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87Sr Optical lattice clock

O Optical lattice clock with atoms confined in an optical lattice
O Expected ultimate fractional accuracy: 1018

O Lattice @ “magic wavelength” => cancellation of first order differential light shift

=T 3G _

1P, 1 light shift Katori et al. PRL 91, 173005 (2003)

T 3 5 5 / |
679 nm D, 461 679 813 12560

461 nm : : +  wavelength

I' =32 MHz ' (nm)

698 nm
1g Clock transition
0 I'=1mHz
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L .
Differential light shift cancellation ?

O U,=10 E, (36 kHz) is enough to cancel motional frequency shift

P. Lemonde, P. Wolf, Phys. Rev. A, 72 033409 (2005)

Accuracy of 10-18 g Control at a level of 10-8 x Light shift

O Neutral atoms in an optical lattice :

hy = hz/( )

O At the magic wavelength, the first order term cancels

O Higher order terms : Hyperpolarizability => Scale as E* o U,?

— Feasibility is conditioned by the magnitude of higher order effects
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Hyperpolarizability effects on the clock frequency

Q Theoretical prediction of -2 pHz/E?,

@ the theoretical magic wavelength: 800 nm Am= 813,428 nm

5s7p 1P,
H Katori, M. Takamoto, V.G. Pal’chikov, and V.D. - 3
Ovsiannikov, Phys. Rev. Lett., 91, 173005 (2003) \ 5541 °F
2 x 813,36 Nm v
O Second order light shift: magic wavelength s5p 1P 2 X 818,57 nm
close to two two-photon transitions ! /
[ 5s5p 3P, -> 5s7p 1P,
fortunately forbidden: J=0 -> J=1
G. Grynberg, B. Cagnac, Rep. Prog. Phys. 40, 791 (1977) 5s5p 3PO
3p - 3
d 5s5p 3P, -> 5s4f 3F, 55215, s08

Clock transition

Need for an experimental evaluation of the effect
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Optical lattice

Need for high peak intensity > 100 kW/cm?2
e Laser Ti:sapph — 7-800 mW @ 813 nm

e Linear build-up cavity
e Finesse — 100
e Waist 89um
e Peak intensity — 400 kW/cm?2

R<5 %0
@ 698 Nnm

e Linear polarization (to within — 10-%)
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3 servos to ensure optimal stability

1. Hansch-Couillaud
2. Intracavity power control
3. offset HC
1E-5—;
i
1E-7—;
:
2 1E-9 4
Z 3
o
s %
1E-13§

Servo-loop system
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loading the dipole trap

381

I 6388 nm
461 nm

(32 MHz)
Laser cooling

180

continuous loading 4-10 10% at/s
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(2 mK)

688 nm + 689 nm :
atomic drain (wgy = 50 pm)



loading the dipole trap

35
1
1p1
— 707 nm
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I
Narrow line cooling in the dipole trap

Dipole trap
beam

-—-_.381

1P1

7™

689 nm : narrow line
cooling

I'=7.6 kHz
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Clock transition spectroscopy

I
1|:)1 Sl

- )

I 1
698 nm laser referenced

1 0
698 nm clock transition
to an ultrastable cavity

/ . W,=200 pm
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Detection

— O
lPl S1

1S, 3P

=OOCm
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Blue
probe
Fluorescence detection
B



lpl

lSO

I’wvatolre
de Paris

LNE-SYRTE

Systemes de Référence Temps-Espace

Detection

381

707 nm
(7 MHz)

707 nm +
repumpers (w, = 200 pm)



Detection
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Sideband spectrum
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Longitudinal temperature given by sidebands ratio

T, =2 pK, 95 % of the atoms in |n,=0> < 7
\“‘\\i\‘\‘\tist“\\“\\ ‘m \;{‘\\;“ ‘&*‘*\*
. . . \ “\\\\\\ \\\
Longitudinal sidebands frequency depends on \“Q\\\\\\\\‘%\\\\ \\\\“%i:“l;\\‘w .\\\\:\\%
the transverse excitation. Shape of sidebands N \\\\\“ “’"**\\“\\‘\\‘ i
gives the transverse temperature. T,= 10 pK \\
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Atomic carrier resonance

Optical

linewidth 50 Hz
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Transition probability

e
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0.0 = [ ] . [ ] L [ ] ’ Ul L] & )
: . i . . AOM <
o : pros ECL @ 698 nm

Probe laser detuning [Hz]

698 nm probe : Laser frequency is locked to the atomic resonance
via an AOM

15 ms, 3 pW

' Offvatoire - LNE-SYRTE |
oe Parks Systemes de Référence Temps-Espace



Measurement of the frequency shift due to the trap

-Differential measurement atoms-cavity vs trapping depth

U =1530 Er 7»=813.720 nm
0F iti o0
U0=1 110 Er
~N geny
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= o
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o
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........................
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Time

repeated N times =>

-The cavity frequency fluctuations are filtered

by a polynomial fit
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First order light shift

Frequency shift [Hz]

02 Ludlow et al. arXiv:ph:ysicsa‘0503041
200 ' - '
813.444 nm
takamoto et al. Nature 435, 321 (200_5)
01 L JEy @ 3y
100 | _
813.436 nm w- this work e | §
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0 |= - x L 00Ff
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2200 L * Am = 813,428 (1) nm
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. Lattice laser wavelength [nm]
Lattice Depth [E ]

 Measurements done at different wavelengths and different depths
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Second order light shift near the 3P,-1P, transition
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Second order light shift near the 3P,-3F, transition
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Contribution of this resonance @ A, <2 pHz/ E;? (0,2 mHz @ 10 E,)
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Second order light shift near the 3P,-3F, transition

4000

3000 -
818.5670 nm
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Potential depth (a.u.)

Quadratic shift clearly visible once the first order term
has been removed
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I
Hyperpolarizability effects at A,
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e This effect will not limit the clock accuracy down to the 10-18 level

A. Brusch et al. PRL 96, 103003, 2006
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Frequency chain

= Optical Femtosecond —
= Lattice frequency comb FO2 | |
= Sr atoms FO2 frequency accuracy ~ 4 10-16
g il D < (€501 e | stability ~ 1.6 1014 ¢ 12
1 .. i B
l { Uset ) H-MASER| |CSO/H-MASER

frequency

@—¢ D. Chambon et al. Rev. Sci. Inst. 76, 094704, 2005

10—13

< S. Bize et al. C. R. Physique 5, 829, 2004.
ECL @ 698 nm

: Sr clock-Fountain comparison
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1st order Zeeman effect

Frequency shift due to residual field, asymetry in Zeeman population
and depending on probe polarization

3P, F=9/2 5=-0.08 Hz/mG/m, /\
|

B aoa=04A a=7/2 ® a=7x/4

o]
(8]
T

1S, F=9/2 5=-0.18 Hz/mG/m,

1 n " 1
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Clock Frequency [Hz]
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~J (03]
(8] o
_1:&1_.

future improvement by bias field+state preparation Modulation depth [Hz]
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Residual light shift
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(1. :
Control of the light shift at a level of 7 10-7
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Pulling by transverse sidebands

-probe 2 w,=400 pm => Kk ~10-3 k
-residual probe-lattice angle .
-wavefront distortion 2 04
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Probe laser detuning [Hz]

Line pu”lng <1 Hz
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Cold collisions

82
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80 -

Clock frequency [Hz]
- 429 228 004 229 800 Hz
-~
o

76

0.6 0.8 1.0 1.2 1.4 1.6 1.8

Relative atomic density N/N_

a few 10 atoms per lattice site : N, ~ 10! at/cm?

No resolved shift: ﬂﬂ Hz @ No
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Accuracy budget

Correction Uncertainty Fractional

Effect (Hz) (Hz) Uncertainty

(10
First order Zeeman 0 5 1.2
Lattice AC Stark shift (400 Er) 4.5 0.9 0.2
Lattice 2nd order Stark shift (400 Er) 0.6 0.6 0.1
Line pulling (transverse sidebands) 0 1 0.2
Cold collisions 1 1 0.2
BBR shift 2.4 <1 <0.1
Total 85Hz | 5.3Hz (1.2 1014
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Takamoto et al. :
Nature 435, 321 (2005) This Ivvork
Ludlow et al.
- ~RPL9O3033003(2006) & Tapamoto etal

arXiv:physics/0608212

1 ¥ 3 :
Le Targat et al. J. Ye etal.
J. - PRL971308001(2006)  proc. ICAP 2006

e
Vigy3p, =429 228 004 229 879 (5) Hz
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