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Atomic clocks




Goal: deliver a signal with stable and universal frequency
Bohr frequencies of unperturbed atoms are expected to be stable and universal

)

ﬁﬁl—f'ef hvgf EE - E_ir

f)

Building blocks of an atomic clock : o x
’ o(t) = wor x (1= Huy(t)

macroscopic oscillator

output ¢ fractional frequency offset

Accuracy: overall uncertainty on &

y(1): fractional frequency
fluctuations

correction

Stability: statistical properties of
y(1), characterized by the Allan
variance 0,%(7)

intferrogation

Can be done with microwave or optical frequencies, with neutral atoms, ions or .
molecules



¢ clocks (2)

How to probe the atomic transition:

interrogation oscillator v transition probability L
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The two main parameters:
[ f
i i O = —— x vsT
the atomic quality factor dat = X !
fluctuations of the measured transition
probability for integration time 7 asp
Scaling of the fractional frequency instability: | 45, [T
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interrogation

detection capture selection

LSS

' ARG fountain clocks

J. Guéna et al., IEEE TUFFC 59, 391 (2012)

133Cs levels (87Rb similar)
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Atomic quality factor:

QO = g/ Av ~ 0.8 % 10°

Best frequency stability
(Quantum Projection Noise
limited): 1.6x10- 14 @1s

Best accuracy: (2-3)x10-16



! JRGRGHar fo developing ptial clocks

Quantum limited stability : | 1 1 /
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Microwave transition : v, ~ 10 GHz, optical transition : v,¢=c/A ~10!4 Hz

Example #1: cycle T¢ ~ 1s, linewidth ~1 Hz et g5, ~ 104
Microwave : 0= 104 @1s

Optical : 0,= 10-8@1s
In practice, best reported stabilities ;- 5x101 @15

Example #2: cycle T, ~ 1s, linewidth ~1 Hz et N, ~ 1 (1 atom I):
Optical : 0,= 3x10P@1s

=>Better stability implies better resolution to evaluate systematic shifts
=>Many systematic shifts are much smaller as compared to microwave clocks

= 10-17 or better is within reach provided a solution is found for the effects
of external motion

: = v (S‘;‘-"'Do ler v
OW‘DOPPIE’F —_ A‘.l' ~J ;uv X T i PN —

C w C

1 mm/s (~ 1 recoil) corresponds to a 3x10-2 fractional shift |
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s on confined atoms: Lamb-Dicke regime

= Consider an atom spatially confined to much less than the wavelength of

the incoming photon A\
9 p A*rat << 4_

= In momentum space, the atomic wave-function is such that:

Apge. Axge > h/2  or  Akgy Axg > 1/2

1 2m
= This implies that: “Fet = 5 e koor|Aky >k

[ =>» the size of the wave-function in momentum space is large compared to
the photon momentum

[ The shift in momentum space implied by momentum conservation induces a
minor modification of the wave-packet

0 =» Small shift of the resonant frequency when the energy conservation is
applied 2

k —

Momentum

— N
»

Momentum

\ 4

Free space Lamb-Dicke regime



m 8 The clock transition is in the optical domain allowing improved accuracy

= Confinement into the Lamb-Dicke regime is used to dramatically reduce

the effects of external motion

1 Mandatory to gain over yWave clocks:

Trapped ion clocks

Lattice clocks
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n optical clocks

= Best performance to date:
m Accuracy: Al*, 8.6x10-18 (NIST)
m Stability: Yb & Sr, (4-5)x10-16 @1s (PTB, NIST, JILA)

= Many aspects to this active research field
m Physics of the clock
= Use of quantum gates, quantum non-demolition measurements, spin-
squeezing
m Ulfra-stable lasers
m Optical frequency combs
m Toward transportability and optical space clocks

= Many systems investigated
m Hg*, Al*, Sr*, Ca*, Yb* (quad., octup.), In*
m Sr,Yb, Mg, Hg. Bosons and fermions
m Nuclear transition in 22°Th
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of clock accuracy with time

_ ! | ! | I I ! I ! |
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m Optical clocks are clearly surpassing microwave clocks in ferms of

accuracy and stability

m Optical clock development is an active, innovative and competitive field
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Applications of clocks




Il-plica‘rions of clock ensembles
m“Atomic and quantum physics

m Collisions, Feshbach resonances, collisions in relation with
fermion/boson statistics in confined atoms

m Distributed cavity phase shift, microwave lensing
m High precision atomic properties: polarizabilities,
hyperpolarizabilities, vector and tensor light shifts
= Time and frequency metrology
m Realization of the SI second, of international atomic time (TAI)

m High accuracy absolute frequency measurements (Rb, Sr, Hg, H,
Ca*,...), secondary representations, toward a new ST second

= Determination of natural constants (R, a, m./m,), radius charge of
the proton
= Fundamental physics tests
m Local Lorentz Invariance (photon sector, matter sector, MM, KT)

m Local Position Invariance, Stability of natural constants, Isotropy of
space

m Space clock missions (ACES) and projects (STE-QUEST,...)
m Support to the development of PHARAO with ACES
m Ground segment of ACES

14



Satellite GNSS Satellite de
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. I_l Atomic Time (TAI)
Timescale elaborated by BIPM

ST
Hills ¢
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PM ;

TAI-Fountains ( 10‘15)

frmim

1
B

& cal 4
Moditied Julian Day

~400 commercial
clocks (H-masers &
Cs beams)

~10 primary
frequency
standards (Cs

fountains + 2 Cs

beams)

Earth rotation

GPS & TWSTFT Leap seconhds

links

UTC

= Stability of TAT (1 in days) oy(T) =20 x 101071/
oy, (T) =4 x 10710

oy(t) =1 x 10710 ¢~ 1/2,
m Several PFS reports/month. Accuracy of TAI-SI: mid-10-16
m UTC-UTC(k): few 10 ns typical. Best, experimental: 1 ns



applications

m Metrology: consistency of time and frequency
references between NMIs

m Dissemination of accurate frequency and time to
laboratories

m Synchronization of VLBI stations
= Study of Earth rotation

m Pulsar timing = astrophysics, tests of GR, evidence
of gravitational waves,...

- o0 0
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I_compar'isons through TAT
m¥Comparisons of Primary Frequency S‘randard ’rhr'ough TAI
T. Parker, Rev. Sci. Instrum. 83, 021102 (2012)
G. Petit et al., BIPM

F ountalns & Welghted Mean

| Birge Ratio = 1.23

74 I S N S S N N N N N
1 2 3 4 5 6 7 8 9 10

Frequency Standards

® A high accuracy measurement through TAT
m >80 formal calibrations of TAI by LNE-SYRTE PFS since Jan. 2009

m Calibrations by FO2-Rb used as a SFS submitted to BIPM in Jan.
2012 and evaluated by the WG PFS

m FO2-Rb data now included in Circular T, but with no weight in TAT

m 17 formal reports already, allowing FO2-Rb SFS to be directly
linked to TAI to <3x10-16[6G. Petit, BIPM]
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New EAL with and without Cesiums, and OP Ftn (PPP,NRF5)

' JLeng st

m Satellites broadcast several carriers modulated with PRN codes
m Satellites orbits and clocks are known from ground monitoring \
>

stations and master clocks

"PPP" method: a global post-processed analysis of the entire
constellation is made to make T&F transfer ///

m TWSTFT

m  Exchange of PRN coded signal through the same geostationary
telecommunication satellite

m Typical performance
= Stability: 10-1> @1d. Timing accuracy: 1 ns
= NOT sufficient for present and future optical clocks



T&F transfer: advanced methods

m Coherent optical fiber link

= Enabled by the "easy” manipulation/measurement of optical carrier
signals (ultra-stable lasers, optical frequency combs)

s Largely passes GPS PPP and TWSTFT
= Adapted to the generation of optical clocks
m Principle: heterodyne Michelson-like interferometer

Ultra
stable —)W—R
laser phase

Phase
\l/ correction Partial reflector

User
end

m Investigation of similar ground to space optical link
m ACES yW link: ~1016 @1d 20



iber links

m“Feasibility well-established (years ago)

= Demonstration of ultra stable optical carrier transfer in telecom
fiber over ~100-200 km in several groups (PTB, JILA/ NIST
SYRTE/LPL, NMIJ/Tokyo Univ.,...) S

= Over a single such segment s’rabllu’ry is <10-° @1d

= Long link demonstrated
m PTB: 920 km in a dark fiber _“w
Science 336, 441 (2012) "

Fractional Instability
5

link
[ ] DE I4 link (T1-dat; J 10
\—=O—modi ADE ( \-dlata) 5 x -

— h
10° 10‘ 1u 10° 10*
Integration Time [sec]

m SYRTE/LPL: 540 km in a dark channel (fiber shared wu’rhm‘rerne‘r)

Opt. Express 18, 16849 (2010) Opt. Express submitted, .
arXiv:1206.5591 A =
, . T R S
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2 10" \.\
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- Z 5 . A
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g \II\- \A
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540 km = 470 km Internet ﬁber =+ 70 km dark fiber
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10 10 . 10
averaging time [s]
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_k
On-going now

m Deployment at national and international scales

SMRTESLPL .b

22



A

Metrology in curved
space-time




m Potential of the Earth at its surface: 7x10-10
m Gradient at Earth surface: ~10-16 m-!

m Surface to GNSS satellite (R=29600 km) difference:
~ 5 5x10-10

Redshift measurement with a 7x10-°
uncertainty: GPA, R. Vessot et a/. (1976)
To be improved by ~30 by ACES

24



etrology and General Relativity

m A clock realizes its proper time
m valid in a small volume where is the metric is ~flat

U(T, R 1 3 %
d’rz:(IQ Z ))dTQ—Qd,RQ de(1U(T’R)1L) drT.

2 c2 2 2

&

C

m Given present accuracies, remote clock comparisons in the
vicinity of the Earth unavoidably amount to big General
Relativity experiments

= Need fo define coordinate system
= Need to taken into account for gravitation precisely

m In this context, TAI is a realization the T coordinate of the chosen
geocentric coordinate system

25



gravitation on TAT & clock comparisons

® A gravitational redshift correction must be included

m For TAI, the gravitational potential difference wrt the
geoid is what matters
m Ex: NIST Boulder: -1.7987x10-13 with a 3x10-17 unc. (<30 cm)
= Significant impact of Rocky Mountains Meftrologia 40, 66 (2003)

= Insome places, 107 or slightly less

m Currently, temporal variations due to tides are not taken
into account

m Clocks with accuracy of 10-17-10-18 (will) exist shortly as well
as the means of comparing them remotely at this level

= => the current approach must be refined or modified

= > possibility to use clock to learn about the gravitationgl
potential: "relativistic geodesy”
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Ton clocks examples
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m ¥ Trap configuration

Ring inner diameter: 0.8 mm
Drive frequency: 10 MHz
Drive amplitude: 1 kV

Uy, U~ 1 MHz
v,~ 2 MHz

= Doppler cooling

[0 Temperature: ~ few mK
[ Average vibrational quantum number:
1 RMS size of motion:

and fluorescence detection

Az ~ 42 nm

= Fluorescence detection
[0 When cooling light is on, the ion is scattering photons

Cooling laser

PMT

\ 4

Counter

<ni> ~35

i

Hg+: cooling wavelength: 194 nm
r=1/t;1~2ns 2T, ~ 1.7 mK

F=3

F=2

clock transition
1.06 x10"¢ Hz

2 /
s112 — 40.507 347 996 841 59(14)(41) GHz

F=0

Quantum jumps in Ba*

mwwuw

2000

TRV

1400

™

1200 |-
1000
800
600 |
400

200 | J
L Wl

0

fluorescence intensity (cts/0.2 S)

L-..«»J b 1

0 2 40 1] 80 100 120 1&0 160 180 200 220
time(s)




|- spectroscopy using quantum logic
m B Assume the following situation P. O, Schmidt et al., Science 309, 749 (2005)

[ 2 ions in a linear trap: Spectroscopy (clock) ion (S: Al*) + Logic ion (L: Be*)
[ System cooled to the vibration ground state (sympathetic Raman sideband
cooling with the logic ion)
[0 Usual probe pulse on the clock transition of the S ion
m The scheme is a way to detect the out-coming state of the S ion using a
quantum logic gate to transfer the information to the L ion
O Vibrational spectrum is present on both L and S transitions and can be

excited either by L or S excitation L ion
A B c
ped B OO
Spectros- RSB (Al')
copy (Al)
= == 9= =@
S I S i

tate selective fluorescence
detection of the L ion

Fluorescence means "detection in the ground state of the S ion'

No Fluorescence means "detection in the excited state of the S ion'
29
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32l oy —
3[3"2]1.'2 ,;j
F=1 m— e
ZR)’Q F=0 Ir
.
: F=4 2
370 nm ! rs [
S t~10 years Il
L Auv~0.5 nHz
e 0 = 6.42x101 Hz
A =467 nm

171¥b* octupole clock (NPL, PTB)

Huntemann et al., Phys. Rev. Lett. 108, 090801 (2012)

Effect Sv/vy(1018) u/vy(1018)
Blackbody radiation shift —105 50
Light shift extrapolation 0 42
Quadrupole shift 0 22
Second-order Doppler shift 0 16
Quadratic dc Stark shift 0 4
Servo error 0 3
Second-order Zeeman shift —36 |
Total —141 71

m  Al* quantum logic clocks (NIST,..)

Effect Shift (10~ '®) Uncertainty (10™'%)
Excess nicromotion -9 6
Secular motion =163 5
Blackbody radiation shilt -9 3
Cooling laser Stark shifi —-3.6 1.5
Quad. Zeeman shift —1079.9 0.7
Linear Doppler shift 0 0.3
Clock laser Stark shift 0 0.2
Background-gas collisions 0 0.5
AOM freq. error 0 0.2
Total —1117.8 8.6

Fractional frequency difference:
Total uncertainty:

Chou et al., PRL 104, 070802 (2010)

Stability: ~2.8x10-5 @1s

X2
1070 nm ACM

fiber laser

-
-
-

-

Frequency
recording

(aMg — VaiBe)/v = (—1.8 £0.7) X 10717

25X
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Lattice clocks examples




" dipole lattice trap

H. Katori et al., Phys. Rev. Lett. 91, 173005 (2003)

Light shift as a function of trap wavelength

|
461 nm
679 Nm S r' 3
813 nm Po
=
@ So
<
2

2,56 pm

trap wavelength \

Magic wavelength : polarizabilities are
equal for both clock states

Sensitivity under typical conditions : 101> /GHz

Combines the advantages of trapped ion and
neutral atom: large atom number in the
Lamb-Dicke regime

Typical max depth

~ 4 MHz
~ 200 pK

R

o
SR

\
N \\\\\ SR
\\\\‘\\\\\\\\\\\ M \\‘\‘

\\\\‘%\\\\ \\ ‘ “ \
\\\ \w ‘

\\\\\\\ \\\‘
\

“ \

01F

0.0 MJT“A%WWJ . L-:rﬂ-w..

-200 -100 0

detuning [kHz]

100
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ks at LNE-SYRTE

m 2 operating Sr optical lattice clocks
m Ultra-stable laser (698 nm) with 10 cm FS mirror cavity
m Lattice traps with build-up cavity: depth up to several 1000 E,
m Only semi-conductor lasers
m Recent studies of systematic shifts
m Hyperpolarizability
m Tensor lattice light shift
= Non-destructive detection
m High stability by reducing the Dick effect
m Could generate non-classical states = sub-QPN regime

P. Westergaard et al., PRL 106, 210801 (2011)

m Practical , 1
| 2 .
1 | |
2 “.“"“ \
:\ |
ECDL ngﬁ ¢-mod | SRS
o8 Y |
Fast PDH lock Slave WMGP#_It, ’

Slave

T~



ey o sr clocks
Typical accuracy budget at 500 E, trap depth

Effect Correction Uncertainty
Quadratic zeeman 835 mHz 2 mHz | 0.05x 10 '°
Lattice (first order) -84 mHz 20 mHz | 0.5x 10" 1°
Lattice (second order) | -35 mHz 14 mHz | 0.3x10°°
Black body 2.376 Hz 45 mHz 1x 10 1°
Density shift -8 mHz 19 mHz | 45x10° "/
Line pulling 0 20 mHz | 0.5x 10 '°
Lightshift probe 0 8 mHz 2x 10~ 1/
Total 3.084Hz | 58 mHz | 1.4x10'°

m  Note: see also JILA (Science 319, 1805 (2008)) and PTB (Metrologia 48, 399 (2011))

= Comparisons
m Agreement to <1016

m .. After fighting several unexpected

“technical” shifts

Fractional allan deviation

1014

¥

1015 f—=——-

16 |
10 Sr 1 vs cavity F—e—i

Sr 2 vs cavity +—e—
Sr2vs Srl —e—

3.3x1015at1s

10-17

0.1 1

10 100

1000
Time (s)

10000C
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Ultra-stable lasers
examples
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cavity

T. Kessler et al., Nat Photon (2012) 20 = Slubstrates
s Features of crystalline Si 5 18] ey
[0 Turning point in thermal expansion at 124 K & ~
0 Higher mechanical Q than ULE or FS: Q »>107 2 ' 2
0 Transparent at 1.5 tm L os b
01 High Young modulus: E=187.5 GPa (<111> axis) “
u High thermal COHdUCTiViTyi 500 W m1 K1 OO "ULELE  FSMULE SiliconSilicon
Substrate/Spacer material
-16 N
Active shield g aeuum ehamber 2 1x107 at short times
: . ] i B
Silicon cavity 5103 o ]
j%’ 1 g Aﬁ/T/k%
%1016 ‘\%ﬁ/% e
= erma noise‘ oor
Cooled e A 1 R
Nitrogen gas L > Aeraging tim;(()s) s
feeding lines
g Measured with three-cornered hat method
> 45x1016 @1s with Sr lattice
clock at PTB
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I|_ using spectral hole burning (1)
Rare-earth ions in crystal at 4 K Absorption spectrum

Inhomogeneous

Eu3+:YZSiO5 broadening ~10 GHz
Linewidth down to
5Dy ~100 Hz
Narrow line ,
laser at 580 nm = A narrow line (0.1-1 kHz) hole can
be burned in the absorption
spectrum
s The same hole can be probed
Fo later to stabilized the laser

hfs structure frequency

= increases the autocorrelation
of the laser in time

m <& improving the laser stability

Many absorbers = low quantum limit

Atomic system (+ well-chosen matrix) = low thermal noise limit, low
sensitivity to vibration,...

m Eu3*Y,SiOs chosen for narrow line, long lifetime, low sensitivity to B,...

Lifetime of ground state
populations at 4 K: 1 day !!l
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pectral hole burning (2)

T”O"Pe et al, Nat. Photon. 5, 686 (2011) Uses multiple holes to “save" them

) from fast saturation
? i %Zj \JLHH]lH.HHHI\UII\ ’ ‘ i
: Il
0 ~ %Oﬁ '
a3 E 0.5 ‘
‘a0 580.05 5:{01 (a:m.ws i s02 E{;:_ |““| ‘ | | ‘ | \“ ‘ ‘ H ”3 “ | ‘ ll U' || W
o aveleggth (am o o . 4 ‘ \‘ [ k ;
Cell with furning point in T° AN WA
€ 108 :
b -
150 Site 1 . 1t —e—Holesvs. reference cavity
®P=0Pa . % 4 | —*— Holes vs. pre-stabilized cavity
100 - = =
ar-end by HETEASE e o — — - SNR-limited hole stability

¢ P=1300 Pa = ) |
5 R \ NI 0 W9 e sv— C——
e [ ]
0 « 0_:_'»_,/\ . 1071 oo RN AT e

. [exi0e@2-85 |

=18 L i R B T L A S o
Temperature (K) 10 G PSR RS Shiid = \

Frequency (kHz)

Chen et al,, Phys. Rev. Lett.107, 223202 (2011) RN i o S
=>Long term stability with a single hole NSsr .
> 5 mHz/s drift rate

0!' \; ULE| resonator 1073 1072 1071 100 101
vs H-maser
9 10_17/5 » 78+2mHz/s 7(s)

0 h 5
ours N 20 /
= *‘
£ 40-
o
>
8 N
§ 60 N

9‘-‘-‘% f”/ g SHB reference vs
ULE resonator
4 73+1 mHz/s
HEINRICH HEINE '
UNIVERSITAT DUSSELDORF . . ' .
60 .30 0 30 60 0 100 200 300 400 3 8
Frequency detuning, kHz Time, hours

Transmission through crystal  a.u.




