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Visions for Physics

Chicago, 1894

Albert Michelson

“The more important fundamental laws and facts of physical
science have all been discovered, and these are now so firmly
established that the possibility of their ever being supplanted in
consequence of new discoveries is exceedingly remote..."




Bern, 1905:

I

Albert Einstein

March 17: Photoelectric effect
May 11: Brownian motion,

Quantum theory of specific heat of solids
June 30:  Special theory of relativity




Arthur L. Schawlow. Stanford. 1970

,| go to conferences to see what other people are working on,
so that | know what areas to stay away from.”




How to discover something new?




Try to look where no one has looked before










Zurich

Nano-science

Gerd Binnig Heinrich Rohrer

Physics Nobel Prize 1986
, for their design of the scanning tunneling microscope”




Zurich
Many-body quantum physics

J. Georg Bednorz K.Alexander Muller

Physics Nobel Prize 1987
"for their important break-through in the discovery of
superconductivity in ceramic materials”
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Quantum phase transition
from a superfluid to a Mott insulator

M. Greiner et al., Nature, 415, 39 (2002)

3 January 2002 [ International weekly journal of science

www.nature.com

Ultracold atoms
enter a new phase
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times cited: 1353
(June 20, 2008)

Tumour suppressor p53 A double-edged sword
Cosmology The primordial abundance of *He
The fossil record Evolutionary speed limits
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Pendulum

Galileo Galilei
1564 - 1642




What 1s time?

What 1s space?




Time 1s what one measures with a clock.

Daniel Kleppner




Space must be measured with a clock

John L. Hall




Space must be measured with a clock

John L. Hall

1983, Conférence Generale des Poids et Mesures (CGPM):

One meter 1s the distance that light travels
during 1/299 792 456 of a second




Energy should be measured with a clock

Max Planck




Energy should be measured with a clock

Max Planck




Mass should be measured with a clock

Albert Einstein




Evolution of clocks

From 3500 BC

Sun dial Pendulum clock Quartz clock  Cesium atomic clock
one cycle per day | Hz 32 768 Hz 9192631770 Hz




Accuracy of clocks

ary cesium clocks

t cesium c¢locks

quartz clocks

Shortt clock
Riefler clock

freg pendulum /@

barometric compensation Harrison
teqierature compensation

uygens pendulum Grgham esce

Chin.ese ater clock ) cross escapement

®  Verge & Foliot escapement 1000 s /d

1000 1200 1400 1600 1800 2000
Year (AD)
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AccuraCy of clocks \‘" atomic clocks

1ps/d

ary cesium clocks

t cesium c¢locks

quartz clocks
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Riefler clock
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Clockwork for an optical atomic clock?

)




optical frequency comb

A simple tool for measuring optical
frequencies of 100's or even 1000's of THz.

A phase coherent link between
the optical and the radio-frequency region.

A clockwork mechanism for an
optical atomic clock.




"Never measure anything but frequency!”

Arthur L. Schawlow




Never measure anything but hydrogen!

George W. Series




Hydrogen
Balmer Spectrum

Ho 2\
Doppler / : ’

profile | \\,/ ~

(300 K) | : |

|

] —~ — Lamb shift

saturation

spectrum » T.W. Hansch, I.S. Shahin,

I

I

/ U\\\ and A.L. Schawlow
! \‘”“MMV Nature 235, 63 (1972)
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Optical Spectroscopy of Hydrogen

105
106

107
laser
| spectroscopy

10°8
109

1o:° | frequency
measurements
1011 7

10-12
10-13
10-14
10-15
10-16

>
O
4y
-
=
O
&)
4y
(4))
=
-
L
()
—

10-17
10-18

1940 1960 1980 2000 2020
year

hydrogen accuraties 2000




Optical Spectroscopy of Hydrogen
105
106
107

laser
| spectroscopy

10°8
109

A E N
1o:° frequency

measurements s
1011 7

10-12
cesium N\

1013 T clocks

>
O
4
-t
=
O
O
4y
(4))
2
pr—)
L
()
—

10-14
1015
10-16

10-17
10-18

1940 1960 1980 2000 2020
year

hydrogen accuracies 2000




Optical Spectroscopy of Hydrogen
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Hydrogen 1S-2S two-photon transition

a5 L

(natural line width: 1.3 Hz)

T.W. Hansch, S.A. Lee, R. Wallenstein, and C. Wieman, Phys. Rev. Lett. 34, 307 (1975), ...



Hydrogen 1S5-2S resonance

530 Hz @ 243 nm
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Are there detectable differences
between matter and antimatter?

Hydrogen Antihydrogen




A dream... (Ali Javan, 1962)

A. Javan, E.A. Ballik, and W.L. Bond,
J. Opt. Soc. Am. 7, 553 (1962)

Extend microwave
frequency counting
techniques into
the optical region.

beat note
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First Phase-Coherent Frequency Measurement of Visible Radiation

H. Schnatz, B. Lipphardt, J. Helmcke, F. Riehle, and G. Zinner

Physikalisch-Technische Bundesanstalt (PTB), D-38116 Braunschweig, Germany
(Received 10 August 1995)
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FIG. 1. PTB’s frequency chain to the Ca intercombination
line (PLL = phase locked loop, details are given in the text).




Laser frequency comb
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Laser frequency comb
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Laser frequency comb
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Laser frequency comb




single mode

standing wave traveling wave




two modes




two modes

superposition




three modes

superposition




many modes

superposition
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Optical Frequency Comb Synthesizer
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Optical Frequency Comb Synthesizer

F beam splitter

N

—

e
N

beat note
detector

. -
». Where are the photons: N

«

— frequency



Optical Frequency Comb Synthesizer

W beam splitter

N

 ——

beat note
detector

Af

— frequency



femtosecond laser frequency comb

® 100 000 ultra-stable lasers at once
® revolutionary optical wave meter

¢ frequency counter from DC to UV
® clockwork for optical atomic clocks
® optical frequency synthesizer

® ultra-stable microwave source

® enabling tool for fundamental measurements

‘ = = =

® source of phase-stabilized femtosecond pulses
® key to attosecond physics
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Frequency Comb Generator handed over to Deutsches Museum
QT =~  Munich, June 18,2008)
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Er* fiber laser frequency comb synthesizer
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laser oscillator amplifier nonlinear interferometer

guided light: fewer adjustments, continuous operation




Er+ fiber laser frequency comb

fr =250 MHz




frequency combs from toroidal microresonators




optical frequency comb generation from a monolithic microresonator
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P. Del’'Haye™, A. Schliesser”, T. Wilken, R. Holzwarth, T. J. Kippenberg, Nature, 450, 1214 (2007)



larger toroidal microresonators

Pump laser<_ 38 GHz
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pump power stabilizes mode spacing

—

<
—
o

e

Relativ

85.6574 | 85.6576 85.6578

Gate time t (s)




Resolved Sideband Laser Cooling of a Micromechanical Oscillator
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R. Schliesser, R. Riviere, G. Anetsberger,
O. Arcizet, and T. J. Kippenberg

Nature Physics 4, 415 (May 2008)
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http://www.nature.com/nphys/journal/vaop/ncurrent/full/nphys939.html
http://www.nature.com/nphys/journal/vaop/ncurrent/full/nphys939.html

Optical clocks - some candidates

Laser-cooled trapped ions

Hg+, In+, Yb+, Sr+, Cat, Al+,... y ) Paultap

Cold neutral atoms:

H, Ca, Sr, Yb, Ag, ...

Optical lattice,

magic wavelength
Molecules:

lo, CoHyg, ...
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Applications for (better) Atomic Clocks

Time and frequency metrology
Clock synchronization over large distances
Very long baseline interferometry (VLBI)

Higher performance satellite navigation (Galileo)
Precise tracking of remote space probes
Telecommunication, network synchronization
Variability of earth’s rotation

Geodesy with millimeter precision

Mapping of the earth’s gravitational potential
Test of special and general relativity

Are fundamental constants constant?
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Frequency Combs in Astronomy

Calibration of large astronomical spectrographs
(€50 E-EL i)
Search for earth-like planets
Search for variable fundamental constants
Direct measurement of the expansion of universe
Study of primordial nucleosynthesis (D/H, Li®/Li")
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Vacuum Tower Telescope, Teide Observatory, Tenerife




6314.6975(13) cm™
6313 6314 | 6318  [cm™]
|

|

189.30 . 189.40
189.312509989(10) THz

189.25




Towards frequency combs
and ultraprecise spectroscopy
in the extreme ultraviolet

A - W | ’[\f
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Generation of high harmonics
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Can two high harmonics pulses interfere?
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15 th harmonic (53 nm)

Experiments at Lund Laser Center:
R. Zerne et al., Phys. Rev. Lett. 79, 1006 (1997)
M. Bellini et al., Phys. Rev. Lett. 81, 297 (1998)
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Single-Cycle Nonlinear Optics

80 attosecond
XUV pulses

E. Goulielmakis, M. Schultze, M. Hofstetter, V. S. Yakovlev, J. Gagnon, M. Uiberacker,
A. L. Aquila, E.M. Gullikson, D. T. Attwood, R. Kienberger, F. Krausz, and U. Kleineberg,

Science 20, 1614-1617 (June 2008)
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Two-photon spectroscopy of He* 15-25
with XUV frequency comb
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Helium 1on

iIn Paul trap

Thomas Udem
Christoph Gohle
Maximilian Herrmann
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A mechanical frequency comb
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