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Table 6.1, Ray Matrices for Some Common Optical Elements and Media

out

(1) Straight Section in [I d]
Length d cd 01

(2) Thin Lens:
Focal length f
{f >0, converging;
f<0, diverging)

out

{3) Dielectric Interface:
Refractive indices
H,, N

out

{4) Spherical Dielectric
Interface:
Radius R

1 0
n—n 1 g_.]
i, R n,

(5) Spherical Mirror:
Radius of curvature R

(6) A medium with a
quadratic index
profile
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6.10 High-Order Gaussian Beam Modes in Quadratic Index Media

Figure 6.7 Some low-order optical-beam modes. (After Ref. 9.)
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Figure 6-4. Transmission or bandpass characteristics of a Fabry-Perot cavity.
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Figure 6-7. Frequency degeneracy in an optical cavity.



Lvolicin A+ B Coglficconts

S TRY VP -~ %Mz_/ P - Y. O .

7 “\//; P V;«,azzzzé}zf.

The alasne Wﬂ:f&?t M_»r;% W on 3 LTy .
¥l MMW £y wvmn; iy T T X

W«Wﬁ&wpé e u&wsw@

AN, - - h N, A, o sz‘a:mzfz;
ol 1 %W- .
-t/=%
- . Nz_(ﬂ s Nza €

b 8 B ok mﬁ/%nggém__ -

Were anre Wma/u&ww& wlales , oo of//d/m/fm




2) Baerplin : Lo in alsll abnond Lyl amd are.

enciled) Zo waZal 2.

AN, . E, N, /(ﬂ
dt '

w—;(e/u f(\l) 6{\" (273 Z%e L a,/é’ ﬂe/éaem%m uuwcuzg
N anod N+l anad IQ w%%em% :?/‘MZ(E/)V?(

3) %W W %w AT LA m % a/,'wme % ﬁé
é/f/zfl‘ zee 2 )er/tZ 62 M% %) (A,Mw7 \) WC&?
/::,L wz?a% M lo deca ., 2o M

on, od/wc%fmf— et ao e

Mw«?é% QW @ZZ.‘E/WLA?-T.W’{ cue;/vf.‘

AN, o B N B N (N - B, N, p(N)
AT

e — ———— e — d?’ ,,a{f

=1



Before After

{a) Spontaneous emission

T
VAVE ; AT

{b} Absorption

Aavne

{c} Stimulated emission

Figure 7-4. Effect of radiation on an atom.

4




g&ﬁg_/ém‘ i ,L’%\ = ,MM/A Co{;fé&/‘a‘e/n%
' F FALL

&t W%M j i\lz =0 awd twe ;;/Z:__

£ = -—92, N, B M/)(‘J) - 8 N /(\’) (1)

é‘_/t@w %/t LAEIRACD bw'w— é(e LAY / Mr/}m Wu&)/@&
/7

o N —_— |
N, _ Yoy B (2)

—— 2

4 g

/g |

Ahere L{:meaww
T = aboolile Z@:MM
oé?//q//nma/z7 /AZM (xe # o//aM M
e »MLC/’:W EJ

B s i sl g s gt ity
 sdl  dlsd iﬂz/ in sl T | |
_ 5
VISRER 7f3m e Lw//iT‘T (3).

M /@/W%Z //) /27 /n%—mfa




68

 luladtdng TNy

rope h/ET | h/kT
- _ ( - ,,—JJ = S - 2 r—G1—E = 0,

3
L
) 5J7”L19 — . jz - S

W%ﬂm EWW{/Q

in 3....:_ _ i gz__j_[_. = 0 (‘f) N
g ha’ —
- QZ( p-B ke =i 82["“0 (5) S
/4 fn\l?’ R
(D= |0, = suh’ 8, o
g
()4 (5) = o B{Z = g, QLI | -




(g

Live ddope )
e P it W fsgisiiisy ol f sttt
i ey B /,a-az,mﬁfzzm i 4
4 %
i | -
N
By T
! — hy = £, - £,
— -

Lt 2 L the maFiral or aadialic dpilons

% alalt 2.

T Mecaindny wacisZicats pinisioll tham Lolle ion Ual

-

M/a_{/n Zf:(/m Lt O Mw Ma/uﬁn ,azzéz_
My@ lo wlale | B i g //./v.&z/ue/rw7 coe X

AN ~ I
e ®

N % T =10 nace = AN~ /E MHz.




70

Fe ey W

m loclici foiled prodced Ly %WW i
~th*

E i) = £, € caw W T

w//fe/f-u? W, (e ﬁrz %W&Z—n W%ZWW o
Erverncege! % WU Wmf 1/2 2 W Z%zzm /2 ¢

M%W A

: P = f'z.u'f“ -
Efehs [ £01) e dTF - )

o—

m—

2 (:/2?)‘ I

L WW oo M‘%w@?

Loncine: Jhow ol Flw)= £, Yo +i{lw-w,)

Flale /g_zm/? S

. = £° Y B
4 (wfwa)z + (%_,L._)L
o I(NV= ES whewe AN = |
= ynr

wlz )t (n-~y) 4 (_‘é\_\?)q s



I(\I) W a LML’/?LZ:: ‘44 %Vy&&zz‘(tm CC//M/&;&,&{/ @%ﬂ*&c{%\[ :,\Jo! |

The L alopse onclian q(3) is difiriod ocied Bl g,
) %FWM; an d/Zajim il Q_Mm 4 i
Mw. % Meliveen N _amad N+ dN. v j(\z‘) P -

,//Ca,z,{, é/é A1l Mﬂm/ W ae 2~ ), e B !

j(\l)_ = K _
(9 =~Ng) (M)L

Z-

a/a,zﬁn/z\mdam‘uﬁ?éﬁ/ /?(\S/tf?:(. lé

g oo nn | Al 7(\\5“‘ AN : |
| eo [ (=) (A\J/Z)ZJ

%(\))

4 \J .
\Ja SESN—G S = = = == S =
 Memet Lo funilh aneilesd alale Lfplomi Lronolino Us Line
a/rw/ @__Taa%a/ M»Zé::/za// /Jﬂ/ﬂﬂ»ﬂé/ﬁ/ﬁﬂ7 Evom ‘Qwaxmém )
M_(;a{aw ) ‘(/ue .k/lmw: JZ/EM ;4 o w/«zr7 y /a/w,zu/,:/ ga%m N
_ Q/my : /Q/ﬂr/r/z%cglfw ,Mc,cz&iﬂ/ ,4/,5)"”1., MC’/ ,éédc/a,/uv Mzaeféryvj -




- ﬂwaw/ cé’-l/ﬂmw/;?; offlecto ,ag‘/ elanee Lc—é/ngc.a‘% a_/n,a/oe
oy Wy zizzzzggﬁg@éﬁ _ ye/wyf -
oy & /,M?_Z’O‘—zc.e o/’bﬂ’wﬁé/n/m7 /&.M.A@é//éz &V%-é/n Jé%ztw/fc

p&/%,_uﬂuf A ./).VC—:L;’—_Q, : . M%/Qe/e y d:ZE‘f‘rmo IV ; 44@2)8 |
W 7

- e / /I - /’ = o B

éz'n' ,,4,527% /)9’&0—1/%7 dw—m/ %pmn @ 2%16/24/‘!’/2 41/12%
\Le,éﬂ—cx,&; AY2 2 M 23 /M/wém;

L - '

ig AN ‘q———% V,

| \7';':\00(! — Vi 7 o
7:& Wa//ﬁw (;Zul é-’ a/ZL&ww /m/a—wzfa:; un/ZZ \Le/m&/c v% z,q
j(\}i"\)): AV -

| . 27 [(\3 -\ o+ (A.VE)ZJ -

wile e Aﬂk vo he »/W'mfﬂ?,f/n.w-&w uézfo—zszémw/j —

#-3(\!&)\?): ANV o
_?__IT__E{_\} = N 4 \)Dyé)z i (i}_\_’_h)l] -




N bxornccge ! vd/(ﬂuf' fbf cs’( q) = (‘ngt 2)

e e e

The Lbnisakape due To ot aZome ia

j(\i): [ , cj(vé)\)) Plv,) dv,
wv(eﬁw‘ )D[\/EL)@/\J'11 o e Ma% %Eé_/m»c V/éfbﬂ/v/ny
\Le,go-cc&; Do Zowrten Vs, o v, + 6[\1%. Eavz%( caqe %Z%Wmf’
Wwﬁjwm%\ P(v%)bjz grven “ZV e Maxwell g,m’fé/mcwm

' /2
Pla,) = ( H ) exp (_m;)
2kl ) 2 kT

3 j('\?)-:(_ M )‘/2 / AV R @XF{M)J\{E
2wkl ) 7 277[(\;.- Y0+\?oi%)l+(ﬂ)1] 2kT/

MW{ i R s s s il Wﬂ@aw@?zy&

Locre Wf% mef

e s W/L@: o AN —o0 g , |

AV, e J 0% =5 ]

i 27?[ (=) 4 (ﬂ)"j

I/Z
l

hrangtchapa sy

7

.
wohere ANy = (8 kT b 5) oy : | -

Mc*



!%, at oovan %ﬂ%&tm I =293 K.

Nea _QM_ o ZSX/é'?—v{/&a
- \?o“-b_K[ﬂ,qﬁl,z— (/,e@awrﬁ,éf

16 /2 1Y
= A\ID = ( E X .38 % /o xz%,é’qz) S w le
) 2% w1 T Wiz fs-ng'f)j,
I S W T '

H

AN oie 21;44/7_( A_VD. =2 A\)naff b % Wta -Jc’/xﬁ/e%&/.




Lt T4 Al the i o el dish L
MW /VMMVZ; %tc}za 2 B

R _-/;’{(t/zz-z/u? %LE 7,{:1’.:’/)% i W
- /CJ/CL/Q__Q/_Z ) ua(/ ﬁf}??w_ el OA 0tz ée{:cuc —

by o
- sl L . o
- . 2 e
o Tish . - il e it T ———
o \_/\_/\./\_xg @ ik SOy -

&t = /@@éﬁm i WZM -7 le,zmw_ zé; I N S

74:%/% /:chmu(,f S ___[../VAW)
I S |

-
( a[;n u/fr: éﬂ/.‘;nq Q22 cae uﬁ/ﬁuﬂ’t/d/ﬂn = %’772?, ff’)&l(fﬂd&(:‘})

R Z/(e C - f‘ff»dzfa\’n &;/zeiamvufziéa”uﬂ UL L ClFN Z_*?* éi/é 46&7;1
//M/é_/n/a&f cd n.r_?vtffc /r,/é Ll e aZL é& «e&ma%/ Ldszﬁ a/%

O B A(A/@Mmﬂji TLZ;:)M‘-VLQ zmam /J%ubdf /‘:: Jm«(ﬂ/

&am _{/Q/J 42 uazaéfaé:/ .,é_fﬂz,(.ac_ﬁﬂ»-n ¢% Lroe e SO %{ /ﬁ%i’é

Lo Mo ézmﬂ/a./ﬂ;/{: P A , —

- |

_g;.AI' :7,"}\) Z /’é\) ]V -" l!i /(\})_I]_.j/\?) £ 7 3 7I

d,ZLdﬂww M/QM‘LMM’? G v’tﬂ/f/ﬁﬁfﬂ‘h A&/JMGCUZ)IL /0{ \_L)_E_.-;[:(_\)_)___-__. .

QK_ZJ_Q)_____JL\) ﬁ@ N, - B A/‘)Jé\«J Il

o[?




/:—_?xbazbcfc;zg, I 5&4/»17 /J&&M /&&Z;»m C%e’ 19 ﬂm,o/ /{ Mt%(ofaa«é
a//m1a ﬁé/z/fr_c.!a@,a,/g;?._c WP NS~ et ot ) /L? ] Z.C—mt o

_ AdT(~
daz
tihene 4o %% Yy, Tle= Hr_____rj(\))(/\/ )

|
O

= Y(V)I) I(\!) /[)

Z

Hlenceo Z/ﬁo e mwoéfaép/ﬁwwn Crada aEla . B /\Z al~v)

— SE 2’—8—“7J
- — — — — - . . _”_ - o B
chf«am/a&Law 6/58:92"5)—\— rj(\)),jz,,

o -
P

o Qe/ml;nj_ ANz N, = g, N lhe gain Lecomee Y, T)= g (N)aN
. B P .
- Z/Q Lnéﬂw(/;v lv"JWT_M/Q!\'/ / YBO (7 an1 AN>O -cyj,—?) Z/Lcd
e liea N, >N, ie, onoe alons ane in e oxiclod oZale
 Uawn en Z% Lower 2late. The alawic Mﬁwz/@&fﬂ% ta Wlon aaca

Lo e rprenled =S —— — N
- @,LLO/ZZ&‘H. Li) ia  onanllngan . Z/Lé’/dﬂ/ﬂ/tbgﬁf&(ﬂ’w N v N,
(dnd Merce Lo gain) @z/@% dypend on inlineily. AT Lo
mzflwa&f@ sOAle w{ u@f K(z alormee /am/p&,ct./cz, /«m‘ndf c?/ £ Jr/er w
C‘r_ﬂnL c(awf&_/uzzlyp/a/ :3/(\/ I) =~ X(\f_, el = \L( (N) e méu_l

 callid Ko 4/»»4[/‘,:244/%@/?&”1 . {
— - e
o ) {f) =3 7-‘14( \1)-8-) = & I/ 3 _0) M:Ke/‘f(’ = e T

B c,af(ﬁp/ le omall .ﬂ(}m}bﬁe,/,dﬂé%_’an_m_. (Llapcéa l Ka w ‘f/mZ‘
el // L nzg/zucozé 7,(/J’UC/(,€4_AIC/%‘AM et ﬂ/ éﬂLCé X @éd/‘t(’ffﬂ(" -

»(L/ﬁ‘é’/é ’Hﬁ N Z;' /Cr‘,ya_l_lﬂ_;!l (J&iﬁé—_ﬂ R . |



o ( LA

uqu'Z‘, R . - S _ﬁz

N PR

a//mm/ﬂ"l/ J

gt

/M /Zé@/é Z_Wbd/moéz»ﬂ/ _.;ﬁ 42/ u%z:r»wf @nl  ANLA T

Lo _o/ébf/w an a@az.ﬂ&ﬂ/m Ton  orolen

. 2
LR, e

o Moide o A

"

W, k’ﬁ):]_'

e sg

Cocr l & 67/ z%e ZM&/AM éé%@g,é '-ém:,@.é{ -

- 7&11 # 44422’2
A ﬂ¢W7 (l & Mﬁ/tf ﬁb@“ﬁb7)
//u Wa e =a2 Mé&y‘d___/o/ﬂga;m Ma/ Wi Sl 2 (/ d’ﬁué

Y;Z{):z/ ' N

77




— /-/' f/(’/ /f! =i (.-I/, 7[:(;,r_}_(’:_‘g__q_/_)ﬂ'_'(.(,//{/;y__é%ﬂ _
F 4 S - - ——

,‘/;‘*//,/{C'_?/‘{)_/_: 7 L(—‘ APl oAl ‘;Ef[:f,—'/—l 124 4 ‘,7_,/(;{;,_»/ L%{r_ V) 2 /j,) SR DG oI BT

/ - .
Z(%% MNE G e [,.,74,71.;,‘/ LT /A/ 2/7{8 Cot ,(‘_;/;/ Ane-ole @ V{j /{?' .
Ler /tf‘/{: 7//4 'é-L't/l y > ..»é/()";’—"} o BAL e ]’(H/{/V //{[ (,“{/f 4
Xl/ hY ; (J>

TN

/\/\/\/\/\ AN

V. . ¥q+1 \)q+2

l@%_j_,: L/y/é;")’w-"""' .,/?'L]fj(}/ EANAAARALL T, (e }i/ ///LL 2 //C CAt AL 5 Pt s = prréu

NL—R el /!" Garn ce H/ Y, aneu /’t‘}/\ P N A

/
/( (2 E/ZL 2 AL n‘,(,// i
4

T(V)

AN

/.‘.Zaxa/ [rﬂ/%c AT t,r;(f o"&:./d.tl’/‘)'i,d S o a a--/;f Z%a A /?ﬂ ’Ji.u; 4(2 ln. v
; / ‘ * i 7 g
L,/{/"n--—):el.'.ff- EAVLAD 7 LA2 u/( 72 Z ’1‘(’-’/{{7 rLAGlNeOroly L2010 /L/r L g/
T J/A L. / = # c_(//’, £ oL )/ 2 e




v'd?:—/'ﬂ O L 5 #(" 2O - NCAT 2L /)/} a2 [/ W 7[ ¢
== _047L — j_ zE XL ‘7

/ 4 7 P i - .
l///c’/‘i/‘n,{‘ C - WJ/JC’ / / i /tﬂ M Qé’// CLAEF2LE L gJ L ANECL et
dé ;;L(r( r‘/ / Wi e QL O—n ZL/L/cL/{z:F vl nclaaly // Ll oz/é- 0/(//

]}ZﬂOA gl /ﬂ’ N, o mrore honm Ihe oZflor nvadon. Ba %
L /’/H/U// Lna el oie . Z/ /0,14\ (/((’,-r_',/te/ﬂ/cz.{{@ /,'.wb-/t// (,-f .--‘ccfa.-/ﬁzfl./ﬂ-u

\/7

Z(/ \_/p o uﬂéu %ﬂz rta-ple
Y(~,T)

T(N)

_C/ / a_’,f L2 Z’)u//ﬁ'wt—;ﬂﬂ.ﬁz)u’t-c‘r'gc.-ct &b‘ﬁ’cl(éﬁb&?t»c?q
- / /

[}/ Lona Can _on /// exleard oin /m ) (’/?(C‘(l lewd a’Zﬂ'md te Ao
/%L 2,<,w nm Lo Lf,ia /c " /Z{t POl ANC e Y/ neee aaf/,?( é\)k 5 ;_/ \JJ P
,,,Z 2 oé crebaeld ,Lcn,«_/;.—[ Z/ e ncm /4 L Lo Z/?z/_e e d/{ﬂ v
\L‘.n,/ér_e /(r: R a/ ot 4Z/z PTG :
\6/( N, £ ) -~ Dm?ﬁ(/ﬁ /L;ul/{/f 2.¢

e = =

‘1-! 4 . sj_~H




o

- (/kb_ 2 M JMM PG //hmv amem !
- Zz&zﬂ st stedosilinn oo 4l /% and cevesae
- - LMZ;_.—HLM s 190 1

/QA«/&QM
mw%wa—eé ,,MW ol Psee af e Zﬁfam_m J.e/mc/

D o R ]
o - —




&/

_,ﬂ(é_(l-t:q/ L L.-J/OIZE{/L()/Z(ZIJ’-; i _Z,,»;n 4(? //‘!—"‘7'2 Z-c:"g»é’/}’?,@ et Al ’gﬂ»ﬁé Pﬁf;_,{_( Z}. 2l L /J‘ ah,
7

/LZ.(? A2 wfaL/ v /’VH/ /(? 2l f/((’ oazfn A2 /&W?/{;j /(’2 « A/ﬂ ;ztﬂ/(}///u/ﬂ g |
/‘4/{' 2 B (W / ZLE - JLV.GZ(’J‘—A e {( o/fbtz?? ¥ 71/5‘(4/110(/; LNCACAQEa .

Aéf co-*z‘a/a(.fa/f-'-? Z[A %"{fﬂ/ﬂf&ac/ﬂ/—g ,/)’J’L--”"&/ {/ '

A N\ 2
Stimulated \\\
emission and Gl =
absorption \\ J! Tl
\\
1
\\ 1/1,,
A N\
iy N\
N AN
: \ \
Reservoir of atoms \ %
in ground state \.‘ \ 5

Figure 8-4. Generalized pumping scheme of a laser.
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Table 11.1. Some Laser Systems, Their Gain Linewidth A,
and the Length of Their Pulses in the Mode-Locked Opera-

tion
Observed
Pulse

Laser Av (Av)™! Duration,
Medium Hz Seconds Seconds
He-Ne

(0.6328 pm) CW 1.5x10° 6.66% 10-'° 6x107'
Nd: YAG

(1.06 pm) CW 1.2x 10" 8.34x 10" 7.6x 10"
Ruby

(0.6943 1 m) pulsed 6x 10" 1.66% 10" 1.2x 10"
Nd**; glass

(1.06 o m) pulsed Ix10m 3.33x10°" 4x10°"
Rhodamine 6G

(~0.6 pm) 510" 2% 107" 4x10"
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Figure 10.2 Energy levels pertinent to the operation of a ruby laser. (After
Ref. 2.)
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infrared laser transitions are shown. (After Ref. 11.)
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Table 7.3. Survey on excimer laser characteristics

Excimer Wavelength Energy/pulse Peak power Average power

[nm] [md] [(Mi] (W)
ArF 193 200 > 10 55
KrCl 222 70 > 3,5 0.4
KrF 248 350 > 15 6
XeBr 282 17 > 2 0.1
XeCl 308 90 >

XeF 351 90 >
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Dye Structure Solvent Wavalength

+
{H:’CiNH O NH{CHJl clI-
Acridine red ‘O‘ EtOH Red
: 2 600-630 nm
H
+ =
(C:Hs}zN NH(C.‘,HS), Cl MeOH
Puronin B Hgo Yellow

H
+ _ EtOH
CHgHN 0 NHC,H, cl MeOH
H,0
Rhodamine 6G H,C 7 CH, 2 Yellow
COOC.H DMSO 570—610 nm
23 Polymethyl-
methacrylate
- EtOH
, MeOH Red
Rhodamine B Polymethyl-  605--635 nm
methacrylate
EwWOH Green
Na-fluorescein H,0 530-560 nm
2, 7-Dichto|:cr EtOH Green
fluorescain 530-560 nm

7-Hydroxy- 0 OH H,0 Blue
coumarin (pH ~ 9) 450—-470 nm
0]
4-Methylem- 0 OH H20 Blue
belliferone (pH ~9) 450-470 nm

3

O
H,0 Blue
Esculin :
u l H olH I;I Pll {pH ~ 9) 450-470 nm
HEC—C—(—C—C—CH,OH
OH H OH
0

Figure 10-6. Molecular structure, laser wavelength, and solvents for some
laser dyes. (After Ref. 8.
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Table 7.2. Characteristic properties of dye lasers with different excitation sources

o

A/3=355 nm

Pump Tuning range [nm]  Average out- Peak power Pulse Linewidth
with different put power [w] ([w} duration [nm]}
dyes [ns]
N, laser 350 - 1000 0.1 -1 10%-10° 1-10 Fourier-
lTimited
Excimer 4.6 Fourier-
muitiline 320 - 980 < 0.4 107-10 1-10 limited
laser
Flash- 400 - 800 0.1 - 100 10° 10%-10° i timode:
lamp 0.1-0.01
single-mode:
10~
cW argon 400 - 800 0.1 -10 maximum cw oW
laser power re- < 1 MHz if
ported:40 W Wg1] sta-
oW krypton 400 - 800 0.1 ~ 1 - ow bilized
laser
YAG laser
A/2=530 nm 400 - 800 0.1 -1 104-106 5 - 30 0.01
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Fig.7.26. Ring dye laser (Courtesy Spectra Physics)
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Oscillation Wavelength

Material (micrometers)
GaAs 0.837 (4.2°K) 0.843 (77°K)
InP 0.907 (77°K)
InAs 3.1 (77°K)
InSb 5.26 (10°K)
PbSe 8.5 (4.2°K)
PbTe 6.5 (12°K)
Ga(As.P,_,) 0.65-0.84
(Ga,In,_,)As 0.84-3.5
In(As.P,_,) 0.91-3.5
GaSb 1.6 (77°K)
Pb,_.Sn,Te 9.5-28 (~12°K)
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x=0.15x =027

Ga,_, Al As 0.69-0.85
InGaP 0.5-0.7
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(a§ Unb1ased (b) with a forward voltage applied
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