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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
canlead us...

Gustavo Colonnetti,
President of CNR

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

39 CORSO ESTIVO - VARENNA SUL LAGO DI COMO - VILLA MONASTERO - 17 Luglio - 6 Agosto 1953

C. Townes




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

RENDICONTI
DEL

CORSO CHE NELLA VILLA MONASTERO A VARENNA

DAL 17 LUGLIO AL 6 AGOSTO, 1955
FU TENUTO A CURA
DELLA SCUOLA INTERNAZIONALE D1 FISICA

DELLA SOCIETA ITALIANA DI FISICA

PARTE SECONDA. — Momenti nucleari,

I. [. RaB1 - Atomic and Molecular Beam Experimenis

A. pe SuHaLir - Magnetic Moments of Nuclei e x o ow won

C. H. TowxEgs - On the Interpretation of H.I.S. in Molecules in Terms
of Molecular Strueture and Nuclear Moments




Rabi's retirement from Columbia University in 1968 was an opportunity for some of his
former students and friends to come together. From left, Norman Ramsey, Jerrold Za-
charias, Charles Townes, Rabi, V. W. Hughes, Julian Schwinger, Edward Purcell, William
Nierenberg, and Gregory Breit.
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XXXI Summer School on “Quantum Electronics and Coherent Light” (Varenna, 1963)

ITALIAN PHYSICAL SOCIETY

PROCEEDINGS

INTERNATIONAL SCHOOL OF PHYSICS
« ENRICO FERMI »

Couvrse XXXI

C. H. TOWNES
Director of the Course

VARENNA ON LAKE COMO
VILLA MONASTERO

19th - 31st AUGUST 1963

Quantum Electronics and Coherent Light

Proceedings edited by
P. A. MILES

1964




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

A, L. Scmawrow - Optically pumped masers and solid-state masers
. B. Lax — Infra-red semiconductor lasers . .

:"_" G. ToraLDO DI F'rancia — Theory of optical resonators . .

~ W.E. Lams jr. - Theory of optical maser oscillators

H Hagex and H. Savermanx — Theory of laser action in solid-state,
' gaseous and semiconductor systems . .

. J. P, GorpoN — Noise at optical frequencies; information theory
F. B Areccur — Thermal effects in a He-Ne optical maser .
A. 8. Grastok and A. N. OraBvsk1s - The dynamies of quantum oscillators
P. Coxngs - TFourier-transform spectroscopy .
P. CoxnNes — High-resolution interforun‘letric spectroscopy

W Low - Ions in crystals

S. 8. Yarstv = Vibronic spectra in gadolinium compounds. .

- N. BLoEMBERGEN — Nonlinear optics .

0,'.KR01(HIN — The intensity-dependence of optical absorption in semi-
conductors

- SVELTO — Photomixing in semiconductors . .

JAVAN — Stimulated Raman effect




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

DI FISICA «E. FERMI»
UL LAGO DI COMO - VILLA MONASTERO - 19-31 Agosto 1963
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CXL Summer School on “Bose-Einstein Condensation in Atomic Gases” (Varenna, July 1998)

ITALIAN PHYSICAL SOCIETY

PROCEEDINGS
OF THE

INTERNATIONAL SCHOOL OF
«ENRICO FERMI»

COURSE CXL

edited by M. INGusciO, S. STRINGARI and C

VARENNA ON LAKE COMO
VILLA MONASTERO
7-17 July 1998

Bose-Eznstein Conden
Atomic Gases




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

What should you learn first?

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

1-2 Matter 1s made of atoms

[, in some cataclysm, all of scientific knowledge wer
one sentence passed on to the next generations of creatt
contain the most information in the fewest words?

hypothesis (or the atomic fact, or whatever-you-wish-ic

_made_of atoms—Ilittle particles that move around in D¢




Spectroscopy

Atoms are our keys to the quantum world gates

Discrete spectra ‘ Old quantum theory

Fine-structure ‘ Relativistic quantum mechanics

Lamb shift ‘ Quantum field theory
(QED, QCD, ...)




Hydrogen

Hydrogen Balmer series




Hydrogen
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Relativistic quantum
mechanics (Dirac)







Hydrogen

-200 -150 -100
detuning at 243 nm in kHz




Hydrogen

High-precision spectroscopy

dv(1ls — 2s) = 2 466 061 413 187 035 (10) Hz

|

The Rydberg constant

Roo = 10 973 731.568 539(55) m~*

Very precise measurements!

Atomic Physics
Very precise theory!

memmw
J I | “ “ I
...but still there are surprises! Massimo Inguscio & Leonardo Fallani . ' ...

Atomic Physics: Precise Measurements &8s 8aaas
and Ultracold Matter (Oxford, 2013) mam®s s & & @@




Muonic hydrogen

Spectroscopy of Lamb shift in muonic hydrogen

What's the size of the proton?

QODATA-OQ

e—p scattering

New value from exoti

R. Pohl et al., Nature (2010)
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Time and atomic clocks




Measuring time

Measuring time = A good oscillator + A counter




~5000a.C.

sundial

1656
pendulum
clock

Counting time

1955 ~2010
microwave optical
atomic clock atomic clock

9.192.631.770  518.295.836.590.863
osc. / second 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)

The fundamental Sl units (until May 30t 2019):

Length meter

\WERS kilogram international prototype
Time second atomic transition frequencies
Current ampere force between wires

Temperature kelvin triple point of wate

Amount of subst - The most precise unit (~10726)!

Luminous intens Why? It's quantum!!!




A good oscillator

Mechanical pendulum

f=1Hz (1 oscillation/second)

Transition between atomic levels

f~10°Hz microwave clock
(10.000.000.000 oscillations/second)

f~ 10 Hz optical clock
(1.000.000.000.000.000 oscillations/second)




Atomic clocks

Loop di controllo

probabllita ‘
dl transizione A

v EI. ->Ez

larghezza
adlazione transizione
osclllatore NN >
9.192...GHz

atomo
Ceslo 133

The precision increases with interrogation time: Av ~ At™1

|

Laser cooling




Laser cooling

thermal gas ‘

fast atoms

atomic fountains

slow atoms ‘
lattice clocks
"stopped" atoms




Temperature/energy scales

H,0 freezing H,0 boiling

cosmic microwave superconductivity
ULTRACOLD ATOMS background superfluidity




Microwave atomic clocks

Atomic fountain clocks Hyperfine levels of 133Cs

F=4

1

F=3

Accuracy of INRIM fountain clocks

ITCsF1 ITCsF2
o,(1) = 1.5-10-13 112 o,(1) = 1.5-1013 112

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




Microwave atomic clocks

Atomic fountain clocks

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

~10 report to BIPM with accuracy of a few 1016 realizing the International Atomic Time (TAI)

INRIM (Italy) PTB (Germany) NIST (USA)

k= -




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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CERCHIO COMPARATIVO
dell’ora italiana e tedesca, nonché dell’orario italiano
per la seconda meta di settembre
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IDM 1) zoaentd, o mmmfﬁﬁj”ﬂ;‘%’
7,(,‘{,“,{ h/y;g-—am-/%c-md(pwb;;/g -
months later, absolute frequency measurements were extended to still higher values (again ga?c or iy
reported as ‘highest cw frequency measurements as yet reported”), using the CO, laser [38]. e
These measurements led in turn to the He-Ne laser cited in ref. [36] above [39]. M 7‘-'*-1 heey

Laser research at NBS Boulder has improved the determination of the speed of light by 100-fold. Kenneth M. g j

Evenson is adjusting lasers used in the project.

NBS (now NIST)
Boulder Colorado

Laser used in the speed-of-light determination.
635



Time and length

c = Av

Meter: 1/299 792 458 seconds




Optical atomic clocks




~5000a.C.

sundial

1656
pendulum
clock

Counting time

1955 ~2010
microwave optical
atomic clock atomic clock

9.192.631.770  518.295.836.590.863
osc. / second osc. / second




Increasing the clock frequency

From Caesium to Thallium: 9 to 21 GHz...
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1973 — IEN Galileo Ferraris (now INRiM)




Increasing the clock frequency

From microwave to optical: ~10 GHz to ~500 THz...

optical clocks
electronic levels

microwave clocks
hyperfine structure




Optical atomic clocks

Ticking time with ultrastable light Electronic levels of Yb

linked to an atomic frequency 3p
0

578nm light

150

Ultranarrow optical transition!!




Optical atomic clocks

518 295 836 590 863 osc. / secondo




Giovanna Rasario




A counter for light

The optical frequency comb:
a frequency ruler of laser lines







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

7

Yb optical clock at INRIM

Doubly forbidden!

AS #0
J=0-J)=0

A=399 nm
I'=29 MHz

A ;§356 i

r2182kHtz |




M. Pizzocaro et al., Metrologia 54, 102 (2017) Yb Optica| CIOCk at IN RI M

1.0

0.8

o
2
=
<
w;d
=
-
o
-
o
e
-y
Q
s
L




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

Yb optical clock at INRIM

Absolute frequency measurement of /1Yb clock transition
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Table 2. Uncg

Contribution

ITCsF2
Statistics
Yb
Comb

F

¥

Grav. redshift
Fiber link

Synchronization
Total

This work

57410 57420 57430 57440

L4

57510 57520 57530 57540 RIKEN 16

RIKEN 15

)aign run from January
sy of "1Yb relative to NMIJ 14




M. Safronova et al., RMP 90, 025008 (2018) Uncertainty of atomic clocks
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M. safronova et al, RvP (2018)  Are fundamental constants constant?

Comparison btw different atomic clocks at different measurement times

BcH @ sSN ERrRG @Y A RRrRr @ R B aXiv wrR WR

Dy Al'/Hg" Hg
B NIST NIS

jombining this mes
revious experiments,
owing limits to the pre

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







13 years ago... Fermions in Varenna

ITALIAN PHYSICAL SOCIETY

PROCEEDINGS
OF THE .
INTERNATIONAL scHooL or  of ytterbium atoms

“ENRICO FERMI” T. FUKUHARA, S. SUGAWA, Y. TAKASU

Counrse CLXIV

edited by M. INcUSCIO, W. KETTERLE and C. Y. TAKAHASHI

Quantum degenerate gases and the mixtures

Department of Physics, Graduate School of Science, Kyoto Universily - Kyoto 606-8502, Japan

Directors of the Course Department of Physics, Graduate School of Science, Kyoto University - Kyoto 606-8502, Japan
VARENNA ON LAKE COMC  CREST, Japan Science and Technology Agency - Kawaguchi, Saitama 332-0012, Japan

VILLA MONASTERO
20 — 30 June 2006

5 - s < 5 D 5 week ending
PRL 98. 030401 (2007) PHYSIcAL REVIEW LETTERS 10 SANUARY Boor

.
ltra cold Fe rmz ( Degenerate Fermi Gases of Y tterbium
1 i -
Takeshi Fukuhara.' Yosuke Takasu.? Mitsutaka Kumakura.'-** and Yoshiro Takahashi'-?

'Departinent of Physics, Greaduate C Science, Kyoro University, Kyeoto 606-8502, JTapan
PDepariment of Elecironic Science and Engineering, Graducite CEngineering, Kyolto University, Kyeoro 615-8510, Japarn
FCRIST. Japan Science and Technology Agency., Kawagueli, Sailamea 332-0012. Tapearn
FPRESTO, Japar Scicnce and Technology Agerncy, Kawagucti, Saitama 332-0012, Japan
(Received 8 July 2006: published 17 January 2007)

Fvaporative cooling was performed to cool fermionic 173 Y b atoms in a crossed optical dipole trap. The
large elastic collision rate leads to efficient evaporation and we have successfully cooled the atoms to
0.37 = 0.06 of the Fer temperature. that is (o say. Lo a quantum degenerate regime. In this regime. a
plunge of evaporation efficiency was observed as a result of Fermi degencracy.

DOL: 10.1103/PhysReviett.9%.030401 PACS numbers: 03.75.5s. 32.80.Pj. 34.50. s

N . . . R ey e . week ending
PRI. 98, 030401 (2007) RiSRssING AN, IRV AR R RS 19 JANUARY 2007

Degenerate Fermi Gases of Ytterbium

Takeshi Fukuhara,! Yosuke Takasu,” Mitsutaka Kumakura, > and Yoshiro Takahashi'-?
YD eperriment of Physics, Graduate School of Science, Kyvoto University, Kyoto 606-8502, Japern
CDepartment of Electronic Scicnce and Engineering. Graduare School of Engineering. Kyvoro Universiry, Kyvoro 615-8510. Japar
CCREST. Japan Science and Technology Agency, Kawaguchi 2 332-0012. Japarn
"PRIESTO. Japarn Science and Technology Agerte 2 3 vitcimen 332-0012. Fepran
(Rcccived 8 July 2006: published 17 Janu 2007)
1s performed (o cool fermionic '"73Yb atoms in scd opti
e lead to elficient evaporation and we have s ‘ully cooled the
i craturc. that is to s © a quantum d cgime. In this regime.
cllicicney was obscerved as a result of Fermia de

TOT: 10.1103/PhysRevl ctt. 985030401 PACS numbers: 03.75.Ss. 32.80.Pj. 34.50. —s







Linking clocks:

communicating time, sensing and beyond
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Optical fiber link

Time/freq. dissemination
Radioastronomy
Ultracold atoms physics
Aerospace

Finance

Quantum technologies (QKD)




“Absolute” time dissemination

WIOTTON Y - Locarno - Sondrio’ .+ & ¥ Parco Nazionale delle
& é Bellinzona - 1 ; u‘ian;'\f.-s..f:‘j:rlrh(fc lle % yiBelidnG Maniago
Martighy Domodossola o G Edolo . il Dolomiti Bellunési g ‘ N
Gil Zermatt i
Argentiere &) Morite {ervino A ' v T v v T T 0
N :' M Bl \/\,_J "
Chamonix;Ment_Blanc Omegna 2t ! ko a
lesFBains \faralla 7o)
ia
{ I O
Q
i absolute time reference P
t-Maurce [ F 1 Q
Jonnas ] . e
< Biella ‘ @ 1389

R

(10°]

@
S
@ 14:40
@
@

Bussp[erlo Casale:Monfi - . . . 14:52
Ve . ultrastable optical fiber link -

PIossac0 K onCalier
Pinerolo= : Alessandriac 9

9 Carmagnola .
Racconigi N [ @ 16:22
Bra Aan AcquiTerme | @ 1724
Saluzzo > o

cSavigliano

~ Fossdno 04 121 Ytterbium-173 clock transition

Dronero E717) -1 () - 101 - ) )
Cuneo - Arenzan(
MondoVi Savona frequency [HZ]

Borgo San Dalmazzo C

Parco Naturale delle E - =

Alpi Marittime Finale Ligure Levanto Cesena “Cesenatico
Loana! La Spezia < Parco Regionale > )
Parc national = = ™ EBO| delle Alpi Apuane (£45 Rimini

du'Mer¢ -

stabilized laser stabilization RE L G i

0 5
Contes {7, Sanremo Viareggioc lUECi‘ i Pratog m
enze ano

Empoli European Laboratory for
c ‘ Non-Linear Spectroscopy

wan Ca
InVal d

a5 dPontedera
sansepolc

Poggibons Arezzo gitta di Castello
IS i : L
Solvay Filo
| EA5 Gubbio i
i bcina Siena N Fabrﬁ.ano

[

% Gualdo Tadino
a3 Cortona c
Castanneta Dardiicei Sinalunga:









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)

Time dilation because of motion and gravity

Still clock Moving clock

High clock

Low clock

of _ g

=7 0h




A relative time

Gravitational redshift: 1016 / m

runs 1-13 runs 14-18

Measurement number

D. Wineland Al* ion clock (NIST, Boulder)




Clocks and gravitational redshift

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:

vo —W(r) _ W(r)-Wy

VO 02

v, —v(r _ 16 -
On Earth (W, is the Geoid potential): 0 ~V(r) z gg m™ =1.09x10""m™

/, C



Clocks comparisons at different gravity potentials

1L NUOVO CIMENTO Vor. 37 B, N. 2 11 Fobbraio 1977

IEN G. Ferraris
Evidence for the Earth Gravitational Shift by Direct ‘ : & F 1977

Atomic-Time-Scale Comparison ().

L, BRIATORK

Talituto di Fisica Generale doll' Univereitd - Torino
Laboratovio di Cosmogeafisica dol ONE « Torino

8. LESCHIUTTA

Iatituto Flottrotoondco Nastonale o Galiloo Pervaris v » Tovino

' - ' ©UTC (BIH)
’ 2
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1 utC (IEN) ] advance
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479237 129%46

Turin | operation at Turin
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Fig. 3.~ Schematic drawing of the least-square-fitted relative behavioursf§
UTC (IEN) and UTC (BIH) for the periods concerned. The slopes are I
UTC (IEN) and are given in ns/d.




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

port. comb Sr prt. clock
(NPL) (PTB)




J. Grotti et al,, Nature Phys. 14, 437 (2018)  Relativistic geodesy on the Alps
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First demonstration of chronometric levelling with transportable optical clocks

Frejus tunnel - Turin gravitational potential difference: 10.034 (174) m? 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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Optical fiber link for earthquake detection

Detection of submarine earthquakes (magnitude 3.4 e 5.1)

Blue: conventional seismometer
Red: optical fiber link error signal
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G. Marra et al., Science 361 (2018)




Entanglement:

o 0 1 -I-IBIO
b a b a b

Two quantum systems can be correlated independently of their distance

@ Consiglio Nazionale delle Ricerche Varenna, 6° July 2019
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“But, after all, what good is it (generating
electric current)?”

William Gladstone
British Chancellor of the Exchequer

“Why sir, one day you will tax it.”
Michael Faraday




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

@ Consiglio Nazionale delle Ricerche 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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Varenna, 6° July 2019

(3]
L=
i
(D]
L
o
i)
Q
o
)
O
[
O
N
(@)
o
O
O
w)
=
(@]
@)
(@




