Chapter 21 (21.6-21.7 excluded)

NONLINEAR
OPTICS II



Coupled-wave theory of three-wave mixing

1 o2
Second-order nonlinear medium: V& — — o¢ = -8
c? Ot2
o2’
E(t)= Y iE;exp(juwgt)= Par(t)=2d-3 Y E,E exp[jwg +wr)t]
g==+1,+243 g,r ==+1,+2,43

= 8 = Spod Z (wg + wr )2 E E, exp [ (w, + wr )]
gr==+1,£2,4£3

S = — :PNL(t) = 2d&?

For distinct frequencies satisfying w; + ws = w3, we separate the wave equations:

(VE+ kB, = =81 = —2uow?d E3E3
(V2 +k2)Ey = -8y = —2uqwid E3E}
(V24 k2)E3 = —S3 = —2pu,wid Ey Bs.

For collinear waves within the slowly varying envelope approximation, we obtain

da , . , :
Té = —jgaza; exp(—jAk z) By = \/Muq exp(—jkq2)
I
da . * . —_ 9 _ Qa 2
d—; = —jgasa;j exp(—jAk z) %q hw, 4]
das 9® = 2hw wowsn’d?
B o J9mae exp(jAk 2) Ak = ks — ky — k1« mismatch
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Second-harmonic generation

A degeneratecase: o, =@, =w®, @ =20 and K;=2k;.
For collinear waves with perfect phase matching, Ak = 0, we have

da , s . Cda : .

hhnd N —jgazas exp(—jAk 2) 1 = —Jgasa,
C dz dz

da; . * . da .

— = —j9majexp(=jAkz) = 4 —> = —J%alal

da , :

d_; = —jga;as exp(jAk z)

The solutions:

J
az(z) = ———= a;(0) tan
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If Ak # 0, ngyg is reduced by sinc?(Ak L/2r).



Frequency conversion

w1+w2:w3

gl“n ll &, (0)A Upconverted W, ol }
| | | (| ')| 5 B g "‘:f:"a? Jw\
/UUUU\ Upconverted '[4 H%-llu] T ) :q Al
Pump| @ Signal )
: . ”‘—(\’) hu—‘_‘;
CLRRALL AR TR N
da, : i : (da
T —jgaza; exp(—jAk z) — = —.?'203
z dz 2 2
da, | | da, ) (z) = a;(0) cos —
rFEe —jgazajexp(—jAkz) = A — = —j§a1 =2 . vz
day as(z) = —7a;1(0) sin >
—— = —jgaiazexp(jAk z) when az(z) = az(0)
dz - - 5 Y2
$1(2) = ¢1(0) cos? 5
= - "z
z 0) sin 272
The efficiency of up-conversion: ¢3(2) = ¢1(0) sin 2
Ig(L) w3 . 9 vy L L? 2 3 d?

_ w3 . _ L 2 _ a
IIOFC_Il(O) wlsm 5 <1’ norc = C APZ’ C* =2win,




Optical parametric amplification (OPA)

w1 +wp = ws

Signal 2l 2 Rl A T_
AVAVAVAVAVAVAVAY! |\ | | il
: J \J | //I !.’\,;,'IY
2 . Idler > husg g0
AN f‘u’U e -“mmdﬂrl-fﬂ
Pump W3 s [dler , 7 ¢,(z2) f’w -
L ——
\ v JU Ol e e 1 iy
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da] . N . (da
. = —jgaza;exp(—jAk z2) d—l = —j%aS ) z
z ai(z) = a;(0) cosh 7=
dﬂ2 . . * . da2 Y 2
=, = ~J9asaiexp(=jAkz) = —= = —j a] = 1?2
2 dz 2 az(z) = —jaj(0) sinh —
das ) . ) 2
-, = j9ma exp(jAk z) when az(z) = a3(0) - vz
: $1(2) = ¢1(0) cosh” -
= - vz
The gain coefficient: (P2(2) = 61(0) sinh® 2.

2
G = ¢1(L)/$1(0) = cosh®(vL/2) ~ e'L/4,if vL > 1.

2
Here, v =2C+/I3(0) =2C+/P3/A and C? = 2wiw; ﬂgd

n3’



Optical parametric oscillator (OPO)

Singly and doubly resonant oscillators:

w) + w2 = w3

Signal w, Signal w,

IL“L‘I' ey

>~ —l Idler w, ()
o

£
N
>
/%éeo
Threshold of SRO: One round-trip loss is equal to gain = a,(L) r;?=a,(0) .3¢

> $ ) 3
Pump w; —— Pump wy -

— r% COSh('YL/Q) =1= 9{? COShZ(’}’L/z) =1, where 32'1 — T‘%

At small x, cosh®(z) = 1 + 2% = (yL/2)? ~ (1 - R3)/R2. As y = 20+/P3/A,

1 A1-R2
P3|threshold(0) 02 12 fRQ )
1 J

C —2(.4)1(4}27] dz/n

Threshold of DRO: a,(L) r,?=a,(0) and a,(L) r,?2 = a,(0). These conditions lead to
tanh®(yL/2) = (1 — Ri)(1 — R2)/(RiRe) = (vL/2)

1 A (1-3R)1—Ry)

o 12 R << than for SRO

= P3lthreshold (0) =



Coupled-wave theory of four-wave mixing

In third-order nonlinear medium, Pyr, = 4x® €% and &(¢) = Z 1 Eq exp(jwqt).
g=+1£2,43,+4

QsPaT=:|:1,:l:2,:1:3,:l:4

The three coupled Helmholtz equations are
(V2 +k2)E, = -8, g=1,23,4

Example of wy + wy = w3 + wy :

S1 = powix O {6Es BBy + 3E[| By |* + 2| Eaf* + 2| Es | + 2| E4[*]}
Sy = pows X V{6 EsEsE; + 3B (| Ea|* + 2| Er|” + 2| Es|* + 2| E4|*]}
Ss = powr X P {6 E\EsEf + 3E3]|Es|® + 2| E2|? + 2|E1 > + 2|Eq)?]}
S = powixP{6E1 B2 B} + 3E4[|Ea|? + 2| E1|? + 2| Ea|? + 2| E3|*]}

— _2 J—
Sy =8, + (wg/co)’ Ax By (V2 +k,)Eq = —Sg
= Sy =6uwXVB BB = ko=, ny= 2O

v —61 @) 91 _
qu_ﬁeox (21 - I,) Ng = n+ng(21 — 1)
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Three-wave mixing
If @, = 0, = &y, then o, + @, = 2w, and
1 = powix® {3EZE; + 3E1 [|E1| + 2|Ea|? + 2| Eo|*] }
Sy = powix® {3EZE} + 3E; [|Eo|? + 2| Er|? + 2| Eo|?] }
So = powix® {6E1ELEY + 3Ey [|Eo|® + 2| Ex|* + 2| Ey|*] }

A

(VE+EQE; = =S, = (V2 4+ E2)[Agexp(—jkez)] = —j2ky(dAg/dz) exp(—jkqz)

Introducing g = fwy(wp/co)n2, We obtain

o o | E
1 jg [adas exp(~iAk=) + i (Jauf” +2lasf? +2lagP)] 0
da L9 % : 7|3

1= = —jg [afa] exp(=jAk2) + az (|azf* + 2/as[* + 2 ao[?)] ol

Il
da . « : >
X0 - —jg Pararajexp(idkz) + ao (laof + 2@ +2af)] S

Undepleted pump approximation, a,(z) = const, and perfect phase matching, Ak = 0:

AN eyt 2an) {al(z) = [(1 = j72)@1(0) — jyza3(0)] exp(—jyz)
< ddj az(2) = [~j72a5(0) + (1 — jv2)az(0)] exp(—jvz).
2 . *
o —jv(a} + 2as) If a,(0) = 0, we have |a1(2)2 = ¢1(2) = (1 + ¥22%)¢1(0).

Y= Qﬂ% Otherwise, the amplification depends on A@(0) = ¢, — @,.
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Third-harmonic generation
If w, = ®w,=w,=w® and @&, = ®, + ®, + @, = 3w, we obtain two Helmholtz equations:

(V2+k2)E, = -5,

where 5 (3 2 9
S1 = powix® {3E3E; Ef + 3B, (| E1|” + 2| E3[*] }

Sy = powsx'® {E} + 3E;3 [| B3| + 2|E1|?] } .

The undepleted-pump and the slowly varying envelope approximations yield

d(l3 i ) .
—— = —j9a; exp(—jAkz),
where A, = \/2nfw,a, 9= hw3/2 1/ n 3v®) and Ak = 3k, — ks.
The solution is L 1-e-IAkz
az = —ga;

Ak

The photon flux density, ¢, = |a,|?, is

$3 = g2Pp3z2sinc (%)

For perfect phase matching, the photon flux grows quadratically: ¢p3 = g2 322



Optical phase conjugation (OPC)

Degenerate four-wave mixing: @, = o, = @, = @, = .
The two pump waves, 3 and 4, are counter-propagating: kK; = —K,.
Assuming that the pump intensities are much higher than those of the signal waves,

we obtain 0 )
4(v + k) B, = —¢E;

(V2 + k*)Ey = —¢ET,

where
¢ = 6w’ X E3Ey = 6p,w*x® A3 Ay
k=nw/c,, TN=x=n+2nol

Phase conjugation: As required by the phase-matching condition, k; = —K,.

The slowly varying envelope approximation yields

dA o ' _ A
dA, A?
dAz _ . 4 .
2 AL \Az(z) Jcos'yL sinyz.
A, = —jA] tanyL, lv| = 2C\/ 1314,
A @
A = - C= 3wno =3

10



	Slide Number 1
	Slide Number 2
	Slide Number 3
	Slide Number 4
	Slide Number 5
	Slide Number 6
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10

