HAEKTPO-OMNTIKH KAl EQAPMOTEZ
(ELECTRO-OPTICS)

AIAAOXZH AKTINQN

(Propagation of Rays and Beams)

IZNPEIWOEIS
KaB. HAia N. FAoTon



239353 ;

oot i e g o
==

;
i
)

ion of Rays ¥ Beams:

Matrix Approach:

dhe pra}:»agai:iﬁn of a ray thmuﬂh a hﬂmeganeam dielectric.

- :
We can Qescrine & vauy pasiing
)

e 2 ﬁhrauﬁh Pﬂln"t A with (s distanc

]
I

from the z-axis (optic axis) and tis

! \ I . I d?'.
Lone, Canseqmﬁt@gJ r, and g; (or Eque.ﬂ.tnt—ﬂ\_ﬁ rl',:EE[A)

can be ured 4o describe {tha ray at point A, In the {following

analysiz (t (s assumed that the rays are paraxtal, (e, therslope
-l

with rggpeq’f. to z-axis iz small (n order +to use the approximation

tan® 2 3in® =29 JOr Cveny PET&\C'-IE»Q raad.

— : = & . # . g
In order to (lustrate the matrix methed let's ap;ﬂH it to dezcrke

Fout = ?
3 =
r ri
Faut = i
e T 7
1""-l.':n.l.l:]l T d ¥in A B Cin I
""t.l.:-{ © L Fin [ < D Tin |
Notice +that AD-BC = 14 -d D =4 | Thir will be a properiy

af  the ABCD watnx (n oeneral.

Now let’'s dry 4o find 4re ABCD matrix for a3 thin lens.
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For thin lens +=20Q and any displacement of the ray will be

hﬁglecicd. Then .

Coud = Cin

foseiaing

: =
’ : ' r; !
Tout . ru':: f -rin = Vool = 8 oo LIPS
£
=" Caus ] . p ) Tin ol 5 Tin
Foul J -Uf fin c o |n

Notice agsin that AD-BC= j_—l'\:_—t:}';zﬂ =}

Similarly , ABCD metrices can ke found {or other optical

elernents 83 shown un the next takl CdLrom A Yariv),




Taple 24 Ray Martrices for Some Commeon Optical Elements and Media
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(1) Strught Section: I
Length o :

{2} Thin Lens: |
Focal length f

(f = 0, converging: =1
F = 0, diverging) f 1

(3) Dielectric Interface:
Refractive indices

0

0 g

ny. Rz " I b 4 iR
Tz

L
(#) Sphenical Dielectnic : ’-V 1 0
- Interface: =
5 - R A —m
Ty, - —
Radius R -~ ,JI i n:R  n.

(5) Spherical Mirror:
Radius of
curvature &

(6) A medium with 2
quadratic index profile

R <O o

-
Conwvex |r%<

RS>0  if conceve 3

b |

, B e ol 1
Qr  Dropadatian af ni Y

—_




N cazcaded optical elemenis thai can ce described

ABCD matirices then thz input arc cuiput of iths optical

SH.‘E‘!‘QM are related as ‘E:}HQW'S'.

i 2 3 ™

e [l 643 |—| T [—| Ghe | - —] Cha1 |— %2 ] 2]

g - J"' =ul\l] I:r:-l = [AH]E‘AHA] ﬁIII-.z. = "=
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rn - C Bl L%
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and A B
= [AI[ A ---[A]
C B J
Notic again that AD-8BC=1l. [51‘ No=ny, (Liocuville’s Th:nﬂ:m)}
Let's apply the above result to a zimple optical system which is

Comprised of 2 thir lenz and 3 free Smace.,
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Now =zsume thai we want to Study 2

consisting of 4nin lenses of focal fengths £

Jietance d.

niperiodic

AR =)
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A unit ced of the structure is shown between plane s and s+1.

The ABCD matrix {rom s O N casily wriHen as

. ; d J'-L
R R

+ ehll
A= 1-9d/§
B= d(2-2)
<= - [E-w(-2)]
P =] & - I gl

e we Can write :

Consequantly |
P+l _ A B3 1 E
Fan e D J i
rs = -%E s+ - Ars | or
but
B Pl o B BT Ve, mrwn =

i
d A B

(f_ %}_) L g D

Tse)y = Ars+ Brd

(=14
r_‘;ib = (:I"_E — Dré
Foy = A 5
Sl o T Ers.:rz S ‘f'g_H A ‘;:' l
, = ; b2
Yoo = Crs+ D 3 T#ew = AfaT

-

O k'i‘a'k'i.ﬂg i accowund AD.BC__“J‘
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Cgustion Fgegr= 2 =3 Fgey + s =0 3 a3 gitterance

o L

equation. Let’ s seek bounded solution:s of the above equaitton.

We can either lesk for salutons of the {orm roe.“jsq or we
can use the z-tran:zform ftechnigue.
Define =5 (A+D) /2 . Then +he characteristic eguation of
ihe differenc e quation is z2 . 2bz+1 =0
E,_Z:éizbim] = b =/BF1
Then +the general selution will be of the faorm:
rs = 3E ~ 2%
For bound sclutiens -1 <0 = b <i
Then Zin = b ;‘rJ' m = Ccos8 % sin® = eﬂg
where CosbD =b .
The general bounded soluhion then looks ke ‘
s = C, EJE% +CEE._J-‘39 ., and sing o should be real
cX=c and the E‘.miu‘hu.':;n cam he r...;.n'Heﬂ as

(s = MmaSin LS9+ o]

where Y. o are consTants that can e determined from 4he

initial conditions.

The condition to aef solutions of

b=cosd® — bl =4 — -4 £b €+4 5
b BB 1-—‘1_5114-__2 j =
2. £ 4 244
r d r d 7
O€ |12 T (=8 | »
S - lil-x st

J{ b>1i dhen \z,z.l > L ~ trg

rs saludion diverges,




The resonator cavity above (s equivalent To the biperiodic wavegud
that we studied previously. Te. the above cavity is equivelent to

the -F:.:Hc:winﬂ 'DP'hICZJ_i sujs%cm:

f2 ! -Fz -rg_

-'r \ A .Fi , A £ -"\

T

W b

! o
— d — e— umt cell —
where ef,=R, and 2f, =R,. Here the sign convention
wd
remains o it woa presented  previously  Thus,

Ry 20 f center of mirror 4L i35 in the direchan =of 2. S&m.ﬂarléj
Ry 1S defined as fan&i{-ive or negative.
Consequantly, all the previous analysis applies o the opticel

resomztor caze. For shakle solutions e showed +hat
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Two plane mirrors

Unstable
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Unstable




RESONATOR TYPES

ParaLLEL Flane

e

M. My

SLigh":hj Concave :

{ 7% Y
e
_-_-_-____w____'___—-—'-_-
M, oy
Focal:
A ) 3
M, : My
Confocal:

R\ - Ei =
grga.- t i Pt P

Havsi ﬂaU»:j Stabkle sljs{-tm

R, YO and R, R >d
EI: 31 f"’ L aiaz 5 L

Stable sﬂs#-e.m.

Ri, Ry >0
R — R1= zd

v

—

9,592 = 3 9.9, = 3 %4

Stakla Sy shera

Ri=FR,=4d
g,=9.= @ 99z =9
Hav%in.\ﬂﬂ Stable

9.=‘31=-—i 9131=1
Marginally stabl
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MemrUd A

Initial Conditions

A. Stable Cavi+ex:

2
.
6= cos (22 ).
Let's arss that +he inidial didr — & '
| Wime L [(Mi=r1al CoOonaiTions Qre ;. rﬁ——cl , r::; -rmn .

The general solution rg = fiax =N T+l
Fov: - 5=0

T-ir -’ﬁ\rc,-'rﬁré = Frawxw E\Iﬂ.{e""ﬂ(’} =
Ad+Bm = rfmax Sin (8+ o) (k%)

Fraax and o Can be dedermined fwormn Tas f%},(**), taking into

account +hot cosd = AD = +Jl—co

=

-
Jrcg[ﬂ_ A-" _‘l

QA—_;) + Bm

o= tan- Q
L

. o
ThE"ﬁ Yma-s,.; =
Sim (e )

3. Unstable Cavities -

For b -1>0 4ne =o0lubon for rs U unshbl and can be wiriikn
(m the  Farm

e = & Z + a2,

z, = b+t and  Zp= b-JiFo1

A+ D P 3
— one of the 4wo veall Z,,Zx will ke

DE‘!Z‘:EHQ‘LIHQ on o= {
greater than 1 and Hae other will be lest dhan L,

1'1,:F:>r er{::.rnpb:._ = e | ~ = = > 25 .
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Now let’s ariume ogoin iniHal condifons re=a and ro=m.

Far IZ=0: o -
M=o = a‘. E. -‘-'3}_?1 = 3;‘\'31 (%)
For =1 ;

9,2, Can be daterminad Ffom the Qoowe Eqs(x), (=4

a.) i lﬂfiz-N—EmJ
(a':-. " 22-2, a(A=z2) +Bm
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Rays n lensitke Medis :

In ovder to determine the trajeciories of light rays in an inhomo
geneous medium with 3 refractive (ndex NC(F) we can use Fermats

principla |, that light iravels from point A +o B following the peth

of shortest 4ime. This it equivalant that rRy LHllow: the pain that

(¢ te minimum ophel path . This can se wriHen ar 3 varizhonal

problem . B
Min EJnf_FJ ds }
A
< i . The solution to the above

/ variational praELﬂ.m LS given
A i :
£

i O 5
- = i(n(r)-—):vn
ds ds
i % 3 -—
Where F = #Cs) specfies each
point of the ray.
For parexial rays S~z and the zbove equation car @2
written 2as 3 - s
Fer(@r+zz S ) niers == = ¥ ==
AT dz L o dz ] dr
|2
nery S8 dn
" S dz2 dr
2
- E A "Qens-like medium has
. s k?. -
2 refrachve index weristion Nexy) = no [ 1 - == (x3y?) ]
2k - =
with ka,k constanis. The reazon thit this medium is calied

a lens-Uke vnedium it ecauve tts refrachive index verizhion

T




causes & phase shift similar to a lens. For Cormnparisor th
phase shift of an ideal Fhin len: is !
T e
T ) = ERp Z 1% Moy f
= 5T
' : : 4 ; 4 b= 27
whee t0Gy) (5 the lens amplitude frantmiTraoc , €7 = , snd
F 45 focal | th
™ T8 Seal E‘f‘la :
: : ks e
For a lent.like medium than Aery= na L= Eff‘ ] (K k, >2)
o
where |57 | << 1.
In this case the fermat’s principle gives
Pt
| 12
Ex .1 ar kz :
i = e = =n= 1 —
[a] E i- 2 - dz?_ uk >
|z a 2
he ST o~ nkir - 8r L Broo
dz® e T k
If ad z=o the ray hars radius e and rlope ry then
F(z) {cas(fi;‘::} E g.in(l(—ff zj] [i’h |
i ]
g e ™
¥ _._|F_;-_ 3 E_l;_- i "k.t: lrJ
‘o] BanEy ces(fa) | L
A
N o --'I-Ehf:.““k?.
/;‘N:' /I’—,\ J O
iz v S
E=Q 2:-E
The abave E‘c:lua‘h'cms E"F‘T-‘l':} to 3 Jocuszing medium  with lp:'z?o .
-
T8 k, <0 (K>0) tihen the (ndex increases with the distance from
1 2
the zZ-axis and the acluticonz Hov v(zs r'(2) are similar 4o the
one albore where cosllanrd Sin() are wmplacd by cosn () and smh()
nd ks s kol This vnediume  behaves like a negahw lens.
i
I
|




Quadratic Refractive Index Distributions:

Thermzly (nduced refractive Jndex changes:
- Tl

g} Neg =+ 5-_—? AT
rreess If c%’—.‘c:o ;AT 20 defn:using -ds in propagaton of Gauwisn
g%;é beams (n :-;ifg’n%'l:} abs.nr};ing media.

e If ‘_}r’lﬁ-ﬂ AT?O  the beams are fOcted,

ETETE
eIt

OGraded- (ndex Fibter L.Javegu..ides:

N=ne-nce (n,>0d

§
*

i 2 Both rays 1 end 2

V arrive at the zame +img.

Can eliminate d{%renﬁaﬁ&.&ﬁ ;




