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Novel atom interferometers for 
precision test of fundamental 

physics
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Matter-wave interferometry
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Precision measurements with ultra-cold atoms

ǊŜƭŀǘƛǾŜ ǇǊŜŎƛǎƛƻƴ млπмф relativeprecision 10-11 g

g

Optical atomic clocks 

TIME GRAVITY

Atom interferometers 
(gravimeters/gradiometers)

external d.o.f., momentum statesƛƴǘŜǊƴŀƭ ŘΦƻΦŦΦΣ ŜƭŜŎǘǊƻƴƛŎ ǎǘŀǘŜǎ
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Alkaline-Earth Atoms



Motivation

Å Fundamental physics

Å Applications

V Experimental test of Standard Model

V Measurements of fundamental 
constants (G, a)

V Definition of SI unit

V )ÎÅÒÔÉÁÌ ÓÙÓÔÅÍÓ ÆÏÒ ÎÁÖÉÇÁÔÉÏÎȟ 
ÇÅÏÌÏÃÁÌÉÚÁÔÉÏÎ

V 5ÎÄÅÒÇÒÏÕÎÄ ÐÒÏÓÐÅÃÔÉÎÇȟ ȣ



Optical atomic clocks

Oszillator 

n0

Atome, Moleküle oder Ionen

Detektor

Regelungs-
elektronik

n

n0

nn0

S

Absorptions- 
signal

Fehlersignal
dS

dn

mHz

500THz

Q>1017

N. Poliet al. RivistadelNuovoCimento12, 555(2013)



Clock Uncertainty

.Ȣ0ÏÌÉÅÔÁÌȢ2ÉÖÉÓÔÁÄÅÌ.ÕÏÖÏ#ÉÍÅÎÔÏΧΨȟΫΫΫɉΨΦΧΩɊ



Optical fiber link

A. D. Ludlow,et. al. Science319, 1805(2008)
N. Poli,PRIN- MIUR(2009)
D. Calonico et. al. Appl. Phys. B 117, 979ɀ986(2014)

Direct fiber  link from 

UNIFI to INRIM 

(Torino)  - 642 km

10-19 frequency stabillty



Imaging optical frequencies

Image courtesy L. Fallani



Imaging optical frequencies

2,5 10-19

'Ȣ %Ȣ -ÁÒÔÉȟ 2Ȣ "Ȣ (ÕÔÓÏÎȟ !Ȣ 'ÏÂÁÎȟ 
3Ȣ ,Ȣ #ÁÍÐÂÅÌÌȟ .Ȣ 0ÏÌÉȟ *Ȣ 9Åȟ 
΅)ÍÁÇÉÎÇ ÏÐÔÉÃÁÌ ÆÒÅÑÕÅÎÃÉÅÓ ×ÉÔÈ 
ΧΦΦ ʈ(Ú ÐÒÅÃÉÓÉÏÎ ÁÎÄ ΧȢΧ ʈÍ 
ÒÅÓÏÌÕÔÉÏÎ΅ȟ 0ÈÙÓȢ 2ÅÖȢ ,ÅÔÔȢ ɉΨΦΧήɊ



Gravitational Red Shift

Dn/n= 10 -22

ldBå1 mm @ 1nK

10 mm 

Dn/n= 10 -21



Quantum Interference of Clocks
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V 5ŜǇƘŀǎƛƴƎƛƴǘǊƻŘǳŎŜŘōȅ
ŘƛŦŦŜǊŜƴǘƛŀƭǘƛƳŜŘƛƭŀǘƛƻƴƛƴǘƘŜ
ǘǿƻŘƛŦŦŜǊŜƴǘǇŀǘƘǎgмŀƴŘgн

V Quantum superposition of clocks 
in different locations  

M. Zychet al. NatureCommun. 2(505),1498(2011)

Observe gravity induced άdecoherenceέ in 
clock interferometers

h

(h = height difference)

V Decoherenceinduced by άǿƘƛŎƘ
ǇŀǘƘέinformation from clockstate

(T=time)

¢

V Interferometercontrastloss



Quantum Interference of Clocks
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V Dephasing introduced by
differential time dilation in the
two different pathsg1 andg2

V Quantum superposition of clocks 
in different locations  

M. Zychet al. NatureCommun. 2(505),1498(2011)

hōǎŜǊǾŜ ƎǊŀǾƛǘȅ ƛƴŘǳŎŜŘ άŘŜŎƻƘŜǊŜƴŎŜέ ƛƴ 
ŎƭƻŎƪ ƛƴǘŜǊŦŜǊƻƳŜǘŜǊǎ

h

(h = height difference)

V Decoherenceinduced by άwhich
pathέinformation from clockstate

(T=time)

T

V Interferometercontrastloss
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Clock transition in Sr

- Typicalparameters:  B = 350 G      I = 25 W/cm2

V
87Sr atoms

ɱ ɜ ὍȾὍ
Ὅ πȢτÐ7ÃÍ

ɜ ς“ρÍ(Ú

ɱ ς“ρË(Ú

L Ґ пм ²κŎƳн ɱ ς“ρπË(Ú

V
88Sr atoms

- Magneticfield inducedtransition

ɱ ‌ Ὅὄ
‌ ς“ρωψ(ÚȾ4 Í7ÃÍ

3̊P0, hkγ

1̊S0,0γ
пол ¢IȊ

Single photon  (momentum 
states + electronic states)
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Experimentalsetup
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Experimentalsequence(gradiometer)
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Velocityselectionon clock transition

V Clockspectroscopyon free-falling atoms

0.02 ƚƪ

240 pK
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Clock Gradiometer

π¦Ǉ ǘƻ ол Ƴǎǘƻǘŀƭ 
ƛƴǘŜǊŦŜǊƻƳŜǘŜǊ ǘƛƳŜ

- Factor of 4 from shot 
noise limit  
(N=104, C=30%)

L. Hu et al Class. Quantum Grav. 37 014001 
(2020)
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Experimentalsequence(gravimeter)
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DǊŀǾƛƳŜǘŜǊǎŜƴǎƛǘƛǾƛǘȅ

1.7×10ҍр@  150  s

L. Hu et al Class. Quantum Grav. 37 014001 (2020)
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Gravimetersensitivity

JILA 

L. Hu et al Class. Quantum Grav. 37 014001 (2020)



vǳŀƴǘǳƳ LƴǘŜǊŦŜǊŜƴŎŜ ƻŦ /ƭƻŎƪǎ
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M. Zychet al. NatureCommun. 2(505),1498(2011)

hōǎŜǊǾŜ ƎǊŀǾƛǘȅ ƛƴŘǳŎŜŘ άdecoherenceέ ƛƴ 
clock interferometers

h

T

(h*T)Sr= 21 m s

V LƴǘŜǊŦŜǊƻƳŜǘŜǊ ŎƻƴǘǊŀǎǘ ƳƻŘǳƭŀǘƛƻƴ

Full revival for h=2 m, time T =  10 s



Cadoretet al., Phys. Rev. Lett.
101, 230801 (2008)

άTrappedέ gradiometer
coherent evolution in
verticallattice(TB~1 s)

Ramsey time TR

Bloch oscillations time TB

Ramsey-Bordé+ Bloch oscillation

dx

8Ȣ :ÈÁÎÇȟ ÅÔ ÁÌȢ 0ÈÙÓȢ 2ÅÖȢ ! ίΪȟ ΦΪΩάΦή ɉΨΦΧάɊ

/ƻƴǘǊŀǎǘ ƭƛƳƛǘŜŘ ōȅ ǘǊŀǇǇƛƴƎ ōŜŀƳǉǳŀƭƛǘȅ
ό¢.   мǎ Ϫ ŘȄҐмтmƳύ



Contrast comparison

ʇ ψφφÎÍ

ᾀ ρȢφÍ

ύ χσπʈÍ

ʇ υσςÎÍ

ᾀ σȢπÍ

ύ ψππʈÍ
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Clock interferometer candidates



A novel atom interferometer

TICTOC

GRAV- Very low sensitivity to B& Efields

π[ƻǿ ǎŜƴǎƛǘƛǾƛǘȅ ǘƻ ōƭŀŎƪōƻŘȅ ǎƘƛŦǘ ό/ŘΗύ

V.Ŝǎǘ ƻǇǘƛŎŀƭ ŎƭƻŎƪ

- «Clock interferometry» schemes

VLower systematics

Similar atomic level structure:

1P1

3P1

3P0

м{л

ŎƻƻƭƛƴƎ

clock

229nm

326nm

332nm

Simultaneous interferometers on optical clock transitions  
Cadmium & Strontium

Magic wavelength ratio

V Higher sensitivity to 
accelerations than alkalis

псмƴƳ

суфƴƳ

698nm

- Rejection of technical noise

WΦ bΦ ¢ƛƴǎƭŜȅ ŀƴŘ bΦ tƻƭƛΣ ά9ȄǇƭƻǊƛƴƎ DǊŀǾƛǘȅ ǿƛǘƘ ¦ƭǘǊŀ-ŎƻƭŘ /ŀŘƳƛǳƳ ŀƴŘ {ǘǊƻƴǘƛǳƳ hǇǘƛŎŀƭ /ƭƻŎƪǎ ŀƴŘ .ǊŀƎƎ LƴǘŜǊŦŜǊƻƳŜǘŜǊǎΣέ ƛn 
ECAMP 13,(2019)
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όƘϝ¢ύ{ǊҐ нм Ƴ ǎ
όƘϝ¢ύ/ŘҐ мл Ƴ ǎ 

V LƴǘŜǊŦŜǊƻƳŜǘŜǊ ŎƻƴǘǊŀǎǘ ƳƻŘǳƭŀǘƛƻƴ

Full revival for h=2 m, time T = 5 - 10 s

g

 Bragg Bragg  Bragg Bragg

Bloch

h

T

CdCdCdCdCdCdCdCdCdCdCdCdCdCdCdCdCd

p/2 p/2 p/2 p/2

Sras άcontrast referenceέ, observe on Cd faster contrast decay

vǳŀƴǘǳƳ LƴǘŜǊŦŜǊŜƴŎŜ ƻŦ /ƭƻŎƪǎ



{ƛƳǳƭǘŀƴŜƻǳǎ /Ř ς{Ǌ ƛƴǘŜǊŦŜǊƻƳŜǘŜǊ
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V ! άƳŀƎƛŎέ ŎƻƛƴŎƛŘŜƴŎŜ ŦƻǊ /Ř-Sr:

Efficient noise rejection and lowsystematics: samekeff , WR , t

V Same interferometer scale 
factor Sj=keff

j T
2
j

Relative phase shift  df= (S1-S2)*a
(a = common acceleration)

/Ř ς{ǊȄн  ōŜǘǘŜǊ ǘƘŀƴ wōπY Η
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Test WEP

V Weak form of Einstein Equivalence Principle
Universality of the Free Fall

¢ƘŜ ǘǊŀƧŜŎǘƻǊȅ ƻŦ ŀ ŦǊŜŜƭȅ ŦŀƭƭƛƴƎ άǘŜǎǘέ ōƻŘȅ ƛǎ 
independent of its internal structure and composition

VTest of EEP with not just different 
masses but also with different 
quantum properties. 

88Sr
ÅBoson
ÅZero total spin

ут{Ǌ
ÅCŜǊƳƛƻƴ
ÅLҐфκн
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Spin-Gravity test with 87Sr -88Sr
AM resonant tunnelingspectra AM frequency lock

M. G. Tarallo, et. al., Phys. Rev. Lett. 113, 023005 (2014)

h= (0.2 Ñ1.6) 10-7



{ƛƳǳƭǘŀƴŜƻǳǎ /Ř ς{Ǌ ƛƴǘŜǊŦŜǊƻƳŜǘŜǊ
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T.Damouret al., Class. Quantum Grav. 29,184001 (2012)

M.A.Hohensee et al., Phys. Rev. Lett. 111, 151102 (2013)

V Test WEP Cd - Sr  - Low systematics 

- High sensitivity to SME 
violation parameters

WΦ bΦ ¢ƛƴǎƭŜȅ ŀƴŘ bΦ tƻƭƛΣ 9/!at мо όнлмфύ



Cadmium

TICTOC

GRAV

млс/Ř 1.25%
108Cd 0.89%
110Cd 12.47%
111Cd 12.80%
112Cd 24.11%

113Cd(*) 12.23%
114Cd 28.75%

116Cd(*) 7.51%

6 bosons (I=0)
2 fermions (I=1/2)
(*) long lifetime

V Interesting possibility for atomic 
physics study with Cd atoms

VCold collisional physics

VDegenerate gas production

VvǳŀƴǘǳƳ ƛƴŦƻǊƳŀǘƛƻƴ

VFavorable wavelength 
ratio of main optical 
cooling & spectroscopy  
transitions 



Cd lab !!
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Cd laser sources
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VCǊŜǉǳŜƴŎȅ ǉǳŀŘǊǳǇƻƭŜŘ ƭŀǎŜǊ ǎƻǳǊŎŜǎ

VECSEL
915 nm

2W x2(LBO)
457 nm

1W x2(BBO)
229 nm

200mW

ECDL
1328 nm

мллƳ² x2(LiNbO3)
664 nm

4 W x2(BBO)
332 nm

1W
+30dB

ECDL
1304 nm

100mW Ȅнό[ƛbōhоύ
срн ƴƳ

4 W x2(BBO)
326 nm

+30dB
1W

- main cooling transition:

- intercombination transitions:



Cd laser sources
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J. N. Tinsley, et al. "Watt-level blue light for precision 
spectroscopy, laser cooling and trapping of strontium 
and cadmium atoms", arXiv:2104.11924 (2021)

VFrequency quadrupoled laser sources

- main cooling transitions:

VECSEL
915 nm

2W x2(LBO)
457 nm

м² x2(BBO)
229 nm

200mW

- Tunable high power VECSEL
(915- 928 nm)

- Sr & Cd cooling transition
wavelenghts addressed



Cd 229 nm main cooling laser
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GRAV±9/{9[
фмр ƴƳ

x2(LBO)
457 nm

x2(BBO)
229 nm

ISO

To exp.

Jonathan Tinsley &
Satvika Bandarupally



Cd atomic beam spectroscopy
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Cd atomic beam spectroscopy
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J. N. Tinsley, et al. "Watt-level blue light for precision spectroscopy, laser cooling and trapping of strontium and 
cadmium atoms", arXiv:2104.11924 (2021)



YƛƴƎΩǎ tƭƻǘǎ
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LΦ/ƻǳƴǘǎ Ϧ9ǾƛŘŜƴŎŜ ŦƻǊ bƻƴƭƛƴŜŀǊ LǎƻǘƻǇŜ {ƘƛŦǘ ƛƴ ¸ōҌ {ŜŀǊŎƘ ŦƻǊ bŜǿ .ƻǎƻƴϦΣ tƘȅǎ wŜǾ [Ŝǘǘ мнрΣ мноллн όнлнлύ



Cd 326 nm laser source
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ECDL
1304 nm

+30dB

x2(LiNbO3)
652 nm

x2(BBO)
326 nm

/Ř 
.9!a REF.

CAVITY

- precision spectroscopy & laser cooling on 3P1 intercombination 
transition

Dr. Shamaila Manzoor


