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3 Atomicclocks and fundament&ionstants

3 Rbvs Cs in atomic fountalocks

3 Somemeasurements with optical clocks

3 Constraintdo variation of constants with time and
gravitation potential

3 Prospects



Principles of atomic clocks

3 Goal
3 Deliverasignalwith stableanduniversalfrequency

3 Atoms can help

3 Bohrfrequenciesof unperturbed atoms are thought to be & LIS NJF Sablé

anduniversal "
)

hwer = hiy — E, — Ey

| f)

3 Buildingblocksof anatomicclock

macroscopic oscillator . . , o . |
hdzi Lddzi ' avYl ONRaO2 L.

usable signal tightly connected to the
atomic transition

w(t) =wep x (1 {:}Q_w[@

correction

interrogation
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Motivations for tests with clocks
T —— N\ \S

3 Apendingquestionin modernphysics

3 Unification of gravity with the electroweak and strong interactions in a
consistenttheory

3 Unification theoriesoften allow or everpredict violationsof
OAYaluSAY Q&rinGidledzA Gl £t SY OS

3 Couldmanifestthemselvedy variationsof what we call natural constants

3 Laboratoryexperimentswith accurateatomic clockscan searchfor
suchvariations
3 Constrainunificationtheoriesindependentlyof cosmologicamodels
3 Searchor physicsdbeyondGRandthe StandardModel

3 Complementtests over cosmologicaltimescales,e.g. tests basedon atomic
absorptionlinesin the spectraof quasars



Atomic transitions and natural constants

3 Leadingerm in the frequencyof atomictransitions

3 Electronidransition Uihe = Roce x AGL x ESD (a).
3 Hyperfinetransition W~ Roce s AV x gt (%) o® Fil(a)
P

. . . _ 1/2 . . .
3 Molecularvibrationandrotation |, ~ r_c x 49 « (1) v~ Roe x AL, x (mf‘)

mp ?T?p

3 Actual measurements give dimensionless frequency ratios

Ve Fae(a)

Gy g
Vhts ~ (i1) n?‘f‘aﬁ hfs (CE)

0 D )
i g )
i 97 e

3 Possiblilityto test electroweakand stronginteractions

3 Electronidransitions sensitivityto a C electroweakint.

3 Hyperfineand moleculartransitions sensitivityto the strong interaction via
g-factorsandm,/m,
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Sensitivity coefficients
e —V oV ¥ V7,

3 m, andg-factorsg® are not fundamentalparametersof the Standard
Model
3 Theycanberelatedto the light quarkmass my/L ocp

V. V. Flambaum et aPRD 69115006 (2004
V. V. Flambaum and A. FedescpPRC 73055501 (2006

3 Anyatomic (and molecular) transitios sensitive t@ dimensionless
fundamental constants

3 a,pu=mJm,, my/Locp

0ln ~ k(z) X — -+ k(ﬁ) X k(z) > q/{YQCD
(Rmc) o M T (mg/Aqen)

3 Generally,sensitivity coefficientscan be computed with reasonable
uncertaintywith QED+ QCD

3 k“ <<1%
3k, <1%to 10% Alternatively a , my/L ocp My/ L ocp
3 k,? o Kok

d In(K)=d In(M¢/ L c)-0.048d In(m¢/ L ocp)
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Values of sensitivitycoefficients
———aV VYV

K Kim . |3 Diversity of atomic systems Iis
Rb hfs 2.34 1 -0.019 esse ntlal
Cs hfs 2.83 1 0.002
— > ; 0100 3 To separate electroweakand strong
o —~ - » interactions
Yb* E2 opt 1.0 0 0 3 Toprovideredundancyandsignatures
Yb E3 opt 6.0 0 o |3 Huge sensitivitpf Dy
Hg * opt -2.94 0 0 3 RFtransition between 2 accidentally
Sr opt 0.06 0 0 degenerated electronic states of
Al opt 0.008 0 0 different parity @~ pms
Dy rf 1.73 107 0 0 Dzubaet al.,PhysRev A 68, 022506 (206’1% A

3 Othersystemswith largesensitivities

3 Diatomic molecules coincidencesbetween hyperfine and
rotational energiesgive 10°-10° enhancement

3 Highlychargedion S Flambaum, PRA 73, 034101 (2006)
Flambaum, PRL 105, 120801 (2010)

sssss

3 22Th M1 nucleartransition in the optical domain (163nm)
between2 nearlydegeneratechuclearstates

E. Peik and Chr. TamByrophysLett. 61 181 (2003)
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3 type of searches
3 Variationwith time VN

3 RepeatedneasurementdetweenclockA andclockB overfew years

d v B) _ 4 B) _ @ B) _ 4
Eh’l m = ka X Eln(a)—kkﬁ X a ln(ﬂ)‘|‘kq X Eln(mq/AQ(;D)

3 Variation with gravitational potential
Annual modulation of the Sun gravitation potential at the Earth :

AU(t) = GMy

Aul(t) =

€ COS [Sl(t - tperiheﬁonﬂ

2 2a -

——
~1.6 100

3 Severalmeasurementsper year, searchfor a modulation with annualperiod
and phaseoriginat the perihelion

d p(A4) d d d
—In (1/(3)) = k&AB) X an 111(a)+]<3f148) X Ju ln(ﬂ)+kéAB) X Ju In(m,/Aqep)

3 Variationwith space

3 Severalmeasurementsper year, searchmodulation with annual period and
arbitrary phase z(t) ~ acosQt, y(t)~ asinQt, a =~ 1.496 x 10" m
3 Timevariation with time interpreted asspatialvariation probed by the motion

of the Solarsystemwrt the CMBat 369km/s or 1.2x1073 lyryr?
Berengutand FlambaumEurophyd_ett 97, 20006 (2012)



LNESYRTE atomic clock ensemble

II
GNSS satellite GNSS satellite o ]
i = Telecommunication satellite

. s,

wvatowe
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Applications of LNESYRTE clock ensemble

3 Timeandfrequencymetrology

3 Realizatiorof highlystabletimescale UTC(OP)
3 Calibrationof the internationalatomictime TAI

3 Developoptical clocksand optical frequency metrology for a redefinition of
the Slsecond

3 Technology development

3 ACESspace mission, space clocks, satellite and fiber T&F dissemination,
oscillators etc.

3 LocalLorentzinvarianceests

3 Inthe photonsector CSQrsH-maserover>10years
moststringent Kenney horndiketest bya factor of~500

P. Wolf et al., Phys. Rev. Lett. 90, 060402 (R®BVolf et al.Gen. RelGrav 36, 2351 (2004)
P. Wolf et al.PhysRev D 70, 051902(R) (200M. Tobar et al., Phys. Rev. D. 81, 022003 (2010

3 Inthe matter sector. with Zeemartransitionsin Csfountain, interpreted within

the SMEframework
P. Wolf et al., Phys. Rev. Lett. 96, 060801 (2006)



Atomlc fountain clocks

interrogation

detection capture selection
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‘ = Detected atom number N_=5x10"

Idem, all «
= Detected atom number N_/2
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J. Guéna et al.,
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LNESYRTE FO2: a dirhh & Cs fountain

3 DichroiccollimatorsC co-locatedopticalmolasses
3 Dual Ramsey microwave cavity

3 Synchronized control systems and thresolved
detections ofRband Cs

3 Almost continuous dual clock operation since 2(
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RHCs measurements
M
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3 Fehto Aug 2012measurement
6 834 682 610.904 312(3) Hz (4.4%90
J. Guéna et alMetrologia51, 108 (2014)

3 DCPshift
Phys Rev. Lett. 106, 130801 (201

3 MWIlensing

arXiv:0403194v1
PhysRevLett 97, 073002 (2006

Metrologia 48, 283 (2011

3 Backgrounaollisions
Phys. Rev. Lett. 11080802 (2013)



