Laserové chladenie elementarnych castic
Lukas Slodicka

Katedra optiky, Pfirodovédecka fakulta, Univerzita Palackého
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Ako chladit’ atomy?

SMALL PARTS COMBINE TO FORM LARGER STRUCTURES
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Kryokomora (-156°C)



Izolované elementarne castice
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Preco chladit’ elementarne castice?

Atomy a molekuly pri izbovych teplotach: v~300 m/s
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- Casovy limit pre pozorovatelnost a manipulaciu!
-atom Na pri 293 K preleti 1m za par ms



Posuv a rozSirenie atbmovych spektralnych ¢€iar

Model atomu
Emisia fotonu zodpoveda energetickému

. rozdielu dvoch presne definovanych
Increasing energy , , ,
fii= of arbits elektronovych hladin

Pohybujuci sa atdbm — Dopplerov jav

i

x’i A photan is emitted \\
9 . — with energy £ = hf \
"-ﬂ__xll \
s T Higher Frequency '. | Lower Frequency
- {Biue Shift) '-\ ; / (Red Shift)
L\ \\ / / )

<



Posuv a rozSirenie atbmovych spektralnych ¢€iar

- Dopplerov jav
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Ako chladit’ elementarne ¢astice?

i

Pri 77 K maju molekuly dusika rychlost 150 m/s

Héliovy kryostat

Pri 4 K maju atomy
hélia rychlost 90 m/s

Iny druh chladenia?




Svetlo poésobi silou - radiaény tlak

J. Kepler (1619) 5=

A. Einstein  A. Compton
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Fig. 1.

Schematische Darstellung
Velkost hybnosti foténu: p=h/A der Versuchsanordnung.




Ale svetlo hreje!

Make a
Laser
Pointer
Burn!




Moze svetlo chladit’? - LASER

Potrebujeme intenzivny a uzkopasmovy zdroj svetla

LIGHT

AMPLIFICATION sy
STIMULATED

EMISSION or
RADIATION

Cerpanie Laserovy zvazok
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Zrkadlo Vystupné polopriepustné zrkadlo



Interakce laserového svetla a atomu

E, Absorpcia
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Sirenia sa zvazku

Ako docielime, ze absorbuju iba atomy
pohybujuce sa proti smeru Sirenia sa laserového zvazku?
Vyuzijme Dopplerov effekt!
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Dopplerovské laserové spomalovanie svazku atémov
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Prenos momentu hybnosti fotonu na atom
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Foton versus atom

Zmena 0.01 m/s pri jednej zrazke

Pre typicky prechod atému az 108 zrazok!



Dopplerovské laserové chladenie

Atoms move
left right

—) —*,* =

Absorb from Laser 1 Absorb from Laser 2

Optické molasy
— pomala difuzia atbmov

Atom cloud in
optical molasses



Teplotny limit Dopplerovského laserového chladenia

K. T=hI/2 ) _
Pre atdbm Na ~ 240 mikroK!
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(1997) Steven Chu, William D. Phillips
Claude Cohen-Tannoudji




Ako dobre chladime?

Tekuty dusik
77K

Sub-Dopplerovske
Laserové chladenie
10 nK az mikroK

107 10° 10% 10* 10° 10°F 107 1| 10" WP 100 100 1P 100 107

RN S
Tekuté Hélium 4 K \

Dopplerovské™ /
laserové
chladenie

10 mikroK az 1 mK

Povrch sinka
5800 K




Chladenie pod teploty odpovedajuce E, jedného fotonu

Harmonicky
potencial
pasce




Nové skupenstvo, stav hmoty
Boseho-Einsteinové kondenzaty

_ : Fazovy prechod
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Sub-Dopplerovské chladenie iontov
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(1989) Wolfgang Paul a Hans G. Dehmelt

Lokalizacia nabitych elementarnych Castic



(2012) Serge Haroche and David J. Wineland

Mastering particles!

electrode

A laser is used to suppress the jon's
thermal motion in the trap, and to
control and measure the trappedion.

Photons bounce back and forth inside

a small cavity between two mirrors for
more than a tenth of a second. Before it
disappears the photon will have travelled
a distance of one trip around the Earth.

Rydberg atoms - roughly 1,000 times

larger than typical atoms -
are sent through the cavity one by one.

At the exit the atom can reveal
the presence or absence of a photon

inside the cavity.
superconducting / I

niobium mirrors

Electrodes keep the beryllium
ions inside a trap.

o— P>
electrode

electrode

microwave photons



Aplikacie

Kvantové pocitanie

@0 o 0) Presné merania a atbmove hodiny
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Classical Bit Qubit

Kvantové simulacie

NIST F-1




Atéomové hodiny

Meranie ¢asu — pocitanie kmitov oscilatora/kyvadla

Galileo Galilei
(1637)

Kyvadlové hodiny
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Atémové hodiny

Atomy su perfektné oscilatory!

-vzdy rovnake vlastnosti rovnakych izotopov
-daju sa izolovat od vonkajsich vplyvov

Definicia sekundy:

Trvanie 9192631770 peridd Ziarenia odpovedajucemu prechodu
medzi dvoma hyperjemnymi hladinami zakladného stavu atdmu **Cs

EE Absorption can occur

\qw’f\» T only when

—a—F AE =hv =E,- E, Adownward transition
E shoten = U E involves emissiomn of
—_—s =t a photon of energy:

E. Evn =0 = E, = E,
Ak chceme oscilator s dobre definovanou frekvenciou

-> potreba minimalizovat’ posuvy spésobené pohybom atomov!

- spresnenie definicie Sl sekundy (1997): ,zodpoveda prechodu cézia v jeho
zakladnom stave pri teplote 0 K*



Atémové hodiny - princip

electronic signal electronic signal

Zpetna vazba |
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(2005) John L. Hall a Theodor W. Hansch




Najpresnejsie merania vo vede su merania frekvencie!

Meranie Casu ~ pocitanie kmitov oscilatoru

Relativna neurcitost merania fyzikalnych veliCin

SI Base Unit Physical Quantity Uncertainty
Candela Luminous intensity 1 x 10™
Kelvin Temperature 3% 107
Mole Amount of substance g% 107
Ampere Electric current 4% 10°
Kilogram Mass 1% 107
Meter Length 152 Tg

Second Time interval s 18"



Redefinicia sekundy?

nature International weekly journal of science

Home ‘ News & Comment ‘ Research ‘ Careers & Jobs ‘ Current Issue ‘ Archive ‘ Audio & Video | For A PranepOdObne rOk 201 8
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Precise atomic clock may redefine time

Device lays the groundwork for a new second.
Philip Ball

09 July 2013
SCIENCE

WS e THE WORLD'S MOST PRECISE CLOCKS: 100 TIMES
the intemationat cemniionora:  MIORE PRECISE THAN CESIUM ATOMIC CLOCKS

could be heading for a change,!  AND THEY'RE ABOUT 10 BILLION TIMES MORE PRECISE THAN YOUR QUARTZ WRISTWATCH.
researchers who have demonstr

: ByF ie Di Posted August 22, 2013
advanced type of ‘atomic clock’ it o G At

precision and stability needed to

] WANT MORE NEWS LIKE
THIS?

Sign up to receive our weekly email newsletter

standard.
and never miss an update!

Enter email address SIGM UP

By submitting sbove, you sgree to
our privacy policy.

Related Content




Kvantové pocéitanie s atbmami

Kvantovy pocitac:

- vykonava logické operacie a vypocty na zaklade zakonov
kvantovej mechaniky (superpozicia, nelokalita)

- vyznamné vypoctové ulohy,

pre ktoré je vypocCet na kvantovom pocitaCi dramaticky rychlejsi R. Feynman (1982)

0
® 0 < 0)
- T
=7 ey (02 £ 1) Chyba uloZenia informacie do kvantového bitu
~==tfr-- V2 je extrémne zavisla na teplote a rychlosti atomu!
By
@1 1) laser

Klasicky bit ~ Kvantovy bit @ m—> "

2" stavov, na ktorych robime
pozadovanu logicku operaciu zaroven! |_sutcp> 1> |




Kvantové pocéitanie s atbmami

Kielpinsky, Monroe, Wineland (NIST)
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Kvantova komunikacia s atomami

"' A ‘
ﬂ \
5]
€)
6 L
(2]

Atomy musia byt blizko T=0K, inak bude interakcia so svetlom neefektivna!



Predstavenie laboratoéria

Detektory schopné zadetekovat
jednotlivé svetelné kvanta -fotony



Predstavenie laboratoéria
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Predstavenie laboratoéria
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Predstavenie laboratoéria




Pozorovanie jedného izolovaného atomu!

We never experiment with
just one electron or atom or
(small) molecule. In thought-
experiments we sometimes
assume that we do; this
envariably entails ridiculous

consequences.
E. Schrodinger
British Journal of the Philosophy
of Science Ill (10), (1952)

Co vlastne vidime?



Pozorovanie jediného atobmu vo volnom priestore (vakuu)

Pozorovanie rozptylenych fotonov...

* kvantové skoky

* experimenty skumajuce interakciu svetla a latky
* chladenie atomov

* metroldgia a ultra-presné merania

ExcitaCny zvazok
Intenzitny detektor



Jediny atom so Strukturou hladin

2-level-atom
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Harmonicky potencial

Jediny atom so Strukturou hladin

2-level-atom
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Generace 3D potencialu — Pauliho past [, 'S

Harmonicky potencial \l

Vakuova aparatura a magnetické stienenie
- izolacia od okolitého prostredia



Lasery mézu chladit’ elementarne ¢astice velmi dobre!

Oxford, England: 4Ca* _

Boulde o0 0
Navstivte nase laboratéria na katedre optiky, 4. poschodie! fla: Car
Realizacie kvantovych procesorov s jednotlivymi fotonmi }
Svetlo spomalené pomovou atémovych oblacikov ) (AV CR)

R RN R

Aarhus, Denmark: 4Ca* (red) and 2#Mg* (blue)
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