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Photonic systems

A dielectric 1s a2 material with a dielecit.c constant

€
that depends on freGnency

e(®)
A pLocoaic material has a dielectric constant
that deperids va'positicn
E{W,1)
and va:iet 11 space on a length scale of the order
of the wavelength of light



Issues

Sources inside
@ spontaneous cimissict.
@ lasing
9 n2npbexes and strong coupling

Light tromr-outside
‘® wave guidiag



LDOS as key parameter

Sources inside:

LDOS is a key pararicter for
@ photonic ctystals
€ raraoin systems (probably)
& cavities

locpl imapecarice of source
cotnpiication:

it is ryot realiy. the LDOS, but weighed
with matrix elements



ImG rather than LDOS

if we have absorption
(which is quite nitral ‘o optical systems)

Jocalitapedance becomes ImG

no compleie set of states 2117 more
no: aositive definite aryv longer



With gain?

We have no idea, but<wve can
do the experirients

causality
divergence nfinite systetas



Why not calculate it?

we only know a complete s=i¢f siates
(required for LD 2S) rizorously

for a very Iimted number of
nortrivial systems:

@ Mo sphere
@ diclestric slon (Fabry-Perot)



Numerical methods

DOS is practical for PBG's
LDOS not

FDTD

ali incaes (gnided etc)
not just oric tacoming mode



Engineers know their cavity

Cavities are built to increase siorage capacity
for light

\Wwhat 1s the *¢lation between
cavity Q ana LDOS:
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Purcell factor

Q

3 . . .
F=——(4/n)" ratio rate in cavity i'nd free cpace

mode

what is the made volaine?
[ e edr

o« Ce ity

\/'.-\Jde Y E2

max

tautolcgy

whertl it tae eavity?
what poiarization?
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Smallest Iaser

What 1s a laser?
Is there a laser.trans,ticn?

gm gu.\v,n

Almost anything is a lasex

gain narrewinyr
mod = redisiribution




Cavity laser

pump
outilit coupler
111 ,/ by £ P
e  -— y —_—
— —
)
a \

Homg@geneous
gama nedium

Cav.ty 1S Macroscopic
gaip meaitm is-macroscopic



Microscopic cavity

@ dielectric slab  (Rikken tnd ) -bach, Wabs)

=

infinite system = /= -3
=/

@ diciectric sphere (Mie solution)
Gaina cbeve cavities s

1. inhomeeehons
2 sear lasing threshold complicated

phenomenological gain dynamics



Cavity exit

Why not do away with the
cavity all together and-ase

on'y atornsr



Bound electron (Lorentz model)

d? X II_dX C 2y — g g \
g2 T g 0T T R TRy
pox X = éa[w_l__]EC exp(—iwt)
n wack 5
AT\ | W LN
g — we —2iw.

linc¢at: no satuiition
dampe=dC osciliator



Pump an atom/dipole

pumped three-level W is pump rate
system Y is spontane >us

V‘ast C1ILiSsS10P T te

. W << old situation
Two limits: -~ b

’(,;, 7,} wo limits 4 W |

:"/ e fective two- >>7  fully inverted
e population

level systeny

EE— . - iIavd
. ~ — A/ i
O‘['A’—i_l - a(w = wp)

__W‘I'W wo —w — el

I




Correct linear response

p(t) = /_toooz(t — 1) E(T)dr

2

a(t) = —i:q— 5410 Sin{wpt) exp(—I|t]) extinction
2N~
q2
a(t) = —i—==unSin(wot) ex2{i |t|)  gain: unphysical
ACON) but very popular
Y — 1A/ g:‘ _
o (t) = — i s L2 0 sin(wot) exp(—T[t])

v W Qmwo

gain correct



Dielectric constant from dipoles

dielectric constant

e(w) = &'(w) + 1" (W)

stz Db po(w)

7 T
density | ncidrizability origin of gain

derivationviceds s-acering theory
book ::ioag-wavelength limit



Building microscopic laser

Combine active atom(s) with
passive atoimi(s)

1. solve fali scattering problem with point
t-matrices {diagonalization of 3N x 3N matrix)

2. look fo#1aser threshold s a function of
punp power and coniigurarion

3. include 'saturation to neutralize
laser singularity



Not just atoms

@ real atoms

@ quantum dots
@ oscillators

‘3 IS

Y dye molecules
Q.



One dipole: no laser

oo

N A\~ e ‘ ve dipole
.4‘/

acti
.,
Y
Q Lump




Two (and more) dipoles

can be solvea=izactly
wo havd a tinyatrix
Lp to a few thouisands can be
solred cxectly (vector)
| _ PREVA =
t(1,r,)=a(@))4. - K)o(r, -R,)

B.A. van Tiggelen and A. L., PRB 50, 16729 (1994).



One of the dipoles has gain

el

‘: e h— ‘ active dipole 2
passivs \
dipole 1 pump




Configurations

O
U B

®



Lasing oscillators

Laser power (pW)
Small 4 e T, {High P
distance aistance / 20
N 20040 000 08 1 12 b
14 - > D1, 10
pumeg ﬂggg ] l c 8
g.ﬁ : ND Lisiag . .
A (AL A NN ._opul'atu_n
:: “ ] . B nveision
v 1 SR
+— u |
High -15
pumping

Tom Savels




However: saturation spoils it all

T-matrix describes elastic ¢cartering

Due to saturation inclastc light will be
generaced:
passive atoins (= cavity) are spoiled

nctive atom is.oumhed less efficiently

Exit V-maiik




One atom density matrix

Populations

_|_
/ \\ Coherences O, =0 ac*
/
) \

C

y
g JL: Gca
O |

A — kG O




One pumped and one passive atom




Two-atom density matrix

vector Green's functipns for light

\
(GC o (o, o, w0, O,

C C €1 ca C C
‘ ‘C ) cc ca cC ca
& ccC Gcc Gca Gca Gcb Gcb
ac aa ac aa ac aa
O-ac O-ac O-aa Gaa o-ab O-ab
cc ca cc ca cc ca
A \\\P (Tat C -ac Gaa Gaa Gab Gab
—— dc aa ac aa ac aa
: G 0,0, Opbc Ouc Opa Oba 9 Onp
; 5 J cc ca cc ca cc ca
c : a

Oy Opc Opa Opy Opy Oy




Master equation

Gcc ’Gbc ’ wab N O—a‘.

aa arc c® aa

number of virianles = (H#combined levels)?

d

master e¢uativn. —o.= Ao

dt

dimersiori DL evolation matrix A = (#levels)?



Scaling with number of atoms

Number of atoms Matrix cler.ents
2 362
3 1442
{ 3762
AN e\ C
10 23592962
20 24739011624962




Technical details

all matrix elements ace sytrbolically
generatad Matnematica)
fiumerical it.version

Tom Yavels



Laser behavior

j |(w)do=nlC 10 = number of excitations
Aw
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Scaling with size

Jp

()

o2

()

0

=) *
F

<

e

=-

0.

\b_

nmax

- — — —, -

number of atoms



Our results

Our on-resonance atoms gradually
behave laser-like 11 vou put more
and meie ctctas together

Th-re doc¢s not seem tobe a critical
nu neer of atc s



Tweezer experiment

Dye pumped gives gain

Sphere with dye

We trap one such cphere with tweezets
W samp tize trapped sphere

(Observe lun.inescense

Peter Zijlstra, Karen vd Molen, and Allard Mosk
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Is quantum optical scattering dull?

Yes, because
@ trivially the same as clazsi¢2; case
@ scattering intomany aiodes
will diluie any quantum effects
@ scoitenng will lose coherence

No, because
@ e periments candetect many modes
@ clasticacatteving fully coherent

study of propagation of non-classical states



Quantization

D] s P ta nsmission

incoming as :

reflection 2a' =" b == vacuum
aa' : - ab . :
r reflection.ccerficiens ta) transmission coefficient
@
E b ab E a = : -
=1 =y classical field
@ @ 7w o

Zt“b a° 401" @ quantum operator

@ W Q @

| b



Scaling of transmission

T = Total (angularly integrated’ transnussicr

T Tech. Noise OC( 4 J ¢ "1s mean free path
L 1s sample thickness

v Qb=+ N1 g
IS,U NC'se oc

L.
Additicnal 6iner correlations predicted
Lodahl and A.L. PRL 2005
Lodahl, Mosk, and A. L. PRL 2005



Experimental setup noise

Ttania=raridora”” Integrating
poOwuer sphere

Spectrum
analyzer

SA
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Noise measurement

noise transmission in TiQsslab
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Observation of scaling

(Nisise traiiamission)”

quantum noise classical nois<
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Noise correlation
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Spatial correlation function
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Photon numpber fluctuations

2 ) | —7— Coherent state
<< 0.5 ‘-7 —- Thermal state

Y Y\\ Fock state tfa‘{_\_SI'HISSI _




Future quantum optics

@ we have predictad.a pumbcr
of quantum correlations  (Beenakker et al.)

\» we intend to experiment with
sgucesed and entatig. ed states
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