Chapter B

Nonlinear Optics
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Fur propagation 1 on sadvopic sadioms, the polirization % is ralaled 10
the aiarisk: fisld by the following dantity:

PuylE ($.1)
whaes A"’ W koo a8 the cdandrr swaceptivllity.
it & crymbel the props gatrg Bokd fhuces « polyriogtion thay depande oa the
Jareonou s megitode of ko e, and the senpledciincos preca m By, (B.1)
oo tn oureded ta Incitwie the second- arvd third-crder sescepii@ities, 20
P yOE + XVE + y 18 4 .. (82)
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ml;&uoﬂhlmwmxm whils third-borainics gemmration gependy
on X,
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The second-order nonlinear polarization P® = y® E? can be expressed in
more detail using

E(t) = Eje™" + Eye™™" ., (8.3)
according to Boyd (1992), so

P(Z) — X(2) (EIZe—Ziwlt + Ege-Ziwzz +2E; Eze-i(w1+wz)t +2E; E;e—i(w; —wy )t
F2E{ Bpe ) 1 2 (E\E} + ) (8.4)

The first two terms of this equation relate to second-harmonic generation, the
third term to sum-frequency generation, and the fourth term to difference-
frequency generation.

Nonlinear susceptibili;czy is described using tensors, which for the second

order take the form of ka) . In shorthand notation these are described by

1 @
dije = 5 X0 (8.5)
In Table 8.1, second-order nonlinear susceptibilities are listed for some well-
known crystals.

Identities useful in this chapter are

km = Rpwp/c (8.6)
km = 27hm [ A
1/2
Hy = (Ewm) / (88)
Table 8.1
Second-Order Nonlinear Optical Susceptibilities®®
Crystal Point group dy =15
ADP 42m dyg = 0.53
KDP 42m dyg = 0.44
LiNb03 3m d22 = 2.76, d31 =-544
BBO 3m d22 = 2.22, d31 =0.16
KTP mm?2 d31 = 6.5,d32 = 5.0d33 = 13.7, d24 = 7.6, d15 =6.1
AgGaS, 42m dyg =134
AgGaSe, 42m dig =37.4

Source: Barnes (1995).
“Units of dy are in 1072 m/V.
5The dy matrix element is a contracted notation for dj. (see, for example, Boyd, 1992).
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B2 GENERATION OF FREQUENCY HARMONICS

Moy, 4 besic descripaoe of wecowd - beootoi, neo-freqnency, wod difforeacs-
froquency gonaaticn & pnow, The difrcnoe-lroqoensy Fracmhon reohon
udmumumdmﬂnmdwm
cecilhmhow.

821 Seoono-HAazeons: 200 Sos-Fragquency GENERATION

Prooogly, Mwrwell oquationss ez spplied to deriribe propegation i
botropic lionar optioed W=dis, Hew the PIOpemabon of clsclromagnetc
oadizton in coymiel 1y comddored froow & practical perwpeciira condaiend
with the previons material on

Waxmall pyoations in the Caoséan syunth of oodr are given by Glora
wad ok, 199%)

v-A=0 )
Vol by (540)
V 3 B = {1 /) {00+ da) (8.11)
Vx & =—(1/c)(3R/iN) (Li7]

For n descripdon of propagaion in 4 ovy nd vy adon Ho spprosch of Boyd
(1963) and fosiber canwder & propegation maimd chamsolzrized by o =D,
J=0 and 3 = ¥ Tha poolincarity of the maimd imeroduces

N =Z+4xP 3413

As In Chapter 5 taking the cad of boch ddes of Eq. (512) ami mdpg
Bq. (3.17) wad to
Px V&= U+ axVIF) (8.14)
gﬁﬂnaﬁpﬁiﬂdwqm ior noahowar opict Mo,
= {8/
*Folipwing Boyd (1993, it is uxtul 16 provids & wpuda of defin-
s FOUTg by WIRONUDE He polarmtion iote 19 Exosr andd oomimods

E

A=F+Pn (8.1)

Mullaomad by (i separation of Hin displacoment huto
D=0 +dxlrs (8.16)
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where
Dy =E +4nP; (8.17)
Using this definition, the nonlinear wave equation can be rewritten as
VxVxE=—c?*(V:Dy+4rViPyL) (8.18)
In Chapter 5, for an isotropic material, we saw that
D, =¢E (8.19)
For the case of a crystal this definition can be modified to
Dy(r,1t) = e(w) - E(r,1) (8.20)

which includes a real frequency-dependent dielectric tensor. Using Eq.
(8.20), the nonlinear wave equation can be restated as (Armstrong et al.,
1962)

V xV x E(r,t) = —c*(e(w) - VIE(r, 1) + 47V Py, (r, 1)) (8.21)
where

E(r,t) = E(r)e™" + ... (8.22)
PNL(I', l) = PNL(r)e_i“" + ... (823)

Now, with the nonlinear wave equation established, we proceed to
describe the process of second-harmonic generation, or frequency doubling.
This is illustrated schematically in Fig. 8.1 and consists of the basic process
of radiation of w; incident on a nonlinear crystal to yield collinear output
radiation of frequency w; = 2w;. We proceed, as in Chapter 5, using the
identity

VxVxE=VV-E-VE (8.24)
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A e
—— = H—— >
w, =2,

Wy
w, = 2w,

Wy ——> 7

Figure 8.1 Optical configuration for frequency-doubling generation.

the wave equation can be restated in scalar form as
V2En(z,t) = =2 (e(wm) V2 En(z2, 1) + 47V Pp(z, 1))
After Boyd (1992), we use the following expressions for m = 2:

Ep(z,1) = Ap(z)efn?eiont 4
E(z,t) = Ei(z,t) + Ex(z,1)
P,(z,t

Py(z) = 2dAje™*
P( zZ, )_Pl(z7t)+P2(Z7t)

)=

1) = Pu(z)e " +

Pi(2) = 4dAy AR
(2)
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Following differentiation and substitution into the wave equation, the
0?A4,/0z* and 0%A,/0z* terms are neglected, so the coupled-amplitude

equations can be expressed as (Boyd, 1992)
dA,/dz = i(8mdw? Jky ) AT Aze™ Bk
dA4y/dz = i(4mdw? [kyc?) AR
where
Ak =2k — ky
Integration of Eq. (8.33) leads to

Ar A3 = (drdud [kyct) P AL {(sinz(mkm) /(LAk/z)z}

(8.32)
(8.33)

(8.34)

(8.35)
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Boiw Al Optient confipnrwtion by romdegueosy gowsdoo.

Equatioa (335) Mustestea the noallsear dependence of te frequency-
dowblad cutpul on tbe inpat aighal and inticates 13 relation to tve (2 24/2)
parameter. Thin dapendence lmpliss Ut coovattion eficlmcy decysmsee
alguibeantly s (L Ak/2) ucressda, The distance

1, = 2/Ak (8.36)
refecred to 88 the cofervice dagok of U cryatal, providee 8 measure of
ibe Enpgth of Use Ol necaesary for the eBcloot penaratis of aecood-
hurmneso oedstion.

Seoe-froquency ZOwnEos ix outlingd io tes Thiul larm of kg, (34) and
nhey the mtvoaction of ouurion st two difezeal fiegnencics @ w il
to proslws redialion s\ 3 Gad distinct frequency. Tha prooos, o xtrwitd
achomationty m Fig 8.1, cocxste of the svnned Incidmor radistion of ¢y
and Ly onio 3 ovallnewe cwydal td yich] oodllmcor outymt redation of to-
QEINCY (A = w| + 6. Uding the appropdae saprosdune for E (1,9 and
Pulz, ) 0 the wave aquadion, oo P dmn el (Bovd, 1992)

Ak mky 45—k (37}
204 ibv cutpul inkaosity aghin dnpeods oo snc® (L Ak /7).
The idak] eantton of plane muatcoidey i sobimief whin
Akw {3.38)

and  offere e moal Qurorablz circumetances for & high converdon -
theacy. Wia thia comlidon it bot sxiielicd, thare 18 3 B0y decronsr. tn the

efficizncy of vmn-freqeency pemaration,

422 Dorerxncs-FRECUENCY GENERATION 4ND OrDcaL
PananEmuc ORCILIATON

The procear of difference-fteqoency geoemtion it cnadiisd i Uve Mowrth larm
of Bq. (8.4) and [awaheie Use hacenctian of tadiazion ot two dlfatecs (s

rotalised in w cty#ial 0 prodots mdarion © a thiud didioot frequaacy. This
procesp, dhaytrattd soheowtionlly o Fig B2, cocpsty of (he opnne) iswagenor
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mefetion of oy amd oy oute & sonlnsnr cryeal o yield soliowr ouepad
madtion of froquemoy wy = ayy = wy.

Aovowiiag thet &y 3 the froqueovy of & bigh-mdrowity prorp-wscs bykios,
which remaims andeplcied during the owitamion process, Hem Ay can be
considercd 8 conslant; vl xn LENO g approach kbt adopied i the
peorions section, [t is found Bt (Bowd, 1992)

dAyji m NBdr fk) )4 A A0 (&39)
dArfa = i{Bzd fha?) Ay A SR (8.40)
dAsfdr =10 (BA1)
where
Ak =y~ b=y (R.42)

it the soakheear coywtil invalead b the procest of frequmecy didiawses is
dapicyed xmd pvopraly aligned ax the svopsgmon gam of = otk Repm.
alor, w0 illostoeted in Pig. 8.4, B the aatnyosoricy mbanwity cxn Suild o very
high wwiocs, Tirls is the coencs of an icll paraswerte osciflowr (0FO),
Baxlz popars pa DPOw e thuwo of Glordmaine aned Milker (1965), Akhma-
por ceal (1965), Bywr axal, (1963), anel Harris (1968). Hecant AVIIWS are
Heea by Barwen (1995) smd O atad, (1995

In the OFO Literaroun. o 3 kovewrs w9 the pacay froquenoy, oy ue the oller
Toeromoy, amd wy wy the Wanf frequancy. Toruy, By (8.42) cam be reptaied an

Dk = kyp—ky—k; (B43)
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Equations (8.39) and {(§.40) can be matd 10 provide cqumtions fot 1he
agoel oeder wolaus comditions of zreat. For cxmple, for ted s win
th tndval idfer inmelly B 2o and A& =i ), 11 oxe be shown it

ALV o1 3 AOLES(0) (£ + ) (5.84)

Whecr A¢(0) 8 the kniviat amptinnda of the eigaal Fete, th paramater 7 %
delinedd ax (Boyd, 1983

1= (s Adin g e or) (849

Equation (843) indiczaes dhas ot the ewd couditions of 44 i (), the dyoal
cxpericaces vo exponzndal guia walong as the puogy ioacnsity o not depksed,

Faquency acisetivity io prixed OPOs hat been stodied in detadl by Booe-
san and Bysr (197¢) 1nd Bernee (1997}, Wanckmgth hodag by engelss and
sl meass & dneosand by Bernew (1995) Conaldaring the Soquancy
iffetoncs

iy =L — kg 1844)
D3 Ey. (B.A7), s can be shown dhat for the cxe of AL m 81 (Ot aved, 1995),
Ag 28 Apleoy — ag)f (=g — ) {L47)

wtich Hlenee @0 the dependecos of the dgoct sarvelangth on the cafracthe
brdioes. Ad cfitzalye swrnoe © shange the refrebtive index is 1o vary the sogle
of the aptiosl ods of the cryatal reldve 1o the sutioal s of the ority, s
exdreed @ Fig 84, For isaxoue, Zrommn and ycr (1979) oponr shat
ey dvis waghe from 45° 10 49 g NEYAG lmer-powped LINDOD,
CIO anry ty wpseieogth [rgon ~-2 pee 10 bayood € na. The emgelor depss-
dwre of mirettiee iDdDcy @ umisxm bircfrimgeat crydxde is cimoooed by
Borm and Holf (1999).

It vheuld be mestioned that the preniphe dincwseal i Chapier € and 7
cus be opylind loward the taning and Bovwriddh newrowiog in OPOs, How-
#nut, them ara soma pulqes fmiw of amlioaar cryaale thar shoukd be
coaddarnd in soms datsil Cherral © this dircuasion i the baos of phace
matthing of afiowabls trraiarch [ s dasr Thaa & teonsscs cosdition woisty
eronol Ak sa {, s [note Py {K 46} it i seen that tha actaof sl Inoth as
CI'O can cepvripos w largs preass ihea thim ouoddios is swtisGetl. Thos,
A4 mi O1a g deaireble festore, He 1 ahould be somiioned thot soma mathory
defloe alightly Siffaréacly mhat & keown ws ofownadly rbmaxck. For inatamue,
Borew (1M defines it a8

Ok - xfL (8.42)
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which s slighvly broader theas the definition givea i B, (3.36).
The discussion oo frequeacy rlzetivity in OPOs bescihe eigdficantly by
sxpanding Ak in 8 Taylor rerics (Berocs and Corcoran, 1976) 30 hwt

Ak = Aky +(BAKk/Bz)Ax + (1 /)& AkfE) A ... (8.45)
Hewz Moy procem | repewind (oc other vamiabim of imbareyt

Ak = Aky + (DAR/HNAS + (1/M)(F AK/OE)OF +... (B.50)

Ak m Aky + (BAKSINNAN 4 (172THP ARATANE 4 .. (8.31)

Ak w Aky + (BARSOTIAT + (1/ 2P 2487007 + ... (8.5
Bquating ths fhmt bwd e:ticy and ignoriug the sweowd dervatives, & i foand
that (Baomea, 1999)

AN = AdaNk{o0) &AL BN) (R.53)
Tiis Eoewiclth equition thowt A dapenicants o the bty divingtnos, slih
= deattriimatd by W15 gratvateica] characheriesics of the podop Dikcn ol the
of it cavity. 2 wwald Do nolsd thas (i equititm prryile ab
ekt OF (he drafrimete Seewdiil gvaidaisls [rom ko OPO v e o b of
Barpex (1955) mymety thet fox  AgGuSe, OFO pupm] by n ECYLF lpwgy,
thy Foowidgh s AN = (U214 pum & X = 382 pm
Istroduction of the Drymgeheity cliywrsive obuigoes socibed o
Chaptar 7 prodins moch anrovwy s on fwew dthe, A dispersive OPO b
filostrated 1o Fig. $.5. For thiy neclliador the multiple-rotum-pam Ivowldii
I» deteviinod by

A = ARz(RMV)\B¢ + AV dp) ™" (3.4)

et thy v wooioho® e xy deffecd o Chaptar 7. 18 sbouid be
appann that Eq, L54) Lo its ervgis i

Ak = ANearan™ (855)

winch n & xpthlsd v of By, {#.53) Hears, we hsvr domonstraied
4 aimple mathema Bcs] appeoach ta ardval ha Enewidii sqoadan thal v
decivec neing pratrarttica] Agtats o Chapier &,

Uity & Hagairive apruity inpoviporAting 3w dovacevity smdah ax s LINWO,
OPO oooiexd, by & NGYAG ewy, Brexmo and Byexe (1975) wohicwed
» Bnewidth of & w 2235GHs, Ako mang # NEYAGpumped LINBQ,
OP0 e 2 sanilnr (nterferomedric tacimiqme, Milm arol (1989) schiveed
alngls-longitndinat-mods cmiston 2t 2 Enevidit of Ar s S0 MM
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A futher aspen lllwstrated by ke Taylor serity capamaion in that by
cquating the sccond dxd third serits ic in fodmd thut

AS = AT(BAK/AT)(BAL/ETY (K.56)
which indicuica 1ka) the botin Frvegpetine i3 3 Foootioa of teenparwtore, which
shogld ha qowsidorey] wheic comiroepleting heympl Bhmiwy Tohsigisg
MCmptes Y upipgdes p 2ecfivo o ke emexion pecformemon of vamoyy OPOy,

823 Tax Barracrive Bvoex a5 & Foncreon oe Innsess Ty
Utiteg & Taylor saride va expand 2n expracion for ths refractive tnrldy yields

m = -+ (Baf N + (1720081 4. &.37)
Neaboocing ibe sccond-order and bighe toviss, this expreasion 1duse o
m = + (bn/EDI .38

where ny 79 Uie normal seak-ficid refractive ndex. defined 1o Chapter 12 tor
varioun materdals, The quantity {ie/Ar) in e dreszlonims tmel has 1nls
1kl are i hrvwree of dhe Bsd? frooniity, s W' oo’ Udng polarizetion
engpureants thde darinitioe can b sapressad 22 (Boyd, 1992)

B0 = 125 (e} (859)
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This quantity b Joouwn as the acomdovder fndex of refveetéon wod b trad-
itcmally reformd 40 gm ;. Setting S0 = a7, g (B-3¥) oan be reseynd im. oy
unml o as
m{e) = mofeo) + mfe} ) {4.60)
Tha chatgn bn redhactive indaa o a fooction of lasr Intensity b imown ea the
optis Kovy ffecs. For g deacripdon of the slsctro-optical Kacr alfoct, the
tendec shou’d rufae Lo Agrawal (1995)
A vl 00w noasenminod of s opticd] Kacy offtet i the phenowéncin
of mif-ocariy, This nealty Fom the WEPRERSOT of w feex boaag with 8

1996}, whare o ghves et Lo whac {a knowa s Ky fewr mose
Jotktng (KLM). Tiwz b appiind to spatially sistt the kigh-intensity seods.
locked prusar from the background CW hang This ;s be accomplishad
alwply by {ptartiog 80 pertar aaar (e pain madioen (o nevtsial |ndag Lo the
recon], I hvintwoaity, portion of the ibruon vty Eowm. This pikasigoo bae
ooars wdaly vetd i Satntretcond e ctvikiog

CRtivedt marirm

Fgers 8  Stoptiberl rrormesis o of niffooulag don te a = ag+ 5 0 0o opdes] mofiers
O 0 pacpogtong &F o Ty brem @04 cogoChminiigg] LDACSHY atod.
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cailinad hem Comsider & phopagating hetn 1t 1ba w2 dinetbon, nopresanded

My

Bir, i = As{r)e ¥t 4 (8.61)
and (b scalar yorvion of the noalincar wavwe g0 given tn Bq. (8.29),
awuming ded 1he spatial yerisdlvos of ¢ we mach ryer thas the oplical
waxvziangth, Neglecting the polarinilon tarm som s wrin

(8 e /8%) + DDA 182} + (D) - ) s =1 (D)
The compien. COJUR of the CQUAACT 3

(8 41 /88) — CB{BAY i) + (/) - BV A =D (883)

d wrve propagatiag in (e reverse divacaiar of A((7] and whose cosapim
amplteds ks smwlere 1he cunapisx confupene of Aj(r) mabaics 1be
wewr equrtian asbaked by A (7. Feom s precine] petwpective thia imphaa
ted & phusc-ouajusate yTor Sam ECITIRT & wwve PHOPADAIDY D reverm H
iz ineidom wave whoee amplitude b (he compien cTAlua of (he moidemt
wpae, Thus, 1be wavefhomme of the reverm wve comaide wih shear of the
ncldom weve, This conecpe o ilksteaied i Bg. 8.7,

L e -

Ty 37 Tha roen of ol plaom KRR
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o g

PCM Gain medium M
Nzwodd Beeio phesecogupeind leer cavity,

A plwo-cenjngaind mirrov (POM), ts depictod m Fig. BE, i growrpted by
& proceme called deprrerade fosr-waw miviag (DFWM), 1xhach rodl¥ depehids.
on ¥ (Yarh lmmlmnumbc&uibedlumﬁmm
wars aquathons of
Enlr,f) = dufr)e™¥-tem g (E46)
winwd arm 1,2,3, 4 and £ and 7 516 voctan Using thase aquadions aad U
sitplifitd eumtions Yor tha foms polarcation s (Boyd, 1997),
P\ = 3xP[E{ 5] + 26\ B3} (B.67a)
P; = P(E}S} +25:E, K| {3.572)
By = HN2E B\ B 4 255,8 + 25 55| {§.670)
Py m IXPREEE] 4 25488 + 25 B 5 {8.674)
10 Lo gaharaiond wi v oostion
W Ea(n, ) = —c™ (2{otn) VoBn(z, 8] + 4wViple, )

ovenbmlly Jewds ia expreymons Sor the smplitudes thet show thet the gemey-
ajcd Thdd  dhivear ondy by the cdsger yebpate of the mpte el cod.

An anw of ptiotam] mkanas iy e ropreccwtation of & phwso-comyngnind
mUYTOY it boArsinrmtyix motaticn, o troddnded {0 Chagter 4. Thie prohlem
wix wobeed By Awyenmg arad {(1979), whq meioer the srgerwcc? thed Uy
ceflerted Thdd iy the Goyuess moplon of the tarident feld, shownd e L
ARCD qutyir w grawr by

Mwuw(é 2)-( 4) as

(¢2)=(G7) (nss)
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for & conventiocom] opGyl mioroe. A well-osowm nonknegr mpkerial wois
tahin at & PCM & CS; (Yariy, 1985) Fincmalicnia i the pheské-tou o gyl
algoal paewnind by DEWM ln soctiem was mvptignisd by Ko el
{1984).

8.4 BAMAN SHIFTING

Silwulasd Ramaw tearoaritig (SAS) x e addiiotwd a0d very usshal tonl
mxtws] the Srememty rangy Of food-frequeessgy tod taomhis by, Also
Jmown ax Bamar ahyftng, SRE oo 3¢ socomplished By Mopang & TEAMge
laws beymo woks § nondmear madioms such 25 Hy (as didsitaisd m Fig. §,9),
0 geneTelo coamon xi 8 myiey of wevelougrhy sboor cad bolow 1he wwve-
Jeugth of 1he lawe pomp. The myks of longer-wavcknglth ymisdins are
nown s Stokey and are determined by (Hartig and Schosldy, 1979)

P =P — MR (3.7)
where pg i the Boguowoy of & giwn Jeokes, 1 w 1be frequency of the poaap

lawr, vp i tbe intrindc Raman fequency, sad ae= 1,23, 4.... for naocen-
aively higher Sinkes. For the seride of sharker anb-Siotas waveleapthe,

Vaty =1+ My &}
where v.ce, W the rxjmepy of w s wats-Bigkre, Lk aholdd B¢ wotod e
mmdvmmwb}&:mm whio e Seldy, s tom,
m;,,undv& 0 othor santh, for m =2 8 4, .. g 40d 4y wre

pnmudhyv,,_,, mdw“_,,,m Heesw s ywoct imiremes radi-
R3O0 ootats for my m ] Wilh puccstsivaly wankac reaiatlon form = 2,8.4,..

at dapicted 1t Fig, 3.10. mmmm.;mwwm
bom 37% ({rd Sickw}, o 13% (ool Joiwt) W 3 5% (ldrd Stakes)
Baik wol, 1985). Rar the H; molacals vy s 1245637663 TTIx (or
4155cn™") (Dlocboges, 1557),

0
V

A

ha

g £ Opdealeeafigrmaian v H; Rurves shiftwr. Ve oexplt windom wxd 00 Syowrsig
pdpa 1 mecda of CaF;,
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19} &

19%
1%
b ad =

T A0 W3 W0 W0 AG W0
AW
Mges B Biokrs 104 ouStokes aoleioo b Ky 3 3 = SD0set

Usiog the snure squadion snd mwrumng scdudiome of the form

Ex(z,f) m Ag{z)eoeorten (&72}

Bp(a,f) m Apiah Ored | ®7n)
il olo b dhown, miing the fact tha the Satkos polarimtion doptyads oo
xmz,r,e,mﬂgmummm;sqmummﬁ
of the pitop ndlation the pogulation dentity gng tis iowee of fy Rymosm
Liwaidth, emong othey Fuzomn (Trutos wosd Byer, 1990). It m mkmosting (o
Mumm!mmmbm&mdmdMMde
e (Trwtgn M pd, 1579), & dootikd descxiption on the msecostics of SRI 1»
evidad by Boyd (1992).

Beanoliced Raman Scettaing m Hy Has teon withdy waed to extend the
frequuncy mags of tunahbla lasers, such as Joe kasers, This techalqise waa rst
demonsreted by Sciartidl wad Appt (1572) walng rocm- temperatars hydro-
&0 1 g preymae of < atmospheres, Tieis m menlassd Soantse. ihoogh
wtiple, the wp of preswrned hydrogen ceqalres samkes el wily wod
dotaikyl sutrntion ™ Jafety poovechaey, Usag & &3¢ insexr wilh an cmistion
warvelength esotored potmd 363 won, Wilke wod Sobmiadd (1978) gecmitnd
SRS ndimtiom i H; [om the epht goo-dagkes (M (58 nm) = the tUaird
Tk (at 2064 ) wt 2o overnll cosrversion afficisocoy of o b 5@3%, Usog
tis ancond hannana of e Jyy e, the oome emiboo yossryosd frovg the
foutth 4nti-Fpokm oy the Bfth Stolm, o fciumicd on Twhie 8.2, i w0
ol conronson efficenoy of op ™ 75%, Uzieg g aistvha & ineer confiy-
wndon. Hivdg wod Sheidh (1979) cmployed & capdlisry wavegtiia Hy call
o gensrate hnahia firer, mcond, wod [hird Sioles spaneing tis Saowtlan pi
mugs from 87w ba Tpm,

Uity & d¥n laas sypinoe inaorpamitiog o MIFL gtong oshidirtoy wad Lep
vixge of ymplification, Buemborg Mal (1932) sdicved gecmtion op o
the vidrtergth s00 Giekeant {33 nm. Brink wod Proch (1932) c3port om 2 0%
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Sowrer 33Uz W Gamatt (LYN).
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4 Aporacimas: aw
*Ceoreponds 10 4 Qeotyl ang of WA Tem € 2y < M Smm All other Wt oy srorovcessk

medls (Binonbergzn, 1967; Ysdy, 1975 Odeer gaacovs medis nolok 1

(Foushe and Chang, 1572), L5 (W and Cotvr. 1%60), Ha (Mannezs

19€7), Ro and 11 (Whis and Henderoon, 1933; Ladewigl w o), 1354), and

Ph{hlﬂalmdﬂpu. 195C). Stictuiried Rattws Scattering B opdesd
Share ix rletossed v docall by Agniaml (1965)

ADP, Certainly, i1 ahoalid bu spytursne then the getcration of frequeacy
Axrsonks iz wvod Hovdhad to fodd tha NAYAQ ke, if b 2o fretared with
n visbaty of oz spapass, snchuding hona hie Jesace.

Qe appisation s drogren yanions atpecis of hoae ophat, (ecitiding
harmonic BRaWHOR, [y known a8 opvkey? abaiorod (Holzovarth e al| 20010
This ixvolwe tho geeruios of & pmodocied whipstight contisuoms R
ahaolvio frequency measmrements This 5 xm on Origaosly onoflioel by
Hinsch and solosgees b te kid- to lae 190w (Ecksoom ¢ al, 1976) bax
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Tabla 83
Howmenics of 80 ‘Fur-l o Tremstou oF e NEYAG Loap
Pundess s Haemooks
v AT 10M Tie O v LSiom) Way S04 x KMk (A w S0 om)

I 2o R4S ¥ M B [ 20 250 o}
dvacl,13 x K¥ b (0w Difom)

conly reoectty has foound the thaologot] kool wicrssary & Betoms xgaite
cantly detvrliongpod.

The dasio tnolé are m woxinalized feambosecond 2uar, & sdoloess aysial Blec
capsvhin of sif-mnduietion, s stdbilizsd aamoewdiewidth Dues, and w oo
queagy-donblimy arystal. Beoelky, ﬂnmmdm-w
odip Erpio of poles, giso knows s 2 ok ox rviy;, wicth apolr prdes sypagaiod
v an ore) &, Ror an ontio apaosl ootave. This » wocomplanhed Ly
Socoimg & highrirtonsity femicacoond hoor e ou & 3 Y7 muedivea, This
o i s aryvial Bher, ww koown o s phsonlc oryaral e (PCF), srhoad
refraciiug (odea, bokaves mecording 10

N(E) = <a + mad(f) (&%
Propagation iw such 2 nedlam camsen rod sprecd of chie bending ofige o e
pulse and & btihve speesd ot the trelling cdge of U puibe, sinus tes Sald
axperiences 4 tmo-depeodent shifl ccording to (Belind and Haoach, 2000)
Aty = —(wam Lfc)(dh 1)/} x.75)
Thas, ¢ high-otaity ~20f poden foomnd oo 8 Y7 ovsdine o Gw opyo-
tatatt long aak glve toms 1S & co oo GHokewnrth of of, 2001).
The atvbillaad-fren sy Aol htomd saed it traie s made Eallivor with
& nome-latwidih atshitoed ey, 10 D4 DibAGAG, and #r moond hiomoaio
(Diddams eraf | ZDA0)L Tté cod it ey B doartiimimgg (1 padien Tokis
v and 2v i e ditparaad DY A gratmy, Bnd tws dadecacts 200 atetMNiocd
0 detecmabon the Maquancy beating Bateren (s pules toaim With » aad 2o,
(s dstermining tes bant fonqreecien §, AN 5, (mw Fig 3.11). Moﬁng
Didnon ¢ ot (200G, the Teequeecy diffamone W §ivea Ly
Tvmy = al & (5 28 {5.76)
vhers

Doy f20 @7
w Sotermined Uy controlling £, wisch i the wevity nprb of it scbilkeed
Somtowecond Loer, Using dus mochod, Thddass efok (2000} dewermined
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¥ for an " y-stabifized Nd:YAG bewr 30 b 281, 630, 111, MORRR, ith an
ofttd of +17.2kHz

Thda technlcque has led io the drvlopreent doptlcdﬂnqml)nm
rarx capabis of providing an upper Seol Mt ths massuremant ancartrnty of
wiveral purty i 108 (Halzvarthe ezad, 2000). The wehad has fixo bew
sdimdad tr inchuds eiliée fabilired ey and bighee hanmodos (Hoke
unaribee ot ., 200 1)
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rominoar aptioe, thort 34, By (RIS

2 GmEq. (R40) n auiw of Eq. (R4§) ooty ths approximation Ak se 0
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Bq (8.62).

4 Tt the Enewidth equation fox vn OPO, it 1, Exq. {E.53)

5. Detoroming the e yologths 5o the Stolow oArtion daf e = 1,23 and for
tho watr-Stokey adiation af ;x = 1,2,3, 4 5 for Hy, gwe thort e ke
thecttation in of A = 500180
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