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Introduction

Matter-wave interferometry

(I 4g=h/p)

Atom Interferometer:

light -> matter wave

SPLIT 2 %&, %# RECOMBINE

b

12 U

|1 U

Position (mm)

o
S

O =
(7]

(e N S

o

0

|po + 2hk)
[po)

OD




Introduction

Precision measurements with ultrgold atoms

TIME
/Optical atomic clocks
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blue MOT

\. 2 461 nm
Blue MOT 32 MHz

fluorescence
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ImHz (¥sr)
Clock transition

- Dipole allowedtransitions bosons, no hyperfine structure)
->two-photon interferometers (Bragg diffraction)

- Narrow intercombinationtransitions to metastable 3P states
->single photon interferometers (atomic clocks)




Motivation

A Fundamental physics
V Experimental test of Standard Model

V Measurements of fundamental
constants (Ga)

V Definition of S| unit

A Applications
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Optical atomic clocks

atomic oscillator

electronic signal electronic signal

feedback control |-

Y
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interrogation laser
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optical : microwave
domain domain

optical comb

N. Poliet al. Rivistadel NuovoCimento12, 555(2013



Clock Uncertainty
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Optical fiber link 1 & JIA

A. D. Ludlow, et. al. Science319, 1805(2008)
N. Poli, PRIN- MIUR(2009)
D. Calonico et. al. Appl. Phys1&7, 97%986 (2014
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Imaging optical freque"'
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Imaging optical frequencies
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Gravitational Red Shift
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Quantum Interference of Clocks

Observe gravity induceddecoherence in

clock interferometers

\/' Quantum superposition of clocks
in different locations
(h = height difference)

V 5 SLIKI & Mywal N2 R doOaS F
RATTSNB WRSF AW KB
0 oRA T TISINGg ay &
(T=time)

\/ Interferometer contrastloss

\/ Decoherenceinduced by & ¢ K A C
LJI Girkogmation from clockstate

M. Zychet al. NatureCommun2(505), 1498(2011)




Quantum Interference of Clocks
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P,—P_ \/' Quantum superposition of clocks
1 ﬂ | in different locations
w ( (h = height difference)

1. \/ Dephasing introduced by
ﬂ ht differential time dilation in the

two different pathsg, andg,
“ (T=time)

\/ Interferometer contrastloss
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M. Zychet al. NatureCommun2(505), 1498(2011) V' Decoherenceinduced by awhich

pathe information from clockstate



Clock transition 11%r

88Sratoms
- Magneticfield inducedtransition
m | V& |

- Typicalparameters B =350G
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Experimentasetup
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Experimentasequencggradiometej
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Velocityselectionon clockiransition
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Clock Gradiometer
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Experimentatequencggravimete)
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Gravimetersensitivity
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M. Zychet al. NatureCommun2(505),1498(2011)
(h*T)x=21ms

Full revival for h=2 m, time3 10 s



RamseyBordé+ Bloch oscillation

dTrappe@ gradiometer
coherent evolution In
verticallattice (T ~1 s)
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Contrast comparison
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Clock interferometer candidates
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Periodic Table of the Elements
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2
He
Helum
13 14 15 16 17 Lom
5 6 7 8 9 10
B|C|NI|O F | Ne
Beren Caten Nivegen Crypen Fliorne Necn
10.811 1201 o 15999 18.95¢ 2180
14 15 16 17 18
Si P S | Cl | Ar
Slcon || Phosghorus || Suffer Crleore Aogen
3 4 5 6 7 - 9 10 " 28,086 2097 3208 3848 B
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Sc | Ti|| V| |[Cr(Mn| Fe||[Co| Ni| Cu Ge As | Se | Br | Kr
Scardum Tasnne Venedum  Chomium  Mangarese ron Cobakt Nckel Cozper Germarkom | Arsenic Selenum Bremite Knypton
J “9% 41887 50942 51.93%6 S49%8 55845 5890 58630 61546 6N M %M M 8475
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Y Zr Nb Mo Tc Ru Rh Pd Ag Sn Sb  Te I | Xe
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Hf Ta W Re Os Ir Pt Au Pb Bi | Po At | Rn
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89-103 | 104 105 106 107 108 109 110 i 112 113 14 115 1é 17 118
Rf Db Sg Bh Hs Mt Ds Rg Cn Uut| Fl UuB Lv  Uus |Uuo
Actirices | Futtediodem Dibnium  Seadborgum  EBoh M, v Darmstadium Reerigenun Cop U Fe Lvermenam | Urursepsum | Unuroctum
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A novel atom Interferometer

Simultaneous interferometers on optical clock transitio

Cadmium é&: Strontium

Similar atomic level structure: \v = § 3 2 LJGTA O f

8 1 8 _ 26 aSyartAgrdero
Cd 1 Sr _

CHpaan Py Strontium - «Clock interferometry» schemes

52 2t ﬁ%} V. Higher sensitivity to

220nm accelerations than alkalis

\/ Lower systematics
- Very low sensitivity t@® & Efields

Magic wavelength ratio| — - Rejection of technical noise

W bd ¢AyatSe YR bo t-Q2HK GIORYX &XNAYAR DNI MR i & A deX ( KLIG K O
ECAMP 13,(2019)



%1>

v dzI v § dzY Ly'uSNJf'(ércﬁ

VLYGSNFSNRYSARBNK Day Ww] ? i
o r Il
M
Full revival for n2Zm, time T 5-10s N)M )’ l( H lM\W “ '“MU U w\‘ JUW “

.
§ |\ i (1 =/
]

-Bragg Brégg

p2



[ AYdzf O ¢{SNIdZaY I RNF S

, -, ~ ~ . eff /7.eff
L aYE3A0E O28y O M o= R
A B (nm) (nm)
Rb K 780.2 766.7 1.009
Yb Rb 398.9 780.2 1.011
Same interferometer scale Sr Cd 460.9 228.8  1.004
Sr Cd 689.4 326.1 1.028

factor §=k‘5ffj sz

Relative phase shifl f= (§-S)*a

(a = common acceleration)

Efficient noise rejection arldw systematics samek ¢, Wi, t
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Test WEP

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

¢tKS GGNY2SOU2NE 27F | ¥

iIndependent of its internal structure and compositio

\/ Test of EEP with not just different
masses but also witdifferent
guantum properties.

88Sr Y1 NJ
A Boson ACSNIXYA2Y
A Zerototal spin A L dxH




SpinGravity test with¥’Sr-88Sr

AM resonanltulnnelingspectra AM frequeqcy lock

6x10° F IR .

3x10° |

-3x10° H

-6x10'6- || [4a] & | _

Measurements

h=0.2N1.6) 107

M. G. Tarallo, et. al., Phys. Rev. LE113 023005(2014)
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V. Test WEP GdSr - Low systematics

> - High sensitivity to SME
violation parameters
St;g?:"i";? Nap = Di (AQ;\I,B) + Dz(ﬂQzB) Nas = Af_, + Af+n + Af—n + Af+n
cd

Cadmium
2818182

WP bd ¢AYAf SemvbeByRuadd t 2f¢
M.A.Hohensee et al., Phys. Rev. Lett. 111, 151102 (z
T.Damoutet al,, Class. Quantur@rav 29,184001(2012

1) . - - . - . - . -
Qi —QF Q%-Q%F f getp—n — f jetp—n fﬂ+p+n - f getptn fﬁf‘w—n - fjgw—n / jetptn — f;i;+p+n

A B x 104 x104 x 102 x 104 x 105 x 104
Rb °'Rb  0.84 -0.79 -1.01 .81 1.04 1.67
YK 3Rb  -6.69 -23.69 -6.31 1.90 -62.30 0.64
84Gr 88y 1.77 -1.59 -2.09 2.71 -11.21 2.27
87Sr  38Sr  0.42 -0.39 -0.49 2.04 10.81 11.85
(87r  106Cd  -6.54 -3.99 1.66 -2.99 42.20
87y Mdod  -2.62 -6.95 -2.30 -2.11 20.71
88gr 108 -6.12 -4.23 1.31 -2.95 36.28
106Cq 116Ccqd  3.92 -2.96 -3.96 0.88 -21.49

\'"®Cd 16Cd  3.07 -2.34 -3.12 -1.19 -26.38




Cadmium

Interesting possibility for atomic TO;/CCC é'égz g]?oso_ns (IZO)ll'
' | ermions (I=1/«

physics study with Cd atoms H0Ce 12,479 ©long lifetime

ICc  12.80%
12Cc  24.119
_ 13Cd)  12.239
Degenerate gas production 140c 28 750

) 116Cd)  7.51%
vdzl yidzY AYF2NNI GA2Y

Cold collisional physics

Sr
transition A (nm) I'/2w Is (mW/em?) Tp
1So-'P;  460.8 32 MHz 42.5 0.7 mK
15,-3P;  689.4 7.5 kHz 3x107% 200 nK
Favorable wavelength 185-3P, 698 1 mHz (Sr-87)  ~ 1079
. . : Cd
ra-tlo Of malin Opt|CaI transition A (nm) I'/27 Is (mW/cm?)
: 15,-1P; 229 91 MHz 088 2.2 mK
COO“ng & SpeCtrOSCOpy 15,-3P; 325 70 kHz 3x107% 1.6 uK

transitions 150-Pg 335 3 mHz (Cd-113) 3 x 1073
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Cd laser sources

VCNBIljdzSy Oé ljdzr RNHzLI2f SR f I & SNJ
- main cooling transition:

VECSEL] 2W [ x2BO) IW [ x2(BBO) 200mW
915 nm | | 457nm | | 229 nm|

- Intercombination transitions:

ECDL | 100mW | S\ [Bo [ A o4W [ x2(BBO) W |
1304nm | CPWY | | 326 nm

ECDL | M/YP | = [x2(LiNb@| _4W [ eBO) W |
1328nm | 664 nm | | 332nm |




Cd laser sources

Frequency quadrupoled laser sources
- main cooling transitions:

[VECSEL] 2W_ [eBo) M [ x2(BBO) _200mW

915 nm | | 457nm | | 229 nm|
1400—'v"""1"‘"'*"""'["r'rl""*"‘w"‘ L o (et
4 Cd-915.5nm
12001 4+ Sr-921.7 nm
1oool - Tunable high power VECSEL
g (915 928nm)
= 800
:
o 600 . =
2 - Sr & Cd cooling transition
. wavelenghts addressed
200
S |
E L
& : 4+t A & ;
s Oy B ;‘; 4 + 7%+ T , J. N. Tinsley, et al. "Walttvel blue light for precision
% g " ++ ; spectroscopy, laser cooling and trapping of strontium
o0 Ts0 3335@?&5%???@ .‘ﬁiﬁ%}‘( 1500° 1750 2000|  and cadmium atoms", arXiv:2104.11924 (2021)




Cd 229 nm main cooling laser

Jonathan Tinsley’&
Satvika Bandarupa
e

To exp.




Cd atomic beam spectroscopy

T —
I —— Beam Fluorescence |
PMT i ﬁ —— Fluorescence Fit
0.8~ ' Vapor .
20.6-
; A
Filter mmm —
=
2
f=60 mm C__1
A C 3 f=40mm
~f
_v._ﬂl..':'._’ J e o oo °
A o @ @ & 112Cd lllCd_A 111Cd_B 106Cd
~R -1000  -500 0 500 1000 1500 2000

b = R=30 mm Frequency - '%Cd Transition (MHz)




Cd atomic beam spectroscopy

Transition Determination 1 [38] Determination 2 [38] This work / MHz
106 _ _ 1748.1 £5.2+9.7
108(g _ - 12585 £5.3+7.0
1ocd 878 + 17 905 + 35 826.2 +4.2 +£4.6
Hed-F=1/2 - - 591.5+44+33
Hed - F=3/2 878 £ 17 - 874.7 +4.3 £ 4.8
H2cd 375+ 15 395 + 30 391.6 4.0+ 2.2
'BCd - F=122 - - 148.0 +4.2 + 0.8
"Cd - F'=3/2 375 £ 15 - 426.5 £4.5 £ 2.4
L6y _ - -298.7 4.0+ 1.7

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



y,:?jffﬂji (Hz-u)

103 108
x =
T T T
w 10 168,170
3 (a) ( ) .
uw 0_
uw
o
4 10_
-
~ 10+
w0
Li=]
2
@ 0Or
=
o
* ot
=~ (170,172)
1oF (172,174)
2 %1012
) 32
o 0+
g 3
o
TAor 28
o T0F 26
L]
p> 24
2o A
o 24 26 28 3
*+ 1oL/ (174.178) <102 -
| | I | [ | LS | |
-10 0 10 -10 0 10 10 0 10 -10 0 10
+2.3048133 + 2.3642476 + 2.9848891 +3.1079503

v ..fpﬂ (Hz-u)

cxfl

Yb'

411 nm/ =——5d ?Dy s

— 3d2I)5;2

ﬁ(j nm

—_ 6s 251;.2

L/ 2dzy &

b9@ARSYOS

Isotope | Abundancy | Nuclear Spin Mass (u.m.a.)
®ed 1.25% 0 105.906
o “ed 0.89% 0 107.904
Hed 12.49% 0 109.903
*xd 12.80% 1/2 110.904
g 24.13% 0 111.903
*ed 13.47% 1/2 112.904
ed 28.73% 0 113.903
oed 7.49% 0 115.905
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Cd 326 nm laser source

- precision spectroscopy & laser cooling on 3P1 intercombination

transition
ECDL
1304 n
/ R +30d
\ x2(LINbQ)
652nm )




