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Quantum revolutions

We can not yet foresee the consequences that, in 
the scientific thought of tomorrow, the 

Heisenberg principle and to which technical 
results the statistical interpretation of mechanics 

can lead us …

Italian Constitution, 1947

Article 9: The Republic promotes the development of culture and scientific and technical research. 
Protects the landscape and the historical and artistic heritage of the nation.

Gustavo Colonnetti, 
President of CNR

Varenna, 6° July 2019



Varenna (lake Como) 1954





III Summer School on “Topics of Nuclear Structure” (Varenna, July 1955) 

I. Rabi

C. Townes



III Summer School on “Topics of Nuclear Structure” (Varenna, July 1955) 





XXXI Summer School on “Quantum Electronics and Coherent Light” (Varenna, 1963) 



XXXI Summer School on “Quantum Electronics and Coherent Light” (Varenna, 1963) 



XXXI Summer School on “Quantum Electronics and Coherent Light” (Varenna, 1963) 
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CXL Summer School on “Bose-Einstein Condensation in Atomic Gases” (Varenna, July 1998) 



CXL Summer School on “Bose-Einstein Condensation in Atomic Gases” (Varenna, July 1998) 
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Atoms and light



It's all about atoms

R. P. Feynman, Lectures on Physics
Volume 1, Chapter 1

What should you learn first?



Spectroscopy

Atoms are our keys to the quantum world gates

Old quantum theory

Relativistic quantum mechanics

Quantum field theory
(QED, QCD, …)

Discrete spectra

Fine-structure

Lamb shift

time/
knowledge



Hydrogen

Hydrogen Balmer series



Hydrogen



Fine structure

Fine structure doublet
in sodium spectrum

Relativistic quantum
mechanics (Dirac)
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Hydrogen

Spectroscopy of hydrogen 1s-2s (T. W. Haensch)

n=1

n=2

n=3

n=4
…

2 x 243 nm

e–

p+



Hydrogen

Very precise measurements!
Very precise theory!

The Rydberg constant

Massimo Inguscio & Leonardo Fallani
Atomic Physics: Precise Measurements

and Ultracold Matter (Oxford, 2013)

e–

p+

High-precision spectroscopy

…but still there are surprises!



Muonic hydrogen

Spectroscopy of Lamb shift in muonic hydrogen

p
μ

+

–

What's the size of the proton?

R. Pohl et al., Nature (2010)



Time and atomic clocks



Measuring time

Measuring time  =  A good oscillator  +  A counter



Counting time

5000 a.C.

sundial

1
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1
osc. / second

1656
pendulum

clock

1918
quartz
clock

32.768
osc. / second

9.192.631.770
osc. / second

1955
microwave

atomic clock

2010
optical

atomicclock

518.295.836.590.863
osc. / second



An atomic system of units

If, then, we wish to obtain standards of
length, time, and mass which shall be
absolutely permanent, we must seek them
not in the dimensions, or the motion, or
the mass of our planet, but in the wave-
length, the period of vibration, and the
absolute mass of these imperishable and
unalterable and perfectly similar molecules.

J. C. Maxwell (1870)



The International System of Units (SI)

Length

Mass

Time

Current

Temperature

Amount of substance

Luminous intensity

meter

kilogram

second

ampere

kelvin

mole

candela

derived from time

international prototype

atomic transition frequencies

force between wires

triple point of water

derived from mass

candela

The fundamental SI units (until May 30th 2019):

The most precise unit (10-16)!
Why? It's quantum!!!



A good oscillator 

Transition between atomic levels

Mechanical pendulum

(10.000.000.000 oscillations/second)

f  1 Hz (1 oscillation/second)

f  1010 Hz microwave clock

(1.000.000.000.000.000 oscillations/second)
f  1015 Hz optical clock



Atomic clocks

The precision increases with interrogation time:

Laser cooling



300 K

 μK

Laser cooling

atomic fountains
slow atoms

lattice clocks
"stopped" atoms

thermal gas
fast atoms



Temperature/energy scales

H20 freezing H20 boiling
LHC

sun surface

cosmic microwave
background

superconductivity
superfluidityULTRACOLD ATOMS



Microwave atomic clocks

ITCsF1
σy(τ) = 1.5·10-13 -1/2

ITCsF2
σy(τ) = 1.5·10-13 -1/2

Zeeman 2E-16 8E-17

Collisions 3E-16 1E-16

Blackbody 3E-16 1E-17

Microwave 2E-16 1E-16

Redshift 1E-17 1E-17

Total 5E-16 2E-16

Accuracy of INRIM fountain clocks

Atomic fountain clocks

9 GHz microwave

F=4

F=3

Hyperfine levels of 133Cs



Microwave atomic clocks

INRIM (Italy) NIST (USA)

15 atomic fountains in operation at INRIM, PTB, NIST, SYRTE, USNO, Penn St, NPL,
Neuchatel, JPL, NIM, NMIJ, NICT, Sao Carlos, …

PTB (Germany)

10 report to BIPM with accuracy of a few 10-16 realizing the International Atomic Time (TAI)

Atomic fountain clocks



Microwave atomic clocks

At the basis of satellite-based navigation systems

GALILEO Time
Validation Facility



…to GALILEO

GALILEO Time Validation Facility @ INRIM
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J.W. GOETHE
VIAGGIO IN ITALIA

Varenna, 6° July 2019



k

Kenneth  
Evenson

NBS  (now NIST)
Boulder Colorado



Time and length

Meter: 1/ 299 792 458   seconds



Optical atomic clocks



Counting time

5000 a.C.

sundial

1
osc. / day

1
osc. / second

1656
pendulum

clock

1918
quartz
clock

32.768
osc. / second

9.192.631.770
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1955
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atomic clock

2010
optical
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518.295.836.590.863
osc. / second



Increasing the clock frequency

1973 – IEN Galileo Ferraris (now INRiM)

From Caesium to Thallium: 9 to 21 GHz…



Increasing the clock frequency

From microwave to optical: 10 GHz to 500 THz…

microwave clocks
hyperfine structure

optical clocks
electronic levels

F'

F
n,l

n',l'



Optical atomic clocks

Ticking time with ultrastable light
linked to an atomic frequency

Electronic levels of Yb

578nm light

3P0

1S0

Ultranarrow optical transition!!



Optical atomic clocks

518 295 836 590 863   osc. / secondo

Measuring time = counting oscillations of light



Giovanna Rasario



A counter for light

The optical frequency comb:
a frequency ruler of laser lines



Yb optical clock at INRIM



Yb optical clock at INRIMM. Pizzocaro et al., Metrologia 54, 102 (2017)

Doubly forbidden!
DS 0

J = 0  J’ = 0



Yb optical clock at INRIMM. Pizzocaro et al., Metrologia 54, 102 (2017)



Yb optical clock at INRIM

Absolute frequency measurement of 171Yb clock transition

M. Pizzocaro et al., Metrologia 54, 102 (2017)



Uncertainty of atomic clocksM. Safronova et al., RMP 90, 025008 (2018)



Are fundamental constants constant?

Comparison btw different atomic clocks at different measurement times 

Bounds on the drift of the proton/electron
mass ratio m and fine structure constant a:

M. Safronova et al., RMP (2018)



CNR-INO Annual Symposium (Arcetri, Firenze)



Villa Monastero, Varenna, Como Lake, Italy

13 years ago… Fermions in Varenna (2006)



“Ultracold Fermi Gases”  Varenna, June 2006



Linking clocks:
communicating time, sensing and beyond



Optical fiber link

• Time/freq. dissemination
• Radioastronomy
• Ultracold atoms physics
• Aerospace
• Finance
• Quantum technologies (QKD) 

MEDICINA 
Radiotelescope

NOTO 
Radiotelescope

SARDINIA 
Radiotelescope

MALTA
Primary Metrology

ROME-FUCINO
Metrology, Space, GALILEO

MATERA,
Space Geodesy

FIRENZE
Ultracold atoms physics



“Absolute” time dissemination

absolute time referenceabsolute time reference

ultrastable optical fiber linkultrastable optical fiber link

laser in need of stabilizationlaser in need of stabilizationstabilized laserstabilized laser

Ytterbium-173 clock transition



Matera



Matera



The enigma of the hour

Giovanna Rasario «Giorgio De Chirico, un filo di Arianna»



A relative time

Absolute time does not exist (A. Einstein, 1905-1915)

 
ଶ

Time dilation because of motion and gravity

 ଶ

ଶ

g



A relative time

= 17 cm

Gravitational redshift: 10-16 / m

D. Wineland Al+ ion clock (NIST, Boulder)
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In the weak field approximation (as in
the Solar System), two clocks placed at
two different locations with different
gravitational potential W, have a
frequency offset:

On Earth (W0 is the Geoid potential):

Clocks and gravitational redshift



IEN G. Ferraris
1977

Clocks comparisons at different gravity potentials



67

Relativistic geodesy on the AlpsJ. Grotti et al., Nature Phys. 14, 437 (2018)



Relativistic geodesy on the Alps

First demonstration of chronometric levelling with transportable optical clocks

J. Grotti et al., Nature Phys. 14, 437 (2018)

Frejus tunnel – Turin gravitational potential difference: 10.034 (174) m2 s−2



Optical fiber link for earthquake detection

Submarine earthquakes are very hard to detect
(submarine seismometers scarce, expensive and difficult to operate)

Can we use the current 1 Mkm-long submarine optical fiber network?
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Marconi … radiowaves

1901
Riesce a trasmettere il primo segnale radio 
dall'Europa all'America

1896
Guglielmo Marconi brevetta il    telegrafo 
senza fili

1927
Diventa presidente del CNR e della Regia 
Accademia d'Italia (Lincei)

Varenna, 6° July 2019



Detection of submarine earthquakes (magnitude 3.4 e 5.1)

Blue: conventional seismometer
Red: optical fiber link error signal

G. Marra et al., Science 361 (2018)

Optical fiber link for earthquake detection
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Quantum Communication

Entanglement:

Two quantum systems can be correlated independently of their distance

a b a b a b

ab
0 1

α β+= 0 11 0

Varenna, 6° July 2019
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1895 – Lummer und Wien
entwickeln erste Hohlraumstrahler
Aufbauend auf einer Idee
von Gustav Kirchhoff (1860)

Varenna, 6° July 2019
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Galileo Galilei's telescope

Varenna, 6° July 2019
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1609: Galileo discovers the Jupiter's moons

Varenna, 6° July 2019





Here
Galileo Galilei,

with his internal eye,
looked again at that sky, that world, that universe

that he had expanded
beyond what was commonly seen by the men of wisdom.
And, discussing with his disciples about the new truths,

he spent the last years of his life,
and here he passed away.

The University of Florence
offers this house for the future people,

as a testimony of daring,
as an emblem

of the intrepid human thirst for knowledge

30th May 1942
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WHAT NEXT?

Varenna, 6° July 2019


