE Joural of (hicnm Electronies 137
Additional historical detsils can be found in the roviews by Hall,'™® Bediker,™ and in the
baoks by Kressel and Butler,™ and by Cusey and Panish,'™ IEBE has also published 5
summary of seming] papers on semivonductor diode lasers, '

12.5.2 The Basivs of the Semicondustor Dods Laser

Engrgy band structure,  The saaiconductor lager can be modeled as @ two-lesvel
laser systont. The upper laser state is the congduction band, and the lower Jaser slate &5 the
valence band. The laser wavelength Is emitted at the bandgap of the semiconductor,

Inorder for the semicondactor o have sufficient galn 1o operate &5 a laser, 1t s usually
necessary for the electron transition from the conduction band 1o e valencs band to be a
divest vadiative transitton. Gallivm arsenide (GaAs) is an example of 2 direct sernicondoctor,
Silicon is an exanple of ap indirect semiconductor. . The distinction between a direot and
indiregt sermiconductor material is often explained using the £ {energy) versus k (momentynm)

Bip g Rewnbor, oA Ligan, and C. V. Shank. dgpl Phys. bt 2733 Q973)

Py Yewell, Seferagfe Americon November: 8694 (1691)

1355, Roda, B, Iga, . Yieshure, and Y. Buemupran, Jue. L Agpl Phys, 18:3335.(1979)

P Waenbarm, Do B Seifves, wnd W Sweifer, U8, Patinl 84,309.870, Jon. V8

PR, Chalertvanitkal, S, Uchlyarm, Y. Kotald, V. Kolubun, sad K Yge, Awmsal Meer, Jon Sec. Appl. Phys.
{3988, « .
20 L. Jewell, A Scheren S0 b MeCall Y B Lee, S50 Walken 1 B Harbison, and Lo T Ploge, Blectran
Lot 251323 {1989},
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Silicon CGiallivre argenide
Plgors 1833 The distinaion bervsen o divest amd inditect semdconduing muterial b
olten explaioed vsing the £ (energy) versus & {roomentum) disgrar for thie senmicon.
et 1 e mintun of the tondustion band sad the maxio of the valesice bind both
e ah & s O, then the serdeondusinr is dicest. I the minime and maxiens do oot
overiap ot 2l or ovedap ac 40, then the semeondesiin i mdizeet.

{1i<agr;’am for the semiconducior. If the minima of the conduction band amd the maxima of
the valence band both oocer at ks 8, then the semiconducior 38 direct. ¥ the minima
sad madime do ao overfap al 1) or gverlap sl & ¢ D, then the seiniconductor is indirect.
_ Examples of E versus & dingrams for mdieet snd divect materials are given in Figure 12.31.

iﬁ*umpmg the semlconductor diode taser, 1o order for the semiconductor to

e, i Is necesgary 1o crogle g}ﬁg\ulmmn inversion batwesn the valence and the conduction
Cwndes Suohoa popnlstion version can be crested by external pumping Uesers, eleciedn
beging, of Hushlampa) of by Iowemslly pwoping (vt o PR-Juncton).

The shnplost way 1o create o population version i w pusap the sepicondusior with
dnother light source. This techuigque & termed g)hompumpmy«, and is commonly used 10 test
pew semiconductor laser tn order 1o delermine thelr sultability for Taser operation,
G way 10 photcpump g semiconductor leser i3 10 ude & conventional gas laser sobrce (such
a8 3 HueMe or an argoneiont 88 5 plng sowrge: This has the sdwanmage of simplicity, but
tends W overhent the leser watadel, For thifs reagon, photopurnged laser slices wie generally
thivwred and sounied b diermally conductive holders. Abothwr way o photopdmp 15 to use
& conventional pulsed taser sotwes (3uch ay g BACYAL OF glass laser). This not only solves
the thermal probleds, But )lsg pernite lesting of recombindiion mes in the matedal, A very
clever way 10 photopump & dinde Taser matesial 38 with another dinde laser, The sample is
thinned and mounted dirsetly on the ouput window of the diode laser. Although the actual
diode laser power i elatively smalls the coupling efficiency betwaen the dinds laser and
the phowpumped taser is excelleit

However, the majity of commereial semiconductor lasers arg x’ieatmaiiy s
using & PM-junction. Under conditions of high swerent Injection in-a PN-junction; & 1
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Figare 1233 The qoash-Porrel Jovels will misalign by the vales of the applivd voltage.
Under the infloance of the forward bisy, the tades will dift ro the resegion amd the
slegtrans will drift futo e pregbon, The holes and clectrons sre nosy spatidly colncident
and hole-eleciron reeombination oscuss.

gion near the depletion region will contain an inverted population of electrons and holes.
Appropriate alignment of this region with the cleaved fecets will result in laser operation.

Consider the eneegy band disgran for g simple PNunction intended for use in a
semtconductor pholon soures, Initally, one side of the junction is heavily doped n and the
other side is heavily doped p. In general, both muterials are doped degenerately (meaning
that the guast-Fermi level {s above the bandedge). In equilibrium the guasi-Fermi levels
aligy us shown In Plgre 12,32,

When g positive voltage 1s applied 1o the p-regon and 8 negative voltage is applied o
the poreghon, then the diode bs forward blased. The quast-Fermi levels will misalign by 8w
value of the applied voliage. Under the inflence of the forward bias, the holes will drift w
the neregion and the elecirons will deft fnto e p-region. The boles and electrony are now
spatially coingident and hole-clectron recombination occurs.(see Figure 12.33).

MNotice that in the noneguilibriem situation, the guasi-Fesmi levels for the electrons
and holes have separated. The spatial distance between the quasi-Fermi levels is essentially
the depth o of the sctive region, In HI-V semiconductors (the most common semiconductors
for comanercial laser dindes), the elecirons are much more mobile than the holes, Thewefore,
the depth of the aetive region is principally determined by the mobility of the slectrons, This
distance I8 approxinwitely given by

X

— Dy,
T Y ey it
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Mesa-siched Digtributed Vartica! savity
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olpaved feser lagnr {anar (VOSEL)

Figuee 124 A fow of the possitie semicomducior laser resonator structares: DFB is from K. AlkL,
84 Nakarmwrn, sod L Umeds, “Schematic Stmicture of 3 GaAIARGaAS Distribuied Feedbark Lazer,”
FEEE X, of Qudoanim ElsCorn: QE-135F7 (1976), €51976 1ERE, YOSEL 16 $rom R Bumbars, B.R.
Suifres, amd W, Sweifer, 115, Patest #4,309.670 (982

where sy 15 the electron concentration in the pregion and D, s the diffusion constant for
electrons. Typical numibers fir o are on e onder of 1 pre (Again, notice that this is oo
the order of the same size as the wavelength of the sleviromagnetic mode heing aoplified.)

Creating the semiconductor diode laser resonator.  There are an astonishing
aumber of possible forms for the seeiconducty laser rosonator {see Figure 12343,

I the swplest form, 2 semidondueior faser consists of small reptanguler shb oof
sentoonducior materal with two polished o cleaved fadets 10 20t 33 resonator mirors. The
other facets are destroyed in some way {eiched, grousd, sawn, jor bnplaned, me.) in order
o aveld spurious lager modes,

The typical horizontal cleaved biser construction can be modified o a number of ways.
For example, the facols can be siched wsing web or dry processing tethniques. Extersul
mirrors, grdings, or combinations of milmors and gratings con be vsed in place of cleaved
facas. Exransl eloments can be Incorporsted off-chip of integrated into the chip.

Semiconductor asers can e fabricated o Inse vertioally, With this type of construg-
tion, teflecting layers are fabricated an the substeate and the laser operates perpendiculatdy o
the subsirste. Reflocting layers can he made from metsl, dilectric flms, and semiconductor
mnultiheers, Sueh lostrs gre called VOSEL.

It s slso possible $o tncorponste gratings divently Into the laser design. This results
w a daser with s single longituding) maode forced by distributed feadback from the internal
prating. Buch hasers are termed DPB Lwers. In DER lasers, & varistion on DFB lasers,
taging noturs between the prating minors, or batween one grating and a conventional facet,

Light propagation In the semiconductor Jicde laser,  In g Liser diode, the
photons toust be modeled as collective entities traveling n a confined fashion down 2
wavegiide. This gives a different character wr the Issoe of modeling Bpht optput from a
faser diode mn compared o 8 conventionad laser. In general, the fer-field patiemn flom @
leser diode is determined by the Fouwrier integral of the electromagoetio feld propagating
i the waveguide, The elecromagnetic field within the waveguide canbe calcolated viing
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ihe sigenvaloe aguations for wave propagation o 8 shab waveguide (for cmmpie e T
and Panish!®), :

Homestructure semicondustor diode lasers, heterastructure semicong,,
tor diode lasers, and the imporlance of lattlce matehing.  Barly semicongugy,
fasers were constructed from n- and p-type layers of the same semiconductor material, Sy
lasers are called homostructure tasers, Homostructure Jasers have the advantage of %wcmnﬁ
simplicity.

However, semiconducior lasers can also be constructed from 8- and p- typeé layers
differen semiponductor materials. Such Jasers are colled heterastruciare lasers, The caer
band structyre and index of refrction profiles of heterostructure lasers con by w@ilored

mesta given application,

The majority of commercial beterostructure semticonductor Jasers are fabricated fro
setnicondoctor materials in cohunns T and V of the periadic teble. [Colomn T s boton
{8, aluminem (A, gallivm (Ga), indivm (In), and thalliem (11 column Vs nitrogen (31,
phiosphoras {P), arsenic (As), antimony (8h), sod bisruth (8] Common laser materialy
inclnde virmally all combinations of Al Ga, and In, with P and As. Some work hus been
done with B, Al, and Ga, with N a5 well as Al, Ga, and In with 8b, Very little bas been
done with T1 and Bi.

Heterostructore lasers reguire layering these different materials, This is 2 very complex
problem, as the materials bave different physical propertiss. Pechaps the most important of
these properties is the latice spacing. 1f the wmaterdals do not have the same lattice spacing,
then distocations con appear tn the semiconductor laser, In addition to the struetiral Gifficul
ties vmposed by dislocations, dislocations can also be highly detrimental 1o semiconducior
Jaser pperation us they can serve as a nonradiative sink for carriers.

A very useful disgram for wiseslizing laltice mateh in isctems{rmmm lasers 15 the
energy versus lattice constant diagram, (An exsmple of such a dagram Tor 1V materials iy
given in Figure 1235} Notice that only the AlAs-GaAs sysiem is latice-matched acrass tie
entire compositional renge. This isone major resson for the widespread wse of AlGaAGaAs
heigrostructares on GaAs sabstrates for semiconduetor sser diodes.

12.3.3 Confinement in the Semiconductor Diode Laser

Since the slestromagnetic mode in semniconductor lasers is on the order of the size of the
taser device, then horleontal snd verical mmmwmam are important issues o semiconduer
laser design. These issues wsually do not gnse in conventional laser desiyn, 48 conventional
asers are typloally operating i o propagation mode where the wavelength s much smaller
than the resonator dinwnsions, :

Vartical Qﬁﬁﬁﬁamémi Typleally verticad confinement i provided by oresting ma-
tertal pombinations witl index of refraction profiles that confine the apticad wave, Sone of
these combinations offer the additionsl advantege of confining the carriers as well,

FIHC Cnsey, S and WL, Panish, Hererostrucuoe Lavers, Parss & and B (New Yook Academic Press,
1978y Chapter 1.
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Figwre 1235 The energy verses latice constant diagram i very vaeful for visuatizing
irtoe msieh 10 heterostracture Jassws, (From B OO Parker, Phsics of Moleendar Beom
Bpiaxy (New York: Planuo Proxs, 1983), p. 277, Pl X Cipyright Plenury Press.)
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. e d T Figure 1036 A rypionl homestrusion
5 ; fawer wonsiste of one maaterial (ype @hB
B | : degenerately doped p and o vegions, Thess
! £ e ¢ isonly & alight refractive Tndex change at
& v the t-juniiion 1o et In vertiea] optical
Watarisl Band structorg Bodex of vefraclion confinemment of e laser bemm,

Homostructure Tasers were the very first type of semiconductor laser siracture dernan-
strated. A typioal homostructure laser (see Plgurs 12,36) consists of one material type (for
srample, Gahs) with degenerately doped p and n regions. There is ondy 2 slight refrac-
tive index change af the n-junction to assist in vertical optical confinement of the laser
bean, Homostrosiure Jasers offer the advantages of simplicity, but the disadvantages of
puor confinement,

Single hotermatructiure bisers were the first wpe of sermiconductor heterostrucinre Javer
developed. A typieal single heterostructure UGads laser (see Figure 12.37) is composed
of & hemojunction Gads laser divde Tollowed by o ptype AlGaAs layer (with a larger
bandgap and tower index of refraction). This geometry creatos an ndex of refraction bump
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in the ptype Gahs layer. The index of refraction bump provides some vertical confinement
for the feser action verursing in the ptype Geds.  Single hewrostructure lasers provide
sigaificantly mors vertical sonfinersent than borpostructure lasers, but vequire more comprlex
hererostructure growth processes,

By

&

AlGads

T

Flgnre 3337 A wpicsl siagle
Idmpectere boswr & composed of %
hotaganetion s dieds followed by s p
vypi fayer with & lefgey bandgay snd Towes
index of rofiaction. THis goomatty createg
an bidey. of refrantion bump in e p-lype
e Chads Tayer. The ledex of refriation bump

E & prinvides some vestieal zonfinement fr the
Matsrlat Bangd shructure - Indek of refrastion  Taser action

[
i
3
{
i
g
{
&
1
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Drouble hetergstructize (DH) lasers have become the standard heterostructure laser
type. A typloal DH GaAs laser {see Figure 12.38) is composed of a paype Gads layer
sandwiched betwetn n-type and p-type AlGaAs lavers. This geometry oreates a large index
of refraction bump in the p-iype GaAs layey. The index of refraction bump provides vertical
confinement for the faser action vecwring in the petype Gads. DH lasers offer 2 very nive
compromise between the advamages of an index guiding vertical confinement layer, and the
disndvaniages of hizerostructore Iser growth,

GRINSCH {graded-index separate confinement hetvostructire) lasers offer both opti-
cob and elecwical confinement' in an effon 1o achizve lower threstolds and narrower beam
pativens. A GRINSCH laser is basically a DH laser, but one where the AlGaAs layer has
feen graded down 1o mest the Gada laver (see Fgure 1239, This provides both election
confinement (from the energetic well created by the gruded bandgap) and optical confinement
{from the index of refraction burap between the AlGuAs and GaAs materials),

GRINSCH lnsers frequently find spplication as quantun well lasers, becavse the graded
bandgap provides & good "Aumel” to confine the electrons o the the quantam well replons
{see Figure 12.40) MOW.-GRIMNSCH lasers are very populsr geometries s they combine
many of the best featuves of DH lasers and quanium wells,

Horizontat confinement.,  For many semiconductor Jaser diode applications i3 s
pecessary W confing the oarrlers both in the horzontal and venical directions, The most

papular method for horizontwl confinement is to restrict the size of the gain reglon, & method
called gain confinement. There are & large number of gain confinement techniques; but the
st popilar tend o fall Tndo W catepories of comact siripe, mess el Jon-tmplantstion
methods, and regrowth wchaiques (such as buried heterssinictures),

Iovthe contect sidoe method, the galn conBinement is provided by matrcting the spatial
extent of the metal contact {see Flgure 1241). This method offers processing simplicity,
but provides relatively poor confinement due to electron tansport undermeath the stnpe,
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bostoaily o DH laser. but one where thi
tigher bardgap leyer hay besn graded dows
wopser the lower bandgap layer. This
provides both electron confinement (from
the energetle wall created by the goades
£, £, bandgap} sul optical conlinemsnt {from the
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Material Band structure and Jow index mutsrialak

I the mesy oich setbod, the gein confinement s provided by etching ong or seversl
fayers of the steoctare (s Figure 12.472) This method i3 more difficnlt to process (as it ds
both highly nooplandr and reguires o sensitive eivh stop), But it offers significintly better
confinement thay the contact stripe method,

I the lon-implaritation aiethod, fons dgre Roplanted in regions other than the region
of interast {see Figurs 12.43). This method offers process simplicity and provides a good
guality ouiput beam.

I the banted hetevosiactine methed, e gadn reglon is. suriounded in both the verticyl
and horizontal divectiong by a waveguide of matenal gee Figure 12.49), Thus the buried
Deterostructure provess 13 & two-part method. First, an initisl set of layers is grown in an
epitaxial system, Then, the waler I3 reaoved from the epltexial growih system, processed,
©oand returped e e systern B new lnyers to be grows on dhe matesal.  This process
provides outstending confinoment, 45 the loser 18 exsontially operating 1o & squdre wivegiids,
However, the two-part process oyele s exoeptionally cotoplex.
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12.34 The Guanium Well Semimmuﬁiw Dlode Laser

A& gpantum well 38 3 heterostructure compesed of two materisls of differng bandgap. The
two maierials are fabreated in 8 sandwich with the higher bandgap material forming the
ouiside: for barrler) and the lower bandpap material forming the inside {or well). Usnder
these conditions, epergy wells are crested: in both the conduction and valence bands of the
hetsrogtructure (see Flgure 12.435)
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Diiserete quantum states (similar w states i a hydeogen ator) will Form in the condise-
tion and valence wells (see Flgure 1246). As with & hydrogen atony, alectrons transitioning
‘berweon theye siates will produce photons: possessing the difference energy hetween the
sistes,

However, valike 4 hydfowm atom, the energy of these quantum well states is & i function
of the width of the quantum wells, The narrower the quanium well, the larger the resulting
transitional energy (to the eventual Himit that the transition evergy between the first valence
and first conduction band state maiches 1he energy gap of the barrier material). The wider
the guanitwrs well, the smaller the resulting tranmizax&a% energy (1o the eventual Hmit that
the transition enexgy between the first valence and first conduction band stute maiches the
energy gap of the well materdal),

In engincering practice, guantum wells provide the means to manufactore semicon-
ductor Tagers ot any wavelength between that of the barrder material and the well material,
o additon, geantem well lssers provide Jower lasing thresholds and h}é}}u‘ differential
guastan efficiencies than cquivalent DH ¥a%f:ra

R
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Figure 147  The suervwer e quantom well, the Iorger g resaliog wonsitional zo-
ergy {1 the eventuel Hmig that the transition seergy Betwees Ge first valeses sad s
conduction band stats rouches Use enpegy gap of the barler matedal) The wider the
aumntemt wall, fhi smnler the resulting wansiional eoxrgy (o the sventual it that the
transition earegy Detwsen the first valenes wnd firdd conduction band state atches the
wrworgy gop of the well yonterial),

12.3.5 Application Highlight: The CD Player

Introducton to the O audio player.  The €I audio plaver {and its close relu-
tive, the U0 ROM) are probably the most widely knows applications of laser diodes.

A Oy disk contsing 8 long siring of pits wiltion helioal §y o frscks on the disk, BEach
P is dp@mxxmat&i\* 0.3 pm wids and 083 om0 3.36 g long. Bach teack s separated
from the wext track by 1.6 g The U5 disk is actually sead from the bottom. Thas, from the
viewpoint of the laser bears reading the disk, the “pit™ i e CD 8 setusdly a hump” Tnter
cestingly eovugh, the sdger of vach plt Gathier than the pit isell} corvespond to brary ones.
The sipnal has been ervoded o chsure that there 2r¢ no adjacent ones. (e Pigure 12.48)

The polyewrbonate disk fiself is part of the optical system for reading the pits (see
Flgore 1249, The indes of refraction of air is L0 while e indéx of refraction of the
polycurbonute is 153, Laser lght incident on the polycarbovate surface will be refracted at
a geeater angle into the sucface. Thus, the original tngidest spot of around 800 pm (entering
the polycarbonate) will be Tocused down to about 1.7 som (at the metsl surface), This helps
w pyinimize the effect of dost and scrarches on the surface,

The tuser osed for the CI3 player is typically an AlGaAs laser diode with 8 wavelength
{ir airy of 780 nm. The wavelength inside the polyoarbonate is g factor of n = 1.55 smaller
fabout 500 nm}. The pivbemp is carefully fabricated so that it is » guarter-wavelength high
(ootice 3 wavelsagth inside the polyorbonaier Light striking the lond travels 18 + 144w




438 Dber Major Coramercisd Lasers Chap. 1p

(4.5 migtons

-y B
1.4 rigeong
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M2 of o wevelength Buther than Hght striking the wp of the pit, The light reflected from
the Yand is then delayed by 172 wavelength, and so §5 exaetly ont-ofphase with the lght
refiected from the pit Thus, thess two waves will interfore destructively,

The spacing between pits B also carsfully selectd. Recoll that the image of 8 hasm
passing through a round aperure will form 8 charscteristic pattern called an Airy disk. The
PWHM center of the Alry disk pattery is & spot about 1.7 g wide and falls neady ow top
of the pit track, The nulls in the Alry pattern are carefully situsied to fall on the neighboring
pit racks. This mirdeadzes erosstalk from veighboring pits.

The three-beam aptical traln,  The most common optical train o moeders CD
players is the thres-beam aptical trein (ses Pigurs 1250,

The busic operation of the optivel usin relies on the polarization propariies of fight.
Light is emitted by the laser diode snd enters 3 diffraction grating. The grating converis
the light into 2 central peak phus side peaks. {The main centmal peak and two side peaks
are mportant in the tacking mechanism.) The tuee beams g0 through & polacizing bear
spliger. This only transmits polarizations parallel 1o the page. The emerging Hght (now

poladzed parallel 1o the page) is collimated. The collimuted Tight goss theongh & quastter
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Flgure 1250 The wust eowenon optieal wain in moders OO players is the theesbesm
opficnl fain, :

wive plate and is converted into cirenlarly polarized light. The clrcularly polarized light
is then focused doven noto the disk. I e Hght srikes fand, it is reflecied back o the
objective lens; if the light strikes the pit, it is not reflected. The light then passes through
the guarter wave plate again and emerges pularized parpendicular o the original besm (in
other words, the light polarization is now veriical with respect 1o the paper), When e
vestically polarized light hits the polurizing beam splitier this time, it will he reflected (not
transmitied as befors). Thus, it will reflect though the focusing lens and then the cylindrical
lens and be imaged on the photodetector array, '

Three-beam autefoous.  The separation between the laser and the compact disk is
critical for the correcs operation of the CD player. A clever astigmatic suiofocus mechanism
is used fo malntain this distance. This swtofocus mechanism incorporaies a cylindrical lens
immediately in front of the photodetector array (see Figure 12.51)

If the objective lens is closer to the compact disk than the focal length of the objest
lens, then the cylindrical lens creates an elliprical image on the photodstector aray. I the
abjective leas is further away from the compact disk than the focal kength of the ohject
lens, then the eytindrical lens again creates an elliptios] image oo the photodetstior areay.
However, thix elliptical image is perpendicular to fisst Image, (OFf course, if the disk s right
at the focal Tength of the objective lens, then the cylindrical lens dows not affect the rnage
and it 3s perfectly circular)

So, if the disk is wo far away, quadrants D and B will get more lght quadranis A and
L (sex Figurp 1230, Similardy, I the disk is oo cluse, quadrants A and C will get more
tight than 1 and B, 1F things are Just right, then all quadrants will et the same amount of
Hight. So, it is possible 1o builld & sbaple cireuit that will malniain the ohject lens at just the
right distunce from the disk. '

Throw-beam fracking.  Maintining the laser bean on the track is also critical for
the eorrect operation of the CI2 player. The dhwee-beam optical train uses three separate
beams to maintain the tracking. These beams are created by the diffraction grating [see
Figure 12.53). When the laser beam goes through the diffraction grating, 1t is splis up into a
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Flpure 1350 The sepuestion between the taser sed the compnot disk fs ceitieal for the
sorreet operation of the CDr playsr. A clever sxtigristic aaaforus mechanian is usedd o
siistaly 1y distana

Figure 1352 I the objectve loas is
closer to the compact disk thaw e focal
Terpih of tr obiest Jens, then the oylindricsl
lens vreates an Qlliptcdl Image oe e
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Flgure 12,583 The three-bearm optical train

Threp buarns uses tiree sepurae heamy to keep the laser
used for tracking by on e trenk. These besns we vhested

By the diffrsction grafing.

central bright beam plus a number of side besos. The conieal boam and one bews on exch
side aee used by the CD for the tacking systemn,

To appreciate the tracking mechanism, consider a segment of the CD player containing
several tracks (see Figure 13541 I the optical head §s on track, then the primary beam will
b ventered on 3 tack {with pity and bumops) sod the two secondary boaing will be centered
on fand, (The three spots are deliberaely offset approximately 20 microns with respect 1o
gach other 1o avold otk

Twa additional detectors are placed alongside e main quadrant detector in order
pick up these subsidiary beams, If the duee beams are on wack, then the two subsidisry
photodetectars have equal mmounts of lght and will be quite bright because they are only
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Figuce 1354 I the aptical hrad §s on teack, then the peimary beam will be contared
o 8 track {with pits and bumps) and the v secondary beams will be centered o lond,
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Figure 1LE5  {Frhe aptical head v off treck, then the center spot gons mote Hght ensrgy
{bsvause there are Poewer plts off track) snd the side desctore will B mishalassed,

racking on land. The central beam will be reduced tn Lrightuess because it is tracking on
Dotk land sud pits (see Figure 12.54). However, if the optical head is off track, then the
comter apot gets more Ught (beeause there are fewer pits off track) and the side detecions
will be misbalanced (see Figure 1255,
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Additional optical storage applications using lasers.  The CD audio playe,
is just one of may opticsl storage sppheations wsing lasers. The CD recordable (CD-RY 44
another technology advancerment in the optical siorage arsa. The CD-R uses & laser beam
1o interact with a nonlinear dye and “write” pits in the CD-R disk. CD-R disks are “wrigs
once” davices, bul offer exceptional performance for archival applications. {This wextbook
was delivered 1o the publisher on g CD-R disk.)

Magneto-optical storsge is another fascinating laser diode application. Magneto-opiica)
systerns use a laser beam to change the orientation of 4 magnetc muterial. The process
requires heating the magoetic materdal to near its Curde temperaters and using the focused
field of the laser to localize the change. The resulting magnetic spots are read optically
wsing sither the Kerr or the Paraday effecy,

Ansther optical stovege application that is just schicving suceess in the commerial
marketplace is the DVD or digital video disk player. A combingtion of CI laser schuolopy
and clever digial sigordthog has resoleed ina wmore robust ahernative to the video tape
nracting.




