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Glauber John L. Hall

Roy J.

The Nobel Prize in Physics 2005 was divided, one half awarded to Roy J. Glauber
"for his contribution to the quantum theory of optical coherence”, the other half
jointly to John L. Hall and Theodor W. Hansch "for their contributions to the
development of laser-based precision spectroscopy, including the optical
frequency comb technique".
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Charles Kuen Kao Willard S. Boyle George E. Smith

The Nobel Prize in Physics 2009 was divided, one half awarded to Charles Kuen
Kao "for groundbreaking achievements concerning the transmission of light in
fibers for optical communication”, the other half jointly to Willard S. Boyle and
George E. Smith "for the invention of an imaging semiconductor circuit — the CCD
sensor".
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The Nobel Prize in Physics 2012
Serge Haroche, David J. Wineland

The Nobel Prize in Physics 2012

Serge Haroche

David J. Wineland

L Cy

Serge Haroche David J. Wineland
The Nobel Prize in Physics 2012 was awarded jointly to Serge Haroche and David

J. Wineland "for ground-breaking experimental methods that enable measuring
and manipulation of individual quantum systems"



Optika - zobrazovani
- aplikace
- zakladni fyzikalni otazky — napf. test kvantové teorie
- interakce svétla s latkou - opticka spektroskopie



Co je svétlo: vinové casticovy dualismus

Svétlo slozeno z ¢astic

Isaac Newton (1643 -1727)



Svétlo jsou viny
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James Clerk Maxwell
1864



Kvantova teorie — svétlo: kvanta (fotony)

Max Planck Albert Einstein

1900 zareni ¢erného télesa 1905 fotoefekt

A. P. Dirac 1927 kvantovani svétla
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Meéreni svétla — interakce s latkou

Teoreticky model Latka Svétlo

Klasicky kmitajici dipoly vina

Semiklasicy kvantova teorie  viIna

Kvantovy kvantova teorie  fotony, kvantova teorie




Klasicka teorie koherence S,

Interferencni experimenty S P

Viny, méri se korelace mezi poli S
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Obecna svételna pole — fluktuace, teorie koherence (klasicka)



Intenzitni méreni
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R. Hanbury Brown & R. Twiss, 1955-56

Figure 2. Picture of the two telescopes used in the HBT experi-
ments. The figure was extracted from Ref[1].

R. Hanbury Brown (1916-2002)

-

-

p.>
=

R. Q. Twiss
(1920-2005)




6 L 1
S 41
S > | it
]
0 T+
0 50 100 150

t/T,

Statistika svétla, statistika detekce

Svétlo termalnich zdroju ...

1960 objev laseru ... koherentni svétlo
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Koherentni svétlo, fotony ? Glauber 1963

Koherentni stavy svétla, kvantova teorie koherence

C

Roy J. Glauber ohn
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L. Hall Theodor W. Hansch
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HBT experiment s fotony
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Pojem shlukovani foton
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Pojem shlukovani foton

c e o s s s s o s s e antishlukovani fotond,
pravidelné intervaly

g@(0) < 1




jednofotonové zdroje

excitace emise

—
-
f—

atom,
polovodicovy nanokrystal,
barevné luminiscencni centrum v diamantu

ve vybojkdch apod. velky pocet atom{,
,Ztraceno”

Polovodicova svitici dioda

Yuan et al,
Science 295, 102 (2002)



Experimentalni pozorovani antishlukovani

50:50 microscope  Kimble et al,
beam objective  Phys: Rev. Lett. 38, 692 (1977)
splitter lens
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Michelson HBT

Spectrometer
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V. Zwiller,* T. Aichele, and O. Benson
Nano-Optics, Physics Department, Humboldt University, D-10117 Berlin, Germany

PHYSICAL REVIEW B 69, 165307 (2004)

VInoveé-¢asticovy dualismus: Michelsonlv interferometr — interference, tj. viny
HBT méreni — Castice
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Kvantové jevy v optice w, , k

Entanglované stavy (provazané, propletené) “» Ko /
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The Nobel Prize in Physics 2012
Serge Haroche, David J. Wineland

The Nobel Prize in Physics 2012

Serge Haroche

David J. Winelaod

Serge Haroche David J. Wineland

The Nobel Prize in Physics 2012 was awarded jointly to Serge Haroche and David

J. Wineland "for ground-breaking experimental methods that enable measuring
and manipulation of individual quantum systems"




Control of individual quantum systems

lonin a trap Photon in a cavity

Q=4x 1010
T.=130 ms
$2.5 MHz
n=51
Be* 5., 51 GHz
F=2,m,=2 _o_ 1.25 GHz Rb, n=50

Fig. 1: Illustration of the two types of experiments discussed in this scientific background: On the
left, an ion is captured in a harmonic trap. Its quantum state (both its internal state and its
motion) is controlled by interaction with laser pulses as exemplified for the case of Be*. On the
right, a photon is (or several photons are) trapped in a high-Q microwave cavity. The field state
is measured and controlled by interaction with highly excited Rb atoms.



Atomy Rb , Rydbergovy atomy, n=50,51, tzv. kruhové stavy.

Optickd dutina C schlazena na 1K (supravodiva, vysoka odrazivost), doba Zivota fotonu 130 ms.
R1, R2 sfazované mikrovinné zdroje

Interakce atomu s polem pfi priletu dutinou, interakce s polem R2 fazoveé citliva.
loniza¢ni detektor —detekce stavu atomu



VOLUME 77. NUMBER 24 PHYSICAL REVIEW LETTERS O DECEMBER 1996

Observing the Progressive Decoherence of the “Meter” in a Quantum Measurement

M. Brune, E. Hagley. J. Dreyer. X. Maitre. A. Maali. C. Wunderlich, J. M. Raimond. and S. Haroche

Laboratoire Kastler Brossel,™ Département de Physique de I’Ecole Normale Supérieure, 24 Rue Lhomond,
F-75231 Paris Cedex 05, France
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LETTERS

Reconstruction of non-classical cavity field states
with snapshots of their decoherence

Samuel Deléglise', Igor Dotsenko'?, Clément Sayrin', Julien Bernu', Michel Brune', Jean-Michel Raimond'
& Serge Haroche™?
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Reconstruction of non-classical cavity field states

with snapshots of their decoherence

Samuel Deléglise', Igor Dotsenko'?, Clément Sayrin', Julien Bernu', Michel Brune', Jean-Michel Raimond'
& Serge Haroche'?
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Figure 2 | Reconstructing Fock states. a—e, Reconstructed density matrices
(modulus of matrix elements) and Wigner functions (in units of 2/r) of the
ny =0, 1,2, 3,4 Fock states prepared by quantum non-demolition projection
of an initial coherent field (n, = 1.5 forng=10, 1, 2, 3; ny = 5.5 for ng = 4).
The Wigner functions are shown as three-dimensional plots and two-
dimensional projections. We select a photon number n, if, after the
detection of ~60 preparation atoms, the measurement has converged to a
Fock state having a probability >0.9 for n, =0, 1, 2,3 and >0.8 for n, = 4.
The same detuning (6/2n = 120 kHz) is used for state preparation and
reconstruction, corresponding to ¢®/dn = n/2 at n = 3. Two values of
¢ (—@(0,0) + mand —P(0,0) + n/2) are used for state preparation and
reconstruction, which is made in a nine-dimensional Hilbert space. We

Re(c)

= . Im(er)
Re(z)

sample ~400 points in phase space and, for each point, average between
about 50 (for ny = 3) and 500 (7, = 0, 1) realizations, with ~ 10 atoms in
each realization. In addition to the main peak in the density matrices, for
no > 1 we observe a small diagonal peak at n = ny — 1 due to cavity damping
during reconstruction. A peak at n = 0 also appears in the no = 4 density
matrix, because of imperfections in the state preparation process that selects
the photon number modulo four (as @(n + 4, 8) = ®(n, ) + 2x). The off-
diagonal elements in the density matrices and the corresponding
fluctuations in the angular distributions of the Wigner functions mainly
reflect statistical noise (fewer atoms detected for reconstructing n, = 2, 3,4
than for ny = 0, 1). The fidelities, F = (1, p| ny), of the reconstructed states
are 0.89, 0.98, 0.92, 0.82, 0.51 for n, =0, 1, 2, 3, 4, respectively.



Wigner function (2/r)

Re(a) a2 Re(a)

Im(a)

Figure 3 | Reconstructing Schradinger cat states. a, b, The Wigner
functions (in units of 2/m) of even (a) and odd (b) Schridinger cat states with
ny, = 3.5 and y = 0.377 are reconstructed, following state preparation. The
same detuning (/2 = 51 kHz) and interferometer phase

(¢ = —®(0,0) + m) are used for state preparation and reconstruction. The
number of sampling points is ~500, with ~2,000 atoms detected at each
point, in 400 realizations. The dimension of the Hilbert space used for
reconstruction is 11. The small insets present for comparison the theoretical
Wigner functions computed in the case of ideal preparation and detection of

2 me 7
the atomic state superpositions. Decoherence during state preparation is
taken into account. The maximum theoretical values of the classical
components and interference fringes are close to 0.5 and 1, respectively. In
the reconstructed states, the quantum interference is smaller, mainly owing
to imperfections of the Ramsey interferometer that affect the preparation of
the Schrodinger cat state (but not its reconstruction). ¢, Reconstructed
Wigner function of the field prepared in C when the state of the preparation
atom is not read-out (statistical mixture of two classical fields). Inset,
corresponding theoretical Wigner function.
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Roy J. Glauber

development of laser-based precision spectro.
frequency comb technique".
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filter

Femtosekundovy laser — zakladni schéma
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f, Ize snadno méfit, nastavuje se délkou rezonatoru

typicky f.=50MHz..1 GHz
n= 1x10°

f, slozitéjsi, nastavuje se , disperzi“ v rezonatoru, napf. klin, ...
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Vysoké optické nelinearity

Generace femtosekundového kontinua

Fotonicka vldkna
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Zdvojovani frekvence v nelinearnim krystalu
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Presnost méreni zakladni frekvence a 2. harmonické 2x 1020

Porovnani 2 hfebend 10720 relativni presnost



Presnost optickych hodin lepsi nez atomovych, béhem sekund ...

Presnost optickych hodin v soucasnosti cca 1 s / dobu Zivota Zemé

Synchronizace 2 optickych hodin na 1000 km optickymi viakny

K. Predehl, G. Grosche, S.M.F. Raupach, S. Droste, O. Terra, J. Alnis, Th. Legero, TW. Hansch, Th. Udem, R. Holzwarth, and H. Schnatz
A 920 km Optical Fiber Link for Frequency Metrology at the 19th Decimal Place., Science, 27 April 2012

Accuracy of clocks optical
atomic clocks
1ps/d
primary cesium clocks
1ns/d
first cesium ¢locks 1us/d
quartz clocks
Shortt clock
Riefler clock 1ms/d
free pendulum /@
barometric compensation Harrison
temperature compensation 1s/d
Huygens pendulum Grgham esc
Chirgsse water clock cross escapement|
® Verge & Foliot escapement 1000s /d

1000 1200 1400 1600 1800 2000
Year (AD)

T. Hansch, Nobel Lecture



Hydrogen 1S-2S frequency

measuring the frequency of hydrogen with a laser comb (F=1 to F’=1 hyperfine component)

MA;“ T“"‘f'fﬂ':?;‘fr Cf” Feb. 2003: f(18-28) = (2466 061 102 474 851 + 34) Hz
the laser so that it exac ‘f’

matches the energy differ \ relative uncertaintv: 1.4 x 10°'*
ence in the hydrogen atom. ' ’

June 1999 f(1S-2S) = (2 466 061 102 474 870 + 46) Hz

nty: 1.9 x 10

relative un
Hydrogen atom

Take an extremely

stable laser and

A difference of (-29+ 57) Hz in 44 months equals a
relative drift of the 1S-2S transition frequency of

Frequency comb

(3.2+6.3)x 10" per year
Measure the

frequency of the

light in the other laser

beam with an optical

frequency comb.

Experiment 1956 [8]

T. Hansch, Nobel Lecture 49.6 -
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Max-Planck-Institut fiir Quantenoptik, 85748 Garching, Germany
(Received 3 February 2009; published 28 May 2009)

FIG. 4. Experimental and theoretical values for the D,, =
8furs(2S) — furs(1S) difference in atomic hydrogen.
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Charles Kuen Kao Willard S. Boyle George E. Smith

al communication”, the other half jointly to Willard S. Boyle and
George E. Smith "for the invention of an imaging semiconductor circuit — the CCD
sensor”.

Photos: Copyright © The Nobel Foundation



Opticka vlakna

oemarket.com

oemarket.com
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Numericka apertura



Obr. 17.2 Planami vinovod - k vvkladu vedenych modu

AB=2dcosax
2n K, dcosa+Ap=2mrx m =0,1,...,M

7 |
< vl

l
% J CELA CAST

2

Ap=0 2n,k,dcosa,=2M 7 M**E

Existence madu v optickém vinovodu



a.(Btepped-index fiber
cladding
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Jednomodové vlakno

1.- Core 8-10 um
2.- Cladding 125 pm
3.- Buffer 250 um
4.- Jacket 400 um



Utlum vlakna
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Fig. 8.69 Attenuation spectrum of a typical silica optical
fiber (after [8.231])

0,17-0,25 dB/km pro vinovou delku 1,55 um

0,35-0,6 dB/km pro vinovou delku 1,3 um
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Fig.8.70 Loss spectrum of an optical fiber with ultimately
low water content. Note that the low-loss window extends
from 1250 nm to 1650 nm (=2 50 THz) and such fibers are
now available commercially (after [8.232])
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© 1999 S.0. Kasap, Optoelectronics
(Prentice Hall)

Tazeni vlakna



Dispersion (ps/nmkm)
404
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Fig. 8.74 Varation of material, waveguide and total dis-
persion with wavelength for a standard single-mode fiber
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Cross-Section of an Undersea Submarine Communications Cable

diameter of 69 millimeter (2.7 inches)
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Vyznam optickych vlaken zrejmy
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fibers for optical communication”, the other half jointly to Willard S. Boyle and
George E. Smith "for the invention of an imaging semiconductor circuit — the CCD
sensor".
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Dr.Willard Boyle (vieve) a Dr. George Smith (vpravo)



Detekce svétla
Interakce svétla s latkou
Plosné detektory: fotograficky film/deska

diodové pole (polovodic¢ové diody)
CCD

CMOS

Detektory s prenosem naboje

CCD —charge coupled device
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Full-Frame CCD Architecture

‘—SIngle Pixel Element

Parallel CCD
ST Regieter Parallel Shift
Parallel : o , Reglster Clock
Shift 91 _ Control
Directio I :

Onstoest Serial Shift

Serial CCD Register Clock
P Shift Register Control
Figure 1

Typicky rozmér pixelu 4 mikrometry



CMOS detektor - alternativa

p-type Si select
Column bus
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Barevné CCD

3CCD
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Philips

Incoming light

Filter layer

Sensor array

Resulting pattern

Bryce Bayer,, KODAK



Interline Transfer CCD - Progressive Scan
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2 Mega pixely, jedna z kamer — Curiosity,
Mars

NASA/IPL-Caltech/Malin Space Science Systems

Curiosity's high-res self-portrait
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