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 Transifion~Mefai

Solid -Sfafe Losers

Objectives ’

‘E3
>2;
:
§,

 

e To summariza the sequexxca of historig::a1 events leading to the development of rifle’
£ransition~meia]. Sflfidrgffité laser. ' ’

a To summarize commerciai appiications for *transiti0n~n1eia1 so3id~state ‘lasers.

0 ‘TF0 Acoxnpam and contrast the energy band stmciura anti .major faser Lpmpmies ft; ._
the -primary sammeirdal :~mIid«stat_e laser materials {ruby}, gaiexandriie, 'I‘i:sapphirs,_

 

LNd;YA¢:.}. _ ~

9 T0 describe the design (if ring laser cavities.

o T9 compare; and contrast ring laser cavities with linear cav’itic~s.

a To describe tha impartance, uf bi7refri ngent fiiters.

a To compu’te'tfi§. intensity t1'2m‘smiita'nce for a birefringent filter.
a To describe1:h;e'c;3nstruc:ioi1 of a.co.n_1me1'cia1 1ase.rpmnped é:»011tinu0'I_1S wave:'.I‘ri:sapphi.:~e

laser,

9 T9 describe. the! design principles unxmrlying faxntosecond pulse laser design, This
would inciude such .issue:.s as group ‘V=e1oc:i;y' dispersion (GVD), seIf~p’hase .modu,1a~

tion (SPM), femtosecoixd pulse temporal measure_ment,‘co13iding pulse niodedocking‘

(CPM), grating pu1s_e»c::m1px'ession, solitons, and I{er:*~1en‘s nmdwlocking (KLM). _

a To describe the co.nstrucIi_on' of a cemmerciai u1iz'ashoz:tAp'u1se Tizsapphire lasex‘, ,

344 ‘



Sec. 11.1 History 345

. Fi'gu1':j: 11.1 The transifion~1nef2s,l salm-
sxzltc tunable lasers use metais in the fourth

rmv cf the ];:e.rikJdie.: {able as. the z1s:t§‘ve
ions. Ttxszeaz ;neiais,::;a1; pmduce ‘trzx-zisitiqns
that inwmivi-2 phomms as welt as phmons
fiofzen cafled vibronk’: or p11onoI1'-t::rmi11atcd
{$2‘msiti0ns)A_ Such tmus1tiQ:1s san curate

in11a1>Ie4fb111'«‘les'ai Ilaser be-lmvior;

 
‘i ‘L1 MSTORY

Tile hismry of tra11si§ion—':11eta1 s.o’Iic1-state txxnabie iasers is ex.cepti-_<m.a'i1y faszrixmting. .F;;;-
the: HeNe, a1‘gon»-ion zinc? Nd:’YAG Iiasers (ieventhe diode pu111;7e<i Nd':YAG iasmtsz) the

majority cf the laser science was in piace by the mid«’I960s anti ssonumcrcial deveiopmem

Tra:1sit'ion*:neia1 II}I1<‘3b1€!’S€}H'd~SI21{€:1i1.'i81‘S are bmiy n2e.uAti<:med in rczxsiew papers on umabir:

1ase;' techn<al~x::gy ‘1f€:C€I1i}}{ as 1982.‘ ' .

‘ ’i‘i:sapphiz'e .2:-users {the cumtni stars of me mlidmaizz tmxabie mast‘ znarket) were discsw

erad b}z»Mm1I_tonbin iI9€?>‘3.3 'fi{:we'ver, cariy resuits with '£’i:.s21;2phir<s: wars not pmxnising due
:0 difficuliieziwith mareriai gtmvth} If W1-3.‘5 mxiy after ‘iha .ma£ar§aIs probieins were sawed
that the true potential af tha *I‘§:sa;)pf1im '_iz:5'ar was reatized. As: a colgseqmxxce, much of

the Iaser devesigvpment {inciutiirxg the n2;nas*}<abia se}:f~:nacie~}x:>c.§:ing prepwsies of Titsapphiuz
dVi.sc:ussad in Secticm 11.5) hag csecurred 1'e¥a{ive1y recenify‘.

The tra:1siti’ox1~‘m<:£zz1 soiid«smta, tunabie lasers 133125 meial-3 in thefi faurth mw of the

periodic ‘table as the active ions. The'transiti0n~n1e£za1i$ have a pzmially {flied 36 Shell, and
the vzarious observed mmsitizms occur‘ near this :.<;he.iI.. 3d aiecérozzs interact mom strongly

with the crystai field than the 4Vf’e‘lectx'o11's in canwzxxtional solidestate 1asers:suchL as .Nd:’YAG,
This can pmduce transitions that involve’: phonons as wet] as photans {often <:.al§ed vihroziiz:
or phonon~-terxni11at<:d t-ransétions). Such transitions am rather psca1Iia.r§ as. they can ;:reat<~:
fiCIL’1.i‘~§£‘J£’€3} las¢:1‘be.h;w~iar bxatweexz two level Imnsit.ion:s, schematic of a vvibmnic trzmsition

is ilimzimmd in Figzare 11.1. , ,

In at vib;'£mic tnmsiticsn an optical photon is used to make the transiticxn froxn the ground
state tn the pump state, Then the ak2ct1'm1 decays tn the upper laser state by mleéwing as
phonon (an acousticzai quanta simiiar to -a pmyton). The laser aciion oceans betweaaz the upper

and kwwcr ‘l2ise1"As:€;tc:s. The lower laser state than decays to ‘£116 gronml state by iéieasiilg

"B. D. Ciuenthzer and ‘R. G. Buscr, J‘. af‘Qiz(mIu121 Efzclrmz. QE—13:£ 179 (1.983)
3?. F. Moulmn, Srziizl Sims Resemclx. 1€a,::orz, DTIC A'D».€3.Lf2~¥3(?3f4 (I982:3) (Lexington: MIT Lincoln. 1,321.,

198:2), 91% 15~21.

-‘P. Lacovzxra am! "L. Iisterowitzk IEEE J. ofQ:,:xz1mzm Z*£!<_:z:!mz:. QE~21:'16}-’$ >{'193S).»

proceeded rapidiy after that. T1'a11sition~meIa1 tunable soiidastate lasers are quite £i.ii”Ya’:'en£. V
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another phonon. Thus, founstate laser behavior is obtained from a system that is effectively
two-state. More importantly, since a wide‘ va1*iet:_y of phonon tljansitiens are possible, the

upper and ,lmver»1aser smtes; consist of large manifolds of states. Therefore. highly tunable
laser action is poss.ib.1e. .

The fi1‘stvibm’nic §aser\vas*1'eported by lc>h.n:=;m1et_ 3}. at Bell. Labomtmiies .in 1963.4
It was a divalént u:ans.i{.ion‘»:netai. 32136;‘ ‘using Ni” in M‘gFg. it stimulated some early xx/mjk
by Mc:Cumbe:‘ in the t_h.e0ry of Lvibronic lasers? Hewever, it was cryogenically cooled and
did not excite much commercial itaterest.

Fzxzither effparts by Jalmsim and his colleagues duritgg the mid to late £9609. x'esz11ted in.
s<:ver:al mare cryeganically coaied divvallent tra1§sition~meta.1 lasers. These included Co“ in

- Mgifi. and-“V24” in Mg}2g_.6 .
A major advancement occurred in 1976 when Morris and Clirxé’ obse;"s€c:d that allexam

{kite {BeAl2().;:Cz'3*’ Q1: gzhmmium doped chsysizbexyi, tunable fmm 700 nm u) 818 mm)

would ‘lass on $1'vi¥:>mnic't.ran:“siLic)n. "Walling at al. {;0‘:1§.r1nedthese results alTzd,d€i‘11Q11S{x‘zlt€d

Q-switching behavior.” Aiexandrite. was; pal’-ticularly interesting at the time of its .dis<:o.v~ .
‘ .<;2'y because it iasexi 21: team temperatum and inereawti in outgaut po‘.wE:r as the tcanperatme

in‘cre:ased.9 _

' The succéssfui me at’ Cr” in a hazy! crystal. had to several <)thex'-inte1'eSiing’Vi'bmnic

‘lasers. In particalar, in 1982 Shani! and Walling,” and i‘nd3pendan£¥y 'Buc}1e1“£ er 211;,”
slxowed that exnemlkit (§3.e3AI2(SiE)3):C:‘3*, another type. of c:§1rc::i1iu.:n~d0;:ed cihrysobexiyi and

tunable from roughly‘ 3'09 mm to 860 am} would laser as 3 vibrallic. 12156: at mam tmnpemtxzre.

C§3r0mi—un1'waS ai5§i§.f£)L1lI£3‘3;0 generate vib_r0ni:s2 laser _parf<:¥riI1ar:c€ in gzaduliniunu scazldiusn
gallium game: {$3363.33 > . A ' < . '

.Thx=:se encoiz.mg.ing results; in (:hr0mium—d0ped zn.£¥le.rial.$ led ‘to a rebirth in tunable

s;oiid~s’tate laser research. Tizsapphire fihe cmwn jaw’: of modem umab’le so'Iid*:ztate.~lasers)

‘L. F. Iolmsrm, R. €.'IZii.r:{2, and I. Gxtgganheilnn. I’2’z3>s. Raw, Let¥. H1318 (1963).
51}. ii. McCu1n7i_x:‘r, P}13*»5'.‘li8x'. l34:A2§9 (!£_i64~}_: 2). E. i\ricCumbe?, J. Mrztfz. Phys. 5:508 ’( l96<3}; and II). E.

"M<:Cmnbe't, Phys, Rev. 336:A’952l £19653); ' ' ”

6L. F. 3‘ahns<1n, R. E. Diem, and H. I. Guggenlleian, App}. Pfgvs. Lexi. 5:21 (i’§)15=l); L. F. 3611113031 and H. J.
fiiuggenheinx, J. A3321. F2153. 3l3:4l§3'I {1967};1..F.J'ahnsnn and H;I.€}11ggcx1I1eim, J. Appl. Plzyx. 38:48’37 (3.957); .
-and L. F. 3'oIn1's»<:m,i~¥. 3. Gugganlmim and R; :’&."I‘h0n121s, Phys, 123:’. 149:179 (1966,).

"R. C, Mzmis and._{2. F. Cline, “Clh1‘L)rniu1I!~DL>pcd Beryllixrnm g‘dnmi’nme I.as:ars;" (3.3. P:m:nt,#3,§97.853,
Use. 14, "1976. f ’ _ . ‘

. -31;. C, Walling. H; F;,_Jc:assen, C. Morris, ‘:3. W. 0‘Dell, and O. G. Peterson. Anmml meeting Opt. Sci.
Amaxz, Sim F1‘ancisc;3, CA, 1978: 3. C. Walling, H. P. Brmssm. R. (3. Moms. ‘W. 0‘I}el1, zu1d‘G, Peiecson, Clpi.
L911, 4:182 »{ 19393 3. C. VValIi;_xg, (3, G. Peterson, H. P. Jensscn, R. C. Morris, and W. 0’Del1, IEEE J. Quaufwn
Eiemzzrz. Ql?S—l6,:13£)2 (1980); Land C. L, Sam. 1. C. Waiting, I:-1'. P.3<m$scx1. R. C. Moms, and E. W. O’Dc'Il_, PI-ac;
Soc. I’I1o!o~§}pI. Iszsr, Eng. {S'P1‘1E’) ‘?217:l30 (1980). ’ -

“M”. L, Shad zrncl H. Jcittseiarx, IEIEE J. rzf Qugmfzzm Elecwzm. QE~19:<380 {.1933}.

mivfi. Shal1d'm1r}'3.'Wa1ling, IEEE J. of Qnrmmm .I:"?ecmm. QIE~].8:I829 (1982).

”J',Buv:l1en,A. Km, and R. R, Alfano, 12:5}; J. of Quanlzmz zazecxz-an. QE~19:l477 £1933).

‘ZR. V. Zharikov, N. N. ll’iche—v, S. P. Kaltin, V. "V. Laptcv, A. A. Malyutin, V. V. Osiko, V. G. Osrroumov,
P. I’. Paslainim A. M, f’r<Si<h<:mv, V. A. Smimov, A. F. Umyslmv, and I. A. Shcherbzxkov, Emé. J. Qmummz Elecrrron,
133274 (1983). ‘
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was Cliscovérccl in 1982 by 1‘vi<.>‘u.1t0n at MIT Lincoln Labs.” Aithough sz1pphi.re.is that oidesst
laser material {ruby is (‘$173+ in zgapphire) the discovery of the lnxrtmdly tunable nalure of Ti“
in sapphimwas quite unexpected, A review report on tunable so.1id~state lasers pubIi.<;h<:d in

198?.” and a review paper on aIAex.andrii‘e lasers in 19.85” do not <—:v<~:n-mention Tizsapphins.
4 Part of the deiay in Ti:sapphire ‘emerging as a viabie cmmnercial tux1ab}e‘solid«state

lasar was inatezials~bzzsed. .Barl'y 'I‘i:sappl1‘ix*e crystals showed an absmption at the lasing

wave1engt,I1s that was appmximately an order of _magnitude higher than the absoxrption in

highvquaiixy sapph‘ire. A number of pcmible dezfects were propessdlfi and a1.‘tcr.rnuch inves-
tigation the residual absm“ptien Vin. ~vs:ticz1i—gradir3nt~f1~aeze (V61?) :crysta1s was shown to be

due to quadrupiy ionized ti£_auium {’I‘i‘”‘) substituting for the aluminum in ‘the. $é3pphi1”€.”’iS’
G1‘<)wt'h.a'nd anxleaiixig methods have significantfiiy reduced this pmbieamt in moxiem com,naer-

C5211 'I‘i:sa;_3p.hire mat£:ri—ai.,
In spite of its many advantages, T:i:Sapphim‘doeSA suffer ffmm a_ few c'iis.advan:tages. In

particniar, its shod upper state 1ifz:time(3,2 us) makes it quite difficzuis; in pump with a lamp,

Aitfwugh §amp'-pumfzed ’I‘i:sapphi1':2 lasers have been 'buiit,“’ most comnaerciai ‘I’.i:sap'phirc
lasers are pumped with zxrg:>n—i0n or vclcztzbied Nd:YAG iasexs. V

Several other materials have seen some connncr<:i211_i11£e.1'est as posgibie iamp pumped

laser nxatariais. infipmicular 1.iCz1A.1.‘£~Q;:'Cr3§“ and LiS:¢A1.F5:Cr3’*‘ havaseen mm: interest as
possible £un.a33§e camxnmacizil laser sou1‘ce.s.2" A number of aches‘ c:i1mI11iu1n~dopr::d Inamriais
including Cr:forsier.ite and Cr:YA(3 are aim showing strong potemia1.2‘

Transi{ion~n1e.taI saxiidasiaira zunabie iascrs am still being acfivaiy developed. Barnes”

and Budger er. 211.33 pmvide goo-ti cwezrview tmatments of this tieveiaping fieki. in addition,
there arcs three specizzi issues: in IEEE journals on iunabie iasersfé

‘E9. 1“. Nioufttm, Solfd’ Sta-.z‘£: Rmaxrrciz Regan. DTKC ADA124305/4 (I9'82:3)v(MIT.L?ncoh1 i.z§b., Lexingttm-,
1982), pp, 15-21, repm-ted by 3?. Moulmn, “.Rec::.m Ativances. in Solid-Slate Lmgers.” Pros. Can. 1.aser.s
}§ft:‘€fm«0pf., Anal}:-311:, CA. 1984, paper WA2. ,

“B. B, Guaxxlher and R. £3. Buser, J.‘ ¢:j’QuauIztng .¥:‘1»2cf_rw2. QB-18:l1?9 {N382},
*5}. C, Wa11i.ng,.D». F. Hellex, H. Samuelson, 13.. J. Harm‘, J. A. 134213, {mt} E. C. Morris, 1588!; rzf Qttwtrnm

Eieclmrz. Q_Ev‘2i:1568 (1985).
‘GP. Laeovam and L. Estemwitz, 15:5}: J; 9; Qzmnmm zs1mm»z. QB32 141614 (11985).

”A..Sanc¥1m:, A. 3.» Strzmss, ‘R. L. Agga’rss?.aL and R. Ii. ¥?ahay, 1858 J. <2fQtta1ztu::zE3z!€rz‘z'>11} 241995 (1983).

“IR. Aggzuwal, A. Saxtciiez, M. Siuppi, "R. Fahey, A, Smmss, W. Rapoport. and C, Khanak, J, 12!‘
Qwrmzum I-ZIe'-<:tn:m. 2:$:1{i(}3 (1938).

“P. Lacovara, I.‘ Esteroxvitz and R. Allen, Dpr. Len. 10:37} 0985}.

30.8. A. 'Pa'yut:, L. L; Chase, B. W. Nkswkirk, L. K.A3mith,-m1d W. F, iiirupkn, IEEE J. cf Qua/1_mz2z* Elecirarz.
343243 (1988); and 3.. A. Fame, L, L. Chase, L. "K. smith, W. L. Kway; and H; W. 'N"cxvk’irk, J,_AppI. Plum.
66:185.} (1989) "

“C. I’oI1m:k., "D. 'B»z£gber, J. ‘MESS;-alld S, .Ma1}<.ga‘zxf, IEE131 of5561. 'l'0pirs in Qumzlum Elecrrtm. i262 (1995).
z3Norm:.m P. ]3z11'11e;§, ‘Transition Mata] Solid State Lasers,” in Twzrzbfe Lzzxem Hamiimok, ed F. J. Dmu-t«:

‘ (San Ibiegzxz Acad¢mic }“.a'e:2;s, 1995),

33 A, B1xd_‘gor, L‘ Esmroxvxiz. and L. G, I:)x‘:S1x:1zm', eds;.'1'um1b1'e Solid Smre L{I.‘§é‘i‘.§‘ I1 {B,erIin‘:' Springer Ver]ag,,
1986). - -

3"IEE£i' J. of Qmmrmn Elecmm. QE~l8 (3982); QE~2»l (19851: and J. of Se], i‘":71)iL’$ in Qmuztzmv
i.i’Iec:m)n. C1995).
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1-1.2 Apm.:c;A'rt0N7s

Transiticm~metal s-o1‘id»state u1nab.l<:.1asers provide two major featm‘es. First, they are tunable

ovcz'ab1:<>ad range of visible and nea1‘IR wavelengths. Second, they can "bra used to procluce

extramely "short pufisss. ‘

The ltunability feature means that these: lasers are icieal. for speczimscopic applications.

This nm‘ only invlxxcies traditional saientific spectroscopy, but also ‘medical dizlgnostic spec»
trosc.o_py.. For example, Ti::.»rappI1ix'e ‘lasers inwe b..e=e.n used to perform an optical version of
conventional maxnm.ography.25 'I‘here -are alse potentéal applicatmns for absorption, Raman,
ant} fluorescence sprzctzmzassopy in meciical i’n1aging.2"’

SoIid~sta£¢: lasers czmnpefiz. with dye lasers far medicai applications 1'equ3ri:1g bath
mnabiiity and .i11:ens§ty. Priznary ammxg these are cosmetic surgery for port-‘wine birtllmarks,
telangiectasia, warts, stretch marks, acne scars, re’moving taztoos, and psoriasis.” Tunable
sol.id~:s_tat’:: lasers also compete; Wiifi (1% lasers for mrecfical apygiications such M s‘hattering
.k.ic‘mey stcn1€:s.,3x " ,

In additima’, the ssxtrelxxely s31or§. _pu¥se;<; possil3’le with {unable so'lid~s’tate "lasers are

finding appl.icati0I1 in micmnzachining. ’F<:mtasece11d»pulsed Tizsapphire. lasers can be used

for micrt>1nach.ining hula: in snetzill Aamcl ‘polymer sutastrates as well as for abljating pho~

tczresist films and cutting f1‘2l§3€’:S on se1nico11{lm:tor 1naterials.39 Titmpphire [lasers compete
with Nd:YAG, ciiodeqzuxngged 3N6:YAG, and excimer ilasars for this extra;-mly important
znarkei. ' « = ‘ '

11.3 L9‘-\3§R Mfi.TEF§iAL$

Ruby, ‘akvzandrita, and Tizsapphire are the Illfljfif transitioxmxetzii soiisimxate: l£!se;1' materials.
Altlmugh why is -nut used emzxmmtialely a.Ttzxna:b1ta lasar; 3% does have a mxmble v:it3.r<:~1xi-::

transi.ti'on., Interestingly enough, the ‘band struc:ture czf alexzxnclrite is quite .simi1ar ta -ruby; T
_ except in a1lexan;:l.:‘i‘t:: the xzibmxxic tm.ns.it'i0n is this imparlant (me mad 8:: namrzw line iransitiorr
is not used. ' 111 coxltrasi, Titsappifirfz has crysiallime axxdxxiecixanficval properties virtuaiiy.
.identica1 ta ruby, but a draxxxaiically ciiffment band stmcmre. :

A number of pub'li<:ax:imzs cal: provide additigmal infomtaiion ‘fer the in’t£rested tezstiexf.

O.ve.1‘View Irezmnenis are givtf-:11 by Wc3b::r,3° Koechnm;3‘_ an:i"{Zmar£e,33 whiia ’n1o1"a specific

"’~‘I,rzs«2’ I“m.-xix l.§;c{r1(I, Feb; .38 (1996).
35£ase*r Focus world, Feb; 72 (1995).
27La.s‘z>.r Fmsus l-i"ori’r1,. 1‘vf2ty': 6647 (1996),

ifizam I-"o.cu.$ Wm-‘rd, May: 6631 (1996).
29Lnxe2‘ Fr):-us Wm-Id, January: 22 (1996).

3"i\’}a1‘vil: J". Weber, -ed, Harzdfzoaic 43]‘ I,¢1.s‘cr 5’r::'{2:zc¢' m2c¥’I'z:c11rzalczgy, Va-I. I,-Lcwerx (::zc'U*e:f;1se1's (150113 I~’.;’x£,0n,
FL: CRC .P;'e5:‘<. I.nc,, 1982.); and more nwsntiy, Marvin J. Weber. ed, H¢m.n'[_2ook qflcrxer .S'cie:ztxe r1r,zdTec1zzzaI<2g31,
S::1;;z?e1:z.enI I, Lasers (Boca Raton, F.¥...: CRC ,Px'c3s>:,- Incl, IQSJI}.

3’\Valtm’ K(“2v€(Ihl1(t)’._ Solid Stale .l.aser Ezzgizrewirzg‘, 4th ed, (Berlin: Springcl'-Vc~rlag, 1996).
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Figure 11.2 The energy band diagraxn for
ruby.

 
information can be obtained fmrn the Wide variety of review papers on a1ex,andrite35 and
'I‘i»:sa_pphire.34+35 Manufacturer data sheets and application notes are also very usefui.”

' 11.3.3‘ Ruisy-«Primary :..ine=.»a:.a94.3 hm

Ruby .(chromium—d0ped A1293} is a red or pink hexagfinal crystal whose maxi fanfiiiar app1i~
cation is jeweiry. Ruby is an opticaily uniaxial cry31a¥37 that is hard {EX/IQh’s hardness cf 9),
of gwd ep1i<:a’1qua’Ii.ty, and extremely thermally mmfiuctive (0.42 W'!cm«K at 380K). Ruby is

vnoxiirygroscuyie, 1*efracw:y, anti -is gcxmmfly -cO!’1Si{§e{i3£'1 the mam’ ziurabie of {I15 common laser

crystals {with the peossibie: exmzption 9:?Tizsapphire). Ruby erystais are typically grown by me.

.€L‘.zoc;hra§sk’i method {the saM1ne’me€§md_as used fur the gmwtix of Siiiflfifi}; Ruby can he gmwn
at 0,, 60, or 90 degrees tome tsptic axis, and laser material is usuaiiy gxtawxt at 60 degrees.

Sapphire "is doped with C‘r3““ to: obtain ruby. The 'Cr3“" substitutes far the A}3+ in tha
crystal. Typicai. dopings are 0.05 waight percent of C1203. Hoxvever, excess chromium can
distort. the crystal structure anzi‘coneerztr’at.i<znsA'are sometimes reduced to 6:03 weight pament

ta enhzmce the opticai beam quaiityt
The energy diagram far ruby is givan in Figure: 11.2, Ruby is ‘th.ree‘~s,Iate fanii is that

oniy commercially viable three-«state iaser system The Iasar pump bands are prirmpaliy

that ”F; and ’the;4Fg bauds. The: gmmfxd state is the ‘A2 haxxd. The Iwa pump bands form
manifolds centered. around the biue, €400 nm) anclgreen {555 nm). The pump bands are

“F. J. Duane ed, ..7’zmrzl71‘_’e Lasers Haz2dbaok(Sax1 Diego; Academic. Yress 1995). ,

“J. C. Walling,‘ D. F. Heller, H, Same-.1,so.n; :3. J. Harm‘, 1, A. ‘Pete, and R. c. Mom's, 2322131. af Qua/ztznn.
f:ZIe::£mI:. QB.-2121558 (.1985).

“A. Sfincfxez., A. 1'. Sixm1.ss, R, L. Aggarwal, zmd,R’. E. Palm}.-3.1. of Qumzlzrrn EleC;‘rr7n. 24995 (L988).

3512. Aggarwal, A, Sanchez, M; smppi‘, R. Fahey, A. Stmuss, w. Rapmpom and c. Khzmak, II52'1E.l. of

- Qz.1m2IzgI:zEle<:fro11, 2£1CfI0G3' (1983), » ’
363./lajor é:'ty‘s{€I§ suppiiets are Union Carbide (ruby, alelxnndrite and Tizsapphire) and Litmn Airimn

-(ztlexzxndriié). ‘

“A uniaxial crystal is one where: two «.1? the Canesian directians have one index of ,refra<:tio_n '10 and the third.
has a different index of refraction 42¢. See: Section 8.3 for 21, di$c11~zsSio;) of uniaxial and biaxial crystals,
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each. quite wide, with £he~blue.ba11d about 0.05 microns wide and the green band about 0.07
microns wide. ’ ‘ ‘

The lifetime in the pump bands is extremely short, with the ions cascading almost

immediately totho metastable 33‘ states. The 'u_ppe.r 2!? state is termed the 2X state and the
lower is termed the 73 state. The 235 and 2: states are separated by 29 em"‘, which gives
a population. yatio at thermal equifibrium, of 87%. Thus,» while fluorescence in ruby occurs
from both the 23: state to the "A3 (tanned the "R2 transition at 692.9 nm) and from the E7

state to the “Ag (termed_ the Re, mansitiorx at 694.3 nm), laser action firs: occurs on the R1

1ra'nsi1ion. Qnce‘ laser action‘ has begun, we rapid r4:-.Iaxatio11 time from the '2}? in the 7*?
transition. prohibits laser action starting on the Kg line. The only way to start faser action.

on the R; ‘line is to suppress the R} Iineby special dielectric coated mirrors or internal

cavity ebsorisers, (Interesting enough, even though 1.asing_ cszcurs primarily on. the R; and
R; 11:163., sidebaxlds have been observeci on the long wavelength side, in pax'tiéuIa1' at 767
no}, attribuxed to vibronic lasing.) V T

Since ruby is uniaxial, its absorgation coefficient is. a_ very strontg‘ funetioxi of the po~

,;..gusIi:y; ‘The best optical quaiity‘ ruby is grown with :he crystal axis at 60 degrees to the
boots axis. When such a ruby rod is pumped in a diffuse refiecting pump cavity, pump
Iightjparailel to the oasis wiii be absorbed differently than pump light pergendieolar to

A the Mtxis, Tizis wili _cause the pump disuébutitm (and thus the laser outgmt beam) to be;
sfiiipticai,

 
" M ‘

3.8" ‘ 2.

' ’ L5 __

_ 0.2 _ A NE“V to 0

‘g V $
- M ' 0.7 3

5 0.‘! ’ 3*V L V 0.5
(LO? Q 4 ,5

- s=. b *1 2:.
§ 0.05 Pink ruby Q3 4?;

» 3 0.64 ias-erred §

"§ 0.93 03 E
‘O . . 035 «°

:3 0.62 . ’§~
0,1 8<

am 0.07
. 0.05
0.007   0.04 :’ V I I

.6860 6880 6900 6920 6940 6980 6980 7000 7020.

Waxieleragth A {3} ‘

Figure 11.3 Since ruby is nniaxia1,_ its absorption coefficient is a very strong function
"of the polanization direction of the light, (From D. C. C_r0nemey&:r,» J, Opt. Soc. Am.
5621.703 (1966). Reprinted with the permission. of the Optical Society of America.)
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1 Btue

2 I 1 Yellow

Laser

4A Vimonm Fjigure.11.4 '.{‘hey::ne1‘gy band1iia_g1':;mfor2 al->x.and:'it.e.

1‘j1.3..2 mexar2drit‘e«—«Tunable from 700 nm to .313 nm

Alezxandrita {B<~:A1gO4:Cr.3+ 01‘ ch;~o111ium~ch:_pad chrysoberyl) is ii hard orthorhombic mam»
rial. Chrysdberyl. itself is co11sidered 21 semiprecious jeweI.ry’mhateria1_and is commonly ca.1.led

axieintal mpaz. it ranges in (scalar frqm.yeI1owthm1:gh g1‘(-:i‘:x’1.t0 brown. Wham chrys<>b‘ery.I is

doped with chrmnium, the malszrial turns emerald green and displays :2 secnnciary red i;‘()I()i_’
» when viewed in artificiaihlight. (As an aside, one xzariety of cmysobex-y'l occurs in a crystal

farm consisting of parallel an*an'gemen:s cf fibers. When out {us a cabochon, ii. is called

cat’s~:eye' or tiger’.3~eye.) _ ‘ '

Alexandrite is-briaxiaifa hart}, of good optical quaiity, and quite thexnxally condu<:t’ive
‘(£3.23 WIcm.~I€. as <:empamd with 0.14 W!r::m»K. for YAG and 0.42 WI<:m~K fer ruby).
Ahtxahdrite is nAon¥1ygtaseapic, melts ai i;870“‘C, and has 21 M:>ih’s hardness :33? 8,5 {which
makes it Ixardm’ and mc>re.du1'ab1& than YAQ, but somewhat fess than why}. Additionflfiy;

alexancirite has .a very high 2her;nai_fracm1'e limit (60% of ruby ant} five times that of’Y—AG).
.}30p:i:1g‘!.he yellowish chvysobexjgi with chromium results in an ezxxeraid green aIexan~

drixe crystal. A.Ie>;andr.i‘te is biaxiai and the crystal appcam green?-,1'ed, for bins, cie»pem-ding on
the angle‘ and fighting conditiexzs. The principle axes of the indicatrix am aiignad with the
mystafiograpfzic ax€:$.39 Lasers are usuaily eparatad with 3igh£_para1Ie} to the b~a>:is because

the gain :f:3_r polarization in this direction is mnghly ten times that of any other éirecfion.
As witix ruby, the Cr” occupies the a’iu1ninu:n.site,s in the: crystal. yiowever, there are

twin cii.fferent aluminum sites in aiexazzdrite. One site has mirmr .synm1e%:'y',— the other has

ixxvsrsion symmeiry, Must of the czhmmium su'bsiitutes— for aI._umi.m'm1‘ in the largar m.i.rm.r
site (about 78%"), which (lncliiiyl) is the hdominant site for: laser action. The doping in

valexancirite can be a great éeal higher man with ruby; Doping concentrations as [high as. 0.4
weight percmt still jyicld crystals of good optical quality faithough 0.2 to 0.3 waight percent

is sdmeyéfaat mom co1n111o:1)‘ . - ‘
The enargy diagram for a1¢:xandri'te_ is given in Figura 11,4. Aiaxandrite can be

opestatad zisiiaither a thres—state system or as vibr0nic‘fo1:r~state systexn (note the similarity
to ruby§). The laser pump bands are _pri11cipa1iy the ‘T1 (higher) and the 4T2 (lower) "bands.
The ground state is .the 4213 band. The iwo pump ‘bands form zmanifolds centered around

33A biaxial crystal is one wheré all three: of ihe Canesian direegiions have diffwent indices at‘ refraciion‘ See
Section 8.3 for a discussioxrcf uniaxial and hiaxial c;‘}'s'iafs.

3933:: Section 8.3 fax‘ more discussion on the indicatxiix.
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the'b1'ue {41‘() um) and yellow (590 nm). ‘The pump bands are each quite wide, with widths
iapp,rox‘imate1‘y 1000 angstx'0ms. »

In a fasimitm similar {(3 ruby, then: is a matastable RE state. As with ruby, laser action
can occur on the R lines of {hi} 2E sfateé and can gwerate ih1'e<:~state laser behavior at similar A

wave1engths»(68'Q’.4 nm). T§ie.n1ajo17dif:fe1‘ence' between the ]€~st-ate lasing in aiexandrite and

ruby is that alexandrite pnssasses a .higher threshold and lower efficicmgy. Thus, alexandrite
is net used as -a‘ ruby repiacement. I A "

The major vahxe of air3;xandri1:e is ‘in. its fotmstate tunable laser energetics. When

opafaied as 2: four-state.‘lasei‘, alexa-ndrite is a vibronic iaser. Lasing action QCCUIS between

vibronic rather than-p'u1#e1y ato.m_ic statem ‘Thus, the emission Of a photon is also -accezupaxiitd

by the gmisvsipnu of phonons as the state returns to equiiibrium. This what provides the
iuznahiiity. The iaser wa\z<:1eng£.h is det€:z'mi.x:ex:i_’by which of the vibmnic statea: is the tap
‘laser state. Any enecrgy not czuried off by the phmon wili than be "emitted. by phonons to

restate the system to its gmund state.

Laser aictien occurs by ‘eirnisision. from the ‘V22; state ta the excited vibronic staies withiri
the 4-143 band. Subsequent phonon. emission returns the ‘A; band to equiiibrizinz. Tim ‘*7z‘§

V state. is much shc>r’tar1ivecl% (6.6 gas) than the n1e£a»s*tab.1e 33’ states (1.54 ms.) and is quite ciosé
in energy (800 cm"), an the rnemstabie 3!? stai:es— serve. as a storage state for the 4?} mate.

_ In any law: with a very broad puniping curve, there is the risk that the lasgr photons
ii‘amZSeE"gS “wit: be reabscarbed. Lnckiiy, in aiexandritte, iizezre is a dizep minimum in’ e:xc3ted«

ion absarytian across the. prixnary §E%8€£’fLI'K1§.1’§g range. Therafore, axcitezddozi abserpzion is nip!

an issue: 0%: much»)? fim range. }imve¥er,ti;g}ex1g xvaveiexxgdi tuxiixig limit in ._aie:xamiri:.a

is due to axcirtedéon ahsozptian. At higher wzweiexsgths than 818 mu, the <:xcitc{§»ion

_ absorption c2'<>3;s«sectioi; is.»}si:ge:r than the: 'ia:;er (:r0ss»$ecfi0n, and laser acxicin is si1pp:*e:ssed.

Akaxasitirite has exceptionaiiy faminating behavior with temperature. Azs the tempera«

ture increases in mast foxlwtaiz iasers, the tower Iaser stare popuiation iiicmasses, and [laser

acfian is reciu»<:ed. fiowever, the laser «output froxn aiaxamirite increases with teinperature

31;; In a zemperatum nf around 20.0%), and men’ -ziecreases abruptiy, This is ibecausa them

are we .com»peting tempcrature effecxs in afexandrite. Although the iowar stats popuiation
rims incmasa with temperature, there is £1150 the C(_){1pii31_g'i3€{\b’6€.i1 the metastable 2 E storage
states am file 4 Efé staie. As the t€»I1}p£§¥‘?€£it1f€3ii}Cf€-35%; the pepulatiori in the upper iasar state

incmases, parity couiiteracting the, ini:1”e3'S€3,in populatian in HIE Iowezr -state. Thug, aic~L>:an.-

driic; _;:<):j;»st:s:;cs an ixiipmvemmit in psrforznancta with £e1n‘perature gat xvavelengths greater
th2m’?30 iim. . T .

Uxiformuateiy, the iiifatiznes of -the upper ‘and storage states sonzewimt mince the

zidvantagas Bf }1igh€§§7.'{E111p6fatUf8S. When the te.mpemture is iI1C.f€i<‘7,iS€d, the populatian in
the; 473 state incx‘ea:§es;_iH0\veve1‘-, this state has 7a sham: iifetime‘. Thus the effective upper
state‘ .Iifeii.1n“.xa (the pop\i1atio11—’ratioed combination of‘the’ -two. upper [state states) is reduced.
At some te'mp:;mture, the combined uppar state fifetime is_ shorter than the pump pulse
width‘ and energy is Ioxfixx fluorescence, This also reduces the adv.a_ntage’s of inc.re_a:§ing
1;emp::ratm'e.

One final temperature -effect is w4::1"'t11’1ne1itio11ing. At higher texixperatures, the peak. of

the gain crurve shifts to longer wavelengths. This is due to increased phonon populations as

well as a sh.ift: cf the 8 lines and enhancenienx» of thelong wavelength vibmnic fI‘aiiSiiiO!1S.

The11etres;ultis a rathe1‘draina1:ic change in laser wavelength with i‘nc:reas;ing teinpzzratum.
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Alexandrite

0.0.63‘ atomic % Cr“

For Polarizafionz

Figure 11.5 Since a1f:.‘§flIld¥i[£‘< £8 bizxxial,
its absorption cocfficient is a very stmng
f.um:Iiot1 of mg: polarization direxzticm vi’ the
light, fm.‘ .281 three di‘1'ec:ii0ns. (Modifieéi
from I. (2. Wziliislg, H, i’. 3e:ILss¢n., R. C.
‘Matrix, W. C)’Dr:I1,, and 0-. G, fmeazaon-,

- Opt... Lm. 4:182»(I979J{f‘":gute Imprinted
500 600 700- with the przrziaifisitrn of the Optical Socifity

Waveiength mm} of Anmiesa).

831186 aiaxan§;*i‘£c is hiaxial, .i:i§; a?:sm*ption_ iecaczfficiezmt is a very si;nng.t7um:£im1 cf ihe
’pn'Iariza:§Qn direction cf the light, in all threev dim_ctions‘!V (See ¥*‘i.gLma 11.5.} This creams

some of the same -orientati.z3n1and ptlmping inhomogeneities obssrved in mlby.

11.3.3 ‘i”i:sapphire-~Tunab£e from 670 am is: 169:} nm

Ti:sa’p;3hire was daveaiopad rel2ztiw:'Iy hate in iaser evoitztion. However, since the discavety

of iasar action in ".i"i.:sapphire in 1982, ’I?i:sapp§2ire has becnxxxe one nf ths n1osiwié¢3y used
so1§d—&t21ta laser matarizfis. " V

’Ra<:aii that why is Achror:1ium—d:3;3sd A1303, ‘1’i:sap;;hire is £iianium«do;::~:d Aig.{)3.
Thus, ruby and Tizsapphire have many of ihe sama me-cfxanical and optical. p.r(3p§‘:1'£iES.

Titsapphire is also an opticaily uniaxial crystal that haré (13/IuI1’s'hai'd11ess of9}, af

eptical quaiim and extrenzely :he‘rm;a11y conducztive ($.42 Wfcm»..I.<2}. 'Fi:sapp§1,i.re is nonhy~

gmscopic, refractcrry and is even more durable than ruby due 2:; 21 siight advzmtage abtainexi

with the ‘titanium: diaping. . b V
Sapphira is. (tag);-zd with Ti” to obfain laser gtsaiity ’I‘i:sap;:»hire. The Ti“ subszimres

for tixe A2” in the: crystai‘ 'I‘y1:)ic;z1 dgpings range from 0,63 :0 0.15 waigh: p{’:rt:c:‘,11t of
titanium‘ islighfiy highér than the clnioxnium in ruby}. ’Howev<:r, the s.i1niiariti::$ ibetwr.':>en

ruby and Tissapphim do not include the spe<:trosc:opy. The ';~:11ergy diagram fur Tizsapphira
(Figures. 1,1,6} only two states: but the vib-roxaic nature ofihe transitians maices it
paszsibk: to zzbsurb fmm me botmnx of ma gro11x1d.sia:e to the upper vibronicz manifoid and
to 1223:: 1’rom_the 'bo.ttz;m1 of tiififitippci‘V.i1*n'0ni<:.n13I1ifi)Id dawn tr) me xzibmnic ground states.

This pecuiiar spe.ctroscopy is driven by the single (3d)‘ eiecuola, The (3d.)~‘ state
(:whi<:h would be ciegenrsmte in a free transition-n1eiaI).is split by the cubic field when the

metal. is; snrbétitixltiozaally doped into the aluminum 33:9 in the sapphim. Tlie result is a doubly

degenerate excitégi state 333:? and 3 tripiy degenemte gxound stextefzfig, Thase excited and
ground states a1~€~{”fL1rti1c:r sp1i‘t.by‘the trigonal field and spin orbit ‘:3cm'pI,ing. The result is :21.
bottom n1anifo‘Id'Qf.states* 317%, and a top manifold 2Eg. One phonon 0f ‘energy 172 cm”
couples to the excited state {state and two phtmonsy with cznergies of 220 and 2360 en?“
‘couple to the ground state 37’gg. (In comparison, ruby has three d elecmrls and a, rather
more conventional energy state diagram!)
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7? Poiarization

H)

intensity{artnsjnita}, . 09°’‘’9
‘figure 11.7 Tizsapphirc passesses ‘my
.E—z1t\gi: pa§an’zatiaxz~ds=:pendenr absorption
fmn-«is in the bhzgwgrcexl (Kf6n*.<‘::f6:il around
two nm wiih. witms of raugjxiy 350 nm}.
Similafiy, Tizsapphirii possesstzs iitrge
~po¥afi2:zxiion- ée_peud:em mni.<;sinn- was in
the rec}/[R (watered armmd 780 am with-

widtizs at’ mnghiy 230 um). ffrvxrx P‘, F.
‘ ' _ V Mouitm, J. Opt. Sm: Am, B 31125 (}98¢.’1)4

‘ma 550 » 506 700 80° ' 9-00 Reprinted with the pcnnissio.n ofthe Optical
Wavelength {nm] 3 Society cf America.)

F?.5

Absorbanne

Tiisapphife pass-esseish ve1'y1arg::L polarization dependent absox.~p‘tion bands in ti1e‘b1ue~
gaeen (centezred around 49011111 with widths of roughly 150 mu; see Figure ILZI)‘ Absorption

of 1‘acii.at,ion piolaxized along the optic aacirg at is nearly .tvvic_'a that cf the ;pe:rpex1dic'u‘lz1r po-

larization on The ab‘so1'ptio11 is generated by vibro_ni<3 transitions bezween the gmimd state
271733 and the excited state 3E3. S§mi'1a:rI.y, Ti:sapphire possesses very kurge poimization
depiandent em.ission bands in the red/IR (centered around 780 nm with widths of mughly

230 nm). Nearly three times as much light. is smitted polaximd along the optic axis 71 -as
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pelfpenlcliculat‘ to it or. The emission is generated by transilicms between vibxonio transitions
from the excitecl mm: 2.E,>, to vibronic transitions to the ground state 3T;;g.

It a (lelightful. p1*operty of the vibronic states of Tksapphire that the absorption and

emission bands 'ba1tely oveflaga. Thus, alaser. photon ganerated within the emission band is

unlikely to stlnlulam abso1'pii0n in ,tl'1<-3 absorption band.

Allthougil 7I7i:s’appl1i‘re’Iié1S a 1'easonab‘l0 cross-section (4)1 - 1.0”” cmr°~), it also has at
rszlafively shortuppc1'stat’e. lifetime (32 ;.¢s). As a. eonsequtznce, it is a difficult lnatelial to
pump with tflashlatnps. However, fiashlsmxp opemion has men achieved, with outputs on

the order of Bllpnlse at 3% efficiency. Flasixlamps used forT'1:sap_phire—must typically be

alzelmad (for example with a dye) to z_:om/er: the bluc~{.lV light of the lamp into the blue»
grazen z‘1bs0r;)tio11»profil.eoflthes laser. '},”he usual design strategy for successful. operation of _
2: ilaslllzmnp pun1ped.Ti:*szzppllire laser is to create 2: very s'ho_rt flashlamp pulse (legs than, .10.
;l.s)‘t11rough z:le:ve‘r dexign of the _'p1llS€3-f0I‘l'(ll11g network.

The blue~gre::n absorptziazm profile of Ti:sa_pphi~r»: is beautifully matched to the output

of cw argon la's‘ez's, cw‘ intcr11a3ly~doubl0d Nd:YA(‘3 lasers (g>ar£icu‘l.arly diode-pumped cw

' YAGS) and pnlszzd doubled N0i:°‘{Ai3_ 305032;. Using: .21 Q—swit<:i1ed doubled Nd:YAG laser

as the pump‘ gives the aziditionai adsvarltage of pemxitting gaimswitched operation, (Gain
switching isLsimila1' to Q«swi§ching, except. in gain‘—swit-ching, the laser gain is turned on
very quicklyl rather than "the laser 1053 being {urnod off vtiuxy qtzickiy-,)

’I'h'e phenomena} bandwidtla‘ of Ti:sapphire is ideal for m0da~1ocl~;ing:. Tizsapphire lasers.
have been mocledoclzecl with acoustmoptic mocl0~l0cking, passive modwlocking, in}ectlon~

saeding, and ¢oupiez:l~€avity modeimking. In 1%: invas discovered that Ti;sapp¥1i1'elase1's
will seIf—xnode-lock. A'fiu.rry of advances occumad vinthis technology, resultixxg in elegant
methods for self»zt10do«locl:i.:1g Tizsapphira lasers with temporal pulse. lengths of less than

10 fs. Tlxis adxxmzcemexlt was 21 major change in laser development, as until that time all

11ltrasho1't gulse lasers were vdye lasers (see .Secti0n 11.5). A

11.3.0 Comparison between Major Solid-State’ Laser Hasbtz-:

Conszw the solizbstalrs Ixosts as shown in ‘Table 113. Notice, that ruby and Tizsapphire
are tl:e.1ne»ch.anical1y rnors robust. and thermally conductive, Nd:YAG and alvzxandrite me

both foumstate lasers with long upper’ state populations (permitting lamp pumping), while

TA3LE'1”$.1_ SQUDSTATE LASER HOSTS 

Ruby" A Nd:“‘{_AG Alaexandrite Titsapphire

QE-l‘ar<l11:2§§g; 9 8.2 8.5 9.1
Thermal‘muiluciivity. 0.212 0.14 0,23 0.42

cw/emaifil . (300 K) (300 K) (300 K) (300 K)
Uppwstaté lifemm: 3.0‘ ms 230- 713 1260 Us 3.2 ns

’ (300 K) (300 K) (300 K) (300 K)
c.r5;](:::os$~seciion') 2.S.~ 10*?" 6.5~ .l()“"‘9 1 « 104° 4.1 - 10””

{c1n*’-')

Linewidlh (A) 5.3 (1.1 0111*‘) 4.5 1.000 2.300

(300 K) (300 K)
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Ti:sapp.hi're has a very short upper state population (_gene1'a1Iy requiring laser pumping).
Nd:’YAG and Ti.:sapph§.17e hav_e relatively iarge crosss-sections while a1e'xandx'ite and ruby
llavé: smaller c.mss~sec£ions. T.i:sa‘pp11i1‘e has the widest linewidth and ruby the nan'0west.

11.4 T!’.‘3APF‘HlRE LASER DESIGN

.Ti:sapp11ire lasers differ from ccmveaxtioual solid-state lasers in two major ways: First,

Tizsapphire iasers are typicaliy pmmped by an argcm~ionA or 1\¥d;YAG Vlaser. As 21 c0nsaqL1e11<:¢,

the msonant cavity gennietzfy is oftexa. a ring or foide:i~2Z. cavity to atlow the pump beam. to
interact with the laser 1I1ater§a1TWhi¥e.2iv0i1€iing pump fight in the output beam, (Ring Iasar
cavifies are discussed in S<:».:’iion 11/1.1..) Second’, Ti:sapp=‘hire lasers have ve'e:*y?i.a1‘ge tuning

curves. Tuning eiemezits such as eta'§ons- do net 33033335 sufficient ranga ta tune Tiizsapphire

lasers. "Instead, birefringent fi1tersAam usually employed. (‘Birefrirxgcmt filters are {iiscussed

in Section 11.4.2); - ‘ V '

1fL4.1 Ring Lasers

The firstring resonator was.dem0nstrated in 1963 by Tang es 211. in.mby."“’ Although the
primary appiications for eariy ring resaxzatom were in npiécal gyroscopes,“ ‘ring ’1as»ars ciéd

zwt see mach commerciai’ :app1icatiox1 as resnxzatcsr smeciures until the dave§opn1e.nI 91’ the

aye: ias::;*.‘*M3 Nb: orfly did the ring game: game. cf the: gsxemtmical ccanstraints in buiiding
dye lasers, the caumwprnpagating nature of the made pmnitted the constmciian of tixg first
'fe::1tuseccnd guise lasers {see Seciicn i‘1.S’).. _ ’ '

.Rir1g ‘laser gaomatries. are often necessary with Titsapphire lasers, because of the

Ageometzical 1'equ.ira:me1its ixnposed by pump iaseats. Some especially elegant designs have

been impIement:=.~d, including diode-pimped monaiithic ring 1-esonators where tbs: entire ring

is inside the gain materiaI““. "

_ Sasics on ring resonatars. The: pmtotypical iasef resonaior consists of ‘IXVO mirw.
-rots facing each other (see Figure 13.8)‘. This configtirazien creatszs electxic and magnetic
field z~:tan:1i~ng wavas in the nésonator with a period cf om:~ha1‘f {pf an optical wavelength‘
These standing waves imeafacfi with. oniy part of the volume :31’ the: laser 1'i'iaf.€5i‘§i1L ti7m:'s

c:rca't‘i11g spatial i_nhmmgex:e.ities in the: gain. ~ This effem $3 xermcd :fp(1.t£k:!Z Irate
ifizzrzzing. , ' , _ .

If the laser is ruxxning 0:13 nmltiple longitudinal modes. (creating many overlapping

standing wave 1'egimis), or. if the laser a gas laser (where: the atoms -are in constant

motion), thisieffect ’is",;1-or very :~‘;ign:ific.ant. HQwev<:{,»~fm= sin.gIe~m0de —s.'o1ic§~state Tm;-e.1's,
spatial hole burning cangsignificantly reduce the output power of the operating laser ruodex

"°C..'I;. Tang, H. Stain, 4nd (3, <}::Mars, In, J. Appl. P/zys; 343289 (lS}(33)._
“W. Chow :3: al., Rem Mad. Plays. 57:61 {I'98S‘).'

43$‘, P. Schafer and H. Mulim‘, 017:. C‘o.nzrrzmz.. 2:407 (1971).

431. M. Green, J. P. Hohimer, anti F. K. Tiwél, Q01. Camxmm. 7:349 (1973).

“tr. 3. Kane and R. 1,, Byer, om. Lair. 10:65 (1985),
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Ifigure 11,8 Tha prnmiygiical laser resonate: consists of mi; mirrors fzat:.ing~ eaxzh othzr.

figure 11.9 A simple ring 1'<:—$011a£<3r will
have longimtflinal mmics {lira back-and-forth
lenglli :1!” a comasntlonal laser is equivalesat
its the roundaglga xmgm cf 21 .:§ng Izzsxzr)
and standing wave p2m::11n§ (fanned by
the imzzracxion hetsveen the left and right
traveling waves in the ring).

 
Spatial hole humingvcan be 3‘BClL3C=!EfC3 by gemcxmting circulafly polarized light in ‘$13 laser

1na:eria’l,“’5 m.echan‘i_cally moving the nxaterial,“ -in“ by phase modulating the beam entx=;1‘in,g
the n2ata1*ial5‘7 Hnwizver, (me 91° the 1'n<3slf successful xnethotis for e'liminatin,g spatial hole

burning is to strucxxxre the mson.atm' in ‘a miid‘i1x<:»<:£ioz12il rizxg geometry. V

A simple ring resonator (such as in Figura ‘l 1.9) is not very diffemnt from 21 convem

ii(mal.m;:m1atD1'. A simple ring msormtax’ will have kmgitudinal modes (the ‘bacl:_<~and~f<§n‘.h
length of a i:,onvem'ional laser is equivalelxt to the rouncl~ix‘ip length of a ring laser) and

standing wavelpatten1s (fnmmd by'tl1ein'tera-eziiun betwezcn. the left and righl traveling waves
in the ring’);

However, ring ‘lasers can also be’ made ta, ‘operate in only one dimction. Such uni~
directionmll ring Jasers no longer possess stan<,li.ng waves and do mt create spatial hole

4513. A. DracgexT,AI1£’EE J4 of Qzmzzlzmz Elzzrimzz. QE—8:235 (1972).
“H. G. Danicln1e3*m‘, App}, P1z}=.9. L611. 36324 (I970).

‘*7.H. G, Danielmeyer, App]. Plzys. Len‘, 17:51?) (1,970),
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clockwise
beam

.............................,...e-am» _ " Figure 11.10 One of the advantages‘ of
Pump beam ‘ :1 ring laser is that it is relatively easy to

bgam configure the resonatoxf so that the thick»
reflected. beam from a pump laser is not
mflected into the nasnnator of the pump
laser.

burning effects. Eliminating spatial hole burning provides several advantages. First, since

the laser material is; more homogeneous, there is more overall gain avaiiable to the low

gitudittal modes. This increases 1nO£§€"€0I1lp£ilitiUI1 betwegeo adjacent longitudinal modes,

3:iia'ls:i11g' it possible to pump the laser harder and still rotain single longitudinal mode: op§:1‘~

atioit. Additionally, since the gain is more hontogeneous, more power can be emacted by

a singie operating mode. The combination of increased pumping range and increased gain
means that unidirectional ring lasers oan- tieiiver sigzxificantly more power than conventional
resonators. ' A V

Ring lasers possess; some additional -advaiitages. If it laser is being used as a point: for

a ring laser, it is miatively easy to configure the res<wato1*so that the bat:k—rafie€.ted beam
is; not zzmtmed back into the 1'€3St)na’lsDiT of the pump las;et' {see Figure 11.10}. Thfl optical

system formed by a plane. pam§lelon1ir:*or of .a conventional resonator and the output mirror
of the pump laser can act tilt: at Fail:>:y~Perot cavity attached to tho laser. The interaction

~_ between this axternal .Fal3ry~I°e.rot and ’t.ha resonator of the pump laser‘ can significantly alter

the frequency and intensity properties of the pump laser. (This is the origin of the oscillation

that occurs when aligning a laser cavity with a Hello la$t3l’ and i>acl<;1'e,flecting the alignment
beam" precisely down the bore of the atikgnmento lasext) ’

Ring lasers -also possess, more flexibility in .cavit_y« design, parti<:ul'ar1y for tmstable
-resoztatéors or {for lasers that. llave. a nutitber of ‘sensitive intracavity elements. oAddttiona’11y,

uniiiiirectional ring‘ lasers inherctttly have an ordering to thmzlements in the cavity. (For
example., tho gain material might ha followed by a doubling crystal and ‘then by a birefringent
:fi3.tor.3 inherent ordering of optical components is important in many applications.

Gi*eati’ng unidlractinnai oscillatlcan. One method for generatitig unidirectional
oscillatioti is to create 3 small external cavity aoligned with one of the propagating directions

of the ring lastar (sea Figaro 11.11); If the laser is 1‘un_n.ing counter-clockwise (CCW), the

traveling wave in the laser does not interact with the e.xtemal, cavity. Howevei‘, if the laser

is, running c1oCkvtfisé\(CW), the beam is back ‘1‘efi.ectod into the CCW direction and supports
the CCW mode.‘.‘8' '.

' This method works for certain laser materials. However (even when it works) the

method does not completely suppregs the light in the unwanted direction. Perhaps more

“Tits terms cw ("for cotttinuous wave) and cw (for xflockwise) are both commonly ttsed in laser Bllgl1}€.’€l'ing.
Time is no standard.nota(i(m to distinguish them, and so the meaning must be deduced from context, Heml will
use CW for the latter.
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ctockwise

' (COW)

 

  

 
~+—;————~—a»

\> Clockwise

 
Figure 11.1 .1_ Om: znetlmd far generztting
unidirectional} oscillation in a ling laser is to
create :1 smzflextemaiv cavity rxiigned with
(me of the: pmpzagaxing climctimzs of the ring
}2zs>er.

Pump beamv

'impm'£an£}y, the method can enhance made~%3eating {particui‘a1‘].y if there am multiple Iongi—

 

Iudinal fxnodes running in the ring) and interimonaetric effects.
A more ramble: mmhod for gezxneratitxg nxaidirezctioxlai 0.sci11atio11 in a ring Easel‘ is to

use an aptical diode ctonsmzcted from a Faraday rotaior, a ha1f~wa.ve plate, and a Brmvsimt

plate or palaimzr (see Figure .I.L‘3.2).

A Faraday mtator (as used in 11 ritsg lzmezj is a device that changes’ the angie nf Imam‘
polarization 0:“ fight as a function of an appiied ‘DC magnetic fiekl. The arigle is changed
in tbe karma direction, inclepersdent of the dinfection. of the wave pmpagation.

To explain this fu;*the::_, consicier a._ve:1iic‘a11y poIa1”ized wave’ traveiing in the CCW

direction and entemg a Farzxday tfotator as shown in Figure 11.23. Assume: the: Faraday
rotamr changes the directioxx of linear po¥ztt'i2;a£ion fmm xrertiqazi to 45 degrees it: me venical,

 
  

Optical diode

~37 3-’ifa1.I1>:s,,s/.;—1\'.«.«,;:.‘;;;3,'aéa,'3,V ' '3=.>’o"rér7iéér~, la} ' v
’ 331319 rgfatnr Bffiwsief V      

  

‘««.~...

. 5

Figure 11.1.2 Another nxemod for generazing unidirectional oscillatioxn in a ring laser
33 to p'Jacc.a1n optical diode (CO1\Sh‘LlC{§5d from Pm‘21cl22y _rozat0r, 2: lnzilfiwave mate, and
21 IB1"e.wster plate or p01a1i7.c-:1‘) in tl1e‘1'<3sorml'm'. »
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Faraday
rotator

CW CGW

_ Figure ,l‘1.i3 Vertically ’pe1ariz,ed light
§m:Ssing‘1hr<)ugh a Faraday totator in
clockwise (CW) an(1.c(3unte:'~<;lm§mI3sg:
(CCW) direciions.

 
Now, assume a vertically pnlarized wave traveling in {he CW direction is incident on the
"same Faraday mtatm‘. The rotater wiii 21150 change the directiun 0fl.i11e;arp.o.imfiizat§on;f1'om.
ve1‘tic;a1 to 45 degrees to the verticai. The angie has been changed in the same direction .
indepenrient ‘of the propagation direction af the wave. _

1 Com_ras£ this behavior wish that Qf a hafiiwzwe plate. Censider a vertically paiarézed
wave traveling in the CCW direction anti entering a ha1f~wave piate as shown in Figure }. {.34.

Assume the halfiwave plate changes the éi1‘ecti»o:'1 of lineaf pcfiarizatixan fmm versical to 45
degrees to the vertical. Now, ‘assume a2ve:tis::a1Iy polarized wave} traveiing in the CW
direciien is incicient on aha esame haif-wave. giate. ‘I11: rotamr will zzhaxzge the diteciion of

Iineasr po’Iari2.a£ion frcnn vertical to 315 degrees to the vertical (that is, 45 degrees in the
other directiorz from vertical).

The uzmsna} nature of Faraday rotatcsrs cemizae explained in a11.ot11e'r. way. Assume that

a Faraday rotator is configured with avmixmr 5:: that a 'bean1_emers the z'emim', beunees off
the mirror and enters the rozator again {but t1':;ve1irxg the othe1‘direc:tioI1). {See Figure 11.15.)

Consider a v-erticaily polarized wave tmveiing in the,CCWdirection and entering the Faraday

Half-wave piate

cw new

Figure ILI4 Vertically polarized. light
passing ihrough a ha1f~weve plate in
clockwise (CW) and rrounteawclockwise
(CCW) dkeciions.
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Faraday

cw \ cow

Figure 11.15 Venicaliy polzxrized light
passing through; 21 Eamdtxy mz'2x‘Lm' in the
CCW direction. being back~re£lacte,d, and

pzrsxixrg back through the ¥*‘a1‘acla}~‘ 1'<>tatm" in
the CW nliructimn, ' ‘

rmator. Assume: the rotaftor changes the direction 91’ finaar polaxiization fram vertical to 45

degrees to the v.ertiz:al. Now, the beam will be directed back through the rotator by the.

mirror, and will again be altered by 45 degrees in the szame‘ direct-ion. 'l.‘he.— beam: is new 90

degrees fman its original pelarizaxion. . ..

Conzmst miss with a haif~wav.e plate, As3'u11_mI%1a{ 21 ha'if~wz_we plate is configured wit}:
2.1 min-at 30 that a beam entms; the .l}a1f~\v’av<-': Lplate, l)(mnces eff the mimsi‘, and enters the

.ha1f~wave plate again (but traveling the other directitm). {See Figure. 1146;) Carnsider as
xrerziszzily pclisxrizefi wave traveling in the CCW directimz and entering the haifiwzwe plate.
Assume the haifwvav-at plate clxangesv the dimctitm Leaf linear 1)()1ar.i:«:a{i0I1 frmn ‘vmivcal in 45
degzeea to the: vertical. New 1112: beam will be directed back" throng}: the .haif»_wave plate
by the ;m'irmr, and willlbe altmed by 4.5 degrees in the 1'ev£:rs£:. di.1‘eC'{§On. ’I‘l1.ebeam is at the:

same polarization as iimoriginzill

The contrasting properties of Famday z'otatm‘s and haltixxrave plates allow the creation
of apticall éiieclves». As an exanlpie, conslicler "tbs 0§31‘.i<:'al systexn iliusimted in Figure 11.1?-.
Here, a Brewsimf glate {or po1ari:»:er)' is oriented £0 pass vertical polzuizaticm. The Brewster

'p.§8Ié‘5 ‘is followaci by a Faraday rotator and ihen‘ by ‘a. haiflwave‘ plate-... Consider. the CCW
wave first, A've:’?£i<:z11ly polarized mm: is fmxt passecl with no loss by the .Brews.te;‘ plate.

Halfmave plate

CW CCW

l3‘§gm'e .1 1.16 Ver(ica1'ly polariiscd light
passing through :1 11aif~xvz1v<: plan: in Ihe
CCW direction, being ‘lmck-rcfiec-ted, and
p:xssi11g back thmugll the half~w2n/0 plate in
the CW directtiou.
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Half-wave

plate

‘Faraday Cgw

I<"igtIt'e 11.17 The ccriltraslixtg pmpaxties
of Faraday rotatcms and l1alf~mm:- plates
allow thewemlon of an optical diocla, This
symnn passeg CCW light tz'n::lxa1_1ged, ixui
atlannates CW ilighl;

  
Then, the ‘Faraday rotator clxanigte-‘as the dimction from vertical to 45’ dt>gre£:s In the vertical.

The .half—wave plate than rstnrns the pelarization dlirection tn the vertical. The origénal wave

p£tlariz.ati<>n has been ’I'6€0V»€1‘£§1Ll,

' Now, consider the CW wave, A vertically polatfuved wave extfers the hall‘-wave plate

and the diI’€=.,C{i011.lS c31z‘mged:fmnt vertical ta 43 degree:; to the Vi-31’-£i€:.2ll. The Fnmtlay rotate:

than co.x1Iinues the «mange to 90 degrees to the vertical. The CW wave (now pe:.2pendicular

to the CCW) exgzetiences high loss from the Brewster plate (nr palarizrar) anti is attem-
fitedv .

11..4.Q Blrefriingeni F_itte»rs

A tunable laser (such as Tittiapphire) requires same. type of adjustable optical tuning eletnent
in order to run with a narrow 'l.inmv.i'dtl1. Snatiaily clispersixee nletnzzntsx such as pxtisms or

gratings, can he used to provide this tuning, lloweverg it is extremely difficult tn design
good tuning systems for wide bandwidth tunable .l‘asex:s using spatially dispersive ele1ne:nts.“9 ,

An alternative strategy is to use etalons. Recall frqm Cltap.te1' 3 that a conventinnal

etalon makes a very gland. h.igh~resolution "filter, lHowever, 3 single etalmz can only be tuned
aver its flee. spectral range. Thus, etalons are well.—suite_d for isolating narraw Iiltetvidth
rfeatums (such a single: argowion’longitudinal mode) but are less well«suilted for broad
‘tuning. - .

‘Birefringent filters offer an effective alternative to disggarsive elements or etalons.

Multiple element birefringent films ol"fe1:e.xcel3_ent iresoluttmt over a very broad spectral

tuning range. The first L'lSt2» of a birefr.ingent filter as a tunable narrow band latex‘ filter was

‘WA. I..-, Bloom, Opt. Erzgirzemfng llzl (I972).
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Birefrlngent plate at
Brewsters angle

Figure 11.1.8 A birefringent filter is’ a
plate nf’ laixvefringexlt material placed inside
:1 laser can-‘filly at Bresvvstefs angle, The
birzffingrml .fiitt:f will Iranslnit la set of
wavelangths Lzonrespomling to an int.'¢gral
nurnber of full wavc -fatardatims in the

czysizxl.

. in 1972 by Yarborough.” Birafringent filters are analyzed by Blocsxnf“ Preuss and Golle,”

and Valle Ta11dAM-013319.53 ‘Nagus at :11. hold a_ patent on afiirefrinbgent. filter for use in .a
tunable pulsed laser cavity,“ ,

A 'bire.frln‘geni filter is .21 plate of .birefringen*.: mate-‘rial placed ‘inside :1 1.22361‘ cavity -at

'}3xrewster‘s angle (sag Figure: 1118). When the wavelength of £213 lighx inciclenxr on the filter

carrespcmds in an mtegral number of full ‘wave. rc:tardatio:1.s in the l3irafrin,gen£T elemetnt, than

tllebeam e:nerge.s.ux1<:i}aI1ged. Emwatver, -if the xvavelength cf the incident light is anything
~atI1e.:rthan‘ani:1te_g;'al nmnber of full wave retarriationsl, than its peiarizaficln -will be altered
and it will suffer lass at the: Brewster suxface. Thus, the birefringent filler will transmit ‘a set

af wzwalengths C0r!‘€S{30l1C§i’£-lg to an integral numbsx of full wava reiardations in .1335: crystal

(see Figure 11.19). _ ‘
A bircfrirlgent filter can be tuned by rotation around its own axis (the :I:(>tat—i0nzi1

directicm. that (ices not change the .Brews'ter angle orlentatioxxll. This alters the index of

'rel‘raction seen. by the inciciem beam and thus the wavelength csrrszsponding :0‘ an integral
nurnbci‘ of full wave m£ardatim1s;.

A single. birefrixigem filter p_o£sesse:; 2; si11ns0idalelil:e imnsmitiance profile (see Fig-
ure 1.1.19) that is ‘usually tee bro'ad ‘for ‘use as a tuning element in a Ti:sapphire'1.aser.

Hcwaver, multiple birefringent filters can be used to provide greater selectivity, For exam}-

ple, ‘Figure 11,20 il’lus£rates' the transnlittancee of la th1‘C€~S£ag€ quartz. biref1'i_ng=é:n't filter with
thicl<nes’ses of 0.5 mm, Tl mm‘, and 7.5 mm. . .

Birefrlngent’ filters can be analyzed with a.matrix technique in 21 similar :fashion to

multilayer dielectric fiIm's.55 Of special imerest is the intensity 't1'ans.mitrance for a single

5&1. ‘M. Ya.rl:or0u‘gj1 and J, Hobart, posi~c§eadli,ne paper, CLEA xncretixlg, (1973).
“A. month; J. Ogii. Sac. :9fAm. 64:43? (19%). ‘

-‘?D.R. léreuss max?) 1. L. Cvié, App]. om 19;7o2 (1930).

51?. 1, Valle and P. Mo1~eno;AppI. 0171‘. 31:52:; @1992’).
“D. K, Negus at al,, “.Bix*c>f2'ingem Filter ‘lbr Use in 21 ’I‘1Inal:-1:: Pulsed Laser Cavity,” US. Patent #5,164,9i§6_,

Nov. '17, £992.

55.0. R. Preuss andll. L.C01e,App1. mu. 19:70: (1930).
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Transmittance C) ox
n

I’ 1
1300

V 0 ¥ 1 1 1 I 1 1
730 900 1 1.00 1 500

Wavelength (nm)

Figurv: 12,19 A singia _bire:fringe:nI filter possesses ~21 si11usoicla1~ii$:e ’lr2t1)$miI£m1ce
profile.

'Transmittanc'e O {:1
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Figure 11.20 Multiple birefringent. filters can be used to provide greater selectivity. b
This illustrates the nansnzittance of a tlmie-stage lpiret‘rl_ugem. filter wiIl1 Ihickmsses of
0.5 mm, 1 mm, and 7.5 mm.

Chap. 11
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‘biref1'in‘gent filter given by

‘4 __ .2 ' 2 0
[TM 2 1 .. S;n3(g¢) .

(21% — oos3(¢>) cos2(9))

Sing ‘ml 71,. [1 L C0320?) cos2(¢)/ng ~ cos2(6) cos2(q>)/n3,] zrd A n,,

K. [1 —co-s2(9)sin2(¢)/it-3 —cos2(<9)cos2(a>_)/,.;:£=;)]I:z2 .2. [1~_oos2(9)/z229]‘(l"[/A21’ D
where 9 := rt/2 — 9;; for Brewster angle incidence (where 93 is Brewster angle), go the
tuning angle (rangesfrom 0 to 90:de;grees), and d is the thicl<rness.55

Example 11.1

Calculate the ujansmittance for a threostage birefringent filter fabricated from quartz. Assutne
the smallest, element is 0.5 mm thick and that the _elements are in the ratio 1:35:15. Assume the

filter is. in at Brewstefls angle and that the rotational angle is 5.0 de'grer:s.r Plot the transmittaxtce
from 600 out to 1400 nm.

Solution. Programs such as Mathcad are welhsuited for this type of ‘calculation. Fignrc 11.20’
illustrates the results of 23- Mathcad calculation for this problem. '

1.1.4.3 Coherent Model 899 -and 899CTi:$a:pphire Liasera

The Coherent Model 890 laser is a ]aSer—pt1t11pt:d cw broadband Tirsapplrire laser (see Fig’-

ure. 11.21). The output power depends on the: pump and can be as high as 2.5 watts with

the SW mirror set and 'a_ 15 watt argon-ion’ pump.
Three sets. of standard optics are used to access the Thsapphire tuning range. Using

these three sets of’ optics, the wavoiength can be tuned from 690 hm to beyond ‘I .106 nm
{see Figure 11.22). .

‘In order to accommodate both low and high-potwor pump iasers,. the Model 890 can

be <:onfigured*for either high» or 1ow~power pumping. The goal of the variable pump scheme
is to optimize the overlapjbetween‘ the. TEMQO resonator mode and the pump beam. This

maximizes the conversion efficicncy and minimizes thermal lensing in tho ‘Tizsapphirc.
The laser wavelength is tuned with a'hirofringentt filter (seovsomion 1"1.4.2).- Smooth

continuous tuning is accomplished by Amini.miz'ing the competition between the birefringent
tuning filter and the natural birefringence of Tizsapphiro. To achieve this, the crystal is

mounted such that the polarization vector of the'int1'acavity mode is aligned parallel to the

caaxis of the crystal. L V
The alignment of the polarization and optic axis vectors is achieved via a facemotrmal

rotation adjustment. This alignment prevents gaps or skips in the output tuning curve. The
Model 890. resonator is a folded 'linear'resonator (see:Figure 1l'l.23). The backbone of the

890 resonator is a 5 cm diamotcr, solid, stai.nles;s—steel bar; The bar has a high thermal.
mass, which reduces the system sensitivity to changes in the ambient temperature; Minors

551). R. Preuss and J. L. Cole, App]. 0171. 19:7o2 (1980).
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Powerémw} 
650 700 ’?SG 800 SS0 900 950 1000 1050 1100 1150

Waveiength {nm)~

Figure 11.22 The Constant Modci 8% iaser is a‘ ilasm‘-gmmpcti cw broadband
”i”::sappshim'1aser. Three sets of sI.2mdm'd oytics are used to access the ’I"i:s2:pphire inning
range. Using fl}e.se dime sets of optics, the wavelength can be tuned from 690 am to
beyond I-10011111. (Courtesy -of the -Cohercng Ina, Laser Group, Santa Clara, CA)

 
_Figure 11.2} The Model -890 rezsox1a1o.r is :1 foided linear Kzsonator. (Courtesy of the-
Cohenznt, Inc., Laser C31‘O‘up3 sanm Clara, CA)»

M! and M5" are _tran.spa;rz:::t. :0 mo. ’pu3.n;9 1i_gh:,‘Mi:‘rors M1, M2, M5,. and M6 are highly
refiociivo over the Tizsapphiro laser wavelengths. Mirroramé is the output mirror for the

laser. Mixmrs P1, P2, and F3 are highly refieciing at the pump wavelengths. Thus, the

pump’b<:.am' enters the cavity along the M1 to M5 axis and the laser action occurs" beiwaen

the M4 and M6 output mirmrs. The romaining mirmrs aresirnply io assure that the pump

beam‘ can effoc£iveIy pump tho [laser material wit¥_1ouI: interacting with the ‘”i‘i:sappihixx~: ‘laser’
output ‘beam-.. T

Coherent also sells a more elaborate version of the Model‘ 890, .wh.i‘c.h is the Model
899 Tixmpphim "ring laser. As with the model 890, thrae sets; of standard optics are used

to accass the Tizsépphire tuning r.a'ngo.. ‘Using these three sets of optics, the wa‘veieng_th can
' be tuned from 70? nm to beyond 1000 min (see Figure 13,24), The output power. dopemls

on the pump and can be as high as 3 watts with the SW mirror set and a 20 watt argomion
pump.

The Model 899- resonator is a folded ring resonat-or (sag ‘Figure H.253 usingo an 1mm‘

(rather than stainlesmteei) backbone, Minors M1 and M5 are transparent to the pump

light. Minors M1, M2, and M5 are: highly reflective over the Titsapphire laser wavelengths,
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Minor M4 is the output mirror for the laser. Ivlixrors P1, P2, and P3 are highly reflecting at"
the pump wavoiengths, Thus-, the pump beam enters the cavity along the M1-M5 axis and

the laser action occurs around the "M1, M2, M4, and M5 ring. The optical. diode and step

rhomb are raquired to assure xmidirectional operation around the ring (more on ring lasers
in Section 11.4.1).

11.5 FEMTOSECDND PULSE LASER EJESIGN

Since the discovery of modewlocldxxg in 1964, there have been three goxxemtitzxxs of mode»

locked iasers. ~

T13efi2’5£»geI1e}'nIf0I: lasers are in the subnan-osacoxad rogimo, .fabri'catod from ..~;oIid——

state materials su<_:h_as Nd;YAG and Nckgiass, and ‘using either active loss xnechauisms

' {snob as acousto-optic mode. lockers) or passive loss imecixanisms (5;-uéih as s£itL:.rabI:::
absorbers}. Those iasers. are ultimately limited in »pu1s=:':—width by the reIative1y_11an*ow

‘spemrai bandwidt1’1 -of the‘: gain matezial. am} the inabiiiiy of the szztxurabie ‘absorbers to

tract»: with the ‘pulse narmwing. ‘

The secoxzrbgemer-a:z’oz2 lasers are in the f€I1}t{33£CO£3d regime,‘ using organic dyes as
the gain mzmriais, and with passive nxotwilooking using saiumblo absorbers in com»

bination with rs:¢pi’d (Eye gain saturation. These lasers have ci::m()ns:rale»:§ 'n:a:"mw guise

wiéths. but are. difficufi to a?I.ign\zmdVma'u1tain.

Tim z}:z'm’.»gezze;'ati(Jn ?:3.s‘eI‘.5; are in -the‘ Bow fenxtosecond regime, using soiid—s1ata vi»

bronic materials sucirx as ".i.“i:5apphi.re, with passive so3itcm—liko puésa shaping fonnefi

by baiancing s’::If~phaso mociulation against gronp veiocrity siisporséon. These iasers
also demonstrate mu'mw.puIse wiciths, but are s1s‘aightforw;uxi to constmci.

‘UItra.~siho1-t poise optical systems are an ezztretneiy rich research arera. For the reafler

interested in iearning more, there are a number of speciai issues“ on ultrafzxst optics, as

well as roview papers such as Keller et a1.;’8 Krausz at 31.,” and S‘pi€.§I‘I\ai1§_1 at -211.69’

13.5.‘! Dispersion in. F-emtosecond Lasers

Dispersion is. the ability of a :n.ate;'.ia_1 to alter the frequenc‘y chmacter of light. There are

two mafin disgemivo properties iz11portzmt' in the design of femt’os<:condpu1se lasers.
Tl1ofix'3t. dispeizsivo property of intxzrest is group ‘velocity disptzrsion (GVD). Group

vemcity dispersion isfhe tendency of various frequencies of iight to propagate at slightly

#5711255 J'.‘0fQ1zm2rzm; E.:1éci2‘mzics, Special ixsues on Ultrafasi. Optics and E§ectr‘oni<:s: .4‘*.'pri.l 1983, January
1986, Frzbruaxy 1988, "December 1989, and Qclober 1992. . . '

530. Kciior, W. Knox, and G. ’tHooft, IEEE J. 0fQ11am‘m2z Elecmm. 2$:’2)23 ( 1992).

591‘. _Kraus.z, M. Femmxm, T. Brabec, P. (Hurley. M. Hofer, M. Ober, C. Svpielmamz, E. Wintner, and A.
~Schmidt, IEEE J. ofQ1mwIzm2 EIe:r:Irm:. 282097 (1993).

59C. Spieimoxxxt’, P. Curlcy, T. Brabcc, and F. Krausz, J. of Quantum Elecrrozz, 30:1.100 (19.9.4).
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(.fiff>3,l'fi“/I'll speeds in certain xnateitizils. in materials with a normal or positive GVD, the longer

wavelexigtlisz travel f21St(51T‘lh2lI1 {be shorter ones, thus red shifting the pulse.

The second dispersive property of llllZ£ilT€3S’l is self—'phase modulation (S1-’l\/I). SPM is an

intensity.-dcpendent phase shift. that inanifests itself either spatially or temporally. (SPM is
often ternied the ’Km' cffecl.)

Spatial SPM can also be clcscribc-rd. as sclf—f.<'rcL1sing‘. As the intensity in the center of

the pulse increases, the imlax of rezfrziction of the material increases, and the pulse focuses.

Te1np0ralSPM is a 1:i1t1c~depen(_le11t_pl1a3e sl1ift.tliat.oc:cmts as the "pulse sweeps through
the clisperslive Il’l2ttf3l‘l21lL The rising intensity an the front edge of the pulse increasxsss the index
of refraction. This will delay the lilflivifllléil oscillaiimxs, am} thus :fed.sl1il‘t. the risfing edge.

The revmse effect occurs an the trailing edge (blue. shifting xhe uailiiig edge). Thus, temporal

SPM chirps the pulzse. ~

I?‘0rl.ultras;hs:n‘£ pulse. generation, the rouncl-trip.£in1e in the resomttor ffll‘ ‘all fnaquezncy
components of the light must be 1116? same. (3tl1e1‘wise,‘frequency C()mp(}t1«;°:IIf:s with differeni

phase shifis will no longer £1(lri‘C:0.l§e1‘€:ntly and the m.rxle—locl:ing will b2'eak do.wnl(Il1inl< of

an unmode-locked laser with random pl1as::.s). _
In a normal laser, te.mp<:+ml SPM will cause a red shift cf the pulse and the GYD

will also cause a mad s.l1ift,t:'f lhe pulse, "£‘hus, in orcier tn a<:l;.ieva trausfo2*n1«lin2itezi. pulse

widths, it is 11ec<:ss2u‘y to inempomte. some type of zdispemicm eompensaticarx that blue shifts
the pulse.

Pris1n:s are the most czmmnon way of iliztmducing GVD £§=Ol11p(3'i‘t$El(i£)I}. Altizmigi: the ,
glass in prisms has 'Il.£}I‘1‘fl&l. clisgersioxx {red shifts the pulsa}, the géersnzeiry can be arranged.

sin that the him: cesnpxmems txmgversse the prisin p21i‘h.i31 21 Sl}O1.‘£t3§‘lt‘m§§§‘I of time 3121:: the

red coxn_p0ne.nts, An. cxaxnple. of a. prisin pair where: the (W1) is .a funczimn of L is given in

Figtxna 11.36, _ ‘

11.5.2 lxloniineariiies Used to Greaie §=emtc.:secorwl ?ulses

Ina11u.nim:<ie~locke<1 laser, all 631’ the lm1gimdi1ml_ nu-axles will ba;i:ux1nin.g with 1’£1Ild£)l'11 phases.

‘These f2iI71Cl0i‘i‘l.pl}&1S€>$ may be s;mchi'oni_zed by the aclditima of a suiiable ncmli;1»e:a;'ity;. A

laser is .re.fe.m:<l to as passivsiy or se'l'f—mocie4locked whan this non.lix1eVari{y is genmued

within tihe laser and (1085 not depend on externzsl in.fl1sen<x~:s’. _
F'ar‘passi_ve modedoclqixtg to work,- the i'm.2‘oc_lucsd wa:;1linea1‘i£y must create an ampli-

tude or phasta izistability. If an amplimcle instability is created-, il‘illS.£iIT1])liflld6- instabiirity

should pmviéa gain to the nmsi intense initial ifiucgtuation and loss to the -oihmrs. In midition,

this fltllpllllliilfi instability should be $.l}Uft€_r than them-in’itnum size of the initial fluctualion.
V In lasers xivheie the upper state lifetime is short in ccmxparison‘ to the cavity round-trip

time ffilincipally dye lasers) thesa re<]uite.me.nts on the introduced nonlineariity are easily met

Fi:g»ux‘e 11.26 Prisms are the most
common way of lnt1'o(l1tci11.g G'\/I)
€Ol1]p(:‘,llSaIli)Il. A pxii$,n1 geomatry can
be zimamged so {lieu Ihe_'b_lm: componezms
rranzsvcrse 111:: prism path in a slwrtar lcngth
of time than the red componems.
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by using a slow saturable abs0.1*ber. The combined action of the rapid sat'urabic gain (due to

the laser) and the slows}: szitumble absorption (due to the dye) clteates a gain window that

follows the paise width "down to the dephasing time of the dye (usually tens of femtoseconds).
To illustrate this in more detail: visualize a short spontaneous fluctuation. As the

fiuciuation goes through the saturable absorber’, the intensity cf the pulse will bleach the

absorber and the absorbe1' loss will drop cir2tmati.cal'Iy, As the i'iuct.uz1t’ion goes through the

gain» .ma't<:ria1 (with. a short upper state Iif€‘{iIn_€), it will ciynamically reduce’ the available
gain for a period ‘folhawing the pulse’. Thus, there is -a window hbetween‘ the drop in. loss
due to the dye biearzxhing and ‘the drop in gain due to dynamic. gain saturaiiolx. This window

favoné the mom: intense ‘pulse. (see .Figure 11,271
Now consider the sit:uatiox1 with 21 typical so3ic{«staI:e Iasma In solimstata lasers, the

upper state Iiftetixne is us.uaIi'y lung and the Imers cit) not experienca dynamic gain saturation
on time scalas cempafibie with :node.4»§ox:};ed ptxlses. Thus, passive x11m£t:-inciting» iechniques
in soIid—state}ase1‘s rzsiy on‘ saturabie absoxber dyes with extremely short Ii'fetim3as. In these

systems, only the dynamic: bleaching vi“ the dye works to shmrten -ihe palm‘. ".I7hese 3;,/slams.

are also Vlinxitedjby the finiwstatc: excittxi iifetixnes cf the samrabie zxbsorber dye. Such life»
times are picoseccmds in most organic dyas. FA/en the most exotic stsmicimducior saturabie
absorbers have lifetimes in the I’mnclre{1S of femtoseconds {and are xeverely wavetemgth

d€tp<::nd.cnt}._ ’ . T :

Hmvever, it is aiiso possible in nxode/—k:«.ck a laser using spatial ort‘en1poral SPM. SPM
has- the .interes£i’ng eharagierigtic that ii aimost insta:1=taxzr:{msiy .fe1Ix:>ws 31%: ‘variation in‘ the
ispiisal fieid int€nIsity._ This uitrawfast effe»c£ can he mmsfnmed inm a samrabie absorber
response by :inciu.sim1_0f gompenmtixtg ::ieme11ts in the-laser czwizy. .

For example, Spatial SFM ~fseif~f0cusing) sax: he uses! its create an §ntens.ity*depe:1de:at

‘loss. Spatial SPM V*fiI§.iI1iI‘Q€}llC8 an iflIfll}:Si§¥ss’36p€fldfifl{ change in batih the location anci the
width cf the: wsoxaa-tar mode hezzrn waist. By i:1tr0cfuc£ion‘_of it hard or soft agzerture, the

=seif—.foc::u3ing effect can he ctznvartedi11to an intensity-vdepenéexii 10.33. {The procass is also

‘referred :0 ‘as .Kerr-has .mode~1ocki;ng qr KLM.) ’ L
'}’~’iaa1“2*4l:e12s :I_no(ie.~i0cking can be 1_1s:&d in many so1id«s£ate lasers, eithcar by nziying on

the intrinsic ssaififccusing of the iaser materizilh or by adciing :3 seif»:fm:usi11g material. In

many cases (for exaznpieg Ti:s}1ppi1ire) it; is not even necessary to include a truc. aperture,

Gain and loss 7

"Figure 11.27 . in lasers whena the upper
state lifetinae is show: in cmnpzu'iso'n to the
caxriiy ‘rmmd—1rip t_§me,. there is‘ a windcxw
between me drop in loss due to the dye
laieachirzg and the drop in gain due td
dynamic gain saturaiicsn. '1"11is'w.ino10\.v
fzxvcrs the snore intsensvz: pulse.
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—--;«~

interaction
eiemeni

Figure 11.28 The majority of

\ femtosecond pulssz measurement teclmiquesMoving cfepeud on the use of mo pnisos, with one
elament doiayod in time wiih mspeci to that other.

 
Tho higher gain. seen by‘ a smalier mode will experien,<:e gain Saturation. and this win serve

as a soft aperture in the cavity.

11.5.3 Measuring .Fem§osm:ond Pulses

Bnce laser pulse widths (‘iron below‘ a few onanoseconds, it becomes difficuit to moasuro them
with con»vz:nIional photodetecmrs zmd eIestx‘onoi.cs. Thus, it variety of elegant techniques; have
oappearcd to measunc these‘ ‘Sh01‘¥; pulsas, ' .

The majority of tiiose techniques depend on use of two pulses, with one delayed in

time. with ':‘e:~;p=et:t to the other (see Figure 11.2.8). They: two pulses are typically created by
_ 21 baaxn gpiittor and the relative time‘ deiay ifltf(){3LlC{2;iI. by 21 n1oving,mi:'ror (such 22 mi.rr~:>1'

on '2; speakm:).. The puises are then afiowed to xminteracot in somo. way, and. a. trace oE>:ained*
form this interaction. By changing the position of one puke temporally with rospzrcs to the

 

 

other, an :aut£icorne1ao£ian pattern sax; be obtained {ad112i:tedIy,Aa£om mini pox‘. puisae).

‘ There are a njuxnber of possibie» iniemcstion eiemants. Two of the most common are

s€om1d.ham10:fic crystals. and iw€>«ph(>t0n phosphors, In tho soeond~harmonic zxmothod, two
arms of an i11tB1ifer()m€3tiir are -arranged so that the pulses have orthogonal polarizzxtions. A

se<:ond«harm.onic czrys;ta'1.. is cutosoAthatha1‘monic light is only pmduced when both polariza-

tioxgs are gresent. The mefizod thus mcasms the ov£:;'.lzzp of the poise. with i§s de¥a’yec¥o1‘epIioa.
The; two~p‘hoton method is somewhat sixnpler in concept than the se<:ond«-harmonic method,

In the tW0"_ph0t0n. method, rho inmxaction m.ateria1 is simply a twophoton phosphor. when

two photons are simultmxeous ‘absorbed in the fluoresoent 111ateria1_, a sirxgje photon of twice
the frequoncy is omitted and cietacted by a canxczra or pihotodetector;

1.1.5.4 Coiiiding muse mode-Lacking

Early workoixx femtmeoonci dye iasms pxfiixnarity focoszad on resonator design. A ln1'gen1unber
of designs were proposod and tested. However, in '1_98L Fo1'1<.et.al. oame up with the seven-

mirror colliding pulse mode:—1ocki'ng (CPM) ring lase1",5‘*"3 CPM rings are so successfxil that
all femtoaecond dye lasers since then use some form of CPM ring geometry;

A typica}._set—up for a CPM system is shown in Figure 11,29. The laser gain material.
is a flowing jet’ of rhodamino 6G dye excited by an argon laser. The saturable absorber ‘is

a thin jet (10 jun) of absorber dye,

“R, L. Fork‘, '8. I. Grconc, and C. V. Shank, Appi. Phys. Lem 38:67} (1.988,
‘QR. L; ‘Fork, C. V. Shank, R. Yen, and C. A. Hirlimann, IEEE J’. of Q1mmum,Elam-on. QE»19:SOO (1983).
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Figure 11.29 In colliding pubx: mode.-
Iocking, ~two counLer~pmpagm'ing pulses are
syncihronixed so as to ovc:'1ap_iu..a 5'£\(1II‘ah—k‘:
absorber dye, (From R. L. Fork, (3. V,
S-Imnk, R. ‘Zen, and C. A, Hirlimzmn,

‘f§~‘ctntoseco‘nd Opticai Pulses,” II:‘i§E J;
' ofQ1m_nmm Eiesmm, Qf£—19:5()() (£983).

Absarber @1983 BEBE.) _ -.

In CPM, two c_0u_nter—pmpagating pulses are. synchronized so as to overiap in 21 sa:—

urable absorber dye. Thei11'tarfem11ce of the two ‘pulses will create a standing wave p.at£em
in the satuxtabie absorber dye. The minimum loss con(§i1ion' in the: dye carrespomis to the

»...gnax.imu;n constructive: intetference for the laser pulses:
The system is se§f~sy;1chmni2:ing- because: the iewrzsit loss mnditizm aiways uccum when

the two counte:'~propagating pu1ses=uvex‘lap in the saturable absofbea‘. Other vaonditiozns are
znore loss}; and rapidly lose. cut to the1ow:ast'1uss—situatim1. .

Cmnugzetition ‘between pulses for gain is minimal because the gain recsvaxy time is»
swift in comparison to the roz;:nd~tri—§ cavéty-2i'n1e.» This interval §3€:tW&€i1IpL1§S§% arxivai times

in the gain media can be made ilarga and equal. far bath pulses by 3e.;:}a1'ati:1.g the gain anti
absurizur jars by one-quarmr of the rouné«trip path iength. (jfhe idea here "is for the pulses-

’ {<3 mre:‘¥ap in the: saturabie absorbm‘ dy£:j¢%,’b’ut l’.1QiiI1'¥h»2 gain.'media..)

Aufigure of merit fer gaturabia absurber dya m'ode:~ioc*;i<:ing is the. mic uf the. ’opt‘icsx1

field‘ intensity. which saturates. the absorber, to the Qpticzil field intensity wI1ichssaturates the

gain. matefizxl. The higher this ratio, the mom ‘stabie the laser. CPM rings offer a minimum

of :1 factor of two ixnpyovexzaent over convmxiional resonatms‘ (the facior uf two is because
two praises satumte the absurber, while only one "pulse saturates the gain xnaterial). An

additional impmvement resuits from the uen1.ine»arity of the saturable absorber dye. Finailyi

the increased stabiiity of C1?M;rings permits we-111ova.I of éiispersivc cavity eimnents which
may bxmidxen lTh€’: pl3IS€:, The net rrczsult is that CPM rings reduce the ‘pulse: width by a factor
of 4 to 10 over cm_1vent§oi1a1 resonators.

11.5.5 Grating Pulsé Qompressfien

. Gra1i'r1g.pulse conzpreséioiiis as ciassical technique f'o1‘~1'eciucing the te11ipo1'a1 length of puises
by using self—p.i.wse modulaigioxi (.3643 Figure 11.30). A

An input pulse is direrzieci through a dispersive 111.at::ria1 which bruadens the spectrum of

the pulse through. _<;e1f—phase modulation. (Sjnglumode. fiber is the usual disprsrsive niatmial

because the fiber yields spatially uniform frequency bxroadening which is almost entirely

due to selfiphase modulation.) The msttlting pulse (of the same ietnpural width, but with

a factor cf 3 to S broader spectrum) is then reflected "between two gratings. The grating

pair introduces a. phase shift, which is a quadratic function of fxteqwncy and is opposim in
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Speotraily

A broadened

Optica!  

 
Temporafly
compressed
pulse

Figure 11.30 Grating pulse éompressian uses; sszif-phaxc madufation in‘. a fiber to
'bmacien ma spctrzrum of the pulsa, followed by ’_a_ grating pair :9 gempomily emnpress
the; pulse.

Sign ta that of the disperslive medium, The and rasuit is a tempomliy shoruerjpulse with a

broader spectrum,-

1‘I.5.6 solitcms

Once the CPM ring laser‘ geoxnemes be-canme 'we1I~establishe:d, mascara}: began to focus

on dispersive properties of the resoxméor. In 3984, Martinez et al. proposed the idea
that- balancing group -velocity disp.ersio11 (GVD) against seifephase modulation (SPM) might

>pr<3vide soliicupiike pulse shaping and further reduce {ha temporal pulse xvidth.“ However,
M.a1'tine_z et a1. Qbservecl that this effect was .un'li1<e to occur» in conventional CPM ring-

kzsers becausa cf .3 compeiition ’bet.ween a_ negative contribution to the i.ntraca_vity SPM,

which "arises from the time~depencie:1t saturation of the ‘absorber dye, and the-positive. SPM,

wf1ich.atises fiom the fast Kerr effect in the dye soivimt. This causes an int'racavi1y‘t{>t9d
SPM that is small and negatives. Their zauggestion was that one of these contributing saurces
woufd need to he reduced for ma solit011 beixaviof to be obsexveti.“

This concept of balancing the GVD against the SPM to form solitons was first demom

mated by Valdmanis et :11. in1985 in a s’ix~mirror CPM ring cavity with four prisms used

as dispersio11tuni11ge1em€mts65*66 (see Figure 11.31)‘. ‘In this configumtion, four‘ fuseeiiwilica
prisms were used with the beam running t11mng‘h the apex of aach prism. The dispersion.
was tuned by changing the length L. With excess negative GVD, the laser maintained stabie
operation, but 111;: pulse width gradually incmzxsed. For excess ‘positive GVD, thclaser was
either not stable ‘or 12111 with a stable xnode but with long pulse widths. Vakimanis et a1.

-_ hypot11es.i‘zed that ihe fast ‘Kerr effect in the dye solvent; was com.pensating for the negative

630. Martinez, R. L. Fork, and J. P. (Mann, 0;». Leaf, 9:156 (1934).

640. B. Martinez, R. L. Foxk, and J‘ P. Gordon, J. Ops. Sm.‘ B, 2:753 (1985).

“J. AAVa,d1T}aK1iS, R, L. Fork, and J. P. Goxxion, Op)‘. Len. 10:13: (1985).

“I. A. Valdmanis and R. L. Fork, IEEE J‘. ofQu(mIzm1 Elece‘z'mz. QE~22:1 12 (1986).
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Absorber jet 93*“ 33*

Figure 11.31 ‘The. concept of balancing the grnup velocity dispersian against this se'l.f~
phasia modnlatim1to_form aolitons was first demonsxmtcd by Valdmanis et all. in 1983 in.
11 s§.z4«1nim>.f CE’M ring cavity with four prisms used as dispmsian tuning elements. (Ftmm
37. A. Valdmanis and R. L. Fork, “Design C<>n:;igiemtlons for a Ferntow-cc1n6.Pn}sc Laser

Balancing Self ¥?has€: Mbdulatlon, Group Vmlocity Dispersion, Smurable Absniptioxl, and
Salnrnble. Gztin.” IEEE J. ofQz:am:1122E1ecrron. QE~22:l'l2 {19‘86ji. @1986 IEER.)

introciucad GVD by the prisms and thus creating the s‘<::litm1 formation. In essance, the; Kerr
effect generated a pulse with a positive chirp (ea. positivs. linear chirp has a phase greater‘

than zero. and can be considered qualitativdy to have. the red light‘ coming first and {hit bins

light coming seeomii), which requimd the addition of 2, negative GV13 to vgcnnrate pulse
compmassionl

11.5.? Kerr-Lens Mod-e-Loc.king (KLM) in Tksapphlire

' Prior to 3991, a variety of morie~¥»oc’§<i.r1g-tgschniques had been applind tn ’i‘i:sapp.hire. These
»inc.Iuded §;y.n~::l1r0n0us pumping, acoustoéuptic modulation, passive mode-.lockin'g, iitxjection

seaz3in’g,V anti acldiiive pulse .1nodn~}ncking. The only cammon firxaturn was that ins techniques
warn difficult ‘and not vary successful (the shu/nest pttlwwidth was approxixnataiy 300

faxxltosecozxds using injectinn seeding)-, ‘

‘ Hoxvevez‘, in 1991, Spence ex 21}. dexnonstrated a_ new n10de~10cking techniqurs in
’Ti:sapphire.“7 This technique was the first demonstration of Ker:7~}en.s mode-Iockixzg and

‘ "had me e.1ega:1£’feamre that the critical nonlinearity was profitxced by the Ti-tsapphire <;1ysta1

{itself (rathetr than by an additianal optical eiexnent).

The cavity natnmlly mode~lo::¥<e::i down to 100 fs and was asmnishingly simple Cam»

taming onlyltwo prisms for dispersion. compensation; see Figure 11.33). '1?-13¢ simpllicity af
the semxp meant that his results were not well accepted until the .sa1ne.effect was confinned
in Ti:sapphi.r<: and observed in a vankzty of ether lasérs including C.r:LiSAF, {3r:LiCAF,
Ndzglass, Nd;‘YAG, Nd:YLF, and Clrzfczrstente (for a more cmnplete 1'evieW of Kerr lens
m€zde«10c'.ki‘ng, see Kra‘u_sz53).

’I‘hrc dexnonsn'atioi1 of’ selfimode-locking by Spence, coupled with the recognition of

the importance of dispe;fs.ion compensation in femtosejcond pu1s.e‘lasei‘s, sparked a flurry of
new ‘activity in the early 1990s. Cavitydesigns simplified dramatically and. mseargh effort

5"’D. E. Spence, 2}’. ‘N. Kean, and W. Sibbetx, Opt. Len. 16:42 (1991).

5313, Krausz, M. Fennannn, ’I‘; Brabec, P. Curley, M. Hofcr, ’1\/L Ober, C. Splclmann, E. Wintner, and A.
- Schmidt’, IEEE J. (>fQz1anIzmz:EIeé:Irmz. 283097 (1992).
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Argon~ion
pump beam M-2

 
‘ Figure 1132 In 199], Spence, _K1::;m, and

M2 Birefringent """"""""" “* ” ' “ " 8‘ibb::'tt first éle1nonsn'aIcd Kemlens mode~
mfel’ locking in ’l‘i:sapphire. (From D. Sp£rnc>:z.

P, N. Kezm, and W. Sibbett, Opt. 1,911. 16:42’
(1991), R‘épr‘mtr:(i with the pemiissinzn cf
the {Jpiiml Sociciy cf mnerica.) 

mmzed towanzi :m.o1'e.’sophisticm;ed methads nf dispegjsion compexiseztion. The xzndemanding
of subtleties in mzlterial di::»pm;ic)11 quickly "led to 'Fi;sapphi.re lasers _pmducing.p11Is£:s in the

710. fs range without axtemal puise c.0mp:'assion.°9=7° The extraordinary nxechauical. sim‘pii<;ity
of modem felntosi-:C,0nd puEse»'I"i:s21pphi1‘e iaser systems is stixnmziting commercial in'ter<-::ss»t.7»‘

11.5.8 Coherent Mira Femtosecond Lasérs

The Cnheyerxt Mim lasera am: u_itrashc>rt pulse Ti:sapphi1‘e lasers. The Mira 900$ $3 a
f<:mtoe3g~:c:ond pulse laser with (){1£p11tpui$e widths fiom ‘I00 :9 200 fez, The 'l‘aseris~i'1mab1e»

from {ass than 700 nm to .:1m1‘e than 1.0Q{}.nn1 by <:'¥1a21g§z1g minfor Sam. The Mira "900-P is

vary similar in ovemli design in the 9Q{§~F, except the aptical cavity has bean tzpiinxizeii fer
operatinn maar 1 £0 2 135 {$983 1r‘*'iguxr<'~: R33}, V '

The aptical cavity :for the-;_ 'fen1t<:set:;ond Mira 901)»? is i1Iusirated%n Figum 1134. ‘mg:
pump beam enters at M4, and mi1'm:'s1VI4 anti MS are t:ranspa1'en’£ to the pu‘n1p1ight. Mimsrs

M2, M3, .M4, M5, M6, and M? am highly _nefiac«tiveV ever the TI‘i:sapphis'e wavelengths.
Mirror MI is the uutput mirrm‘ :f::sr the law‘. The cavity can a1so.be: run as a cw cavity
by :;in1p.iy;1no.ving priazm P1. and. using the mim:>17_co11j;ibinzrt’ion ML M2; M3, ‘M4, ‘M5, M8,

and M9. L A .

‘fire Mira 900-F is typicaify pumpw by an 8 to 15 Vs? argzan--ion -laser, .Average rzufput
pcwer mnges from 2?0n1W KZLW mirror set pmnped byzm 8 want‘ _argm1~ion laser‘) to 1100
mW (SW mirror set pumped. by a 14 watt’ argondon iaser). Tim 1‘{§p€:iiiiOI1. rate is 76 MHZ

with a beam diameter of 0.7 to 0.3 mm and it divergence. of .15 ‘£0 1.7 mmd.
The: Mira 9004? mm: I{er:~1Le_ns .:11o:ie—ioc:king (see Section I'1,S..7), where thje ntnxlingr.-at

clexnent is the Titsapphifl-3 crystal, A hard apeirtme is -p3"ovidz;‘:.»:ig z'z\Lh£:rtI1an relying on the sofi

{:1p£'311[|I‘C ofthe ‘no111’inear focusing, GVD compéaxsation (see-Sec:1‘ion 11.5) is acck>1npl%.s§1ed
using a pair of prisms P21 and P2. A. birefringent filtiif {see Section '1 1.4.2) is in<:0rpm‘at::d
‘for broadbzmci ’£Lmi'ng. A ' I

Fcrn.tosecc5nd ’{‘i:sapphire lasers using GVD coxnp;:11sz1.tim1 do 3101' stax‘£.1110de-.1oc!ki11g

spo11tm.m=o'us'1y. Some transient change in cavity length is typicaliy required fr) initiate the

““"}‘x:i. Asaki, C. Huang, D. C§;nrvcy,*3. Zhou, H. Kapueyn, and 'z‘vL Ivlmmxnc, Opt, L937. 282977 (1993),
701. Cln'is£0\-', M. Murnane, H. K;ap!.t:yn, J. Zhou, am? C. Hmmg, Opt. Lett. 1911465.

7‘\*.’. Knox, “Practical Lzzsers Will Spawn Various Uiimfast Applicati(m.s:,” Laser Fzrcus World June: 135-41
(1996).
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M3

Figure 11.34 A schcanatic chin: Mira timntosecoxad laser cavity, (Cowziesy °\“tI1evCoh:a'e11't,1%..
Laser Grougs, Santa (_3iara,_ CA)

nmde~1o<:ki~ng process. (Tksapphire re.sear'chers typicaiiy star: the lasers 1m}de—-lockixxg by
‘tapping (ma mirror?) The. Mim‘1z1serincm:porates a novel transient~1en‘gtl3 variarion techrljqus
that creates 21 su:fficfex1tiy siwrt pulse to start the made-tacking pmcess. ,

The optical cavity for me picusacn11d Mira 900»? is ilhxstrated in Figure 11.35‘ The

pmnp beam enters at M4, and rfiirrors N14 and M5 are trarusparent to the gmnxpiigm. Mirmrs
‘M2, M3, ZM4, M5, M8, and M10 are highly refiective. own? the Ti:sapph§re wave‘Iengths.

Mirror M1 is the output mirmr for the laser. The cavity can also "be. -run as ‘a cw cavijiy by

[Simply moving prism "PI and mirror Mil) and using the mirror emnbinaiion M1, M2, M3,
M4, M5, M8, and M9. V

  
8 M} 0 Mr;

I .... ........ .... .. ---_.------.---_......---   
?’ur.np laser

‘M3

Figure 11,35 A schematic of the Ivlixa piccisecond laser cavity. (VCo1n‘t‘esy of the Co11ercnt, 1110..
Laser Group, Santa" Clara, CA)
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The Mira 900»? is typically pumped by an 8 to 15 W arg‘on~i0n 12153:‘. Average output

power ranges fmxn 270 mW (LW mi.1'ro1' set pumped by an 8 watt argon-ion laser) to 1300

mW (SW mirror set pumped by a 14 waufargon-ion laser). The repetition rate is '76 MHz
with a beam diameter of'0.’7 to 0.8 mm and 21 di‘~vergence of 1.5 to 1.7 mmd.

The Mira 9004’ also uses Kenvlens m0de~1<‘>Cking (see Section 11.5.7), where the

x1on.lineeu* eiemesnt. is the T.i:Sapph.i1‘e crystal. Again, a hard apemxre. is provided .rat11e.:' than

relyixxg on the soft apermre of the'non1'meat' fucusing aione, Hoxvever (m11ii<e the Mira 900-
F) GVD c<>m_pensa3i-on (see Section 11.5.) is accommisliecl by :removing prism P] and using
a‘ Gires~'i‘oumois i’ntm'ferometer.73 A. b’i.refri11gent filter (see Section 11.4.2) i11coL'pora'ted

for broadband tuning. 1

éxancasas

.0verview’ of t.rans.ifiu11‘-meta! As1§ii,d~siate tunable lasers 1

1 1.1 {_c%esig11)A£3btain :2 copy cfB. D. Guentlmr and R. ‘Cu Buser, iE’{ZE,Im:1'm:? o;f'Q2:-mgrurn E'?ecIi'0yIict.$
QE.;18;1 179 {I982}. Read it zmd cmnparc the predicti(m:; of 1982 wiflx the ‘a’c:tua1 developxne,-m

uf‘ tunable .saIid~st2m"c iasers between 1982. and today. YOLII.’- answfizr sh.ou'Ic1 include:

(83 avhrief smnmzxry (one 91? mm paragraphs) an zlmw it was persieéved in 1982 that iunabhz
lasers Max:313 svolvé, , ‘ ' 7 ' , '

(11) a br§e?5um1n':n"~§* (am: 231* {we pa:*ag'ra’pt2s) an the ézgsmxai tmaiiziitzn, and

(:2) a. Iabie ccntparing rim pretiicted .{icvclo;:.n1snI with the racimai zteveiapmcntt.

11,2 ((It=_:sign}‘ Ubiain at $9133! nftl‘. §’_0'ih3c§c, 1}. Barber, 3.. Mam, anti 8. Markgraf, IEEE forzrzzzll of’
Jielescizyzi ?"opics fn ggimzzzrz-57:’: ii‘-ieci227::Ec.s‘ 1332 (19953, Read it and sunwmafizxz the _pr€:dictx3'x)ns

far the farmer. in the iieveiapmcn-£ {hf 303i-cbstale Iasers‘ Your auswxti‘ smnid he in the fmtm cf:

(3) a few sentencses dasmibixig the current pereeptiozx on solicmtate iase1*<iev<:1<>pm<::1;, and
’(b‘,)_ a tabie er list smnmarizing future dr:v;:1op:1uz2i:£s‘..

Tramsitirm-meta] sx')1id~staTte tunable laser xnaterinis

113 (design) Obtain xnanuikw-t1m°,rs’ tiara sheets €61‘ ruby, Nd:YA(3, alexandrite,-axxci 'I‘i:sappf2im.

(Yau may wish to .<:<:o:'di;1a1L-: with ymxr classmate}; tn: avoid hzwizsg 21 largg 1m.mber of peopie
contacting the sauna ma-ndcxxi} Cmstzmzg :1 iahfe cmnparing the opticai and physiwl propm‘t'i<:s

of thase xrzzitexials. Compare and contrast the xnatemxfis. Yraur axxséxver shm1I(i.inciude:
(a) a ‘summary table, and _

(D) sever-al paragraphs discussing the wiiative zzdxezamagéés and ,disadv:1ntages of the materials.

Ring iasers _

11.4 Qtlesigxa) I1; u,:%‘mg a HBNB laser .83 an atignmcznt laser, it is quite common to observe a Iarge

'0_sciIIati0n when the back 1'efiect.i0n from a fiat optitral compcment is re('lirectrad back info the
A alignment. He’N»a’; Explain what is going on. ‘

13.5 (design) Consicicr an optical system cumposeci of 21 p0Iari;:'c:r, :1 Famday lmator, and a half-
wave plate. Further assume mat the Faraday .1T>tatm‘.I1as been built. so that it changes the linear
polarization by 20 fiegxxaes, (For example, for a vemically ptalaxrized input CCW wave, the
direction of the linear polaxization enmging fntom the Faraday —1'<)tat0:* is 20 degrees fmm the

_ 72Anthony E. Siegx1m11,.L<t.9e1's (Mill Valley. CA: Ul\i\’£‘!‘Siiy Science .Br_)t3]<s, 1.986): 1);). 34849.
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norinai.) Using diagrams similar to Figure 11.17, explain the effect that this element: would
have if i'nstal.led in a typical ring laser.

11.6 (design) Creatingunidirectional oscillation is a very important. design issue in ring lasers. The

text mentions using an external cavity or a Faraday rotator to create unidirectional oscillation.
Propose at least one other method for achieving unidirectional oscillation in a ring laser. Your

answer should include: V

(a) a sketch of your idea, _
(la) a reference if it is not an original idea, and

(:2) a few sentences ciisczussing the idea.

iBirefringent crystals ~

1.1.’? Assume that you have two identiealtpolarizers oriented with the.i1'»polan’zation axes at90.rlegrees
toeach other, Assumewyou have an’ ‘incident. unpolaziized white light source of an intensity. of

.100 watts/cm’. Assume both polarizers have A0205 and Ago:5'.5 over the range of the white

» light source. How Inuch fight is transmitted through the 'polarizers? Now, add a third iclentical
_po1ari::e_r imbetween the two crossed-polarizers, oriented at 45 degrees to each original pjolatizer. '
How much light is now transznitteti through the three polarizers? How much light would be
transmitted if the three polarizers were ‘perfect? Explain. '

11.8 (design) Use foam core and pins to construct a mode} of th'e‘indiCat1'ix for a negative uniaxial

crystal. (This can be donebyveuttiiig two foam~eore ellipses with I29 and no major axes, and
one foanmcore circle Witt-1:an-zza ratiius. Then-, one of the ellipses. istcut in half, and one is cut

in .quzu‘ter~s. The structure is then reassezmbled as an imticatrix using the pins. The model can

be further enhanced try adding 21 kwector and the associated ellipse using a different color» of
roam core.) A

11.9 Cdesign} Repeat the previousproiilem, but ¥>niiIci“a. positive uniaxini. indieatrix.

11.10 {ciesigifi Repeat the -previous problem‘, ‘but. build an indicatrix for a biexial crystal; Biaxitil
crystals have two optical axes, Locate them on the indicatrixy once it is built.

11.11 Consider the general "problem. of propagation through a positive or negative uniaxial. crystal.
Determine an equation that aliows the calculation of n(.(t9, 4.5} and. 2z,.(t9. 45) for an arbitrary (9
and gb given 12., and In of the origiuai Crystal. '

11.12‘ Consider the following uniaxial crystais.

 Crystal Ln, 1:,

Qtiaftz . ‘1.s4%i3 1.5534
Rutiie (Tiflg) 2.616 2.903
Calcite 1.6584" _ .1 .4864

Assume that you are propagating a beam at 35 degrees to the. optic "axis (as measured from the
normal) .und.niidway between the x— and y—axes (i.e., at 45 degrees to each axis). Determine

the observed'n,,(_€?. gb) and the 21.. (£2, rp) for all three systems.

“Wave plates

11.13 Assume that you are on an interview for a job in optics and the interviewer hands you two

identi.eull_y appearing- optical elements—._ She tells you that they are 21 quarter-wave plate and a
polarizer, She asks you to figure out which is which. Desrxribe whatmethod you would-use
to distinguish between the elements using only. items present in a conventional interviewer’s
office.
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1.1.14 C0]1S,ldCI' 2; wave plate fabricated from calcite (n,, = 1.6584, n, :2 l..4864), How thick must the
wave plate be in order to operate as a quarter«\vaVe plate with 21 A12 phase shift? Assume, the
wave plate is to be used with a 632.8 nm laser.

Ifiwefringent filters

11.15 Create a prt)g1.‘an_t that >pt‘ediets the t1‘zms'mission of 21 biref1‘inge‘n't filter. Use this pitogram to

11.16

calculate. the transmittance of a three—stage filter fabricated from quartz. Assume the smallest
element is 0.6 mm thick attdthat the ratio is l:2:15. Assume the filter is insfallet] at B1'ewster’s

angle‘ and that the rotational angle is 50 degrees‘.
The calculated transtnissiou. function of a bh'ef1‘i.ngent filter really does not iilustrztte the true

value of the filters when installed inside a laser cavity. Combine the bire’ft'inge}1t filter} aualw
ysis of Section 11.4"-.2. with the pumping constraints di.s»cttssed in Section 5.6 to predict the
output intensity (as; a. function of wavelength) for a 'I”i’;sapp'hire laser with at birefringent filter‘
installed inside the laser. Assttme theTi:sapphite ‘laser is the Ctfixerent model 890, discussed
in Section 114.3. Assume birefringeiit filtetais the one in Exercise 111.5. Your answer should.

lxtelndei >

(:1) a brief {a few" sentences) analysis of how you 2ittat;§:ed.the problem,
(b) 21 listing of your assutnptionsg 4
(c) a comzise summary of yourfimtl. equationst and

{ti} a plot of intensity (raxizt) versus wavelexigtlt (x~axis) fer theelasexr.

The Coherent model'8_9(3 and 899 Tkeapphire lasers
11.1’!

11.18

11.19

11.29

(design) Obtain data sheets item‘ {we major ntaunfactuters of cw ’I‘i:sapphix'e tasters, Compare
and contrast the laser systems. {You may wish ta coordinate with. your ciasetntttes ta avoid

having a large xtttntihex of people eo1ttztethtg.tl1e Sfl!)16'Vfit1dOr.} Your tmswet’ should inelude:
{la} a table Colllpafiugillfi various features of the lasers, and

(la) several _paragraphs tiiszcussing the relative stmngths and weakriesses of the laser systents,

. The design of fenttesecond.1asers' ‘ .

(desitgn) Obtain copies of CL E. Martinez, R. L, Fork, and I. P} Gordett, figs, Lem 9:156 (1984);
I. A. Valdxtlanis, R. L. Pork, and 5% P3. Gordon, Opt. Len. 10:I3l (£985); and D. E, Spence,

P. N-. Kean, and, W. Sibbert, Opt. Lett, 16:42 (1991), Each of these papers is representative of
the state of the art at the time the paper was written. Read the papers, and develop a. summary
of the "development of the state» of the art in group velocity dispemien (G853) contpeixsatitml
between 198% and 1991. Your answer should include is brief (three to five paragraphs) eumtnztry

of the development ef the state of the state of the art in GVD -compensation between 1984 and
-1991. ’

(design) Measuring the width of fenitosecond’ giulses is 21 real challenge! Otto type of indirect.
meastnement technique is discussed in the text. Propose two. other possible ‘ways for itieasuting

the pulse width of femtosecond pulses. Yohr answer should include
(a) two sirtttileelzetehes of your proposed schemes fer tneasauting the pulse width of femt(_>set:~

end pulses, 33111 ' .

(b) a few sentences on each appmach (with calculations as appmpriate) describing the advan»
tages and disadvantages of the approach. '

(design) Do some libitary researc:h,(for example, check recent issees of t1*ade.jot1t'xials. such
as L€IS€’l‘ Foams‘ World and Phaloltics Spectra, and recent ‘.is:;ues of academic journals such as

the Journal of Qttarmmz Electrozzics, Appiied Phyvics .I.,etters, and Optics Letters) and
determine the lllllffellt state of the art in :fe1ntose<:ond-‘pulse lasers. What do you think is the '

shortest possible pulse length? Your answer should include; I
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(a) a one— to two-paragraph description of the state of the art‘ in femtosecond pulse lasers
(including references!), and

(1)) a one- to ‘three’—paragt'aph summary of your opinion (supported by facts, references, and
calculations) of the shortest possible pulse length‘ from a femtosecond~pulse laser,

The Coherent: Mira femtosecond lasers

11.21 (design) Obtain data sheets from two major manufacturers of femt0sec0nd—pu1se Tizsapphire

laser's. Compare and contrast the laser systems. (You may wish to coordinate with your
classmates to’ avoid having a large uulnbexr of people contacting the same vendor.) Your
answer should include:

(3) a table comparing the various features of the lasers, and

(b) several paragraphs discussing the relative strengths and weaknesses of the laser ‘systems.



 
 

 
 

 
 
 

 
 

 
 
 

 

Gfiieciiws

Carbxm ciisssxisfie iasers

as T9 ssxmxnarizc {ha generic charac-isfiszics of the C01 lmar.

as T9: descxibs ti2eTva:'im1s mergy statas of the C30; iaser am ab suxmnarize: haw Lhasa:
states intsmct with each other.‘

as To summarize: me sequence at‘ hismricai events ieadiug ta. aha dmzelagment .9?’ (ha
:30; Essex.

as To éescrihc 113:: major £‘h§:lf£:£Z$€!¥i$t§€$s' caf waveguids versus frag space {X}; éasers.
4: ‘I23 Téesxribe the <Z0t)S§¥'uC‘.'i€)n 9‘? a ccimmarcia} szmveguiée €33 iasar.

Excimer iasers

an To summarize the generic charactsrtistics of the excimer laser;

a To descsiba ‘tha various energy states cf the excimer Ease: sad in summarize how
xiszsse siates intamct with aach £31331‘.

9 Ta sunvnarizr’: the sequanca of hismriczai &'¢ents.1eadi.ng ter: the development of me
axcimer iaser. .

9 To descfibe the general éasigz: princziples zxnderiyitzg excimer lasers. ‘ifhase include,

pr.r:ior:izatian., ccrmxa ‘éischarge <:i2‘<:uit:y, ant? main discharge circuitry.
c Tn daseriba the: cnnstrnctinn of a Acammarciai excirmr laser.

Semicouzixscmr dioéie iasars

e Ta summaxize the S£‘qmti3£Zi3 of histericai m'e.n£s Eaading ta the dewzlopmant of 836
samiconducmr 32152:. b b

a To describe the margy band estmcture cf the fsemiconductor ciicsde Eases:
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a To szmxmarize the gsmncesx of pumping the semiconductor dziudéz laser wiih a PM
junctiran.

a To describe the gxroxzztss of creating a semiconductsar laser cavisy ay cieaving the
semiconductor material.

a To {ieseribe the simflarities and diffenmces batman hoxnostmcture and hetcresmw
tare semicxxnchxctar dime iasars. V

an Tu éescribc the imporianae of vertical and horizontal Aconfinemexzt in designing
sflmicenduciar Ease: stmctzzres. I

_ at T0 dssscribe the mzt_}<:>rvarti::.a1 and htszizmual c<>nfin.en1ex1ts£z‘uct;:z'es.
a To daswxibe the general physical principias gcverning the deségn of quantum wens,

with speciai emphfisié; on the importance of the witith cf the quantum M21} in
detemzinirzg the optical gzrcperties (Bf quantum weli ’1as;=:r diodzss.

fig}? Wfi £’§ESs!»Q?*i £3? flkfifififxi §¥0’EI{3S3§ i.A5§Ri$

(IQ? lasers operate eves‘ a st-xiaa ‘sf vibymicmal ma mtatianai bands in 31: mgimzxs 9% and 10,6

gm}. They are hoih highuaveragewpower anti hig}x~afficien::y Ease: sysizezns. Commerciafiy

availafizie; aw CC>g iascrs fangs izz powar from Afi watts to 10»,f}i}i) waits, and cnsmm iasers are

avai}.a§:«Z:: at {even highar puwars. Small, (2 in 3 f&et10ng)_ C0; iasets can groéuce hunarads
05 waits‘ cf‘ avaraga prewar at an efficiency of 10%, Large: (30; lasers can produce "many

idlawaas of cw power. Ci); Rasars am witisfiy used in such ciiverse commemiai appiic:a:i<):rzs

as making of electronic coxnponenzs, wafers, and chips; marking oriaz-mdized aluminum:
.. trophy ezxgraving; acryéigz‘ sign making; ragzid gmiotyping mi 31) mcdeisz cutting cf ceramizzs,

iextiies’, and mezals; earpet, sawbiaéa, anfi sail czzétingg ziriiiéngg thin film depusiyimz; and
wi:m.strip;:«i:2g (sea: Fégure 1112.3)-. They firsci appiinzatizm in 2213 maiiicai flew for laser surgery,
and in resesamh for sgectrosccpy and remote sensing. Eviilitary agpiicaiians inctiuda imaging,
mapping, and rangwinding. They hmre also been used in inerzial confinement fusion as an
’a§£emative to iarge glass iasers.

CO»; is a laser material tctally unlike‘ the materials discusssd 36 far in this taxt. Cam»
vantieaai lasars Iasc $3‘? of electronic transiiicms between varistms amsnic gates. (30; ‘lascrs

132% eff moiecular iransitiuns beiwzsczx the vatésus vibrational and maatioxaai states of {$02.

fiuncmg Oii}£3!;" mizxgs, this xmaans that (IQ; kasaxs have: a lcmgar wavelength and higher effi-
cieacy than mm: convcntional laws. &d<:ii£ioz::.aI informafion on C82 Erasers Caz: be fauad

in Cheo,‘ Brainy,’ T31t»3,3 ant? Witzaman.‘ Additional infonnafien cm high gaeak ycsxver and
gas dyizamic C8; lasers can be found in Andtzzsozf .B:;;:ulisu,5 zmé Losgevf’ 

‘Paint K. cm, rsamtaaaazc sf feioiscaziar Law (New York: Maxmlrfiakkex 1326,, M7).

2W. W. Daley, CO2 Lasers: Ejffects and Appifczzréarzx. {New Ynrk: Academic Prisssi. 3975).
3113. C. Tyts. advances in Opticai Bifecxrzmic-3, Vol. 1‘, cd I). W. Gwdwin, (New ‘fart: Aeaziemic ?re:&s,

1970), pg 129-498.

‘*w. J. Wixteman. The C03 zam (Berfin: springawarzag, 1937;,
530m Andersen, Grzsdymzrrzic Lc:s»;:r.r: An Intraduclion {New York: Academic: §’mss, £976},
£13. A. fieaulieu, Prue. IIJEE 5'9:§fi7 (1971),

73. A. Losev, Gastfynamic Laser (}3er1in: Sgzfimgwverlag, I981).
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E3333? 12:3 Csaimn dicsxidez Ease: cutting sysiem. {Cannes}! of §ym3:.‘1,M:ak)I£:et>, WA,
and Su’rnxz:xgmph‘:s':s’3

.12.HV intméwafion its CG; L339? $£mm

Ccnside? 3:3 (202 moiaczzle as éagietad En Figum 12.2. 'I"here are {meg ntsrmai mocks of
vibrafinn ;:msib}a in this maleculet the symmetric saretcfx mode, the bending mafia, and

that asymmsiris stretch, magic, ‘F238 states art: iabelefi by a mzxtaiisxx (Pg. P2, pg) wiaara the

subscripts‘ rafer ii) the varimzs mmaai moozias anti where p is an integar cnrmspomiing to the
number 01‘ quama in the mocirz. Tlrzus {(303} is the stake with arse quanta fin the asymmetric

stzetch made am: (263) is the state with wit: quanta in the syznmstric smatxch made. The

Leta? vibrational erisrgy sf {ha CG; melacuie is expressad as
1

504:; $121 93) “»~*~ F2112 (3?1+ Q‘) +¥W;2(}1.2 + +3219; {:33 -.i- E) (12.1)
where 22;. 1:3, 1:3 mgregcnt the freqxzenztieg of ma parti;:u§nr m(1<:ie:‘»:.’5

gamxmn Yaxiv. Qazicai Efeczronicx. 43‘: fféailmialphia. PA: Sauaders Coiiege Pnbliming, V391). :1 342-
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Garizatm aiinxidva mowzcule

symmamc Streich mafia

 
Aaymmettkz stsetazh nwfia

 
Figure 12.2 ikforrnai mocies ‘cf the cafiacri diexide moéacnie.

The £fC);x.r:1ole€:11es can 333:: reiaie, rasulting in a 8%$rit3S of cizxsaiy spaced states’ char-

acterized by the mtationai quazatum number 3; Tha rozatisnal enargias of 2: givzzn vibratiiznsl
state: 3? «relative to ma .7 m .8 1:31:23 am given: as;

3%,, w it2:0.3.;J(J + 1); ——‘Pze:1,D.?2(_J + 1)“ {:22}

what»: 8,: anti D are c0r;s?:ants.9

The principal laser transitions; fin (30; are tine {G01} to (138) 1015. um transitiasns and

the {$01} is (026)) 9.4. gun transitions {see Figure 12.3}. Each of the ‘éavzals (G{}I}, {i{}i)}g mid
{O20)c<1nsists of a series of rotaiiozzai st-ates. Transitions; in {:02 {recur between siates whom
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,I(,¢d -> (‘J ~;- I)m,, (.ta:°m=ad the P-branch) and J9“ ->» (,1 ~ 1}'m,, (tatmeé firm R—.bzanch), .
{See Figure: 12.4.}

if an Lwaveiength sfiisczi mination is pmviéaciin the cavity, the P~bmnch sf the (601) in
(100) 10.6} mm iransitian xvii} iiominwss. fiswevex, if wava1rmgt§3.s>e1e<:tit>nis pmvided (by 2:

grafing, for exampia), it is posgfibie to lass ‘cm azzy of fix: gilowad P» or R-bzarich zransitiezzs.
Nstica, howavar; that since bath, Ike {{3€}§)-~>(100} and the ((301):-e~ (820) ttansitiens share

the: same upper Ease: lava}, ‘than 1heA{O(}1)~»>{I{}€)} trassiiion mam fie snggreasaui fer the
{0€)1)~a»-(100) imnsiticm to ham. 4‘

The majozity of C02, iasers cxmtain a mixture 95 three gases {C633, N3, am He) in a

roughly {)}S:1:7 mtio.‘° ‘:33 £302 is the laser gain matafial. The N; has maiy was axciteti
mode (the: symmetzicai snatch mode.) and the energy ef 22:»: (1) N2 vibration nicely aligns

with the (001) upgar state of the C02 mniecufie (see Figure 12.3), Since the N2 vibraticnai

szases are metastable (vary lung lifciimes) the energy ii: the {I} N; txanaition (plus a Eittle

kinatirc enefgy) can be tmnsfemsd to a CC); mmecuie as a means Gf grzopxziamzg the (001).......\.~....._..............»m..«.«.~ma.«_............

-gkmnfm Yaxiv, Quantum i£iet‘!mm’cs», 2:3 ed.» (Nszw York: iohn Wihty and fiams, $375), §. 213, zkgzgaamclfix 3.

“W, W. Dsziey, C0; Lzzszrs: Efiearts and figzpfimrians (New Ymk: Academic Fwss, 1976), p. 16.
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figure 324% Atsscxggraion apacguxn af 111:9’: carbon diox.'id>e mulacuim. (Bram E. F. Barkxr
am! A. Asia, -Phys. Rev, M335 (1933))
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uppar Céiég lava! (notice that the Ng~«C‘.{)2 anargy transfer is very similar t0 the Hc«Ne en»
etgy tramsfar in Hafiz fasars; 561% Section 9.13). Tha haeiixmi in the gas mixmm gamvides

cooling by Ixmans of thezmal transfarv to the walis (helium is a very themzaliy ccmciuctive
gas}. iiaiium also plays 2; wk: in optimizing firm kinetic enargynf thsz N; mcitvcules for

maxirmxm energy tmnsfe: Bebxeen the N; iami CO;
Bcstause of ihe metastabie N; and the match bezwc-2:1 Kim £1) N3 15%} and $326 (001)

(30; lavei, me. aanvarsion efficiency hetween irrput aiactxicai power in guwer in the ugzpcr

Iasar slate: is Si} 150 '?'G%‘— Sines ftha quantum fifficiency is mughiy 46%, this mmnfi that C'C)g
iasézrs can operate: at cxtrexx1z*:Ey high efficiencies {Ii} to 35%).

$231.2 The Evoimi-enfif I39; Lasaers

The first demonszmtion of laser acfian frcm C02 was 2'e§s€>rtcd by Patel in 1964;“'”*13
Thra conaapt of usixsg N2 to transfer vibrazimzai energy fmm the elcxziricai .dis:3h21rg<: is the

CO; was recognizsaad by Leggy and Le.gay—S{>mma§re in the same year“ and me idea of
incorgorafing fzciium for scaling was first pr¢3;303§&:i by ?a£¢1 a year later.” During -this
periuzi Df raggici éeveiopnzens on the CC}; laser, ?atei and anther researéhers wane ab}: :0
irnpmve ?at21-‘S miginai 1 mw cmtpnt to roughly ma xvatts.‘5**7*m

‘The {mat CO; Iasaarx avers: mnstmctexi from iong tubes of giass where the dasimd Ease:
mixture -fl0W€{i {hwugh the: glass tube. (sag Figure 125}. Eietcitradas in 31:: gas gaaerateci

21 3161352113 are $9 excite: the M; moiecaias inm Tihsir symmet:ic2iIL stretch, made. Aithcugh
ma vexy fitatt ésnxonstratiim of laser action frmrz CO2 used RF excitmien, systamx seen

convzzrtsgi to EC »cx:;if:3tit3:: far increased puwarfg
The Izrriginai glass mbe CO; lass.-rs opfzratecil at low pl‘€ISSiI§‘€S with :13: electrical dis-

charge wzming Ibngitnxiinaiiy c§0wn.t§1a-cavity. As ‘a wnsequance, t>_;:«erating pressures ware
Eew (me to the necessity ta create and maintain a piasina (war a Eong distance. iriowevar, in

1976, Baaaiieuw first reperted aperafiazz 01“ an atmasphcric gressure C0; laser by exciting
the discharge. tz'anzve;r§a1y to the cavity (see Figure‘ 12.6}. ’Th£:se Transverse }.*Ix_citc.<i Ai«
mnspharéc {TEA} Iasars affemd higher gains an c1—gzea3:c.r output powers man Eongimciinaliy
excited lasers.

»..<-r;\~\n6navr¢vn-nAIu4w~.-4u«a.sv

“C. K. N. Fzsxzsl; Pizys. Ray. Lm. 12533 (i9=:’24)‘
”{f.§(,3:‘*«‘.1’azz:I,F’hys. gm. 1.:.»::. 23: 517 {I954},

“C. K. 2%}. Pam}, Phys. Rev. I3§:,=§1 18’? (196133,

35?. Ixgay and N. Lagay»'Se3mmz1ir.e, C‘. R, Aczzd. Sci. 25§B:E99 {EQ64}.

35C. K’. N Pats}, F‘. K. Wen, and J. ‘R. Mafia, Appl, Phys. Lem 7.12%) (19853.
“C. Pate}. Phys. Rev. 136:A1187 (19%),

372%‘. Legayfiommaire, K... HBIIY)’. and F. Lngay, {'Z'.i?. Acad. Sci. 26D£§:3339 ( 2965).

33C. K. N. ?a£e’.§, P‘ K. Tim, and J. H.’ Mciéca, Appi. Phys. 1f.£rr.. 7:296 (1965).
39:3, K. N’. ?aEei./E17131. Phys, Leis. 7:15 (1965).

EA. 5. Bczuiieu, Appi. Phys. my. 16:5C=4{39?()).
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figure L23 Early carbon fifoxida laser mrzsxmrrtirzrn. (Fmm C. K. N; Patel, Phys. Rem. I.£z‘i. L3;
617 (1964). Rxzprintxad with the petmissicm nf anther.)

The (1% Eager Qswitchgs exccpticmaliy ‘wall and Qawitciagd eparazior-n was repeated

in 1966 by a numhar of ressarehars’ including Fiy:°::3,“*27‘ K0V3C$a’23 2%riége.s,2“ and Patgifg
However, aha: namzsw bandwiéth of €332 Capisruximately 5:2} Mm), means that physivcafiy
icmg Iasars are .raquireci £0‘ effezazivzsiy »:ien1anstrat¢,mncie~1sci<ing. in spite of this diffiszuizy,

rim first x;1n§e~3,—<3L:kin.g cf a CG§2V£I1f§{}I’i§§.C{3‘g laser was ragmrted in 1968 By Cfatiziss,“ and
W006 and Schwartz.” I~iigfz~pea§: pom: can siisa be obtainszé fxem C02. Eamrs by pulsing
mi‘ gain: -swifschéng sh: }asers."“ TEA Iasers ‘am sspaaialiy well-szxitati fur pmcinctior: cf
Ixigfiryeak pawar CG; Liaise: puises.” _

in 3 C£3!1V\‘$I1€?iGi}aI C30; 1333:, the. output pews: wiiiirxcreaxie as the gas flow is inmaased.

This iucreaaaai ggawer is thtmght in km aim: to enhanced cwiing and mum afiatfive xemsavai

sf siissociation; prodacis such as CG and {)3 {mm the CO3JfiiSC§1&I’gE.’3§' Howevm", in mam:
apyéicaticsns, it is not‘ pessiizla m xzzpgmt the paripbaral equiymaat far haxzdiirxg fixawing
gzims and a sealed iaser eonfigamzian 35 xeqgirazi In a zzeakad laser, if»: ia»'.:k- bf gas flaw
means that same _mechanism must be pmviciad. ‘ta reganarate ihm disscciated gas prociacts 

“G. W. Fiyaa, M. A. ¥.Gv:*.2:’s,- C. K. Rhaées, am} A. :mn,,«spp'1. Ffzys. mg. 3:53 {am}.

336. ‘W. Flynn, L. 0. Hacker. A, Ifaxvan. M. A. Knvssx and C; K. Rhadas, I.e.‘.T&§‘,J. Quan, Séezc. Q2-»2:3'7S
(1965),

336. W. ‘Fig-xm,. L. C2.,§*I::>c1<c1', A.» Javsn. M. A. K{‘fi‘Ia£S; HM C-. K. Rbadfisg IEEE J’. Qrmn, E389. Q‘z"«~3:3'?3
(196631

“T. 1. Btfc!ges,A;:;1L 22mm 1.62:. 9:174 .{'196§);
“C. I<L.1'*1T..P2stel. Pfzjses. Rem Lzatr. 362613 395$).

1613. B. cadm, L, M; amrink, am: R. Tara, r§p,al.: Phys. .L£:I.~ 1274 (1968),

370. R. Wood and 3. 2. Sch—wm.2 Agzpi. Fézys. Lest. mas (2953). ’
154.12. i~§iI1.AppZ. Phys. Left. 12:32»; (1968)..

“W. W. fluiey, CO2 Imam £;z::"aczs and Amzscazéans {Néw ’r‘ar§<; Acadmnic‘ §’r§:sS, 19%), Ckzpiar 2..

3°’1‘yte, D. C, in Advaimes £2; apzzcai zazesczmzzzcs, vol 21 ed mv. Goodwin (New Yam Acadamic mm,
$9791.». 16%-«I68.
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w

Da‘*9“3{"" Figure 12.6 A schematic af an mriy
'§”ransv$rsc Excited Azmasphcric (’1‘£'-A}
‘mm. {Rmgxrfinzad with parmissiczn fmtn A. J,
Beauiieumipepl. .P£:;:.r. Lari, ¥fi:;504 (19%).
@)I97{} iixsiiiuta {if §’?1ysi».:s.’)

{garticuiaxiy the oxygen species) back into (282. If ihésa prod}:c£s am pesznitmé is mast
with the ‘tube walis, the ch-esmiaai equilibrium cf the ylasma is dismrfiad and aéciitimal

' riissaciatiim prsdzmts am fanned, Vazimxs fegemzratian meiimds inaluéz atiidiag adéixional

gasas, §¢fiU§ica11y'h€afi£2g {ha tube, ‘or incorgemting cataiyst alloys an the elactmdas. Sealed
lasera demcnsnating gush rejganaration mathods were firs: xieveiepefi by Wimnan in 19653’
and farmer ziaveicpazd by Wittman” and Car§2me.33 .

Tbeini£§a.1use‘cf flowing gases -to improve tha oumnt pcrformaace cf (20; lasers‘ led

to the davelapmmt sf another faszzinating way to pumgcs {£03, ‘The. basic —id»::a is in bagn
with a hm; sqzximsrimn gas mixture and then to axpancl the mixture zizrough a supessoaic

movie. This lawem the tsamperatura and pmssure of the gas mixture in a tiznxe Shari camgareci

is the agape: static iifetixne. E‘~/hex: this Gccurs, the upper 3353:‘ level cannot track with tins

ianspammre. anti pressure changes am: so remains at its initia’: values, In ccmtzast, the Eewer
Ievel»p53;3u1a€ion fimps firamatically. ‘ma result is a pepuiation inversion that exiends swim
dismnce ciownsrreaxn of the snpmunic nozzle: (sag figure 12.7}. Lassrs using this type

{If pumping are sailed gas tlynamic lasars and were first suggested by Konyukhmr and
E’rakhx3rov3“ in 1966 and demonstrated by Gan':;35 as-xi §{cxI:yu§¢mv.3"

The mast s;>e:c£as:u§ar forms of gas eiynamis Easem an»: thosza rm: ‘using jet Q3‘ racket

angizms as the pump source, The baaisz iciaa is to create 2: met gas mixture by fiuming same:
type of facl that generates the: (303. The fuel sourcs is often ignited with a rnmhansi bumar,

“W. 3, Wiitcmazz, Phys. Len: 132225 (1955). '
“xv. 3. Wiizcrxzan, 13,235 .1. Quzm. z'51ecm»z. QE~5:§‘2 (19%).
3311.1. Carbsme, [E2515 .3. Quart. Electra». Q3-3:58 (£969).

“V. K. Konyukhav arid A. M. Pmkherov, JETP Lexi. 3:286 (19366).

355. T. 63:131. H355 Sgeczrzmz 7:51 (1978).

35V’, K. Kenyukhtw, L V. Matrosov, 19;. M, ?m1>;homv,‘ D. ‘T. Sh.a1ur:<>v, am} N, Shire!-Lw, JETP Lett.
!Z:321 {19”?()). ‘
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Figure 12.? C533 dystsamfic lasers cgexate by wasting a papulakioa ixwzrsior; via gas
axpamsigm through a mule. {Pmm E. '1‘. Gary. "GasdynamSc Lasers," 112.2545.‘ Speatmm
7'23}.-58 (1970).. @1970 EEK.)

Quiak~¥re=eza

 
Bums:

¥*‘§_g2:re 22.8 3333 mass! S;‘:x’&£:£%£1ti§$f farms mi gas dynamic £35215-am‘ thaw rum, using 35:
gr mcke: mgizszs as the pump sanrce. (From T; iizsrry, f.€EE,$}msirz:m 73:31 (19%).
@2970 mam

which ‘aim injects waists: ism (ha mixture. .(’13ze wazax is used {:2 decrease the Iéfeiime of
me iewe: Iasar state.) Extra nitmgaan is afldcd to impmvcf {ha excitation of the C62. The

resuhing mixmra is than cemyressed by tizsa staging: and ailmved ta expand out thraugh as
series ref suparsoaic nozzles‘. ‘F118 epzical cavity is than Iecazeszi xideways acmss‘ {ha expansizm

(sac Figxmz 12.8337
 

3735. ‘:2 Gerry, 2&5’ Specmzm 75: (mo).—
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fosmv, 5m,.c3

r“"Z.x%37"/?‘:1iJ3§<f fi’G’§zfi&$§°
£2Zt¥?"HQ§f3°'

  

 

 
1?: $1372

 .~";i§$:’?”!.«£1L r?.+::=*.~;::‘c:*7c;,~2> “I zeazwssuzas 1;
{§{3(3.?_»¢i/V?“ caawwr

W mu?“

}«—- 53543277. »-~«-»r~—§a«e-----z:f:f:’..35»:::*'r7.--~«»»~§«--~ 2’ 5e:z:v2.~»f

F052? 35 t?‘.’§f.°§*":i..‘f’z'$‘?’-"é7}‘z5?

Eigure 3.25% The annsmmtim; of an eariy w;wegxzid(: carbon siioxkie ‘Laser. iiiepriiztmi
with permissi-am fmm “II .3. Bridge:«:, E G. Burirzhmitg and P. W. Smitiz, Apgn’. Phys. Left.
2(3:~<3£}3 (M72). @1972 American Institute (sf Fixysics.)

‘$23.3 "S¥m:eguida 30; Lasers

Qaa vésry goad mzsthed fer impmving {$82 Iasser perfnrmanee is £13 dezzrease {fie hare size
cf the 12:35:, ’3T’his §ncraa.ss:s the number of gas coiiisions with the bore ané s}gn§fi<:ant¥y

b enhan<:as' the sewing rate (set: Efigum 3.9),. If the eleczrodas are located ::‘ansvars»;:iy* {rather
than longitudinally) in the'1a.a:=:r czwiiy, than the paossibiiity aiscs exists of using me eiectrzazies
the-gnzsaivas as an cpsiisal waveguide, {has gzasmitii:-zg an e:ve::a:.5r::a§1er bare size. The LESS cf
313:}: a waveguizie aikxws increasmi gas pressure with 3:3 amanciamr. advastagcs bf imprmzad

gain and larger Iinexvidmv Qgssratica in 3. wavegnxida made aim Gfferrs smnn adzfiiionai
axévanmgas in alignment stability. The concept sf :3 wavzaguicie €193 §.3.S£§‘ was first gzropcscd
in 1964 by Marcmili amri SchmeItz€_sr3“ and Izzier de:I1z>::s£z'»a>;ed by Steffen and Kxicubuhi”
and Smith?“ ’£‘:smsversa»¢3>:»:it.<'~:d wax~'egni<i»s éasers am éisciesed by Smith in US. Pawn:
#3,&15,e<‘:?..“‘

Waveguida iaserzz use a gmali bare to mnfirzza the: lam? beam. ’¥.‘%:e: hora is fiself an

Qpticai elézmcnt, ccmgasati of we or fear opiicaiiy refiacting walls. iiicrzvszntienzxi mimbrs
am piazzeé am either and of the eavity, but {xganfike a convimtional free sspace 1333:} these
mirrcsrs do mt define a fiaussian beazn in {ha cavity. Exzstead, the lam: es'iab§§s.h+as var§<:u—s
stable musics inside the bare {m3£u::§1kc: fix: mamas in 22 121.526: fiiaer 0: as zfigarzag siab Easy}.

It is 21130 passibia to £:0z1trol the Hands fczmmtian by izzircvzfimzixxg artifacts insidét the bore mat
force the zieveinpnsent ‘ext’ atabie xiafienting §soi:2£s.“3
-». -...............«.......

33E,A.1.Marca::1iaud R. A. Schmxzitzez‘, 8491! Eva: Teciv. I. 433783 (1964),

398.. Steffan am} F. K. Xrzsuiwuhl. Pizys, iiw. 2’?5X:s5§2 (1968).

“P. W, $mith, rkppi. Pm Lea’. 19:32 (1972).

"’.F‘z:I:z: W. Sx:1ith,“Tramv»3rsc§y Eixcimd ‘s’-‘fzavaaguide G225 {L3, Patem #3.,}§l5,{.\<s73 Sum: fie, 1974,

“2P<:§::y ggakazmaxx, “Sealed {}f‘f' R'i’~Exa:i:ed Kim: Laaerss and EL ivkihad for Thgir Mnnuz“2~.crure.“ U3. Patent
.#'5,€)i’z§,<$(}5, .?<§-miemhazr 12, 199},



 

 
/

 
 

 

 
 
 
 

 
 

 
 
 

 
 
 
 
 
 

 
 

 
 

 
 

 
 
 

 
 

 

 

 
  

392$ {Ether Major Commerciai Lasers C:h;;§_ 12»

Waveguiria Iasars are typicaliy differentiated ffozm free space lasers by a number can
Chi’: Fresnel number. This is defined as V .

E2

LAO

where as is the beam radius (for a cyiindrical laser) gr H2 the beam width (for 3 s::;um»,3
ias/gr), L is the iengih, and AG the free space, waveiexzgih. A ’1a.<:>3r W381 a Fmsnai numberpgf
3855 than 0.5 13 2: true waveguide laser, A 133:3 wim a Fresnel number of greater than ahgug

10 is a tram free spam iaser, Lasars with Frsesnei numbers around I are intennediate 13553
that have soma (if the features af both ciasses.” .

Waveguide Iasars are typically smzifier, lighter, easiar to aiign, and cheaper than $11333

glass tube arxcasterzs. They aim) have significantly iowztr opamting voitages, as the gas:
discharge must {ml}? be sustained transverseiy amass the bore (a f£3W' miflimeters) Yfithgf

than 3ongimdina'i1y along the tube (srzany zzemimetsrs).

Fm
(12.3;

$2."! .4 A fypieai ‘§&»a::§e~rn (3%; isndusiriai Laser

The remainder at’ this chapter will foitus cm afamily of scaled Iow~pmver CO; lasgrg’
raapressniaiéva of madam commamiai lasers usacl for induatriai lass: machining appiications

such as cutting and marking {me Figure 12.10}. Tine sgscacific units under discnssian are the

very gopuim sszrics 48 smied C03 Lasers manafacmmd by Symad in Mukiitm, Washingtoa,
US,-A. These Iasets rapresmt an excssilem examyle {}f_mi1ld1fl8f design and ‘art: availatsla in

thrae; power Iavals ( 30159’, 253%’, maxi 50%’). (See Figure 12.11.)
Ci); lasers can. be apemdeé wim flowing gases or in’ a scaled confiiguratiwan. Seaied

iasem (such as tha series 48 iasetrs} have cbvieus. advantages in tbs: inciusirial workpiace

as they do not require »c:>mpIr.:x gas handling sysbzms. fieaied mats are only commerciaiiy
availabh‘: up to: agapmximamly 250 watts. The cmss—m;c:' pain: beiwean szzaled laser t¢::;h~

nology am: fiewing gasas ieschnoiogy is .rc2ujg§:§y 1 KW, and driven ptimaxiiy by 5&2: and

manufaczurixzg‘ aaxmraiats.“ ‘
Watxer~::<:«::iing is another critical issue in C0; '§as¢r iiasigxz. Aithough C03 1asm°sa:*a

excepzianaiiy efficiant, 10% efficiency szfiii means that §{)% <93“ the input powér ends :23;

samewharc aim, nsuaiiy aa hcat in the chassis. if tbs laser gem mi) km, than the _1awer
szate popuiazicm increases, and the laser pexfennance amps. With gamii {mat 553% design.
seaimi CO; Iasars can be opverzmtci in aincooicd nmée up to apymximateiyi 25 watts. Past

that ptm-‘er 1:32:31, waterazoofing is. typicaily req{xired,"‘5 -

E)-wigs‘: anti manwamura 9? me saariw 54$ ’mx>dx;i:e_. The basic series 48 mcdule:
is descfibad in 115.3. ?a::ent #5,{}é5,2${3S (91:52: Laakmann, “$£:a§azi OffR?-Excited Gas Lasms

and a Method fur Their Ivianu§acture," Nczvembez I3, 1%?!) and the Iswhnoiagy is ciisszuswd

in U.S., 'Pazs§nt $3,803,182 (Pew Laakznann‘, “RF~Excit¢d Aiiwieial Gas Lassr,” §?ebm»a2y I4‘

"3§’cm.Léa&<maan, "Smled G1’? RF»Excitct§ Gas Laws and a Mctbcsd for Their MamIi’ac:mre," ‘$1.5. Pawn:
#5,C§é§,495. .Nmrembe:r 12. $991. ‘

"“I’:‘.1ar Laakrrxarm, “Using Lew Power C0; Lasers in Indnsiriai .Ap_pi.iz:at‘:<ms," Synrad Appiicatizm Nora.
”5Pe%:£r Laakmann. “Using Lew Power CE}; Lasers in Indezstrial Applications," Syxzrad Applicaticm ‘Nata
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Figure 12.16 Typicai gmsducts mazkesi. by a'¢a:itm%1»:2§:>x;§s3a kmt; {Sammy ef Syxsmsfi}

1989)} The key points of the design ‘aim manufa%c%32::ing are ciescrihed heiexv and addit'§c-mi
detaiis may be fmmd in tha gatems,

The ‘basic series 48 madzde *cmz35;i5t-3; sf tam: zzximeziai ammimxm éiitctxgsties zmé we

extmzied aluminum ground plane strips; isfia Figuxt: 32.12}. ’.§‘.%2£: inner mrfasas at” the a.ie<:~
unifies and ground amps are»; optically reflective: at 1&6 gzm. {ifhe aiectmeziszs am typiczziiy

anodizeti with a 5 man haxd anaciizatian to improve éiisdzargez asmbiiiiy xmd R3? i*:ma§4d<:xv;1
characteristics?) The tap and batiom fiI‘€3t3'£1T>C§£:& am idmicai and mézmzm a3g§:mxi221zm:.1y

’ 1 cm by '2 cm by 40 cm 1::-mg. The left and tight gmund Mane azripx are aim Ecicsxfiaai am:
measnre appfaximatély 2 cm by 4 cm by 40 cm long, Te radmzez zzosts. tits: swaraél sizaga

of the eiectrodes.a;;1{i gmund planes is gzreciefineci by the axirizsifiin progsass and {my mix:-or
post*extms§<3n machining opetatims med to be perfammi.

Tbs: inner surfaces <31‘ me aiacirodas and the grmzxzd giripx. dafim: five opziszai cavify :31”

‘théf laser. Tim bore of this caviiy measums. mughiy :3‘ mm sqxsare, which giwzs; ma <:m::;2“:1§ow... 

43V» F» Zhfing, 3» R. Bymn, S’. Laakmann. and W B. 33ridge>3., (C363 '94, 'X9€?~=i; ffiifh Efifgaxs 3T:2rs‘.»2s., Vui‘
94C§"i3>‘rf33-7. tip. 353-9‘
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Figure 32.1; The Synrad seriés 48 scaied carbuzz ciioxicie: Easers. ‘(cntmtgasy sf $ynmi)

mam, cspiicsa!
qualiiy sssrfwee
 

 
 

 

innar, apticai

quafigy sufiace

  
grmmzi .p§3z_*;g sfrip

  
» - ’ Figure 3.2.12 The Synrad cfectmfias and

flasiz: gxtrusied $§8£Jt¥9§$ gmund pianc .sis:§§s.

Saser system a firesmzi number ef appwximzmeiy L5 and a diameter in length ratic ef a;:§:'ox-

imateiy OBIS; ’§‘}ms, the least qperates in the imerznediaze regime beiweazrz fail waveguicia
gperatixya and full fma sgzacsa opesatiun. in this. imexmesiiaea regima, maiy a fraction of the
power ef the: apticai wave inmacxs wigh the walls ‘cf the cavity. This ftazziicm is high enough
to (main a good apfical iii} faster, but mi 3;: ‘nigh as in ztreafa large mszsesi due to; a?3s:31rpti»on
in $18 epticsai cavity stmctzsre, .

H the egticai surfaces Q?‘ the eieciroéss anci the gmxmd strips 21:: ;:~e:rfe::t}y fiat and
aiigxmd, than spurious refiectisns fmm tin: su.ri'ac:2s may cams: a§3t.:r1'%£i<3ns’"in£he mxput mode

paztam. ‘By deiiberatehz imrmducéng artifacts {mo the cavity geometrymizesa abezmtions
may he minced er alimizmivad. Two types cf artiifaxzis have bxzen fauzmd to be successful
in reducing maria ah<:r3'ati»<>r:s. The first artifact: ccansiszs of siigiztly tapering the waiis of

x the bore. in this Ii‘18i§’30‘3., the bore is made slightly lazgzar near 13%‘: and mirror that: at the

 



 

$39‘ 32.1 The Daaign cf Earmra ibioxide Lasem 39?

Guier came 7

  Czéramic cask

Laser tame

éamuxxcs gaianaa sirigns

Figure 13.13 The Sgrtmd mm 48 crmsvseciiun.

fmm: rairror. The wpar mg}: is quite small. typicaliy Iass than a ntilliradign. Thit smzand

artifact consists af izrtroziucing smaii, sharp bemis in the Gpticai suzfaces. Tine bands can

he in one aieczrode anti its adjacent grmmd stsig, £31‘ in two apyusixzg :1ectmde;s (or gmunzi

s£r.i;32s). If {ha head is inirociucezi ima the elmzirode and ifs adjacant gounri strigz, than it
is a iswii an the unit: of S ta if) miiiiraaiians. if E3155 b::ndV is introdncad imn epposing
eiecirtsties (or grmmd strigss), than it is on the £32132: mi’ 1 miiiitaxiian. These bends prevszm

reflezzzisms {eff 311 four walis from addfing in phase to produea csompztxing in-otiezs and parasiiic
osciilzatiozzs.

T319 two elsstmfies and tam ground 9131168 are assembled in a‘ c.¥es.n mom. ‘rhea
aiemrcdas and ground piane strips aw sligped inter an Quiet case as Shawn in Figure 12.13.
Small xzarmrséc beaxis am used to isvalatz $128 eéactxoées from £333 gmuné piane strips, Larger

ceramic éisks are used to iselatc the e‘£e::txn.des from the cuter case. Elarztricai fe:ec¥t£m>12g§1s

{svhicit also serve as gas fii} pants) are pruvideszi in the ouiztr case.
A common cause cf short lifatimes in Cflg iasars is the accumulation of water Va»

pox“. ‘fiaiar vapor sax: migrate through the swing mirror seals, er be fanned by hydro»
gm: cambiniag with disscxciated oxygen. An effecfivc way to minimize conmxtzinazion

due to watar vapcsr is :9 intrnéuce a getter ism tide cavity. A molecular sieve getter for

ramaval of wait: Vaper is typicaily insmxsd ixam the cavfiy daring the initial assembiy.
Feiécwing me initial assambiy, alumimlm znizmr mozmts an: waiéeci to both ends of the

tabs. ’1"‘h§>, 335331” moéxiie is thczn subjected to a high vsmuuxn beeke~o1:t pmccss. 'I‘?:i5 gm»
cess removes ‘§3.’::ii£%1‘ as wail as me majeriiy of vzfiatiia coniaminaats such as hydmcarbons

anti ixycirogan.

The bak:>~ou£ pmcass is foflowezi by a gmsivatioaz process where {ha 13961“ modnkz. is

axpesed :43 an oxygamixelium plasma. The passivazioa process gzfoduces numemus czxygen

sgacias that react with the zzxgzosed aiuxnémzm. parts and cmate aizzmimxm oxides, (A1203,
sapgzhircz, is one cf ihs many zduminum oxidfis farmed by {his prams.) Them oxides same to
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prevent oxygen 303$ fin the finished laser anti axtezaci the agzerating iifatime. Tbs pasaivaiimg
process also serves to clean tha born 0f the iaser am? prevent: zzamaménaticm of Chi‘: mimom
during operation.

Tha pagsizrazion is parforznad by gene-.ra£ir:g ax: oxygen plasma within the laser hem‘
T9 create all the oxides necessary for effsctive gassivation, me piasma is Qpvarataed at sex;

anal diffcrzznt temgaraturas, am} at peak excitation pawars mat axcszgad those. the Ease-I win
ex§-eritmm in aperaticn.

Afier iha gassivatior: is comgieze, aha law: mirrors are added to the madule. Aithvzmgh

neariy pezxfect mirmr aiignmsnt is regxzired for af1’e<:tive tnpaxaticzn af 3 mm wavaguicég laws,»
Em: inst mode quality and outgmt power perfennance of an iniemmxiiazc regims: Ease: is
after: ‘sbtainad when the and mirrmts art: alignaxi slightiy offfla:-sis. The ‘back mirror is 2:?
139% dieimztric amazing on sificcn (3 mam: cuncaw far its: ii}-watt series 43 law). The

fmnt mirror is fiat with a gagtiaily ££:§§z:{;tiw éialeztric coating an ifizafia (95% refiactivitg,» ;
for the: 10 watt sarics 48 laser). The mixrom am .mauzmed against an wing sea} and image

smaii screws provide alignment afijusmmnc. iméézough aha Ming sea} at firs: gianca seams

Iike a gmtsntially unswsfactury ekament, Synrad exgaazienca has show: them ta wot}: quite
wail‘ ’i'i'xe leak raw is appmximateiy 1 cm? cf helium. gar year, act the limiting factor in
the !ag;e:' Iifetixna .Tiz£: c-x*iz3g metmts do not fafl catastmphicaliy, and pmviée a simgie anti

straightfamarii mezms to make .a1i§z3me:ztac§}:z.2;£Ix2e::xts..“”) _
Graze Q26: Vmimrs have. been insiafiad, thrs lager is again svulwjectzd to a shot: vacaurn

ha:-:e~o:,1t. ‘This bake removes Watsr vapor intzmfiuczazi by the mimzr mmmjting npzzratican. The

bake is reiaziveiy’ shun (12{}°C far 8 hnurs far the 10 Watt series 4815.581’) tn avaid ciamaging

the passixratirm layer. ’ _
Cane: the baimcut is compietezcl», the £353: is carefuliy raaiigned and ptznzxaxzeniiy fiilgxi '

with ma ep::razi.::g gas mixszra, The nperating mixmm consim. of ’mug%:§y 7% xenon, '1£}%
C32, 13% N3, and 671% 833*“ {’I‘h»::> xemm is acidasrzi £6 irxwer {ha ove:*a}1e§a::ix:>n tampemzura '

and ixz1§rm*:: the crass-section of the (1) traxzshingx in Z%Eg}.‘f“'* The basic iaser moziuia is now
mmgiate‘ '

The: finisfiafi 133:3!’ mcéuie £13111 has _m=m:nte§i in cm: of sevami éiffamn: hcasings. The .
mast coznmsn is to. mount the met in a s.im;>ie housing incarpcratirsg an inmgxai heat

:>:xcia~.ax-agar. ’I"i':e laser tube fiis in the beaten: of that housing, and tha R? eieatmzzics ts fiiva

822% eiectrodea moxmts in the top {sea Eiigura 12.1-1}, '

Eaqszartafiing ma basic madam. The basic 10 watt law is dssigxxeé to effectivaiy
soak: to lxighar pnwrs. Two eleenndas, two gmzmd amps, and at: E3? driver dafiaa a ii}
wait inacinle. Fear aiectradcs (of :3»: same length as the 10 watt e1e::ttx3§as}; two grmmd

strips {mice as Icmg as the 30 wan gonmi strips}, and two RF moziuias ciefiae the 2:} watt
motiule.

Thebtwa 3.5 watt mociuies am comiéinaé togetbar in 2 simgfla but effzactiva way to
farm the 58 watt meaénlzz. "1122 standard 25 watt medals Eases with its golarizatioxa vectctr

1-rrs<;v;>.

“P. Laakmann, lxzssrs and Qptrmzéxs Mégrcéz; 3541’ (19139)

“P. La-.3§‘.z1mr1x1, "US$213 Low Pnwer CO2 }E.2&S'4Zf5 in Ind::st:ia1»A;>pIicazi€rr2§,‘* Syn;-ad A;2p1.i:2zsti.~:)n Nate.
“W, I. Witscman, "me C02 Lam (Salim: Springer-Vm-lag, 1983'), pp, ‘.1-‘M75,
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I-‘igsm: 121$ Synmfi C0; sgrieas 48 ‘imesnal mociuks ansi hxmsings.‘ gcgurzzesy pf$yzsr’m§)

W 25 waif mmiuié
crierxtacfi with
hcwrizxzntal
poiazfizaxicn

és wan rmxiuie

 
zaiinn xx‘

Eiement is trarrgmiaaiv-e
far bo:°iz»::sn%ai pokarizatizzn,

' mféafifiva far
_{ g . _ mu. '~ ‘ {cm
gyms, . = “'9 ‘ 5 §°“m§‘ Fsgam 12.15 Cwmbining the 25 watt

bazms Iagtiher far the Si) watt unit.

Qaraliel as am gmunct planes.“ If one :35 wait moduie is izzsmliad with its pomizaiion
bveémr verfifial, and the second irzstaiieé with its poiarizatiem vsotor hcvrizonéai, than this ‘
Oifihagmzzaliy gaiazfized beams can be s':a3::§z'k;i~.-mi} at the output using 2: pelartizizzg imam splitter
(me Figure: £2.15}.

Tim same: mociuiar scaling strazagies axe. spplieé to $13 ‘:?.F,c§:ive slaczmzzics. The’
$i¥I:g1::. 10 war: medals mes <3-ma RF «shiver board. The 25 wad modagkz uses zwo identical

_€§¥“iver boards, and she §i3 wait mnduie: uses four idcmiczi driver b-nerds.

 
# 

3 “Y. F‘ Zhang, S. R.‘Byrsn, P. Laakmann, am: W. B. Bnficlgzts, CM) ’94, 1994; ?‘ec:?z( Ifiigtst Seréew, Vof. S
f€¥C}iZ§453~7, gap. 3§8~«9,

2
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ffhis, in mm, aitezrs the piasma impacizmce anti the ability af 2312 piasma :43 excite tha (3:32

' gas:—di$56cia£iQn~raIazs:d damage.
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flesfign a? me RF ariver 1,°ma.:‘:;L Akhtmgh the very early C02 lasars fracguztmiy :
used a racfio frzzqumzcy (RF) §is<.:hazge,5’ ~53~53»5"'53 this was considered by mast rsseamgm
:0 be an inefficient and incoavenient excitation so11rce.56 It was not uniil 193*}, whgn’
Katherirm Laakxnann began re-examining £112 we of Rfiexcitation for waveguide §£i$§:rs,5?
that the potential value: of Rliexcitzztion far small males: waveguide Iasers became agjpaygrfi"

Cozwarxtianal C02 Iasars use 2: i<3.r:gizudin.a§ high veimge DC current :0 create mg

plasma. In a EC Iongitudinaliy axcitsd mgr, the amps: power is difficult to mntrol elm-
itically. Changing {he vaimge amass the e§e>ctrodes changes the cfmracter cf the plasma"

 
 

 
 
 
 

 
 
 

 
 

 
 
 
 

 
 
 

 
 

 

 
 
 

 
 
 
 

 
 
 

 

ztaoieczzkczs. Thus, a razihar smaii mange in the exciting vaitages can rexult if: large changes,
in th:e'1as.er gmrfomaanae. ffiszthenzmre, the ierzgth am} stabiiixy chmmszeristics of tha limg
iudinai excitation make rapié azhanges in the lam‘ performmma difficult. .

in the late seventieg, Laaicmarm §£1r:atre»<s;atics (started by Feta: am! Katberizze Laak;

maan).deva1013::d fine transvarse RF~m:c.itad C03 iaser. file major advantage of amnsversg

RF~axci£ad1asers is 31:21: ma output puwerAcan £36 electriaaiiy cantxolfad over 22 wide range,’
at rates of up tn 2£1§:3E‘1’z, (Figure 12.16 iflusiraies ihe)::on£xo1 cf ms: cmtput pawer by aitcé ‘

arion of the dusy cycle for 5 KHZ am 20 kHz eperaticn from 9. 65 watt Synrad (‘:33 33332)}
other advantages ca‘ R.§‘*‘—excita£ioz: éncluiie significantly lower voltages (hundreds compared ‘
to thousanéés Qf volts) and the passibility of icmgctr Iassr .1ifc:iimes due :9 reductions. in

Rfkaxcitation daas‘ have its 4:0:-15.. in parti.cmIar. xmasismr comrolled F.F~—e:x<:ite»:i dc»-
vices have roughly half the wailphzg efficriency of simiiar UC-mzcimd uni¥,5,5‘3 finciditionafiy,»
the power supplies requimd for RF-»e.x:;itatim1 are txgzicgally mare expensive than those in as
eq:::iv—a1em ?‘£)<Z‘f-—s=:a<<:ite:i ‘unit,

The Asxcitatian frequency 0f the RF disazharge ranges from a vaius zzsf approximately

.1:/’2a :0 §Gv}a,. when‘: :2 is the widzis of tire Eager bare, and v ism»: drift ‘5.'€IC>ci:ty of cieczmns
in the Iasw gas, ‘Rig "drift vaiosizy mnges from appmxixnateiy 5 ». 105 m 1» $07 anzisec in a
tjypicai CO; iasar gas mixsure.” Thus, far a typicai zransversniy emireé Rf~’<i§s<:ha1‘ge laser
system, appmpriarc excfiatian frequancies fir: in th:3VL¥H¥«“~‘éIr1‘F regécm, ,

' in ozder ta avaia radio énterferenca with othssr serviczcs, certain ESM Quéusuial, Sci-

e:z't}¥‘1c_, Military} fre:;u§:2.c%s:s have. ‘ééean set aside by the §~‘C‘C far iflfiitlsiiifi} was mqtziring

3%. 3;. M. §’atel,_ Phys, X59. §?:§:Aii87 (1%),
321°‘. Efizmthawicz, I... ‘£3<J:§x°c, R. Farrcnq. A, Tmfféxt. anti R Vauticryfii 2?. fight}, Seam‘. Mad Sci, 2150:3531.

(1965).
53?, 3:w::hawi-!z., L. Barbee, A. Truffezzt. am} P. Vaulisr, C. R. Hem’. Swat, mm Sci. 2630:5491 .{i%§}.

“R. §7am2nq,. C‘ Meyer, C. Rsasserti, L Domes, and P. Bamhewiara, £2‘. 3?. flebgt Seam. Amd; 52:11 ’1‘5I:?.§§7
{$65}.

55C. Rassmi, R. Fmémg, am! ‘IE’. Barchewitz, J. Chim. Pmrx; 54:93 (1963

5“'I_‘ytc. By (3., gin advances in Opwimi Elecmzmicx, V61, 1, ed ‘D. W. Ggodwin maw York: Ac:sx‘mni’:: Press.
1970}, p. 172,.

-giéaéfxerine igxakmanm. "Wx\‘regni<ie Gas Laser with High Frequency Traznsivarse Discharge: Excfiarion,-" 1.3.3-
Pamit #:i,§6§,253, Septetmber E5,» 19?9.

59?. Laa'icma:::1.l.a:mrs and Ogsmmicrs {I989}, gap.» 35-41.

“Katherine Laakmann, "WaV'cguidc Gas Lax»-er with High 'F’rm;ncx_xc_y Tmnsvam: I3i5::3:earg¢ Bxci:axi.<3n.” LES.
Pa:e:1é%:’¢§',i69.251, fiaptembszer 25, l9'z’9,
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Averagepowerwazts 3Q“'4---'-‘~l~ 29.}

fil-

Figure 12.16 Dutput’ pmszar versus duty
9 25 ‘gs’ 6'3 30 ma cycle far 1%»; 5’}G Symzi 13524‘. (Conway

Percemagaa mi ciuty nyde cf Synmzi)

‘large amounts :21’ RF pcswcr. ’I”3:;ess»a 183691 freqmacies are: aseeci fur largar RE (10; 1&&ers and
are 2132 fivifiz and 40,63 Mfiz. Smaiier mars may nperata cmsidx: of the {SM frequency

limits it" the: éshizfitiing £3 sufficiently gem} so that R}? leakage is bztlczw ?t'.IC minimums“

Etspgzélying paws: tm;‘t1'x: plasma sf an RF~cxc:i.!:e3{i transversely gzzmpcati CG; wavegxzids
Ease; raquirms sarafui design. ’I"i:e RF vuitaga source typgicaiiy has a very law impedance,
whiie the laser izsbemay have an impedance of hxxncirezds ta thousands of ohms aiits operating

frequancy, A §.a$zt tubs with a square bore 4.8 mm in aawiziih anti 3’? cm long, with a }.a§ar gas
pregame cf 69 ten: will have: a.n;imp+ad.ance of appmximaiaiy 208 ifiltnii what: txperating with

an output cf appmximatvxiy 15 watisf“ The impazianca increases 25 {ha paws: damages,
and is sawral thensand ohms the piasma i5 mm: igniteri.

Ax; imgradancte matchiag nmwurk Iy13ica1.af £113 Synmd serics 43 lasers is zizsscribecl
in US. Pa1e.n:#5.003,89£$, “Drive System for RE?-Excited Gas {..ascrs_,'*’ by Fete: Laakmana.

Th: basic concept is iiizrszratsad in Figure 12.17. An RF gznwar sugply outpus saga is
connected through a transmissien fine to the pair of elsczmdes and gmartd strips famzizxg

the xvaveguiszia 133613 The coliesctor of tha xzpgm traxzsirstcr in £112: pus§2~;mI§ oaztput stage cf
the RF gewar szzpply is connstmd :6 tbs tap eiacmade of the iaser through the core af a U4
wavclaxzgth {at me laser ogmmfing fraquency) transmissioiz line. Tim lowsr imasistczr in the

jgzazsizwpsfil wtput stage is cimnatctad through the cladding cf the txanmissisn lines to grosmd
via :3 blocking cagacitcr. A noii connects ihe tu;:.§:}e<:trad<eA to the bcsszmm slectrade cf ma
vgavegnicia iaser. {This coii sarves to neutralize the aagxacitive rmctanm and to genazate
‘x3i»phasi3 axcitatiora cf the plasrxzag} A tf&iLi’fQfiI1%1“iS used in mack: rim impedance of the
finaé stage: to the gméeding cimxitzy in the RF satires.

in a smszll RF-exatitad C02 ias-let (such as the Synratl 1050 watt series 48 lasers)

the entire pawer supply and impedance matching mzzzworks can ha iutegraxed into a singie 

69?. Laa§<rmst3n, “Using Lew ?owcy C03 Lasers in Inchxstrial Applicafim:s," Syzzrad Appiicatien Nata,
“P. Laakmsmn, “§‘.‘a‘rive System: fox msaaxciced Gas. Lasers,” us. ‘.‘t3a§em $5,008,894. Ami}. :5, £992.

62?‘. Laaicriiann, “fiiecbtézrallgx Salfwflscillating R?~1Ei~L::itstE Gas Laser," EVS) Paizat #4,837,’?’7‘2, June 6. 1989.
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§3igxtx*i: 232.1? An‘ intpadame matching rmwnxéc iypixtai cf the Synmd series 48 laserg. (From Peter V
’Laz}amnn, "I}rive Symm fur RF~E;r<cimd €33’: Lasesrs,” U3, Patent #S,{)(}£,894.)_
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ifigxtra 12.13 A vtypicai RF ézive eircuii for at waveguide carbm: dioxiéa Easer.

unit as ilixzwrawci in Figure 1118., T32: ingut stage: of me pnxver sapgsxiy is a xelativttly

mnvantionaz RF osciiiazor circuit The eutput éztage is a pu£h~;jI.111 mags am is imegrataafi
ixm 32¢ impetiance matching network as dfiscfibfiii "in {he previous paragraph and in 13.8‘
Fawn: 4?3,{}<}8,894.53 —
 

53?‘ Laaknzarza. “msae Sysznm fbr RF~§x<:i§'::xi Gas us. §’am:z.t #5,GG8.894, Aprrii 25, 199:.
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1235.5 Gzaiicai <39m.pnnem$ anti Betaciam far {:02 Lasem

Wirsziow, f%i.§r¥§3m arm} images, “me lcmg (10.6 ;z:n)wavc1ength and high average

gowar of £203 lasers lead ‘:0 gems: riifficui:ziesA in canstmctirm cf ogstiaal sysmms. Cfifyvgfi-
txonal glass (}§3i’.iCS csmrzer be used at C0; wavalsngtizx due: in high opticai ahmrption anci iow

K thermal v:.<‘)ndu.<:’tivity‘ Taitsia 12.3: summarizes the ixupozian: ogticai propmies of materials
’t§rpica3iy used for transmissive aptics in Ci); laaers. The aikaii halides (such as K31’) tzrnri

to have vaxy iow absorpiitm, hat are hygmsccyic and mquim sgcaial coatings in survive in
_ moisi environments. The samiconducmts (such as 21155 and Sam} me: much more rabusi,

but with cmespsndingiy higher absorptinn coaefficiezzts. Unfortunately, hath germanium
((3:5) and siiicon (Si) suficr fram a thermal mnaway prabiam, Above _a certain critical Easenr

imerzsity, as: the sampis heats, the abmsption incraases, and the sarnpie iigazs more, ’:“§;§s
feeéback mezhanism rayiziiy results in cisegzmstion 9:‘ 212:: ‘sampie.

’i'A8§.£ 12.‘! F“R~£}P£E.F‘cT3E8 {SF Mfi3”EF‘2iAi.$‘: USES IN CO; 1.}&$SiE¥-'13

Material Tizemxal expansizm ‘Shanna! candmztivizy if (at. 16.6 mm
(x105/Dc; pg 104 W 1 cm Sc: cm“)

NSC} 33.9 5.5 1.3449")
KEY 43 4.8 5 IW5
32:25:: 7,7 13 530”:
{3EU§5 5 ,7 37 1.3; 1(}”2

Si 4.2 22%.) V 2.5
G8 6 I 59 3.§»1{3"2 

W. W. Duicy. €382 Lasers: fiffew t1#’id:§p§3l§C'{3n'i0?’$5 (Raw Yszricz Acaxicmic lésm. §§?‘5), p; ‘UM, Tabia 32%.

Zinc ssienide {ZI£3é3), 3 wa1l—bei1swed samiconducwr with :1 teiativeiy high thermal

ccrnduciiviiy and low a¥3sorpti:>r:., is the typical chaise for €62 Lrzmsmissiw optics. Z1253

dues mt suffer fmm Ehexmai runaway and has the majer advantage of being transxnissive
fmm #590 am to 11 pm. (This aikxwa iew p0Wa1‘_ Exam imam ta be usyeei for aiignment of ‘
Cf}; aystams.) 21:32 is avatiiaibkta commamially as in the fami of windaws, die}ac:txic«c<2ated

partiafimtrananxitting mirrors, ami ianses.
The very high avémge power typical of C0; lasers mazms that CO; rafisciing rsptics

must E38 thmnaliy szonséuciive as wall as pear (zgaticai absmbezs a{ 10.6 ;:,m, I)ieIectris":-
er r::ata1~cc2ate:d mirrors with singiamyaml siiiison substrates am the mirrors of Chaim: fox

§ower~;7owe: Ci}: 1.2§.S§rS. Higfier power kasars use meta} matings (iypicany silver or goki)

an maiytéiisnum er copper subsirems. Mclyiyxienam (with a fiaemxafi $G{i(.’iI1£'tiV§E§f of 1.33
Wlszm *1?) effers mughly equivalent thermal canduciivity as siiécczx, but is 2. much mcvm

dnrahk: rszfracmry materiai. Evioiybdzzmlm may also 233 used without a sarfzzzze metal coating
ef goki or siiver‘ {Uncoated molybdenum mirrors typically ham refigsztanccs on the orécr
cf 98%.) Copper (with 3 tismuai ccmducfivity of 3,9 Wicm “{3} is much mare thmnauy
conductive than aitizer sificcm or mcsiybdanum, but significantly less mggad. Copper is aim

difficult in polish and axcapiionally easy to soratsh during cleaning.

Tim la-rag waveiangth {sf (:8; iasars does offer certain advantages during fabrication
cf aptics. Siffmciioia and {sensing effects of scratches are roughly pmpamionai ta (1/A)“.



 

f

 

 

49.: (Ether Mzzfior C0mm.:=m3§a£ Lasers Cfgapi 32

Thus, 2*: mlativeiy pear finish by visible opticg standards may be perfectly suitable for (3:32
laser optics, Aciditionally, the hanger wavelsngih permits fabricaticxr: of opéics Ixsing such
xrzethozis as diamond turning. If properiy fabricated, a diamond turned CO; reficctor may
not need to be polished aftar fabrication. ‘

{:02 3am? éemctom. The Kong wavclangtia and high average pom/2:: of CO2 Ease-:3
also lead is éifficmlties in epiicai dseteczion and laser pewer measaremenz. Severai dczgg;

{ion technoiagias are commonly employeé with CO3 lasers in avercame thew probiemg‘
Thase tachnologics inc§mia- ihsrmopiles, bolamezers, pyroelecwic cryszzfis, and mag wave;

length semiconductor phoiovoltaée and photoconductive deiectczrs. {For more Gatails cm
tizarmopikza, ismomeiers, and Vpyrociectric; xzggstais, we Section 8.4.)

The: majority cf phmovoltaic and phmczczmduszféve semiconductor davices are fahriy
sated from silicon and have :3 raughiy 43%)!) nm to 1.} gm raspansa range, A zzimpiez exampie,

cgf a phatadetactor cf this Iyge: is a P3}! piiotodimia. Howawar, phatovcltaic or pfiotocandug-
five davicsas do exist with resgzeonscs in the 1&6 pm range. To mauve me detector ism mg

1&6 pm rang»: mquires switching to mom Lemiic semiconciuctors with rxarrower handgapg;
than siiican. Exampies iincluda Hgfldfe, Cd’I"e, and Pb:E3n”i‘e3. §20wevar,_ 10.6 gun inframgi
phoxovoltaic or §::h£3teco’nz§13»::£iva deiecfors do snffer from a spaciai probkem, Se::2§mnd1z.c:c:r
anergy staias {hm absofin in the 10.6 pun range ‘are: sepaxated by appmzdmately 0.1 33!.

’£‘hus, thmnal géopuiation of the mtzrgy smtes from sources craze: than the laser beam is

quite, .iikg§y; Themfcm, the ziatacmrs are often cwiead using Iiquici helium, iiquié niirogcn,
€31? thermoelectric czmlers,

E116 yam radiatien is far cmtsidc of {ha human visnai raspaznse. Thus, a mxmteer csif

techniques have been éevaieped in enabie humans :9 locate the beam anti make qualitativa
rzaeaisurémenis. The simgsiesi irmiuda such things as absmptinn in ftaameii peiysiyrcne, wood,
0!‘ ms:tal.. Mam complex methads iaeiud: the use of cater changes in‘ iiqtzid crystals and
xzi5ib'it: fiu»aras:>smce from various matgzials. One 0f the mast aiegam am} effesctiva methads. is

the thcnnwquenching of ‘fisibie iumiassoenca fmm a $».inC.s:iS phasphar excited céméirxucusly
wizh UV light. ‘fire usuai mnfiguratizm 3'5 to uses: a UV iifghi ta excite. the back cf a small
;scr2.:er; coatad with me phasghor. The phasgizer giews a briliiant Lyeiiuvz anti? it interacts

with a C03 ‘imam. ‘3"’t2:2 C30; beam quanches {M fiumvescazzce smci ieaves dark areas am tin:
semen.

12.? TEE ’i3£S3G§3 Q»? §X€3¥§:€ER i...i§$E¥‘§$

Exzimetf‘ lasers opefate can the .ra«:iiai:ive tmnsitian between. ms excizexi siate cf 2: mclecuie
and its ground setats. Commemiai excimer lasers typicaliy usa molecules formed from the
combination sf heavy whit: ‘gases {such as Xe, Kr, and Ar) am} halogssnsz. {such as F, {"3}, Br,
and I}, Commas exnimer iasancombinafions incmde: MCI {W5 -am), Ar? (E533 mm), Kriii

(222 nm}, }{rF{24§> um), Xefir (282 mm), .}£eC’i (308 mm), and Xe? (353 nm}( Excimeriasexs

aperate pulsed and am availaifle in anargiex ranging fram sevara1’mii}ijou§as io handfuis of

“In the mmst corms! usage, aha ward axczvzzer is Iimiteé to hanzopaiar rnokzcuias such as X52. Hemmpolzn"
moiacuias such as Xe}? are more": cxsaetl tarmnd exciplssi’ zmiexznies. E-iowcvaer, since "it is mite difficult £9

_ _ Q
proxxounca exctglcx Izmir, the: term excxmtr has grown to means both $35962 of 3323-rs.
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joulesper gpuise. Regaetitiun rates fangs from a few-as kflz tr) fmndrszds sf Hz and output
average pawem are avaiiabla up to 500 watts.

Exsimtr lasars are pxézaxi far their ability to efficiently produce subarea: UV amt} ciaep

UV radiazicm. Tizey arc: usczi in such divzzrsa conxmeraial zzppliaafisns as ‘laser twin dzifiing,

laser chamicai vapmr mpositian, laser ;:%:ot«3z:hemis1ry,. creation of saft xway piasmas, semi~
conducior wafer ¢1eaniz:g,;.ascr macizining, iaser ablativzz s;::u't£a;*in.g, exciznsr laser sasxface
anmzaiixzg, 53%? UV Iithsgmphy, and laser pimarizatian. "flay find agapiiaatian in the med‘
icai fieki far mranary angiopiasty ami photorefi/active iczarafaactomy. Reszarch apglicaiians
invzsiucle spzctrwcopy, kmar pht}te::.izer:1istry, lam‘ doping of 'szamiem1ductots, and remain

sensing. ‘

Excimer lasers, 13352 (302 lasers, are very differant from the othar insets discussed in
:his tam £3'onve:nti<:ma1' iasers §a5«'é Qff aiézeiroaic transitions between variuus ataméi: 's1at::s‘.
Exaimar msszrs lase eff the iraxzsiiitm betwean a molawiar tsxsiicd stats and a‘ mokzcaiar

grmmd state. This means that excimer lasers Land to have a aberiez waveizngxh and highar
éfficiency iban most csuventional lasars, Adfiifianai irrfarxnaiicm on axcimar iaésars can be A
fozmé in Rhadcé,“ 1.a.m1e:?§ Eaxxiozfi and Wa&x*:r.53

13.293 iniraadsustiw ta §xcimer Laser fitaias

CG3‘:Si(3fi2T a gas mixture: sf 2: mm A (such a krypton) and (2.1 to 0.3% of 3 halagen gas X
(such as fiutzmm). Assume ma: fim mixture is pnmgmd by an immense eeiem:rs3n‘baam, which
fnm1:s~A“-" and X“ ions.”3 The inns, than recombina to fem: the excited (fi““X“’)*‘ state as?“

A4” + X” + M‘ --» (3;+X")* + M 222.4)

where A is {km ran: gas ion, X is the halagan ion and M‘ is any third may izzsuaily amotizes

rare gas icm) tn asszrra memmmm» zxoszsmfvation. I

The {2§.“’”X*}'* mol®cu.1es are she excited moierzuies and farm the x:.§3p:3a"' stats popuiatim,-1
{with a Eifezima on than oréer af 3 to. 13 as). ‘me AX meiceules fem: the iowar siate

popmatiou. iéexvevar, the Iifetirm: cf the AX zxmlecule is axtmmsiy short {cm $13 ardcr czf

i::n.s« of fzzntassconés). Thus, even thczugh the uppserv Mata iifetime is shcsxt by tiae gtamzlarri
cf most. layers (tens of namascconds as compared to tens or hunclrezais ezf zzaicroficcomis}, it

is siiil thrae grams vi“ magriit::&a greats: than (her. Iifatitme 0f the gaunt} stam. (§*’~<>r axszimer
Kassm in oyaraxe §2€}ZT»:'3Cfly, ii is mecamaxy for that ground same moiecuie tn di.s2;o4:§ata mgziciiy.
Systems for which the mczlzcuic giissuciaées slowly do an: make successfix} Easézrs lzvecaust

the laser botzkaxxacks in :he gruunti siata.)

“C. K. Rémées, ad, Excimezr Zm‘ers(B.s<:r1in: S_prirsger~Var12:g, 1984), paxtiauiariy Chagiter 4, pp. 87«»1?>8.
“Lucian Lauzia, fixcimer lasers {hfezhesiandsz Klnwer Acadamic Fubiishzxs. 1994}.

“David Elliet, iiiimvioier Layer iécirnoiagy and Applizratiam {Sim Diezgo: Aczsciersaic:-i7':«¢3.s, 1995).

J’. Weimr. ed, Handimok of Lassr Science rzxzxi Iecfmology, V03. 11', Gas Zzzszzrs (Boca Rgton. ‘FL-:
‘(TREE Frags, E10,, 1982), paniculariy S»%w;ai~m1 3, pp. 273491: and Marvin J, Weber, eé, }2‘ra:2z:£émcr.l< trfiaser Science
and Tscimolagy, Supp. 1, Lasers (B063 Rattan, FL: CRC Prefix, Inc‘, 1991), particuiarly Station. 3.3.1, pp, 34l~—3.8'1’.

69’1'h~‘: 3*‘ and X" ions are A and X {stems which have‘ has: or gainad cm: aksctron respactiveiy.
75*’i‘he axciiad {:i+X”'_)“ is a molecule WM! the same number (if cicctmns as AX, bu: with one csf tfaecigzctrnns

in a highazx energy mate.



 

 
 

Enemy

Gther Ma§ur Ccmmerciat Lasers43$ Shag, «£2

 
 

Rapuisive
“- lnsjapervient Ems

  
¥\‘fic:und szate

-9»

Q2322ma
Figamz 22.3 The fczxmafion 0%” a mQL*::g1}§§5
is dfivcxx by :7: balance }:s:’cwe'::n the 

 
 

 
 

 
 
 

 
 
 
 

 

 
 
 
 

 
 

 
 
 
 

 
 

 
 

 

Equilii-mm cnulembic azzmcfien of the E393 and rm;
ififamufiikaf reyulsiva pestsmiai thai keeps ism ixans {mm
Segratrafimn accsspying the same space, ‘

The physics of axcimar lam‘ gperation is ixfizerently wmzected ten the basic progzesggg
of moiecuie fcfmatiim. Recall that shs fsrmatian of a mniecule is dtivsm by a balmég
batwaen the coulombic am°a<:ti::>n ef the -ions ans‘! the repuisiva potantiaj that keeps two ‘iens
from occugying the sazna space. Thus, the fermation of a meiecule is a functim: of the
distance bbamaen the two ions (_see figure: 12.19). if the ma ions are widely sepaxasw, _
flzcrc is rsci moiecukz. If the two ions as trying to vzzcaupy the same spams, {ham is xsaf

msiacuiz. The balance lmatwaen the ctxfiombic attraction and the reptxlsiva pateutial creams —

a mi! {Ir packet in $13 pntemi,a1 energy cums‘ When the: two. ians are at a distance {the -

equiflibrium intemuciear separation) c0£r>?:sp0ncii.ng tn this enargy Wei} they am bound ané
form the molecxgftc.

The xi-mazisn in a mmgas ‘hahzgen laser is wmawiiat more camgficaied than that

ifiustmtad in Figure 12.19; °I’%:i.s is ‘because of ma simultanesas «axis-tense inf attains, ions,
mo1e:c23}es,.and {hair varimss aexxzited atatmz. A isiznplified potential emrgy fiiagram of :2 ram

gas haingara axcizner laser is iilustratefi in Figam 12.20; Nofice rim: the uppgr stat: manifcici
has two kinds; af patentéai ienextgy 23:333.. There are cxezwakznt cnzvas camasgxending in the:

bonciéng of an excited atom with anathier at-mm (xv + X £11” A ~§« 3”}. There are aéao ionic

cxzrwzs corresponding tea the bonding cf two iens {.A“—‘”.X‘“’}. Tim ionic curves actually farm
a famiiy of curves, became thaw am a varieay ex” eiectmn configurations psssible in the

‘(A*X‘“)“ excitefi stata. ~
Rracxical ezxxzimer i§2sz=:r systems are 13105:: fat which the ionic L(A”*£*.'“)‘* states are {he

Inwesx statas cf the: upper manifold. These are xymzms where the crossings bazween the

ionic and covment stave: energies scour f:>r1argerin2emux;1saar sepamziens than the e>quiiib~—

rium dismnca. IE2: these sysiams the dynaniivss of {he raaciions ‘lead inevizabiy to molamskfi

residing in km bound zzsetasiama (A”*.X'“)* stata. From chi; {2i*’X”)* mate, the may availahka
downward energy iransitima is by radiation. There are :36 competing aitemaiive patha.

'-I‘I1e‘lxxwer state manifeld is simiiax in ihe upper state manifold, but somewhat Eezss
complex. Siam: the Eower state zines mm have icms, the only pomxwrial energy gmws am
muse ass0<.:iateii with the vario1:s’ele.ctronic states of the covalent AX. The-. Iowar scam 11133’

(as: may net) have a potetztial Wei! indicating the exisiance sf a mum moleeule.
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Straczure at ram gas mormhaticias
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figure 13.1% A ‘skrzplified pnzamiai enetgy diagram of a rare-ggshaiogen lager. {Fmm

‘ (3. K._ exg ELK»:-frmzr {mars (fiedin: Spxixzgatévarlag, I934}. Figzzw 4.1, p. 38.
@1934 Spxi::g:‘::~‘»’mtiag.)

The amission spesgmxm cf Kr? illumazss the radiativa c§mrac:eriLsfiz:»s of a typing: ram
gaséxalogen transition {see Figure 12.23.), The largest peak mmsganés to the trmnsizicn
from the batten: of the gsotential well at‘ the (A**X"}” exaitefi stam to the bcsmzm {sf this

pu:e:n’:ia1=we31of:i:«a AX axczited staic. ~

Cammarciaiiy iniaxeating rare gas haiids Iasers are pumped by aiaéctron imam excizazien

or by eiectrical discharge. in alemmn beam axcitaxion. an energatic 51-zxzmm Exam is created
in vacuum and éimezed thzzmagh a thin rzwtafx <3: palymar m=:‘¢mhm:2.a into the gas mxmra. ifigh
energy eiecimns scattering gaff aiams in the gas create icms, exciiad atfsms, and samnciaxy
elecizons. The secondary eiamrzms, in mm, creme mare ions, exciazd atoms, and veiectrons.

The icms am: exciiead atoms; react to fmn the excited molecules. Unéar aziectmn beam
excitaiicsn, ions am pmducad in gtvrezfszrencs ca zaxaiwd Mates {by ab-amt 8 3:1 ratia) wit the
primziry reamtion is

AP” 4» X” + M -»-» (A“=‘;;:“)* ~§— M (12.5)

whare A is the rare gas ion: X is the halogm ion, am} M is any third body (usuaiky anméxer
rare gas ion), to aszmra momanmm consexvatioza.

ffizlseci aiectrical fiisehmges ant mere. c<>:nmoz:1y'us<:<'i fer commemiai lasers Zmcause

theyvoffar the gotentia} for higéier gumping efficiency and higher avszaga yower; In an

electrical dischargez, the low grmrgy esiectmns emf: 330123 in the eiecrric fieid azzé ‘in<:»rease in
energy. Evmtually, they reach the energy threshold fur «zxcitaiion of the figs: excizgsi smte
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Fiuorescemze szgzectmm cf Kr?
(N + 4% Kr + 0.23% F at 350 R5333) 

  
2§;+__,QE+

2% 25%} 2898 2%} 2Bf}2’§{§ §;’:{}i} 350 me 450 $31)

fifawmsgih {hm}

Ffizgxizra IZL31 The enfizmion spcazmm uf Kr? illustrates that radiazivc §:};s1mctv:ri:<tic:s af
3 tyyical rare; gas-halogen. mmsitim. (Fmm {L K, Rhczéza. exi, Efxcfmer I/mars (fiarlinr
S§7ringef»V<£'3’§ag; W84), Figum 4.2, p. 91; @1934 $pring¢:z~V«»az*lag.)

of the rare gas -atoms. Then, may c;>I1iée—ix1e§astic~ai}y‘wi£§3 xix: ram gas atom, {waving {:12 gas
ataxia in an axcited state and mmming the aiecztron to law energy‘ Under Lhasa conditicms,

a very fast and efficient reactinn tanned a izwgaatm soliisicn is inve3ve<i,7‘

A‘ + MX my {A“’X'")"‘ + M ' (12.6)

33.2.2 ‘fha fivaiuiien 9’? Exaimars

The firstaxcimer was damnnstmtsd in 15370 hy Basov at 33. at 3:23 Labadev Physics Insfiimtsf‘
This iasex was an 1953; excimer that 1336:}. at 1% mm and -was »ax<:i:»e;d by a reiativistic e}a::tn;>n

beam fiixeetad inn: Iiqu-ixi xmzm. In 1912, Keahler at ai.» at Lawrence Livsrrtlore bfatioxxal
.Labam1oria:s siemonstrated ‘ax; X62 Ease: uaing eiecmm Imam pmnping sf gasemxs xemnn.”
Laser acting: from XESBI 2:: 282 mm was first reparied in 1975 by Saarfies and Ear: at the
Wave! Laiaoratorfl‘ Scarkzs and Ear: maasxmzd {has cgtiaal gain of the Xaiir 90'

ha 4% per pass ovcr 15 cm of aciiivs length. “I323 experiment was originaiiy run at 1720
4% 3:2, bu: this was minced :0 0.1 in 1% Br; wizen the 33:; was discweredixx quench 33¢
Xefir excited sta:e..

A few wscks later. Swing and Brat: reparzad Easar action from XeC:I ai 3&8 nm and Kr?

at 249 mm.“ An independent. observatien ref iaaar action in Kr? was aisn regarvted by Tissue
 

“D, R. Herschbach. A031. Cizem. Phys. 10:31? _(‘I966); 9;}, 36‘2’~«379 in paxiiatfiar.
72.24; G. }3as9v, v, A. Efianiiyehev. Y». M. §>o;,m, and 33* 1). Khoxiizzzvicia, my am. ;2;329 (xmg.

“H, A,‘Ks3=eh1e,r, M. A. Ffifiiflfizfif, D. L, Refihmri, and F.» 5. E!>m,A,up1. Phys: Lett. 2:219?) (1972).

743.. 1;. Searies and G. A. Han, Appl. my; 122:1. 222243 (1975).

"53. 3, Ewing and 2:. A, Erma, Appt’. Phys. Lart. ?;7:350 (1975),
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at at?“ and Mangano and Jacob.” In the Ewing and Bra}: experiznerm, laser action was ob-
tained from a mixture of Ar, Xe, am:1'CEg at 8‘9.9:10:€Z).i and fmm a mixture affisr, Kr, and F;

a:98.9:1.0:O.1. The output amzrgy was appmximastfiy 50 M} from the Kai?! laser and approx»
imateiy 4 ml from the KrF iasczr. Tisone at 2:1. used a mixture of 3000 tort sf Ar, 150 tart

of Kr, and ’6 tan‘ af F; and were able so abtain 3.23 J by using 5 cm diametar caviiy mirmrs.
in she Mzmgano ancl Jacob experimcmts, iaser action ‘was obtained frmn a mixture of Ar, Kr,

anti F3 at 97.9:2.0:{}.1. The maxémum output energy "in the Mangarm and Jacob experirnents
was é ml. A11 ihree experiments usexi a guised elactran gun. to excite the gas mixmre.

Repozts of laser actisn from X3? wan foiinwad, firs: discovered by Bmu and Esving,”
but first pubiisiazzd by Auk at 3139 £231; and Ewing usad a mixiura of Ar, X53, and P‘; at
9§.6:{}.3:s’.}.1 where the mixture was excitw wiih a mid caihofie aiectren gun. Azzit at 2:1.
used 3 mixture of Ar, Xa, am! N93 at 250:25:1. The age (if NF3 in the A1313: expmiments was

:0 both rninimim the: mrmsive effects :3? Fg and to avoid cguéachiag due is wif-abse2ptio'n.
T§:ze.iueasu:*e:c£ gmput was-gy fmm {Em Auk expzrimenrs was 3 mm? per guise, the pea}; power

was $96 WI, and ‘tha pulsa widih was 19 ms. ,
Ali cf the etarly sxcimezx“ and excigkax iasam ‘ware: elccarou {retain pumjlztd. Roxvever,

the efficieney astvantages csf using ekzcuészai dischafge pumping wars rzcognizzd vary eariy.
.Sin«::a exzzimer iasers require very high voltages, Eangiiuziinal ciischarga axcitaiisn of vsxcimars.

was never succsssfuEIy aiiemptad. Instead. excimer iecimaslogy ievaraged eff the existing
fiaxrelopmenzs in transversely exciteci CO; lagers. A ma;-as advancamant mccurred in §9’}5,
when Bunzham and Bjcu at tha ‘Naval. resr:~:m'ch iahoraaorizes modified a T835. CC); laser and

ziemonatraieé axcimar laser am:-an with an aiectricai d§&<:hargs.3"

‘§2.2.,3 Generaf iitasign Sackgrmund’

(3:38 flow. in .0I‘€i$i‘ is opemtx: an s2Z»e:<:§z“icz«;§iy discharge excited excimitr iasar, it

is nacessary to provitisz an eiectric fmid Kim: exceads {km DC breakdown voitaga of the

gas mixwre by a facter mi‘ 2 :0 3. This zypicaliy resquiras voitages of 10 to Ifi R‘!/"fem.

Furrhezmaore, this paise must be agpliad in 21 time ‘shed acmxparafi to the electrasaic avalanche.
time of 20 in 30 :15. This inxpiigs La fisa time of swam: kVfnano:§e»:o::d, Finally, there must
be guffiazigm electrtms in the circuit to supply the grusavixxg glasma. This raquires. 2: very low

impsxiance e1e.cm‘s:.al exciiaéicrz circuit.

The discharge guise sf an excimar law’ creatxzs 3 rmmber of ionizeé and excited
specias. Many of them sgsecies are q12i2elcng«Iiv::d. if amine: éischarga paiszz is aazempted

izxefore zheséz smzondary specks ham: dacayed, the resulting eiectrécal discharge wiil be 1m»
smbie. Tibarafarc, in 12103: csmmercial exazimszzrs, 1%}: gas flows aczmss the esiectrocles. In
gencrszi, the best results are achiaved w}wn the flaw ram is high enough in flush {he dis~ 

“G. C. Tisona. A, K. Hays, M151 5. M. Hoffman, Opt. Commun 331188 (1975). (Th: Ewing paper was
mcnivsd onjame 1?, 1935, and the Tisom. papa: an Iuiy V, 1235.)

773. A. Mangana and J‘ E. Iaca-$2, App}. Pizys. Lm. i?.'1‘:é§~95 (i9°?§). (The Ewing papa Cfcscztnuuz #75) was
reixzivcd on June 1?, £975, and me: Mangant) paper on July ‘?, I‘.3?5,)

73}. E. Ewéng and C. A. Bran, Appl. Wzys. L328. 2'?:35{3 (1975); mid C. A. Brian and J. I. Ewing, rippf, }’f1_s:s.
Lea. 27:435 (1975).

795. R. Auk, R. S‘ Bradford, and M. L. Bhmimik, App}, Piéys. Len. 27:4I3 {I975}.

"“"°§::ff Racks, {mar Pirmeers, revised ed. (Bosmn, MA: Academic Prtrss, 1.992), p, 46,
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charge voiurna between {ha electrodes 2 to 3 times ézzzfare the: next guise. in tha case of high»
power lasers with pulse repetition rates of 500 Hz to 2 34.83, this gas zeglaoemant mflans

that ve}<:xciti»as of 50 to 150 m/sec are raquired. Thus, aerodynamics becomaa a critical pa;/c’
of excimezr Kasey dcsign,

?:":r~:>,*§£:s»:°aiza’§i:3»r:* Good alecizécal discharge unifmznity is esaeniial far the successfu;
aparatirm cf a pulsed excfimar laser. in order to provixfié 2: uniflamz hig%1.v<3kaga ciimharge in
high pressure: gasas, me gas must be preionizsé fmmediatééy pztior E0 the appiicazion of the ’
main eiacirical discharge gmlsa. Preionization mama that a imiform icszz ax‘ eiectmn clouci

is gsmzramd in the: gas in the éischargz region. This cloud smies 2:: seed the discharge
and maven: the farmaiion 0f’a:s:;s er strezamazers in the discharge. 0355 the initiai 1;:}<:;=ad

(approximately 107 Bfiecticnsfcmg) is massed, {ha mam discharge wifi pmceed by avaiargchg
écmization to amaze siiansitieé mar 30“ slectrons/cm3. » ‘

Fmisnizazmn as a very ch.a§ieng§ng pmhiam because a huge number of aiectmns musi-
be created quickly, }“:‘eioni.zaz.§ozx can be: accempiishefi in a vaziery Of ways.’“‘” Tiwc mm:
must cammox: an? UV ‘right am: aways. UV fight can be generated by sgxafig gaps or by
éorona flischarges, I~'{:::wever,. UV Eight does haw: the imitation mat the itmizing mngg is
rezmicmd is i few cm.” X~mys can bacreaied in x—my tubes 32;; ssaiiisixms of energetic
eiaczrtms with 3 high ,2‘ maxarm (such as tungsten}. }{~r.3ys‘hav.e a maze}: fieepar pcxzciratiou

depth, but are mecca siifficait to snare: 3;: ‘additioa, the age cf mtaya in a mmmerciai system

requim spacial iicensing and :ag§mva1. - .
Muitipie syark gaps are ccxmmcmiy usad ms create UV light far pmianization.“ Earéy

excimsx*I21s»2:x: sysbams used a Iinaar sparicbzsard when each spark gag; was separateiy dis~
charged to cram: a traveiing spark wave ciawn the Eength ef the cavity, Later dztsigns usiad
muitiple paraiiel, pins, when she gins mm fired simuizanemxsiy, Spark gaps previée axz:12i~
lent greionizaiian, Mt: at £2}: aces: of same strmzxxzrai cnmplexéty, Marc: imporzanziy, ;<:;:sar§<
gap?’ smack: am} tend £0 canxzzmixzate tha laser ga£ and optical mmgmnents of the mstmatar.
Spark gays are much was ,frec;:.wnt§y usaci znday, as the}; ham baa» xegaiaceii by cazcna a:_>r
away praiszmizaiion mezham. -

Ci{x2'£>n.a dfimrhargas tam: ta provide iawssr tfiectron cuncsntraxsizms, hm airs xtructuraiiy
simpler and do not cmzaminate the gag. Carma dimzharges have ma additianai actvamage

that may can be easiiy integrated wiéfx fix: main clactmds structure. Thus carom fiiscixarges

are mast ccsmmonly usml with commercziai excimers (swab as X361) that dc not require high

e§©i.‘.ti’£:§1 p;cei<3::iz.a£inn ‘c»:>ncs:aixa£i£21x»s..

Anvcsfim“ aiiemaiive is in ass xmy preionimtion.” Aithmxgh "way prcionizaxéxgm was
not tzsexi in thewaaxiy davclopmeut of exaimezr lasers (fine to this difficnity and exp:-2215*: 5:-f

making Shflfi. x—«ray gums} advances En away gaxzcemticm techmiogy for. lasers have made
xazay praionizafion 2? very viahk: zzfiemative in wrong techno?-ngy. T2133 is espexziaiiy true

far tile mare exotic excimers whiah may require: highar preionization aiecamn aimsities.

“A. 3. Falmar, /gap}. Pfzys. 1.9.1:. 25:36 (192%),
$255 C. J.A,a;:1. Fkyk, 31:23:) 111980}.

33:4. Midcrrikzxwa. M. mama, and it. Fs1}iekam,J.E‘.E£':" 1. nf Qmmm Eieairxm. QE~§£3:i,9*8 (1934).

“K. Mfiyazaki ex 31.. Rev. Sci Izzsmmx. 52:20) 6985),
35$. Eumisia, M; <>hara,_ and 1“. Fuji9is:sm,. Appl. Phys. Lem. 33:91: (1973).

 



.........»...—.an-A»

 
Sec. 12.2 The Design of Excimer Lasérs an

 
  

Rain aiaciyoafe H

‘figure 11:22 A typical carom diavzmzge circuit’. The (W0 min aitestredeez am criemzad mas-
vezsaly‘ "fist mo gnxeixmization c1&$trox:¥as am aeisix carimteed tmmverseiy, ami an gwaliei :6 {ha main
sievzztsodes. (fimm 3., Iviiiilaarviiarscha, “Ap§<szra:us for Preioxxizing a ?uI$r:d Gas. La.sz:r,“ £13. Pawn:
#3.24°s',531, $69!. 22, 1§93§) .

_ catzma discharge ::%.r(:u§“Ery. ‘fizz comma discharge matimci is {me :22’ $318 must
ccmmmz cczmszercial yreiuraizatian techni’ques;““" §n aw, corcma éiszsizargs 2n»eii1a€i,L UV ligixi
is generated by a gas. a:*}i$chaz5ge izatwwx 2:: meta} ami a dieicctixic. The U‘! fight then: creates
a wank imwimtien in the discharge mgion of the ciectrodtzs. Om: of the; mafia: aciztantages

mf ccrcrna praionizatianvis mat the éielectric prevents formatim: sf spark channels to the
preiorxizariszsn aiecirocies. Tisus, tin ctmtaznination effects (3? the sgaxks an: »alim§s:a::~>§.

A typical comm disctzarge czirmxit is .s§;<}wn in Figam 32.2233 The éwo main ciactresies
are nriented iranmarsrely. The two grainnizaxian aiectrmes am: aka czianted ~tra1;sw:rsei},‘,

and paraflei in ma main e:§:2ctrazis~s. The pmimxization eimtxaocies cimsist sf :1 cmnducinr

with a sumaumiing digirzctxic {for exampia, a quartz sleeve}. The gxreionizatina eicgtrscies
are zfiaced near sane sf rim main. elenirodes and are cmmgzcted to {fie pmzential of the oihar
eis;:tmda:.. A ixigimvcitagr: smxrce charges the smmge capacitor-, and the pulse is itiggxztsfi

by a thyraimzz (or equivalent high-vo3taga switching eiemem), The grreiexaizafion potemiai

 

is thusv érivzen by the main scmchatge pulse.
Another opiicm is shown in Figure 12.23.39 The geumertzy is sixnila: to ‘Figum 1222.

However, with (hi? syszem, the: pr§:i£m.iza¥;i0n pafieméal is tirixnza by a ssparate set of gzixcuitry

from the main discharge. guise. This perrmits mam snbde timing of the timing izeaiwean the
{we events, $311‘: at the cost cf addiziona! ciracztiifxy. K

8:1}! ancthcr option is shown in Ffigtmz 12.24.93 Here, the sieve: use of inductors and
capacitsrs gzanarates :2 vary -rayid starting spike acmss the pmianizaiion ieiectrmies, which
£3 fofiawed by the main discharge‘ puisa. Suiiable choice sf inducmr and sagacizar valwas
fsetmit this cimuit to be mned fur spiimnm outputvpower.

“G, 1. Ems! and A, 8. Ever, Qpr. Cornmzm. 271105 (1978).

“U, Hafisan and PI. M. Bergmzmri, Ray. Sci. fmfmm. 50:59 ( 19?9).

“E. i\2Iti1ler»}iarsche, “Apparatus for fiszionizing a Puisaed Gas Laser." U.S. Fawn: $15,247,531. Sept. 2:,
£993.

“E. i‘«‘§i§1§=1i1I‘—1'§£3!‘S<’,h€2, "Ap;:ramms for Pzaicnizing as Pulsed Gas Laser," LL55. Patent #5,2¢$7,S31, Sept. 23,
1993.

“E. Mfi1I¢r—§~I0r5»:he, “Appz2mms for §"s*<:§onizi;3g :2; Pulssd Gas Lasxsr,” US. F3325: #5,241?,531, Sept. 21.
19293.
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 ;< smastrndes 3;

§>‘igem: 12.23 Axzmlhsr type of commas éiwharge eimuit. En this circuit, the? mdonizarien
potemzial £3 aziriven 3:3}: :3. separate $22! of circuitry fwm 1% main éisthwgfl §F1$3!:$— 3355
pmmits mmza snbzlc tuning zaf the timing 'bew.'ean the two &‘»’»':3’1’iS; but at the mm 4:»?
advziitixmal circuitry. E§"mm E. Mii§!:::«§i<3rs::§1z:x “A_pparaius far Prsém:izi’ng a iwlzted (338
Laser," 13.3. §3az2m #S,'2t$7,53l. Sega. 2i, 1993.)

 . 5 b . .
\§“»‘ra>s§€:ni:aaticm’£ ‘

e%e¢trot:éas

 
fiigxzra 33.34 in this circuit. the c}.°3vet use af” indzxcszzrrs and capacitms gammttzs ax vary
rapicd’ sawing spike acres: me praianization ekrtraciés, which is foilowed try the main
aiiscksarga pulm (‘From 12. Mfilleréimsche, “‘A;:paratus fut Pwiafiizing a Fxzismi fies

11$. ‘Pxatsmz %?5,?.4?,53§. Sept. 23, ;%9£¥3.)

fiiain discharge cireuitry. fiance the preionimzien stage is complete, {ha main
discharge puke Kauai; be generated. The ::}::<:ix'ica1‘dis<:l1arg£: -requirements on éischarge
excitsd puisszd exssimsr lasers are quite stringent. The rise Lime is size?! (3.631 Afsec) and the

vaizage and goxws am high {Si} kV and 3 kw}. Fgazthazmcm, the gas {afmr b;'eai:<:iow1z)has
_ a very law impazdance.

 



 
 

  

 

................a.....................,

  
 

 
 

 

sea. 12.2 The Design at Exnimar msers $33

,,--1%‘
  
   

gm.-....r..‘.;”"~..;g
We ; !4~«...~ 731 ‘T ...,.....,....*....«...,,..., 2

C6 s.........,.,....... .. .....L F ‘=2 ‘-2..§:.5..... E1;  
 

5.

"fir*;*w
  

i......—._.;...—._._.............
  

...--c-an--o.w»uau».«.<.ct4oo:nnno;:ua«< o...a..n.a«.

fiigzxxa 12.2.5 A tygwical niisxtmxga circuit for an xzxcirrxa-:r Eases. This tixcuit pmwfidas at; elcmicai
interface hatsvzan a high-vnlvage. hig?:~iz:tp¢>cias2ca pawn: stmzce, and a mlativaly 1aw»im1:§:danca
me: 19:21. {fimm T. S. Féhkn and B. "Eia$c:r‘E=::a1Z§xci5tati:2n Cimzuit for (333 Lasers," ILS.
Pmzzzzt §4,_549.G:9;, 535:. 22, 1*98§3

An axampigs af A typical discharge circuit is shown in Figurss 12.35?‘ The eieczrécal
circuit gmvicies an elsxctxictal intarface tretwssn a high«vo§tz:ges, §:igh~impsad.anca pnwer senses

and a re§a2iw:iyv10w—ixnpaz§ance laser lead. The cimnit includes an eiactxical axcitation circuit
11.’), a charging circuit 16, a puise fcmning netwark 3.8, and a lager load 14.

The charging cémui; irzsiudas a pom: saume: capacitax C1, a charging capacitnr Cg
aariesamnnected with an imiuctnr L2, a charging choke L1 and an isolating ciicgdc D1. The

cizoice: L; and charging ziixsda D; iselaw the pewer swore 12 fmm the 99333 fanning natworis:

381. {‘i‘i1e: capacitor C; is .sign’ifi<:am2y larger than {he cayacfitar C2,) A tixyratran S1 is aim
ineiuded in the charging cfmzuit’. ’I‘he szomrtri aiacirade vz;-f the thytaxren is smnneczezi to a
gmisz generator.

The ;2u§5e~fo:ming network (PFNEV includes a samrahle inciucztar switch 3;, a» bias
pmvar sxzurce for S3. and a shake L4 connected in miss with the bias winding of ihe

satumble -irziiuctor switch. The PFN alga izaciucies a §’E‘~I <:a§a<:itor_C3 shunted acrexs we
saturahle inductor witciz 3; and a sacnnci FFN ztapaczimr (J14 corznsatexi berwaen Ti’; and

W3. Addiiicmaiiy, the Pm inchltias a tnagnairic diocic charging inducmr L3, a bias power
sozzrca fer L3 and a choke L5 csnnected in sefies wiih the bias ‘xvimiing cf aha magnmia

déade charging inductor. {The choke L5, prsviées isolation of the was paws: source for

L3 from high~v:;>1£age pazlses produced by wansfcmner actiim an ‘chm bias winding uf the

magnetic :§i<:»de~c§zarging inéuctar L3.) The last: load Ié is connsctad Bzmcan TF3 and

cammun. 'Th.<z: inductance L9 regarasenta the distributeé inriasciancze 3f the elestmde strzzcnmz

of the iasar low M. A praienizaiéon circuit 28 is 3390 incluciezi.

Tim elaemcai exchzation cizzmit parfomzs fem“ relatively ssparate opefationst a siow

wsnxxam charge 0f the charging cagacitor C3, a xzxadium~sg:2e.ci charge: of the pxsistz forming

933‘. S. Fabian zmd B. Mass. ”EE=.:e:t1'i':zal Eixcitaziun Circuit far Sag Laaars," 11.3-, ?a§&::t $34,549,691, Get. 22,
£985. .
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figtzre IZJZ6 The hem of me 5300 is 8 pmgsum vcssal mnsisxing at me eccextttrivcaliy
memxxiaci cyiiném. (ffimm X), I. Claiia, and T. S. Eaixlea, “films ’f'raas;mzt Laser System,”
ELS. Faiwt #4,6IL,327, Saga. 9, i985.)

network $8, an ixwerséon of the voftage an half of ma palm fcrxnifig network, and finaiiy‘
the 13.5%: disstharge. '

$33.4 ».§ Typiaai $45-v£§a-rs: fixextimer Lam:

TEE remainder at‘ this section will ‘fgcus on an iaduatzial exaximar iaser imenszeé for industzial
mataxials praceasing agpiicazicns. ‘She spscific unit undar ziizwussioiz is £335 XMR. 53% 13.3623’
manufacmzecl by :$?;£vIR,. 1:30,, in Fremeat, €2Ai This 1.ase=r is mpmmntazive uf 9. izighwsnd

inéiusifial mazeriais pmcessitxg axcimex iassr.
The }{MR 5390 is a fiieill. iasar spzrafing at 308 um and protiucing 200A watts’ at 380 Hz

for an energy cf approximaieiy 660 mflpulsaa. ms reptttiiian rate is *saie:c£ab1e.fmm I to 390
Hz am? the pulsn widih is 40 is 3% as, “I'M mzigzut baam incorgzurazes a beam hnmogmizer

and £5 1.5 cmby 3.3 cm with lass rhan a 5 mad {iii7srgc::z.r.:e. The: lasar £§{.?7&31“2!t€3S at a pressure

cf 536 atmsspheres with a buffer gas sf man anti uses an RC1 pmcursnr to genarale the
chinrine. The ziasign mt” this mat is discussed in 3), J. {flask and T, S. 'i?a}11axx,. “Q35 *i‘rans:;::svr:

Laser Syszem,” (US, Patent $4,151 31,3273’), and in T’. S. Fabien. “Gas Dfischarge Laser Raving
a Buffar Gas of Nana,” (15.5. §‘atant a§4,393,${§5), and is onky s21mn1arize§?he»re.93'93

"fizz hear: of 318.5369 is a pressure vesssl ::crss.is1:ing of mi) eszxzetmsigzally ins3um£:<i'

cylinders (ace Figure $2.26). ‘Ilka mxser aylinézér is metal and canstitutes the outer wall of

the pressure vessal. The‘ inner cylinder is a xiieksztxic zmd cxmtaixas the FFN for than esiezctrodcs.

93:3. 1. Claizk and T. 5. Fahksn, “Gas. Transptm Lam‘ sys:em.?‘ 11.3. man: $4,611,321 Sept. 9,1986,

_ 93?. SA-§g:1§‘£n‘ ‘Gas Bisckargc Lmz Raving a Buffer {Baas of I's‘eon.” U,.S. Patm1:§<'1,393,S¥}5, July 32., £983.
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The gas flew is betwaezz the inner cylinder and zize outer cyiimécr and is ciriven by a set

sf biswxar fans. A ga3~te«;iquid heat exchanger is Iccated near the battem cf 63:: pressure
vesssl.

The eiectrodes are placed on the mg: of the inner ziialactric cyiiuéer am the laser
is exzfized transvarseiy. Twa pafirs of preionizing comna eimmdes are located slightiy ta

tméh siées cf the main eiectrodzs. 322;: main éisshzrge plasma is cream batman the two

claaxrozies war the {op 9f the pressure vesse1.,"i‘éms, {Em aptical cavity is Iocatecf parallei to
mast: niectmdes.

Physicaiiy, Iha S300 pressure vessel cozzsisas sf 2: nioke§»pIatad stainless-steel tzyiinder
13212:: is 300 mm long am? 613 cm in diamazar. The vessel czbnzaizxs appmximanfiy 200 liters

of lass: gas. we s:ain1ess~ste:eicy1indm° has a xveidcd flange with an wring groove an amzh
end. End piates ms baited to the welded flanges. Aizhzsugh tha sysmm operates at a pressure

of mnghly “£0 paig, the heavy staixzless txmstmction has bean pressure taswd asp ta ISO gasig.
The 1a3¢r.sy$::m is deaignmi fee: may repair and mainteaanaa. A3] of rm», comgzsments

inside the prassurized vessei are readfiy accasxible, A xamcavabia caniiicverad arm hingaé to
the fianga hams me and piate 83 that it can be swung away frsm flue flange. Once remcwcci,
the and plate is szxpgemxd an a wheeiad smile. Tim inmar »ciie1am'ic cyiinder, eleatmdes,
FFN, biew-ars, and i:e.at‘axIc2§1angsrs am aatachegi £0 the and pizza and are rainvsvad wifih it. .

“this csmfiguration provisi-as ready amass to {has-. sub~as:s>am'b1ies for servicing. Each {xf mg
sub~as-s=em§:siie:s- is a moduie: and can 33:: replaced incisptmdentiy of the mhezrs.

The siectrodas am two 3aIid¥tai1 ciectmdfis‘ 79 cm ieng ans} 2.5 cm wide, »spa::<:d by
2.5 cm. The matexial uf bath electmdes is saiizi aicfsial. ’I':‘w ekectnzedes am mounted to

£232: outside: of the‘ internal siieiaciric cyiindcr. Each of the aiaetmdas is halteé £0 eightean

fztazciihmugizs penetratiag the innar aziieiectriz; cylindar. Each feadfiwcugh is o«r§x:g~3ea£e<i as
it entsrzs’ the inner cyiindaz. Hm:/aver. that t2‘.I<:’»C’§£i3t3fi$ can be adjusted 01‘ rezncsvaé without

regzlaszing the swings. V .
Rive to E8 kW ef heat is ganmatxzd in the lass: gas fmm £111: chasmmi dmshaxge, the

aomna ;:rsioniz~a£ion, and the biower fans. “ma: gas :0 licguisri heat exchange: maintains the
gas iamgaramre at 90°F wizh 3 65"F inpui czmlant temperature am flow af 3 to 5 gafiens per
nczimxm. The heat ssxchangzr is a finned tube ccnnsmzction, nickc:§~;}iatad to minimize damags

from the gas ufixmra. In crcisar ta minimiza f€§§iiihI‘Q12g3‘1S, the heat exchanger is waded to
3 flange, which is maled to the mtzd plate with an mizxg;

figure 12.2? is 2:. pcrspaeiiva figura ifiuarrating the entire systfim. The enter metal
syiixxdar defines me shape of the cmtire aystem, The inaer ciielactric syiinder can be seen
{award the back cf the drawing (somewhat hitiden try the fans). The window far the: oyticai

- cavity can be sew near the from top of the prassu1'e vessel, The iarge triangular musings

on each Sitifi of the gressuxe vzassatzi ccntain the’: cirixra asgamfly fur tha blaxvar fans.

“ma doubies cylindsr szrzxcium effers a numhrez of advantages. To begin with, it places

ihe pixisvftxnning rmtvzork insicie of a Iarge-Fstee} structure. This $?6i'V%S as an ideal Faraday
cage and minimizes the lasar gamrating damaging afectromagzgetic intxsrfarence from the:
axtrenxeiy high voiiaga and current puises. The Fraraxiay cage ctmstruction s;'cmiIaz'1y redzxcaa

that poasibikity cf aacifiant ariggcriag of the E‘??? by extamai sources. Lactating the EWN
chase in {he eiectméex-.9; mixaimiéms the ovaraii inéuctance, sf {he aiecirical systsm. Fiizaliy,

Eocatixzg the PFN within {ha prezsaure vessel minimizes the number of feedikirmughs,
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éieéacific

ayfindar ‘xxx

1%‘ M{>§(>§’ housmg

mam! cfinder rim séiagze cf the: mtirc system. The inner diefiesmc cylinder can be seen
xnwax-xii the tack of ms: drawing (sm_nax~.'haz hicicistn try the fans). (Fmm D. J. Clark and 2". S. Fsézien,
“Gas ‘rransyon Law: Syszem," U3‘. kmnt %$1i,611,32?. Segt. 9, 1986.}

12,27 A parsmcxiw; figure iilxmtratixxg the laser chambsér of sin: mm 5390. Tm cuts:
 

Tm eccmitritz piacement ofme sztyiindms is 333:} 3 tszitical yaxt 02° me écsigm Ncfice fast
the elecunfies are located at this naxrnwest «part of the stmct11r<:.V’I‘izis increases the vekxzity of
the gas ever {he cieczmées and exzhancas tfze uxxifannity of the gas flow. The flow vvelacity is

raaxim.izad in the doubleazylinéar geometry imcause there are an sharp bends, constricticng
or changes in Ciiffititifiiii.» Aééitionaily, the cylimiricai ge:).mz=:try‘ mfiirnizes {ha suzfaca area
axpasad in the gas mixmre,

{Eire of the majar chaiiengss in canstmcting sxcimer iasxzr systems is‘ the: corrosion

caused by ihe halagen inns‘ Early ca-gamers xvera nomfious far Ealowing 35215 and zéastrcyyw
ing electrical compcnents. Tmzs, axcimer lam? design must inciuds a mummy of fea:§i:.r¢s
tea simultaneausiy mince Ieakagai and enizamze ihc laser Iifefime, The 5306 iflC0i'pQfE£{£»3

magzericz cmxplings for $3 {viewers in nrcim ta-prnvide a herrmztiz; sea; with no rnechanicai

conract. Within the yrasmizaé wssam baaxings are lubricateti with .fluoz°im:::ad Iuézrisz-am.

The biowar am! rztimpiérxg haarktxgs inside the vessel are zmclosed in a imaging, which is
pressurizesci with a smakl flow «sf haiogensfrea gas. In additicm, materiais used inside the

pressurgs vessei have I3.-aw sskvcteed n:a:r»:>fu1}y. Tiara majarity of the metzis are IIiC!<;€.}-—§3§3I§?.‘€3.
Insulating materials are quartz er c:2ramic:.'
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View!-rig i§sfi—§$£:

 
§?igure 12.28 Materiais proozzwming '£zpp1i€8§i0r;S (sash as laser giianatikziion 9: Laser
armea§Eng3 frsquenvtiy rstquim a “mg: hat" bztam prafila with adjnsmbie 3: and y dimansisns,
{Cwnesy 0? ?(MR, Fiiftmflill. CA)

The pmssure vasssel has an input and axhzmst pm: for gas rzagienishmefit AIthaug.h
the 5300 car: run for apprcxximaztfiy 107 guises witfisut repienishment, ewssntzsaliy parasitic
ahamical maciions wiil depieta shchaiagen and the systam wifi need" :9 be recsharged‘

The prefionizatitm is suppiied by a comma wire. Tire; cemna wire is :4 quart: mutated
czmductor, ’E‘he. discharga vclums created by the ccrmna win: is ap;n'ox'im.aL§:1y ‘IQ’ X 2.5 X
2 cm?

it is gzsualiy 11ece4~:saz'y to pmvizie. a baffar gas in an excimer may mixture in szdcr to
‘initially sugzport this: siischarge. Maxzy axcimars use helium! bacaase ii is chemical}? mm,
ipcxpensive, has 22 high ianization ;3t}£€£§'£iii:‘2I, ami farms smbie low pretssura discharges. It is
aim light and has at mg}: specific twat fer cooi§ng{ Reviewer, the 5300 uses men as a buffer
gas.» Neon offers many advantages ovar heiiam in a system with caroua wire yrakmizaiiixn,
Um of nmn as a buffer gas izzcraases bath 33:‘: ‘output paw: and afficisncy of the laws. This
axzhzzncézd perfommnce appears to ha reiaxed to increased staéility {if the plasma.

The elactmcéas are paigad at 230 its $0 XV. "Rae rim time: of the electricai pulse 1122.335: be:

sharia: than tha upper saate‘1ifetime(5 to 15 :15). $11 af the cimuit elements in the PW are
preferabiy i¥1$U.lfi!"r2€§ by 2: bath 3:’ transfrsrmez eii, “IE3 insulating oil is abated by ci.rcu1.atit>n
throssgh 21 heat zmzhangesr. Eiactrica} cszmnecztions fmm the guisa fmming; networl-2 In the
extemal <:.iz'cuitry are marine with contimxmzs cabkzs zsealsd by comptegsion (wings.

Tbs Eager resanairar uses a cozzventixmai high—rr:fi::<:.£i:3g rear ‘mirror find partially trans»

parent fmnt mimfwr. The 1:139: runs in a psexséowavegxsicia mode in the xzeriicai éirectian and
if; a frezmpaca mafia in the iiofiwntal. This creates 2. iaaztam profile that is Gaussiar: (my in
ms. ho:’iz:>nLa1 dirtciion‘

12.2.5 msar mam fiamngefiimrs

 

M;av:a:*ials pmcessing apgaiictaziozzs {such as lager pianarization at Essex‘ annealing) frequcnaiy »
reqaife :3. “tsp hm” bzzam profile {see Figure: 12.28) with adjustabie x ami y dimensions.
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Since most materials grocassing Easers Ease an seine combizxation 01’ Gzmssian modes,
an opzicai eismem (called a homogenizsr) is necessary to convert the Céaussian beam inte the
“top hat” profile. A Earge number cf techniques have b€£I’l used to hvamogenizs laser beams.
Gm: class of tachniquga ccmsists sf using lanscs, white c6313, or wavagzxides ta divi-dc than
bzzam into small parts and than maomfiaine the parts imam the ciesired shape.9‘*""5 A second
claw :33" techajquss was {prisms or mimars :0 foki the beam ante its&1f.95

XMR aseas a hamegenizar ef the beam iiiviéirsg iyge. in than ht3megenizer,97 two sets
:32” arrays 0f grassed cyfirzdrical lenses {fear goups af cylinciaiaai lenses in iotai) are used
to divida the incoming Emma irate an away‘ of “beamlais” (see, Figure 12.29}, A fecusing

isms than recomtsines the baamleis into a “gap hat" ziistxibutitm an the expnssure gxiana. in

the XMR. cemmgrciai unit, arrays 3 mad 4 (mad the fazvcusing lens) am fixed. Arrays 1 and

2 am freze to mmre. T322 geparaiimz of may 1 fmm array 3 detemzimzs {ha 2: dimension

of the i1omagenizee§ hem, while fiw separation of may 2 fmrn array 4 demrznines the 3;
‘dimension. Nntice that the homcgenézaed “top hat” riistributinn is always fmmed at time sme
loaatinn from the hnmcygenizer, indepeandsnt cf the: Ioczzziozx of {$15 arrays.

12.2.25 Appi.¥ca'i§~£m Higfaiigm

Eéxcimar Easem’ are szmpioyad in 3 large aumbey Gf Ease: m-aterials prméessing appiicaxions.
The Shari wavelength, izigh eztzargy, and high average pawn of szxcirnizr Iasars prcsem unique

materiais pmcessing ‘baxzefiis. .

For :=:x.amp1e, the polysiiicea fisin fiim transistor :{po1y»5i ’I’FT}' is considerexi ta be
the next technological step in ma ci::ve1opm+;mt of a.s::ive~matrix liquid crystafi .ciisp§ays.”’3
?€££y&iii<:»:)1} has a immber 01° advantages ova: amorphmzs siiicda. As mt: exampie, polysilicon
yussezsses mare than 300 time$ the carrier mability of amaxphous silicen, thus emabiing
CMOS peripharal éisplay drimers to be integrated right inn: the ziispiay. Dixyiays with
bui¥t—in drive,-rs am maria m§.i&bi€ man éonvesntéonal tiispiays, iiesause ekctriea! ¢o'nxw<:ii.o.n.s

are implemented in r:ma§Ii.zation laysrs on fizz: substrate itmif insitaad of with thousands sf
'}‘AB~i:rand::d intsz‘-ce3n»ne<:§1§. Anofiwr benefit sf $1-iminéting TAB~i:onding i$ that ‘screen pitch

is no _§t:v§1.ge§ iimitfid by intesctbngection ;>itc§1,thus upaning the Saar to 3up::r«hig§z«zes=::3iu:;ion
ziispiays suitable fcr imaging and gmphics appiicatiams. in adziiticm, high mabiiity pa3y~

Si T33? tran.si.-mars éaffsr fast shagging speeds In compensate fur RC time 21213323 in Iargar‘
displays‘ ’ -

Eiowezvazr, camm:°.rcia1i.zing the use: sf pcsiy—Si TF? zisvices for a::tive—ma:;rix iiquid»
crystal displays has bean difficult, ‘the cusmmary agprsazzh to amazing poiy»Si’1T??‘I‘ ésvicas
is ta use a qumz substraxa with a Myer of depwoaitezi amorphmzs .si.1i<.:cm zmé 31t>w3y amzeai
(’?{)8°C for 24 hears} the: amerpiwus siiicon mm a pslysiiicmz thin film. Eiowever, ‘ska high

(30310? qaam; subsirases and the long ymcass times mquirafl far furnace annealing hays made

9“{f§:.=.ary, €}ptz‘c<z1z‘32zgine-erirag 2"z:9':2 (2933).
Wwasaizi e; 2:1,, Apptied flpzfcs 293736 (3990).

%.£mnt> and Liu, Lasers ar:c£'A;:pliw!i0225 (198?), p. 91.

“T. S. Fahken, S. B, Hutchiaan, and T. Mcflzxfity, ”‘G‘pii-mi Bum Kntagrafiqn Sy$£a_m,” U3. P3225: #4,733,€¥¢§4$;
March 29, I988.

9333. Zankowgky, Laser Fem: ‘World {E994},
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Gmfissad ayiénriziaai éemas
$1‘: away {.2 géamas)

   

  

Cu5f‘;mateCf
imam

‘mm . , , . , _ _ _ . . . ..

‘ Hsmagenizer fix

Exsmgure péiana I

v$vv.y

5 Fazsazi siifca aylfndrécai
iaftséas in gatpefiéiméiar
arrays £2 piawsi

 
Figxzre: 12.2? in XM§§’s hemcgmizer, two azrays Gf crosseé cyfiimzixicai 1¢:nses (four
grcmps of cykindricai Rinses; in totai) am used to diviés the incsssmiszg beam: into an array
of “b»~zamie:s." A f<:.::u.z~i::g lens mm rficomhinsts the heamms imo a "t£$§3 hat" disixibutism‘
on rim exposure piazza. (Cmmssy of KER, Fmmsnt, CA)

this proszass impmmicai for high-voiuma gmxciucfien af iarga disglays‘ Ugfertzznazsiy, lower-

gricad glass substrates cannnt ‘am used, bccause 233% high iasasgerazurea maxi in convantionai

zmiaesalirzg gyracesses am: melt the giass szzbstram. A
Laser annealing Gffars an altemativs is fumace azmeaiing far csszating exaonnmical

§:o1y»Si TF1.‘ (ievi::es (sag Figure 12.3%). in laser annmling, (31% Ease: only mats the suzfacz:
<31” the znmétriai, thus aliawing matariaés aim: ihan ztxgzansive qaariz is be used as: suhstraxea.
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M ..........« ifiracess Chamber A
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#2 Temp, {}aie<:§z>r ~~~~~~~~~~~~W ?i'0c3$$ wiirzdmgg

...m..m»~.m~ Pam!

m..m.,,..W,.. Eeam 33:3:

/*'“"""'-~M\~\vvv»«9~*~*~'*“'-**- Trarzsfe: Chamber

«~'4»'-"-"2" Ttansfer Arm

H Laadicci;
Turhsgzzumg:

 

  
‘4 ‘ Laadiack %t°¢%am‘%

figme £3.38 Scfigzmtix of an excimzzr laser atxmsaihig system far Ixaaxzuéffzcititirxg pa1y«S§ TY’?
ficvieaz; {Caurmsy offiflvik,-.Fm1xant, CA}

Bcazh argon and gxcimer 1asars.§:a~.>e been usmi to annaal axueazpho-us silicdn to pniysifimu.
iiowezvar, tmzixmzr iasczrs haw: a sigzsifiaant advantage over argnn Iaszzrs in this applfiazaiiom

Thés is because zsxczimers are high paws: (20% watt)‘, Shfift guise (2{}« it: 504:5) 'Ias;ers..

As a aanseqnence, may (mi); ioszally heat iha sarfaztez of the film». The melt regicn mamas

just 39 to 190 um bexiow the snxface. Bxcimar‘ laser a.xmeaiingV is the cal}: current annealing
teshnoiogy that (tax: reiiably transfarm amaxphous silican into poiysiliccn whiie {he subatrata
remains at room Izempgzraxare, ‘

The basic pmcess fer creating polysélizran ihin fiims by Sager annealing is gum: straight-
forward’. Bafcra pracezssiag, she ssfzstraza is cevmed with an amorphaus siéictm thin fiim.
The excima-r than scans the glass substrat: with a spatjaiiy unifonn yataem of overlapping

mctanguiar guises. ”i‘h:: UV energy is slmngly abssrbed by the surfme iayer of ammphous
siiiczm, whicfi rapidiy melts and rextrystaiiizss into poiysiiiccn. The instantanemzs local temw
parature in the surface layezr is high eraough to achieve excel!-mi zcrystaliiniiy, Hszwzevar, 1§*:e.

 

/\.v_»-,.A;4.:,;v;.-x.-Mw.s;«'<;z:%?§
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average xémperature of the giass substrate rzrmains substantially beiow {hits damage threshoid
maxi is unaffected by the laser crystaiiizatfiozx process.

Sinccllaser annaaiing is a scanning procesfi, it offers considerable gsesent. and future

pmaess "flexibility. The manufacmmr has the apticm of 3e}ex;tiv2ly axmcaiizag designated areas
er meviag :0 larger or smaller subszxaies. in adk3in'<;m., laser annaafiug ymvides the high
zhxoughguts required for high-vok:me activewmatrix liqaid crystal aiispiay manufacturing.
The high peak energy (if zhaxzxcimer '53,:-;er, csmbinad with a 300 Hz pulse repetétion rate,
enabies 360 x 4513 mm substrates L0 {as grocessaé in as link: as three minutes.

1&3 G’%i§2iFiV’i§W 037 ’$Ei‘2§§x‘.'§C3§ém.¥£373“C3R QHSEE §.fi;»$EFi$

13.3.1 fiiatary ta? $am§:a=m°:%:§;:1s€z3r mm-at Lasers

There are cftan gwriods ix: seiange when ma§or éiscavezies are macie simuiiaxzecmsiy by a
numfisz of different ta-saamhers. The cariy hiséery cf semicmzductor disde E33313 follows

this pamtm. _
Consider the msearszh envimnmant for lasers in mid~19t’S‘3. The existing lasers weave

lasers with kmg path iengths and iargs exiemai rassxnators! These lasers, Iasad an narrow

transitions hazween weii-tiefimd (fissures: states. Samioondnctars. (with a high frag came:

absaxmion, wide izandwizirh 'ap>:i<:a1 transition. and reiaiivsiy smafl size} zmre assumed :0
have inefficien: rafiiaiivc rttcamffmation and were consiziemd an ,imprabab1e matcriai for
}as&::r—ac:icI1.

Eawever, in 31:13 1962 Kayas and Quist presezated 3 paper, “Recombi:mfion Radia-

tiaiz Efififififi by Gallium Axfienide Diocles," at the Sfiiid State: Davies Resaarch Csnfmancc

{SSDRC} in_‘Durham_, N§i.99*’°° T2133 paper dascrébcd intense Iuminescencrz with a gnaw
mm afficiancy of agzprstrxitnaisziy 83%‘ fmm {3a.Asjun<:t1'¢ms at 7‘?°§{. These results were 33

Smfliing that..1:hey esnergized a numbar cf msearch groups to mnsidetr the questinn of semi«
comiucter lasers. ‘mass ine:1u§cd.r2ssar2:h grezrgzs at Gasaral Eigctxic, IBM, am} MET Lincum
Labnmrtsries. {Ncxfxca that all of these grougs achiaveri saznficoncfinctor iaszr (}§~‘$1'{3ti0I% in the:
Katie: iaaif of 153621} _

The Gemsral Electric group ‘usaefi n»£y§e GaAs ‘wafers. with a zinc fiiifusinn tn farm
a dagzzzmraia PN~3'uncti¢m. {The émgnrtansze 01’ {ha éegmzczam yanctisn was painted cut by

Bamaré mad mrafiaurg in $961.”) The sesultmg wafers wem wt into strigzs agpmxisnaitziy
0.5 mm wisiza and cementczi. to gflaies so that the edges could ée iapped and polislmci. These

gaiisézzaé edges fazmmi -ma Fa‘:3ry—Psmt rxesenatar simszture. The rzaszziting iiifiées were sealed
:0 ?'?*K and eygeratazi in pulsed mcséa. The gag};-zr zmnouncing the firs: ssarzzicondmzzor mar

operaiian was then: Gcmeral Electric papa submitted in Sep:em3:2£::' E962 and appaarirag in tin:
N0vaz:1§a:r 1, 19232, aediticm of Physical Review ILetters.m2

993. 5. Ksyas am‘. '1“. M. Quist, "i22comhinat'xon Radiation Emimd by Gallium Arssnirfin 1)i<3:§e§,” presanzcé
at thc: Sqiizi Stale Device Res. Cwrfi, 1962..

“Mike iraaseriai in that: papers was la-tar pntbiisfied in 1%.}, Keyas and T. I\1§.Quis:,Proc, IRE §€}:18Z2 (1962).

‘°‘M. :3. A. Bernard and G..§)\33‘z:z.ffoxz_‘r1r;,P}:ys. Star. Soi, 1:599 (1951).
“E22. N. Han, G. Fcnmzt, 3. E). Kirxgslczy, '11.}, So1ty.a,anrl R; 0. Caflsan, Phys. Rev. Len. 9:366 (1962).
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Th: IBM group aiso useci :1-iyge GaAs wafars with a zinc diffusian to form 3 de__'

generate Pfikjurzction, 'it"’i:<e: I85/1 grouges was szmggiing with the cencept of how to make a
resenator, and 3:) deckieci to attemp£ to sizsmoustrate stimuiatad emésaicm without 3 rasonmgr;

The IBM Applied Pizysécs Letter mpcsrtirag the coherent stémuiatsd emission from :1 Gm;

PN-junction was submitted in Demise: 1962, appgafing within clays of the pnblication of mg
Ganeml Eié-ctrés Pfizysicai Rev§ew £e:;:»2r.’°3

The MIT Limzoin Laburatcries gjrauy 2.13:; used n—£ypa: Gms wafess with a aim: diff§;eV
sion, ’I‘hey elected {:3 use mechanicai poiishing to farrn the msozmior stmctura and achievegi

laser acticon witéxin a few waei<:s_ of the 02312:: grasps. Their fir-st paper was snhmiftexi in

November 1953, and {hair results ware regmried in a pair of azcpzzrimzcntal and fllacrafi;

ml pape:s.‘°“'“’5 The MIT Linmkn Labcratofies group was alsn nomwcmhy for being zhg,
firs: gravy: to addrms tize question 91‘ Lamiicatians far the new Iasers by cimxmstzating TV
tmsismission fruit; as rocftop, and than fmm it naarby mmmsain t<:;2.“’5

Very shartiy aftaa‘ the first demonstration {sf laser action in a degenerate GaAs PN;
jmmiéen, a numba1' of intexasfing and .imp+:zztant advancemants occurrad Just a few weeks
aim: me initial annamncamenz of GaAs diodas by the General Eksctric gmup,}°7 irinlzmyalsz
and Bavacqua demsmsirated the first visible (710 ram) Ease: dioziz in G3§.S§...;F, using gygjl»
ishesfa faceasm {axe Holenyai-:’ 232:3 Bevacqua pager was szsbmittad in October 1962}. Thg.

‘firs; cw operation (a: 2°§{} was dbsarvcci by Howaré at 9.1399 and the firs: puiaed re-om~
tempcramre eparatian by Bums at 31;‘ 10- V

The issue of pnlishing versus cieaving ta creme the small §3a¥}I)'~Fsfot cavities was a

criticai me in early aazzzicmzéaczor laser deveitsgsmxisnt. A§thoug31 cieavting is new mnsiéargd
to tag somewhat aasiar than poiighéng, the firsi three iasam :9 be clemsnfitrzmsd a1l§m:ox'pn-

ratszd pniishad Fabzry~’?emt cavities. Hoieyak ctriginaliy attfimyied cleaving. but rammed to

poliahing after diffi-cnities in daavizag (3aAs;,g}’. The firs: repz:«m:<iA use :2? e}cavi.ng is. by
Band 2.: 31. in W633” Bil} anti Rim patented tha cleaving cnncept fmm 3 digcitzsure ffled
an Octoimr Z20, 1i3iS3.“§

Lasar msaarch then began ta ciiverga. into a number sf separate mas. The idea <3?
using hatemstxuctums in semicenducmr ciéosic iastzrs was a very gmwerful idea and was

 

WM, 1, Nsmm. w. 2?. Dnmfim. G. Bums, 9.. H. mm. ha, and G.1.as?aer,»t;zpL Ways. Lari. 1:52 (1952)..
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fiwdiktr. M. 3. Hudson. C. K‘ (Brant, anti 3. W. Meyer, “i\/Ioziulatcd irzfraresti Dime Spams 30 Miws,“ Electra»; 36E
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first pmposed Exy Kreemer in 195134” Eioxazevtsr,» {ha hatsmsmzcmre concnapt required the
daveiflpmeni Qt‘ approgriate ma'ter.iaJs»proccssing zachnoiogias, such as iiquid phase epitaxy
{LPEL me:a1~arganic chemical vapor depasifinn (MQCVD), and maibcular mam epitaxy

{M33}. Therafcre, the: original progoszsl of Kmemer went mlativaiy‘ unneziced.
in 1963, Nelscn fimt dsmmastrazeé the liquid phase epizaxy gmwth of (339.5 on

€3raAs.3”"‘ In 1967, Waodali at 211. ziemoastzazeé zixagrewih cf the heterostrmziure A1,,(3a;_..xAs
on 6333.115 T323 fiat LEE praised roam tezngseramre heterosmxcmre lasers men foilmvad
in 1969“$'1-174"‘ and than we mom temgmatura he.ter<':s~m1c~ture §asers.“9' 33° Quantum conw
fimetmzam was $1229 next major advancament in hatemissmcmres. In 19%, Euguis as alt. firs‘:

damonstzatrxi a wum~tem}3era1ure. quantum vsrzli iassanm Strained qxiantum wail lasers scan
f£31}os\Iezd.m‘ 123’ 12‘ ‘

Ilémibuted feedback Lasers (DFB lasers) wan‘: another major track in laser iie‘sI£3§(‘ip~».

mma, DFB iase-3:3 inearparate an intrinsic grating :23 {maze single Iongiimiinai mecict» spars»

fiim. I{age§13:§k and Sftzsmis: first vdaveloped the axpvarimémtal and theoretical iéaas behind BFB
iasersfiis Nakamura at al. repoattad the IDFB seamiczmtiuctor laser asaciiiatiun by ;2ht3i£§pum;3~
ing C‘waA:~:. 126 Scifras at as}-37 rspoztsed the Em A¥{}aA:§fGaAs single hetemsmzcmnc EDFB
jmmtiim 133353.. Camy 3: 31.123 and Raimnzusa at 33.129 115526 an AK}€iAs4’Ga!&8 seyarately
:‘:c:nfine:i hezemstmctura ta achieve the first DFB aw sssciiiation at roam tempezraiuzxz. R£}mn~

temperature cw opzratinn of a 13188 laser at the fiber-optical communicaticn waveiength. of

1.5 gum in inC%a.As’£’{i‘nP was first reptmed by Utaka et a1?” ‘
{)is:ribu.zed Bragg refiecior lasers (DER lasers) are a vaxéatieza an DFB lasers whez-e

the fefiacinrs am ontsidza (rather mm.) inside) the active region. Lasing scents between the
  ..—..........».
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grating mixfrors, or hetween one grating and a convezxtitmal facet. The first BER lam: W33
an AIGaAsiGaLAs laser damanstrated by Reinhaxt 13:31.3‘ '

Vcrticahcavity surfacefimitting lasars (VCSIEL) ware later cieveiopments in senaicgg,‘
ductor laser techne1.ogy.‘32 Socia et al. citsmensiratszci the first VCSEL333 This was a doubie

hiaterostrmzture Ini'.‘:2.AsP device operating at 1.3 ;z.m. It used mafia} mirrors and E22333 m
’?‘?‘*§{. In W82, Bxsmham, Scifms am! Streifar filad a patent an varizaus ciszsigns far VC3;gL
<ievice.s.13" Epitaxial xxzirrera fox“ VCSEL devices were: firs: cfemanstratsd in 1983.135 g,,
1989, me first cw mom lemperaiure VCSEL {3»Z:ViCC was damonstraicd by Iewaii at a1_13a

This device was an quantum mail acziva mgion aandwished ixztween :2» anti gaisped aamab

conducmr Bragg mfiectors. .
Historical deiaiis cif this em from the gerspactive ef the major panicipams are avaflablgg

- in 2: xeries ef rm/iexv papaya in volume: QE23 of the Iiififilaumzzl ofgzzzrmzzmx £2‘1¢ac:ronics."3"*‘
Adéiiibna} histaricai masts cazzhzz foam: Er: {he reviews by Kali,“ §{cdiis:er,‘39 and in the
beaks by Kmasai am} Bt:t1er,"“‘ arm} by Casay and Panisixw‘ EEEE has aka gublishefi a
summary’ cef xenfinai papers on sanxiconductnr eiiude 1asera.»“’2. .

13.3.2 Tim Easkm :2? {£39 Sam:-conductor mafia Laser

Enaargy mm s£.ru:<:2w‘e. The semimnduczur laser can in modeled as a tws3~Iav::l .
iaser system. The upper Eases‘ state is the cnndwzztion band, and ihe lawn: laser state is the
valence band. The iasar 1§vave.§£:::g,th is en1itt:x1 at the bancigap :3? tbs samicunéucsxm

In ordezr far the samicentiucxor to have sufficieaz gain to epemtt as 3 Kasey, it is usuaily

necsxsazy for the elecmm trazzsitiun from the conduction barzd ta {he vaicnce band in be a
dime: radiative transitieni Gallimn arsenide {(3’«aAs) is 212: sxampla of 3 éimst ss.=s::z:i»con»;iux:tor.

Silicen is an ::*.xam;3}.& sf an indirect sazniconciuctcr, ‘me distincticm faaetwszan a direct and
intiirect seamiczonduczor material is vefzesz exgaiainmi using the E -{exmrgy) vszzszxs Ic fimcmenmm) 

“*9. K. xsiumz, $1.3‘ mgaa, aad c. V, Shank, Appl} .3’f:y:. am 27:43 (1975).
mi. Ivzweai, Sciemifit Ameriznazz Navambm‘; 8fi-§4£199£}. '

‘$38., Sada, K." I33. (2. ‘fimhara, and Y. Swiss.» 55m. .1’. Appl. Phys, 18:23:? (1§‘?§},
MR. Btimhum. D. R. »3<:ifz2:s, and W. fitreifer, ILS. §*a1e:m#4,3(}9.»5‘?‘{}, Jan. 1981
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Lest. 2521123 (K389),
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Q£i~23:é?§3 {H287}; N. Hainnyaic, IEEE J. afQt6an£1&m Eiecarazz. QB-233534 (1987), $36 3.. H‘ Rgdiiwr, 18135 J. of
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ma, N. Hail, “In_‘:e=c:ian iasers," [£.E.:?.’ Tram. Eitfififffiit Ilsv, ED~23:’3£3=G {W76},

‘39¥L ‘ii. Rgaiikgx. L Makngaifis, and A- 3'~‘5.0omfiia:x, “Lasers, Their Ilwctcymenz and Appiicaxions atM.f.’1‘,
Iirtcnin ,I.a1:zmam:y,“ IEESE 1. Qwzrzrxzm Eiesrmn. Q5-201892-£19843‘ “

“OH, Kmswei and 3. K. Butiar. Semicmzxiuzbmr mmand Hzzamjunctian L533 {New Ywk: ficaécmic Yrass,
I977). -

WH. C. Casfiy, }r., and M. B. ?anish, Heiercastrumxre Lasers. -Pans A and B {New Yark: Amsismikz E3Y¢5§1
1978).

NW. Stmifzer and M. Ettenbarg, ads, Samicmziuetor Diode Lasers {flaw Yotk: I858 }’re&~5. 199$).
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33%‘->1"! Gaiiium arsenééa

Figure 12.3: The diszincfion "between a dime: and iizdirecs semievnéuczur maierizsi is
ofizm e,.>:p'}ainmi using ma .6‘ imcrgy) versus k (momentum); xiiagzanx «fa: lit: s>am‘:::ers~
zificiar. If the minima xzsf cancfuction band and the maxisrra of the Valezme band hm):
man; as 1; :2 '0; than :32 stmisatxndnacmr is fiirw. If ma minim and rsmxima dc: mt

cw-ezriag at aI1.<3_mve:ia;; at 5: ¢ ix than the semifi:t3'?1ci1'1c;tc:r is imiimzztl.

diagam far this semicanfiuezor. If the minima of the cn11chxc£ion band and the maxima of
tha araiance mud bmh occur at 11: .2: O, rhea the SCI§l.i£:Und¥I€I{§:I‘ is disfcct. If the miaimz

attd maxima £113 not overlap 31 aii or uveriap at k 9:9 #1}, than 31% semicamiuctor is ‘imlirz;-ct.

Examgles 9%‘ E versus 1:» diagrams fort indirect and direct materials are giwen in Figure 12,31.

fiumping the semimarsducior ééode iaser. in orfier for me samiconéuctm ta
lass. it is necessazy tr: create a gmpuiatiozz invarsiozz between the valamc and $32: c.<mdu::tien

banfis. Such a gnopulation invasion can be crzaaied by ~s;xtema1' pamgsing Gasars, aiemzron
beams, car fiashiamgs). car by inmmafiy gmmping ziwiih a .PN»jum:ti<:~n);

The sizngixzsi‘ way is crsate a pcpuiafion ixwarsiun is to pump the: sesniconduzzmr with
aneiher light source. This technique is mmad phoiopumpizig and is commcmly used :0 test
mzw samiconductcr laser maimifls in nrder ts {§.E§!£3fEY§'ifi€ their suitability for laser opemticn.

One way to pimtopszmp 2: semi.con2:im:¢ior lass: is to use a canveniimml gas laser snurce (such

as a §~§::?~§:: or an ax°g£3n»i:m) as a pump seurce. Tfiis has ihe advantage of Sinxgfiicfity, bat;
taanés to szverhzzat t’t2.e1as::r mazeriai. For this .r<:a;«;on, phompurnpazi ‘lzmar szlices am generally
thinner; and mmznzezi in ihsarznaiiy cnndumrivca hoiéers. Asmthsr way to phozopmnp is $0 was

a vcemveational pzzlsaci Easer scarce (such as ‘a .Nd:‘[AG 01' giass laser). This not ozfiy sen/es

ma thennal problems, but 3330 perméis testing :3? racombinaiion rates in the mawrial. A very
' clever way to piaeiegumga a diode iamr material is wizh amofhsr ciioée §.asi:r. The sampie is

tizinzxaé. and moumted directiy an the tmzput window 0? the: éiode iaszsr. Although ch: actuai

dicedzz lam‘ ptawer is relatively smali, the coupling effi<:iar;c},' between this dime laser and

{he photopumpad laser is ¢X€lE1I}»°.'.t’i£.
Howevzar, the majoriiy of commercial Ssmiccnducter laseis am electricaliy pumgked

usixxg 2: ?£3*N*§u:‘1cti:3n. Under conditiona of high cuxrent ingaction in a Pfljuncgirm, 2: re»
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i3‘igure 32.32 in equiiibzium, the) Qu:«:$i~§7t:3”1’n§ lcvcis ef me dsxgczmrate p— am: n»jxmctim:
laser materiai aiign.
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Qua&i‘¥~"tmrzi lama :

Htsiaa in p anagion

Figme 13.33 Yhc £§I1aS§‘~f’&tTili levels wili miaaligaby the ‘value af tha gpplizd vsmaga.
Unéer the influence. 0f the forward bias. rim’ knits will drift to the rmegicm mid 1126
elcxztmns 22:2}! ciyift into the pmgicn. The iwles anti fiicctrnns am saw spmiaky minciciemt
zxrséi holeafiectrccn reecmbinazian owurs.

gicm near me deykzzian regicm wiii ccntain an inverted pnpulation 9%” alectrozzs and holes.
Apprayriate aiignmem of this region with $123 ciaavsd facets will rszsuit in Ease: ep<:z’§:£i£3:3..

(Seaside: the energy band diagram for a simpia Pifigunctisn intemkzd for use in a

semiconducmr pheton .s»aur<:e. Initially, one side: of the jumztian is heavily duped 11. and the
oihar zsiée is fiaaviiy éapad 9, in ganaral, bath materizds am éogefi degenamteiy (meaning
that the quasi~F¢m2i lave} is abova the banézdge}; In eqaiiibrium thfi c;uasi#Fermi éevcis
align as sfiawn in Figure 13.32.

What: a pasitive vaizagc as zzpgaiieci tn {ha gvrcgion and a mzgativa smitaga is a;}pIi.¢d to
the n-ragion, than aha dicdz is farxvaré biased, T§1s2 quasi~Fmni isms will misaiign hy $134:

value of me appiied xmltage, Uaéar’ the influence {if the forward bias, the hubs will drift to
ths n~z*cg1'<rn and the eientrcms wi.I.1z:§rift imo the gwagisn. Tiwe ham and alecmms are zmw

spatiaily ceincifient and hnleaiwtzvn remmbinafian mama (8% Figure 1233).
Noiicze that 12:: the nomszguiiibrium situatian, the cguasi»i’*‘etzt;i levels for the eiwzrnns

and miss haw separated. '12:: spatial‘ distance between the qu.asi~Faxmi levals i5 efisentialiy
tbs dzzpzfx d an‘ the aczéva region. In {KIN semiconductors. {the most common semiconfiucmrs
far commarciai laser <§in:ic5),A the c:}e<:t;'ons am much mom mahile timxz the holes, Tharefore.

the dxzgth of the activa zegéon is gzrincipaily d3te:nnin$d by tise mohiiity of tbs eleczrorxsi This
tiisiance is approximately given by
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paw . —- b p“~i3EF%

» __ . wfiiafikfi Gus ar Ga,WAiKAa
‘ €‘:L%9I)E1f%!9 nigggggw :5toys: 3:

Aa~€3«a~N.1 cmtacz *Ai:s<rr;a’:in§ Eaymrs 0?

J2” $3!-vrm»v1’3‘b5 wig
‘ Ga;«y1éx‘y}éb5 way‘

' §«%esa«6¥oha<i iaiazdzsmem A vezzicaiaavisy
58-9’€3hm=k mafia {£3518} surmca emitting
{agar ' — Eases: (\1C$€i..)

Figxme 12.34 A few of the possiifiez scmiwndtsctar iasar resamazzzr. $1r.ss:t;am:s: BFB is fram K. Aiki,

M. Esiakamura, and .1,-Umeda,"'Sch¢ma£i4: .3i¥13{2§i§I‘§: of;G Bisuibumd ffieedhack Lassa,"
IIEEEJ. afguzmrsmze Eizcrrm. QIS—12:S97 (19%). @‘§9’?6 IEEE; VGSEL is frcm R. Bumbag}, ilk.
fiqifres, semi W; Siseifav,» USS. Patent $14,309,630 (1982;

where :2? is tbs; gisasstrnzz concentration in the p-mgion and 23,, is fige ziifinsisn aoasfani: far
eaectxans. Tygacai mxmbars. far :33’ an: an the artist of 1 gem. (Again, notice that this is cm

the: arm cf the same sixes as 32:: svaveierzgth of the eiactzmmagzzetic made fietizzg asnpiifiexi}

Gmatin-g the sgmicenduciar dimtie iasar raaanatar. Them are an astuniszhirsg
nximhfir cf ’;3t.)Ssi'bIa farms for the scxnicsntiuctm‘ lasts: msexzatey (sea Figure 12.34}.

In em: simpisst farm, a semiccmtiuezor Ease: cmzsists (Ff small mclmzguiar slab of
mmiccnfiuetm mat+:::ci.a} with ma galishzé Sf cieaved facets to act as resimaitzr mirrors. The:

aim: facets are :3:%st:‘o§'ed in some way (etched, grozmé, sawn, inn impi.an.z:za:i, 3223,) in m*dea~
£0 amid spurious lascr modes.

. The ty;:ilc.aE Ezorizsntzfi céeaved laser cnnstxnation can be maclified is a number if ways,
For exampia, {he facets can he arched using wetvgzr city pracessing teathniques. Exéemal
mirmrs, gratings, G2‘ cmniiinaticms uf mirrors and gratings can be used 3:: place of cieaved
facets. External eiezmcnts can be incmporamd .off~chip :3: iniegratad intzz we ship.

$emiwn.d'uctor1asars car: he fabricaisd to iase vwextically. Wish {his typ»: of ctmstztw

ijien, refiecting layers are fabricated an {ha szxkstrate and the mar operams perpmdiculaziy to
the. submaia. R%3fi~e.£:£ing layers can be made from mstai, ci%e:3e<:m*ic films, and semiconductor

muiziiayeys. Such Iascrs are caiiezi VCSYSL.

it is 3330 possible. to Timzorpemte gratings directiy inte the Iasar cizsign, This reszzits

in a iasszr with a single iangiméinal moda fumed by distributed feedback from the imamai
graiiag. Such lasars am ierznezd B1933 lasers. In DER lasars, a vafiaticn an DFB lamss,
iasing amurs bctwaazz this graiing mirrors, 0:‘ between {me grating am} 21 ccmv;:n£iona1 facet.

1...§g%‘1t g;;:°x3;3a§a¥§:mn 3:"; km saamkzancisscfiar fiiede iaser. In a Iaszr diodfi, ma

phoicms must bx: modeiszd as colicciive aniitias traveling in a confined fashicm down a
waveguide. ’.I‘hi.s givges 3 diffemn: aamacier to the issua cvf moéeiing high: oaztgmt from a
Easar diode as camparmi to a ccmventicma} ‘laser. in ganeral, the fapfieid pattern 1“-r<m1 a‘
£335: diadé: is tietannineci by the fimsiier inmgrai :33" the <a1ec§z'omag11e£i<: flak! pmpagating

in tha 'wavsgu:'x&e. The aiectzozzmagnetic fiexki within {ha wavxtguiée can be. caicuiaied using
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the eigenvaiue equations; for wave propégatfion in 21 slab waveguida (for axample, Sfie C3335
and ?:sni.sh“'3).

f-§amz:s2mc£t2re sam§»mnd:zc’tar diufia §ase:r:;, hmervastructura 3@?n§£.?<()¥‘}fi§§
tar wade §as=ers, am {ha imga-ariarweaf iazfim matching. Early semiconciuc

lasers were: ccnstructed from n» and p-type, iayers of {he 5323.2 s»amic:>nductor maieriai. 3;;

lasgrs; 3:8 cafled homsstmcture iasers. Eiolnesirzzcmre lasers have the advantage of stmcturé

_simpi§<:‘:i;y.
However, semicnngiucicnf Iasars can also be consmzctsrfi fmrn n~ arid p-

diffetrcszt semicanciuctor materials. Such lasers are c.aI¥§:~:i heiarostmcmre Iasem. The: er2*;':;~’g’:
band structura and index cf refraction gmfiies of heterostmcture Easexts can be tzaiiomgg 5»

mm: ét givem appmaticn. ‘

The majorriiy of carnmerciai hatenzxsmxzmrzz semicondugtor igsrsrs am fabricamci from
swxic<3n~du<:tar matmais in cnhxmns I11 and V of the periodic tabie. {Cohmm Iii Es bomf
{B}, a1nmi.m1m(.A1}, ga1Iinm(<3a),indium (in), and thallium (T1); coinmn V is nitragcn‘ {N}
phnsphoms {P}, arsenic (As), antimany ($5). mil biSrr3M‘-‘<1 413$)-1 Gammon laser materim
imfiuds: vittualiy aii combinations 0? A1, (321, and En, wiih ? and A3. some work has h:3e_

‘:7§ 5-7M»:ca53 Q

 

 
éone with B, A3, and Ga, xvifia N; as wail as 1%.}, £33, and In with 8%}, Vary Iittie has beef >_
done with T1 and Bi. ‘

§§e£erost1"u£:£ure iasars reguire Iaycring these different materials. This is a very comp-iex

problem, as the materials have differmt yhysical properties. Fexhaps the most important of
zhese properzies is the Lattice spacing. if the mataxéais dz: not have the Sam: l.aztice: spacing,
thtzn dislacations can appear in the semimndzzsztasr iasay, In adciizicn to tha stnzcmral diffiztnh

ties impogad by .:;§isi:>caz%:3ns, disiocaiians can aiso he highxy dexrimentat In semiconducmx

Iaszr (3§¥."I‘£éfi()I1 as they can mrve aa '21 rzunraziiativa sink f<:>r.carri::rs..
A ‘V"8i'§‘ usefui diagram far visualizing Iazritze match in txatertmiructxsre lasers; is the

amefgy verszss Iaztice crmstant. diagram. {An exampie nf ss‘1zih.ardi‘agmm f{3<r£iI~V»ma1erials is
givc=:z1in Figure 12,35)... fiofica that cmly the A}As~{3aAs systam is iatticvmatched acmss the

whim cempasisionai raxige. This iszyxm majur reason for {has wiéaspread use sf ,A1GaAs;’Cia.As
'he2emstrn<:'mre§ on GaAs subsnatas for samicsnductor Ease: ciiedes.

7I2.3,3 Corzfinement in the Eiemicméuctcr mafia Lam:

Sénaa the: cieczromagacticz mad: is: semicevndxtcmr lasars is on :33 order of the size of the
iascr r:i{2;*«:ic<é., ahezz herizamrai and sfertical confinemént are impantam; issues in semicnnductor

135:2‘ design. Thaw issnas nsualiy as not 2:533 in cémventionai lass: design, as convantizmai

Iasm are typi¢:.=;Hy operatmg in a prcspagazian meme where ths wavslexigth is much smailer
than the msonator dimansions. -

Vargicai ::s::s3finaz::a»r:i. Typically verticai Ccsnfinement £3 pr«:m'd»:>:i by cmating ma~

teriai combinatians with imiex of rcfractixzan profxlss that cosfirxe ma upticai wave) Same af
$2633 cembinatioms cffer the additional advantage of confining the carrirsrs as wen.

“‘3Ef~}. (2. Casey, In, and M. B. ,?anish, .PIézIeros:r:ecrz4re Lasers,’ PLWSA mm‘ 8 ‘(New ‘r'Qr§;: Academic Press,
1978), Chagater 2.
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§’§gzx:‘a 12.35 ‘IE2: ezxsxgy -versus lamina camztamt diagram is am:-3: main! fer vssnalizing
iaizi-cc: match ‘in imnsostmmmz Eascrs. (Fmm E. ‘£3, E’. Paxlcéx, Pfzyxics offifoisrcsxlar Beam

Epffaxy may Yofic: ¥’*s¢num 19353, 1935}, 53. 277, Figme 2. Capyrighi Fienum Ptess‘)

1w__._,..;.M,.wM’_:;r; fiigure 1235 A typical hamcszrzzctura
hm.-r cmzaists at‘ one mateziai zygpc with
cicgma:are1y.c1<:;:sd 12 am! :1 mgiomz. ‘Exam
is only a sfight rafractivc index azéxagsge 3;:
‘tin: n»ju:1o‘ti<_3n to 3351s: in vereieai optfiaai

Materiaf fiand stnuzzure inéax. :3? rétsaciisn canfigcemegmj gf gm mm gem

 
Hamcsmzcmre iasazfrs were the very fxrsi iype af §8II1ii:€3i3d11*.2£(}1T135.&r stmcmre demon-

gsratczd, A typiml homostzucmre Eager (gee Figare £2.36) wnsiszs of one maxesrfiai type {far
example, Gems} with ziagamzrazeiy daged § am n_mgions.L There is only a siigha mfram
tive index change at the wjunciien ta: assist in \re.rtic:211 csgatizzai mnfinemcnt e:2§ the: laser

mars. }iamus£mc:z:rc iascrra cfftsr fizz advamages of simplicity, but the diaadvanmges cf
peer cenfmemem.

Sing}-a haicrosirucmre lasars were {he firat type {:5 sem§c:cndu::mr izetamsizucmre ias-er

devgiopcd, A rypizzal aingie heaerosirzzctssre Gazis Eager (we Figure: 12.3?) is cnmpssezi
af 3 hcmojunetien Gaxas laser ziimis fcliewezi by a ;3~iyp»<: AI<’.3aA§ layer {wit}: a iargér
hmdgay arzd 1{)w::riz1s3»z:x of refraction). This gezomatzy creams an index cf refraction immp
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in the p-type C:‘aA;=; layer. This inciezx of rafraczion bump prmzides smna veriicai confinemgm
for the laser action occurrixxg in the grtype Gms. Single imtemsmzctmt: lasers gnrovide

3ig.nifi<:at:tIy more vcriical confinement than hemagtmctmrc lasers, but require mare: CDI§1p1§y_x .
heteressmzcmsre growth grocxzsses.

figtmz 11.3’? 32 typicsai singh
hxstaroxuucwre laser is composed uf a
hmnagznnctian lam: diocic fofiowad by a 9»
iyp»:-. iayer with a target banfigap and lower
imdzx of rzfraaaiicau. ms geomeixy amazes
am ‘index af refraction bump in me gmypg
am lam: fie imiax of refraction bump

E41 gv‘ A ‘ provides some vmical ccmfinamem fur the
£»¥at,9ria3 amid structure tnfiéx of radmsiirm lam amen.

  
Dmzbia heiarssnrucmre LTBH) lasars have Emcozm: me smndartl 'he:ems:n;x2tx1rc iascr

tygs, .5» typisai DH Gms laser (see Figxme 12.38) is comgosed :35 a p~t.),*pE Gama ‘layer
Tsanawichsd baiwézen n—ty;m and grzype AiGaAs iayers. This geometzy creates aiarge index _ 3
of résfrazzfion bum? in the p+iypB, €3aA,s iaygr. ‘fhe indax af i't‘:f’r&£:*;.‘i{ii‘£ bung: prcaviées vertical
cmsfinement for the laser action assuming in me, gmyprs Gaxss. 13$! iasers affer a way nice

camgmmise betwam {ha advantages if an iztzdex gtxixclézzg vertical confinement layer, and the
disaaiivamtages cf hezerasmcmm laser gwowih. ‘ '

C3RI:‘~¥SCfl {gmde§»in::‘Lex segzsraza cenfinemeni ixetarosttuchxre) Iasm effar both opti~
cal and ::§:x:tx°§s:.aI mnfinamant in an effort the achiave Imver ghrezshcalds and nuamswer beam

gamma. A GRXNSCH Zéaser is basic-92:33 a mi Eager, but one when we Ai{iaA.s Eaye: has
haezsz gradmi down is meet ma €?:aAs iayer (see figfiré 13-39}. This pmvides bmii fiiactmn
ccnfinament (from ma energetic wall created by the gadad handgagi) and optical aanfinamant
{fmm than inciax of refraction hump wtwcsn me A1{§aAs anti GaA3 matsriafis).

GRINSC§«I Iassrs fraquenziy fizzd applixzmion as quantum wsii iasers, because the graded

handgap pmviries a gaod “funnel” t0_C~fif3fi’I1€ ma aiwtmns :0 {ha the quantum wait rcsgizms

{see Figure $12.40), I».€QW«GR1NSCH lasers are vexy pcagxxiar geematries as may combing
many of the hast feamras cf DH, lasers and Qliiflitiiiil weiis.

fierixantai c0n¥§n£m-am. For maxay semiccynciucacxr Xaser xdimie applicatians it is

n§'::x:&521ry ta confma me carziers lam}: -in the herizoniai and vertical dirccfiezzs‘ The most

gwpuiar method far huximntal ccmfinaznant‘ is to rastrict fifkfit size of the gain r'::g'§sn, a mezmaxi
eailad gm}: confinement. *I't1ar¢—a:*e-Marge numfier (if gain confinement tachnitgues, but éhe

most pupular tend xx: fafi into she catzgozriers nf camact stripe. masa £1137:-, ismimplantation
methotis, and regrowth wchniques {such as buried haterostmcmzes}.

In the contact Siripit maihmi, the gain cenfineznazzt is pmvicied by mszriztziirxg the sgatiai

zaxtenrof 211»: mm} contact {see Fzguxe 12.41). This mathcad efidrs. pmcessing simpiicitjy.
Em: pmvides relatéveiy pa-2):“ ctmfinexnsnt due :13 elaciron xranspert izndemeath the &tr§;2e..
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figure 12.38 A ‘typical dmsbla
hcmmsmwtura Ease: is camposcd (sf 2; p-types
laws: hzandgap "layer sandwicisxéd beiween
mygze smi pdype higha: Emstdgap layers.
This geasmatzy creams a isrge irzéax of
mfmctian bzxmp in the. ,p«t_<ipa3 '1ay»:~.t. fix:

y E index of rgfmxtiimi pzmviéas veitiaii3 V tzsmfinvcmezxt for Lisa may mien sccnrineg in

Mataria! mad simcture incéax of miraciion the pvtypc iayei.

 

Figam 32.3? A GRINSCEI law: is
basically 3 DR iassr, hut me where the
highs: ‘cmniigags Iayesr has bags gmcied dam
to mat rim imwzsr bamigsxp layup '§‘.%xEs
prcsvidas bath eéazsztrtm sxcxxfinkrtzimt (fmm
the anergetix: mi} amazed by the: grafiefl
bxmigap} and aptical canfitwmaait {fmm the
index of re;'Eracri<m tramp Batween the high

Maieriai 83111.‘: stmcmfe and low index mammals),

 
In {he mesa essh method, the gain csnfinézmazztt is ymvidaxi by etching me or sevsml

layeys of the stmcmre {saga Figure 12.42}. This n2s<:m<>s1 is mczrei ziifficnit to ymcass {as it is
ma highiy ncmpianar ant: rcquiras a ssnsitive aich gasp), ‘fmzi it offers significantiy better
cenfirmmsnt than the Qantas: stripe‘ mefixcsci.

In the i<:sn~impla::ta:ia;; mazhodg ions are imp:-zmted in rssgions oiixer than the rs-gion

of itxtarafi (me. Figams 12.43). This mzathod offers gemcaas simplicity and provides a game?
qua1ity'o;::put beam.

In the fitxried hetemaatruczure methnd, the gain mgicm i3.s.m~mun:iec1 in $06: ms wrtiaal
and horimmai d.i:ac:inx:.s by a waveguide of matmiai {gee Figgzrss 32.44). 33133, the ‘cmxéed

hezgrcssiructxsra process is a mzognsarg method. First, an iniiiai set of laym is grows in an

apiiaxial system. Than, ms: wafer is removed fmm {he agzitaxigl gmwth systsm, prcamassmi,
and rammed to She syszem fer ¥}»‘22W iayers to be gmvm on the maiexial. pmcess
provides mztstamiing canfinement, as the Ease: is assantizaliy apsraiiag in a;.sag1}.2sré wavezguitis.
fiowevsr, the t:wzx~;'>ax*t gamcess cycle is .ex.<:<:pt§ar>.zza§3y compiex.
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Figxma‘ 1.24% GI>‘.I?-1S(Z2§3asess 'fr@:q:ge;y;§y
find appiieaticn as quamum weii §.ax>2::g,
becausc the: graxied bandgap pravidas a

 
 

 

 

 

E. E
‘’ V _ good "funmzi" an c.oz1fi’zz£¢ the eiactrons :9 the

Makariai Santa’ strumure qxmntum wail regimxs.

\w/ Msxai mntadz

“N: C szmm asoxiaa
9+ Ciafiss

p AIGaAza‘/ Currant
W cm ..
3...... 5 Figzxre 12»: in 1322 comm stripe

rrzeihsyri, the, gaixx confimamczzt is pmvidefi
n Alfiaiks by vrszstriaiixxg the s;:«atia1 nxtczst cf the rmtal

cnniaca. ’

9+ Gaés J ¥
;} Aifiafiks

p Gags 

Figure 22.42 In the mzsa etch
n M33“ ’ the gain -confimzmem is psavided by aching

me at sevzzral Iaystrs Bf the ‘smraurc. ’ 2

12.3.5 The Quantum Wei: Semicczrséuctmr Eiixaszia i.asa:r

A Quantum well is a batcrasuucture cgmpasad of two matedals <31‘ diffsxing baadgap, Tm
two fnaimials are fahficated in 2: xandwfich with the 1:1i'ghar bandgap material fcrrmizgg we

amside (‘er barrier) and the: iower bazxdgap maieriai fanning the inside for wzaii). Under

these conditiam, enargy wells are: cneated in both the: conduction and valence bands of the
hetemsttumxra (see Figum 12.45},

 



 
Sec, V2.3 C)x»*e»rv§ew of Semiaczntiuctor. Sistie Lasars; $33

Discrate quanmm states (similar to states is: a hydrogen aimn) xvii} fom {m age gggdgc,

Lion ané valence weiis (gm: Figure 12.46}. As with 3 hydrogan atam, eiectrons transfiioning
betwscn £‘he:se states wiii. predusg phomns possassing the difificmnca eswrgy bgmcan the
"states.

fiowzever. Bifiikfi 3 hydrogen atnm, the ensrgy of mass quantum well smms is .3 fgnmim

cf the wiéish of the Quantum weiis. The aarmwrzr the cgaanmm well, the larger the reszsiting
tramiiional enexgy (to the eventual limit that the transiticm energy bemem 131;; gm; ‘gra}g;-‘ca

and first tsonductiost band stata mamhas‘ the: ensrgy gap of the hazfittr rnattzrial), The wider
(hf: quantum ‘well, the smalier the. rasuifing tmnsitianai energy‘ (to ghc eventual Iimiz that
me transiticm energy between the first valence and firs: canciucticn. band stage mamhgg ggg
energy gap ef the well nxatmial}.

in engineering practice! quantum welis pmvida the maans to manufacture samiacxn»
ducts: lasers at any waveiangth baxxveen that of the barrier mazeyial and the wen magma].

In addifian, quantum Wei} lasers Lpmvidc iosvar iasing thmshcicis and higher gfiiffagjgzggjal
quanzum efficienciss than equivalsnz DH iamm.

 'corms:

?5$“3’$ 33»>$3 In ma: icn~imp1ax:tet3.a:a
méflifiég irms are implanted in regians mm:
than the mginn csf imeemst.

 
 

—//PWw‘;‘o§€i‘§§.3| £:£)fI'§&Ci,.......,.........¢.....

8§¥§mn ziimzistia

 Figiiffi $2M in ma buried h<2:€::i'0$i2“u::tura
Yfimhvfiie 339 £3313 ragiun is surzonndszd in
5051 31$ Vmiwl md hm’§z1>n:a1 di:'ecti(>ns
by a waveguide (zf maxegiag,



 

éiié _ om: Nigger Qommearciai Laeers C-?2a,;3_ E3

. Cicmiuecfiasn

m} an -e- 312 {N3} 
m} m +~ 1/2(9))

 \
‘ mj=—.+«‘iJ2{s»a‘)

Eigmi 12.65: A quamum WI} is a bcwastmetuza-:. compnsad of two mabsriais cf 613$»
farixag bmdgapg than cmdiiions, energy wens am creamxi in ix-mi: me cuaductionmad valance bansis of the hextersszmcmre,

 
32.65 §}is«z:re:!.e qnazamm stam (s§miiar £0 aiztax in 2; hysirogen azam) will form

is: me oandnztinn mé yraknxsz jm-J25 of a quasmxm wesfik mgaméal.

 

mj za +~ 1/2 (comm)
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fiigurx 12.537 The narmwer xix»: quantum wail, ma iargstr me: mmifixgg ttamsiiicmal my
erg}: {to fin: avantuai limix that me {rausitimx amergy bctwzma {he first vaimce anti firs:
conéuciimz band state Vmatchcs the ctaesrgy 5&9 ef the bsznie: mawriai}. 3323 wifier Its:
q_uan1umV wcli, that smaiiax the remixing transixianal snzrgy (Do the evezxmal limiz that the
iranaition emfirgy beiwextsx ‘the first vaietwe and first cnxrziusz/Lion band state matches the
mcrgy gap ef me we}! gnatezialy.

‘¥2,3.5 Aggkiaatia-n fiighifghf; ‘fha CE} Mayer

immduction in ~3£:¥°;e;:v: GD aufiin giayar, ‘fie ‘(X3 aueiiiu piajger {aad ks aim rah»
tiva, the CI} RQM3 aw pmbabiy the most widely imown agzgaiicaiions of laser éicxies.

A (213 éiséz cmztains a bag strixzg csf gaizs xvrtitzaan heiically an tracks on {he ziisk. Each

pit is a§§rax§1:::ate1y 0.5 gm wiés and 0,83 am to 3.5§ gm Ecmg‘ Each track is separazad
from £338 next track by 1.6 gem. Tm {ID rlisk is actzsally read from the bemzm. .’¥huS,‘ fmm the
viawpnint of me: iaser mam rssmiixzg the éisk. mg “pit‘’ in the C23 is acmany a ‘‘bump.’‘ ixatar»
mtingly emaugh, the edges 3%” cacia pit (rather than the git itsczif} ccmesponti to bimxy (mes.

The signing} has been encmied in zznauxe that there am no 3€1::§3C€flt cm-es. {Sac Figum 12.48,)
The §3aiy<:a.rbon.a£:2. disk itsézif is pars‘: of {he Qgzticai system. for marking {hit pits {we

Figure. 1249); The inciax of reframizzm of air is 1.0 whiiss the index sf .refra<:£i:m of {he
peiymrbenaze is i.S:“>_. Laser iigh; inciéent an the pciycaxhoaaia surface wiél £329. refraczmd at

a gzczatsr angie me she surface. Thus, the original incidmt spat cf around 803 g,m1(e:nz:3ning

the gmlyeaxbenata.) xvii} he focused ckzwn to about-1.? pm {at the meial surfaea). Tifis haips
in mininxize the effect of sius: anzi scratches on the sszrfazze.

Tha laser used for tin: ‘CD piayaz is iypicaily an A3G3.$S iasar ciiacis with 3 wavelength

{in air) of ?8{} mm. Thsz wavaiength 1313365 the polycariaonaixz is a factor of :2 an 1.55 smaiiar

{about 300 mm}. 'i’§3~:—: pitfbump is carefuiiy fabricated so that it is a quarter~wave1<:ngth high

(imtice 3 wavcz1sr:gL§1 ixzside me polycarbonate). Light wrriking the lam? travels 134 + 134 2
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A 0.5 mirzrrzns

Figure 12.13% A CD disk cémtains a lung string‘ (sf pim wrixfisn haiiceliy on tracks on
that disk. Each pit is agpmximateiy 8.5 miczmns widzs and 0.83 micnms :0 3.56 micrcms
king,

»———<v1 tonw 1.7 pm
£)a=:g:>%h is 1,14 wavaiangm

af énsicieni iasafs Eight   
Yignra 13.59 TM polycatborzata disk is
par: pfma apficai aysmm far reading thc pits.
Tim origins} inciciant spot-xzf armmd 300
microns (emzsing th: §3€¥1yc3:i5onm:)wiI1 be
focusisci rimxm cs: mm: 1.7 (3: ma

mastai surface). This I’§t3};>s as mixziimézaa we
afim of that and mamhaa on the suzfaca,

 

112 cf :1 wavfiexzgth fume: than light gtrizing the top of the pit. Ths light rafiaczeé mm
the "land "is than zieiayeci by U2 wavelengfil, and sex: is axaciiy out-of-ghzase with iha Iighi
refiactcfi from the pii. 'i°.¥1us, zhase twn waves wi11'ime¥fe:'a ciizsimctiveiy.

We spacing bmween gits is aiso <:az*e§a§Iy :§e1..<*:<:§£x:}. Rectal} max (11% image of :3 mam

passing through a round §;3=&{Z¥‘.§3‘€3 Twin fomrs a shaxacisristic pattem, zaiied an Airy ziisk. ’Fim
§3"§V§§E‘~*I ce.nte:“‘z:>f the Air}; disk paztem is a spot about E5? Mm wide am: fafls neatiy gm mp

of the git track, Tim nuns in tha pattern are carefully situated to fall on the naighboring
pit traxzkx. This mizzimizas crasmik from mzigiaburing pits.

.__M_;«,w\.,"_».AvAVA,,A,,V;,.,,v._.~..~,\.,.'..:.:.~.,..am».-»-.--
TM threawaeam fipiieai Wain. The mag: commim apticai train in madam CD

playera is the zhzrze-‘mam ogtical train‘. (see Fégure 13.50),
The basic: operazfian cf me ogszical train relies an the palazizaiian pmpaarziess sf light, .

Light is ésmitted by the Eager siinde and eaters 2.1 d§ffra<:£iun grating. The mfing tsonvegts 1: ~

the Eight inm 3 centmi pea}; pins‘ ski»: pea3<s.. {fig main eemtrai peak and mu side: peaks

are important in the tracking mechanism.) The ifiaras beam go through a peiacizizzg beam

sglitzar. This rzmly irzzmsxnits ;:0laxizat'ians ;;3arz:1}::§ to the page. The emerging Eight (now

palarézeci g:a:caI1e.i' to the page} i3 m}Ii;n.atad, '§’3ae: ct§1ii.::1at&e£1 iighfs gums thmugh a c;uarter~
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P1 V1: » :'

ms” ifiudfi marszmg aan°%§§2:t'ea2r HAWWQ mam‘
 
 

 
Bffirazzflon gang

Carmava smglai kififi Obiivie ieris

Gyiinérécal was ’ 91$?‘ (W2 $51}

Ffzomzietesxczr array

Figxiree 13.55 The max mmmoz: cpticai train in modem Ci} players is the dub»-beam
apsicai train. - ,,

wave: piazza and is maven:-.d izzm aircularly psiarizcd light. The circukar}y- goimzui light
is than» fmuszd xiawa once 131:2 disk‘ If rim light mriicas lama, it is mfiacwd back intei the

obfiactive isms; if ma -light the pit, 1: is mt mfiecteazl. The Eight than passas tixmagh

{ha quarter wave piaxe again and amargas golarizad pergmndicukar :9; {he ariginal beam. {in
Aothzar werés, the light palarizatian is new vmical Wiih respest £0 ah»: paper). when the

veriicaliy goiaxized light hits the golaxézing beam s;:>1i£tez this time, it wiii ha refiected (not
transmittrsé as bafora}. Thus, it win. mfiect fhough the fccusing iens zms:iT than the cyiinérical

lens and be imaged an the photadczectm array.

“3°’¥:=me»b=eam auto?-m"::.:s. T32: ssfxamiioa batman the laser and the cikmpacf fiisk is

critical far the correct operatien of am CE} playar. A cfievsr astigmztis aistofucus machanism
is ‘used to maintain this véiatanca, This aumfocus mmzhzmifim i1°§£Z0r§><3f‘:i¥»2S '3 cylimiricalflens

inunadimeiy in from sf “(ha phamdetacmr may {see Fig:;xz3.~1E.51}.
if {he abj»eciive1e.ns is claser tn the mmpac: disk than the few} Ieaxgtla of the ebjecz

Eem, than the czyiindsicai has ereaies an siiigtical image am the {zhtztadetmmr axray. if the
ebfictive Ems is further away mm the compacé: disk man the fmal isngth of the nbjzsct
1:133, {hen the. cyiizsdrical lam again maatzzs an gliipticxfi image 0:: the photeéetscter army.
Hawevaz, this aailiptical image is paxgendicuizx to’ first image. {Q5 cnurse, if the C335,}; is right

at Sm ‘fcxcal Iersgth caf the Digestive isms, than Sm cylinéfical lens aims not affest the: image
and it is Mpearfercziiy ztircxiiar.) 4

So, if the. dis}: is we far away, quzsdrams D and B wili get: mom light qaadmms A and
C {see Fégure 12.52), Similariy, if the: disk is ten Clessz, quadrants A and C mil gefi mam:

Eight than § and B, if things are just zigizi, {hem ail qzzazimxxts will get the same amount at‘
iighi. So, it is passibie in build a simple circuit that wifii ntaintain the: abject 13:23 21$ just ihas
right diszance mm the. disk.

?§1rea\-mam iracking. Maintaining the mag: beam an {ha Back is also criiicai far

213% cozrsct operatisrzn sf aha CD ;)iaj,’&1’. The threabgam apfical main uses three saparate
bcams is maintain the tracking. fizasa beams we created by the diffmctizm grating {see

Figzzrs 12.53}. Wixzzn me laser hem: gees through the xfiitfrazsiion grazing, it is split up into a
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~ ‘% i: Ht D335 45?}: ‘t

Lawmigéfi fiatarszng earn 3:? er 1/4wa%pma : (52 pa)
  
 
 

flifframian graiing “yam Wang
Ganszawa séngheé lens

Gyi%n>:%r%ca3 ham «*"”

 
Figiare £2.51 The sepamiozx between the may and me cnmpaaz ziisk is critical far tbs
ct>m-mt :3§s:s‘a¥3s:en 81° the CE) yiayet. A clever astfgmatic mztofomzs mccimnism 5% W221 :0
maintain this distanca.

Ifigtzre 33.52 33’ tm zfiajeciive: Ems is
class: to the oiamgaéxci disk than 9»: fmal
iengzh :2? the o.b3‘a::::t mas; than the: cyiinéricai
3512223 cmams an kfilipticai imaga on the:
gihaiuéuaixecxcxr army,

 
 

Figure 12.5.3 ’i‘§ze: imwémm epiicai train
fimw sepmie mama ta keep the: izesesr

beam zka Hack. Them imam am crusted

by ma d»if3Ima:=tin-1: grating,

A Three beams

usad for Racking

central might‘ beasn pins 3 number of side beams. Kiss szezztzzaé bzzam mad an-<2 ‘beam em each
six}: are mad by the CD fur fha traskmg system.

Tc: apgraciata the zrssczkiszg mecizaniszm, cansiésr a segment nf the CD piagmt containing
swarm} tracks {see Figme ‘$2.54). if the spfieal hazzd is an track, than the primary wili
be centered cm a track {wim giis and bumps) am! the {we secandmy mams will be cezaiérexi
on Ezmd. (Tim trhme sgats are deiiberateiy offset zmpraximataiy 29 microng with respect tn
each 0622: in amid ct-z:sss:a§1<.) .

Twn additimza} deiemmtg are placed aiezzgzzida the main quadrant dezector in order to

pick up these subsiziiary beams. if the sh:-:28 imams am on track, than me W113 subaidiary

phstozxiatectars have equal ammmzs sf fight and win ha: quite izrfight because they are cmly
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fiigszra 12.84 if tbs: e§£§:::a;! head is on track, ma :2»: gxrimary mam wiii he cassxtzsaszi
an atrasck (with pits am! iaxxmgssfi and £316 {we mc€§1‘s-tiaxy beams win he: oezttezrzazi an land.

 
Figure 12.55 If the opiical hszzspzi is nff tuzgk, than {ha cstnter sgacri gets mum iighi ezncsrggv
{beczmsa men: an fewsr pits off {mi} and tha side ciazieciiirs sari}: ix: rrzisbaiancesl.

{sacking as iand. The camrai beani wiii be refiucraci in bxéghmass because it is tracking 9::

hath Zané and piss {me Figure 12.5%}, Eioswaver, if {kg ngiical head is eff zraszk, mam §}£

sI:Ei’1§Z€I‘«S§3€}£ gem more light {izacmse {E1513 are ikwsr pits off track) anti ihs side (i€tE:C£(}£‘S
wili be misbalanated (see: Figure 12.55).



M9 Other fvéaém Gommerciai Lasers

Afifiitionm agzatimf sic-raga aggsiieatinns swing imam. The CD audio piaym.
is just com; of many cptical storage applicaticms using lasars. The CD recerdable (C13-R) 33
anuther tachnoiogy advancement in the optical stemgct area. T134: {;‘I)~R uses a Easar bggm
to interact with a nonlinear dye and “wr§£¢:” pits in rm CD~R disk, (1‘1)«R ciisks are “wyjgg

anca" d:ev§ces, ‘but offer excegziianal performzmzze far archixral agplicaéans. (Tizés texzbog};
was daliverad :0 that pub}.i&i3.sr on 3 CD4? ;:i£:si»:,)

Mag:1»2£o~0ptical smragr: is another fascinating lager diode appiicatimz. 3/Iagntttowpticai
‘ gystezms use a laser beam in change: the orientation of a niagmeticz matsréal. The: process

mquires heating the magmatic magma} :9 mm its {fur}: iampsxature and using me fiicusecf
field 0:’ the laser ta lucalizt: me. shanga. The resuiting magnetic spots are mad sspiicaliy

using gifixar ma Ker: or the Faraday effaszt. A
Another opiical siomgs agxpiicaticm that is jug: axthieving suacsss in the cvmmargziaz

marketplace is the {W13 or digital viciea éisk piayer. A combination xsf CE) Ease: tezzhnczlagy
' and cievar digital algorithms» has rasuited in 2 meme robust alternative to the video tag»:

machine.
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