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Nonlinear Photonic Crystals

2 Can pulse transmit the bandgap without using defect
waveguides ?

2 With photonic bandgap crystals,
pulse can propagate without changing its shape.

2 |t's called Bragg/Gap solitons.
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- S. E Mingaleev and Yu. S. Kivshar, Phys. Rev. Lett. 86, 5474 (2001).
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The Great Wave of Translation

Scottish engineer John Scott Russell (1808-1882), fourteenth meeting of the British

Association for the Advancement of Science, York, September 1844 (London 1845).
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The Great Wave of Translation

Scottish engineer John Scott Russell (1808-1882), fourteenth meeting of the British

Association for the Advancement of Science, York, September 1844 (London 1845).

Soliton on the Scott Russell Aqueduct on the Union Canal near Heriot-Watt University,

12 July 1995.
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Tsunami

The Greal Wave of Kanag awa
The Great Wave of Kanag'awa is an example of a soliton.

EFENTHU % Hokusai, 1879, Japanese woodcut.
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A Universal phenomenon of self-trapped wave packets.

2 EM waves in nonlinear optical materials;

2 shallow- and deep-water waves;

2 charge-density waves in plasmas;

2 sound waves in liquid *He;

2 matter waves in Bose-Einstein condensates;
2 excitations on DNA chains;

2 domain walls in supergravity, and

2 "pranes" at the end of open strings in superstring

| theory; to name only a few.
Eﬂlﬂ%“ﬂﬁ% M. Segev, Optics & Photonics News, pp. 27 (Ilzeb. 2002).
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Wave-particle characteristics of solitons

Collision between solitons

EENTHU % Courtesy of T. Toedterneier
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Solitons in optical fibers

Nonlinear Schrodinger Equation:

. D
iU, (z,t) = —gUtt(z,t) —U(z,t)|*U(z,t)
Fundamental soliton:
U(z,t) = %emp[i%%z + i@o]sech[%t]

0
Time

Egﬁalzggwqgmdamental Higher-order (N = 2) Soliton interaction
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Vector bound solitons

Coupled Nonlinear Schrodinger Equations:
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where A = 1/3, B =2/3; and U, V are circular polarization fields.
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Bounded-Solitons

Complex Ginzburg-Lanau Equation:

D
z’Uz+§Utt+\U\2U = 06U + ie|U|*U + iBUy
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Spatio-temporal solitons:  light bullet

EENTHU S8 Malomed, D. Mihalache, F. Wise, and L. Torner, J. Op. B 7, R53-R72 (2005).
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Fiber Bragg grating solitons

Kerr nonlinearity

E:::i} (i [ Y B B B R (] E:::i}
Fiber Grating
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Coupled mode theory: linear case

Linear wave propagation in a 1-D periodic structure:
O°E  n*(z) 0°F
0722 c2  Ot?

where n?(z) = n? 4 &(2) is a periodic structure.

For FBGs, we expand €(z) by the Fourier series and only keep the phase-matching +1

order terms. Then decomposes the light field into the forward (U,) and backward (U,)

propagation pulses, E(z,t) = U, (z,t)e~"@t=ko2) 1 [ (2, t)e(wttkoz) 4 ¢ c.:
1 0 0
——U, —U, =10U, + irU,
v, Ot (2,1) + == py ( kU
1 0 0
——Up(z,t) — =—U, = 10U, + 11U,
o ar ) = 5 Us = 00, ik

E”NT

BAFE 2 THIE

where v, = n/cis the group velocity of the pulses, § = w—wyq is the wavelength detuning
I%gﬁa% and k = wo€/2nc is the coupling coefficient.
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Dispersion relations for FBGs

Using the envelope functions, E,(z,t) = ALe "=@%) one
can have

c)/n K Ay

— 0.
kK cQ/n+Q A_

with the dispersion relation, ¢Q2/7i = ++/k2 + Q2.
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Coupled mode theory: nonlinear case

Consider third-harmonic generation, x 3 nonlinearity,

0°E  n?(z) 0°E O?*PnL

922 2 oz PO g2

then we have nonlinear coupled-mode theory:

19 0
— —Ua(z,t) + =—Uqs = i0Uq + iUy + iU Uy | Uy + 2iT|Up |2 U,
vg Ot Oz

10

B,
— —Up(z,t) — =—Up = i6Up + ikUq + iT|Up|2Up + 2iT|Uo |? Uy,
vg Ot 0z

decay stationary oscillate

———
Z (cm) 50

Theory: A. Aceves and S. Wabnitz, Phys. Lett. A 141, 37 (1986).
EE.NTHU Qg Exp: B. J. Eggleton et al., Phys. Rev. Lett. 76, 1627 (1996).
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Coherent and Squeezed States

Laser beam can be represented by
E(t) = Eo[X sin(wt) — X3 cos(wt)]
where

X, = amplitude quadrature

X5 = phase quadrature

Uncertainty Principle: AX;AX, > 1.

”

1. Coherentstates: AX; = AXs = 1, Im AX, A6
2. Amplitude squeezed states: AX; < 1, k

s
A,
-
A

" AX, o An

4. Quadrature squeezed states.
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Generations of Squeezed States

Nonlinear optics:

. second Harmonie Generation . Kerr Etfect

F 3 F 3

Courtesy of P. K. Lam
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Definition of Squeezing and

Squeezing Ratio

A

M = M+AM
(ANT?)
<AM2>CS SR < 1: Squeezing

SR > 1: Anti — Squeezing

SR =

(: AAAB :)
NONTIN:E
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Quadrature Squeezing of Solitons

For N = 1 soliton:

no  .n2

U(Z7 t) = —ewp[igz + i@o]sech[%t] i /
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Ad(z) = AG(0) + %zAﬁ(O)
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Y. Lai and H. A. Haus, Phys. Rev. A 40, 844 (1989); ibid 40, 854 (1989).
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Generation and Detection of Squeezed Vacuum

1. Balanced Sagnac Loop (to cancel the mean field),

Efl}!&ﬂilg}ﬂﬁ% M. Rosenbluh and R. M. Shelby, Phys. Rev. Lett. 66, 153(1991).
|
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Generation and Detection of Amplitude Squeezed States

By asymmetric Sagnac Loop
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Quantum Nonlinear Coupled Mode Equations

SN =
T e I
FBG D

1 0 - 0

U_gaUa(zat) + @Ua — i5Ua + ilﬁ:Ub -+ iF‘Ua‘QUa + 2iF‘Ub’2Ua
1 0 -~ O ~ A Ao 27
——Ub(z,t) — —U, = 10U, + kU, + ZF|Ub‘ U, + 22F|Ua| U,
Vg Ot 0z

where U,, U, represent forward/backward fields, satisfying
Bosonic commutation relations:

[Ua(zl,t), Ug(ZQ,t)] = 5(21 — 22), [Ub(zl,t), UJ(ZQ,t)] = 5(21 — 22),

i [Ua (th)a Ua (227 t)] - [Ug (Z17t)7 Ug (Z27 t)] — [Ub(zl7 t)? Ub('zQa t)] =0
EENTHU QD o o ~ ~ - o

lmmnﬁmmk%%ﬁﬂmﬁ [Uk (Zl ) t)) Uk (227 t)] — [Ua (Zl > t)7 Ub (227 t)] — [Ua (217 t)) Uk (227 tl)] — O
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Linearization Approach

By setting U(z,t) = Uy(z,t) + (2, t), we can linearize the
QNLCME as follows:

10 [ da | iTUZ)  2iTUa0Usg il N
Vg ot Uy, 211'U40Upo ‘|‘7:FU520 ﬁl];
— 2 48+ 20T |Uao|? + 20T |Upo | ir + 2TUaoUp, g
Vik + 24TU* Uy L+ 46 + 2iT|Uqo|? + 24T |Upo |

where the perturbation fields u,(z,t) and 4,(z,t) also have
to satisfy the same Bosonic commutation relations.

EE.NTHU % R.-K. Lee and Y. Lai, Phys. Rev. A 69, 021801(R) (2004).
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Amp. Squeezing of FBG solitons
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Apodized Fiber Bragg Gratings

We consider a nonuniform FBG which has a position dependent coupling coefficient

described by

k(2) = Ko + az

where kg is the initial coupling coefficient and « is the slope of the coupling coefficient.

EE.NTHU
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Tailor the Noise by Apodized Fiber Bragg Gratings
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Optical lattices

EE.NTHU % from: http://panda.unm.edu/
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BEC in optical lattices

Gross-Pitaevskii equation with periodic potentials,

1
ih%@ = VB4 V(1) + gl

which has gap soliton solutions in 1D, 2D, and 3D.

. (=R

EE.NTHU
“ﬂmm’mm“ﬂ*% E. A. Ostrovskaya and Yu. S. Kivshar, Phys. Rev. Lett. 90, 160407 (2003).
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Mater-wave gap soliton in optical lattices
=R TSR TS
HE ¢ v=y,

condensing ramping  accelerating | moving

Vv Vv

Encrgyw [ Ev ]

| L1, m<0
| 0 l

quastmomentun ¢ [/d]

Exp: B. Eiermann, Th. Anker, M. Albiez, M. Taglieber, P. Treutlein, K.-P. Marzlin,

BTFFCS RIS ERRM

EENTHU % and M. K. Oberthaler, Phys. Rev. Lett. 92, 230401 (2004).
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Gap solitons in 1D

1-D Gross-Pitaevskii equation,

L0 1 0?
Zﬁa@o(tax) = —5@@0(@CU)JFV(Q?)(I)O(taC’?)JFngWO(t,37)\2%(?571

which has gap soliton solutions.
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Comparison of envelope function near the

Near the bottom edge of the gap, one can use envelope
approximation for the gap solitons

I —
—
—
—
e .
L

R [dB]

Gap soliton
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Squeezing ratio V.s.

0 [rad]

0.8
0.6
0.4

0.2

n=1.91

Squeezing effect is most profound in the depth of the gap

and reduced near the band edges.
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Quantum correlation patterns  V.s.

r-domain
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R.-K. Lee, E. A. Ostrovskaya, Yu. S. Kivshar, and Y. Lai, Phys. Rev. A 72 (Sep. 2005).

EENTHU 00
HZFFAS BHIERREWRAM
|

AMO, 30/08/05 — p.35/50




Spatial quantum noise interferometry with cold atom

Coalrnin charvlty Ca]
Coorr. mrgr. Pl 0% L1

EE.NTHU % Exp: Simon Félling et al., Nature 434, 481 (2005).

BTFFCS RIS ERRM

| AMO, 30/08/05 — p.36/50




Summaries of: Squeezed Bragg solitons and gap solitons

1. The Bragg grating acts like a spectral filter and cause Bragg
solitons amplitude squeezed.

2. Periodic potential makes the properties of gap solitons
squeezing differ from the envelope solitons by NLS
equation.

3. Quantum correlation spectra of gap solitons in the
domain show the intra-soliton structure induced by the
Bragg scattering in the periodic potential.

R.-K. Lee and Y. Lai, Phys. Rev. A 69, 021801(R) (2004).
R.-K. Lee and Y. Lai, J. Opt. B, 6, S638 (2004).

EE.NTHU R@ee, E. A. Ostrovskaya, Yu. S. Kivshar, and Y. Lai, Phys. Rev. A 72 (Sep. 2005).
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Applications of Squeezed Light

2 Gravitational Waves Detection

> Quantum Non-Demolition Measurement

(QND)

> Super-Resolved Images (Quantum Images)

2 Generation of EPR Pairs

EENTHY Q03
BTFFCS RIS ERRM

AMO, 30/08/05 — p.39/50




Interference of Coherent States

Coherent States

A Es
- A P Ec
+Es A 4ES
1
—_ 4 =
p» Ec 1/ > p Ec
2
A Es

ﬁﬁlﬂ%@%hs T. C. Ralph, C. Silberhorn, and N. Korolkova, J. Mod. Opt. 46, 1927(1999).
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Generation of Continuous Variables Entanglement

Preparation EPR pairs by Squeezed Sates
A Es

a

AEs A AEs

EE:E&I&%%%% 57//\2,3 — —57//\1,47 593 — 694
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Experiment of CV Teleportation
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A. Furusawa, J. L. Sgrensen, S. L. Braunstein, C. A. Fuchs, H. J. Kimble,

ﬁﬁlﬂ%nﬂﬁ% and E. S. Polzik, Science 282, 706 (1998).
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Applications of EPR Pairs by Using Squeezed States

(a)entanglement; (b)quantum dense coding;
(c) teleportation; (d) entangle swapping.
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Photon Number Correlation of 2-Solitons Interaction

U(z,t) = sech(z,t + p) + 7 sech(z,t,)e®

Cy o = (:AniAng:)
, ~2 A2
\/AnlAn2

EE.NTHU % T 3'0/ 205 %070 80
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Evolutions of Photon Number Correlation Spectra

n; n; n;
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R.-K. Lee, Y. Lai, and B. A. Malomed, Phys. Rev. A 71, 013816 (2005).
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Bound gap solitons

The noise fluctuations of bound gap soliton pairs are the same, but with

photon-number correlation parameter.
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Entangled States by Time or Slicing

(1) time slicing
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Entangled Soliton Pairs

(1) TDM soliton pair

PM Fiber A
. L N
e R I ), .
f % F E f % f x f h
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t t
(2) PDM soliton pair
ﬁKl
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If necessary, the Sagnac loop configuration also can be used. - |
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Conclusions

1. Periodic potential offers a new way to stabilize
optical/matter-wave solitons in high dimensions.

2. Quantum properties and theories of gap solitons are
reviewed.

3. Possible applications of quantum optical solitons in guantum
Information are needed to be explored more.
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