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Abstract: To date, optical clocks based on singly trapped ionsl) and ultracold neutral atoms trapped in the Stark-shift-free optical lattices?) are
regarded as promising candidates for future atomic clocks. So far &€ceoptical lattice clocksa€s have been evaluated with uncertainty of 1A—10-15
(ref. 3)) limited by that of Cs atomic clocks. Frequency comparison between highly-stable and accurate optical lattice clocks s, therefore, crucial for
their further evaluation. Looking toward fractional uncertainties of 10-16 and below, collisiona frequency shift, Black body radiation (BBR) shift,
and hyperpolarizability effects, all of which depend on interrogated atomic elements and experimental configurations, are becoming major concerns.
In this talk, we discuss optimal lattice geometries in view of the quantum statistics and related spins of interrogated atoms. This leads to two
promising configurations for the lattice clock: One-dimensional (1D) lattice loaded with spin-polarized fermions4) and 3D lattice loaded with
bosons. We present frequency comparison of these two optical lattice clocks using fermionic 87Sr and bosonic 88Sr. Such lattice clock comparison
will offer an important step to ascertain the clocksa€™ uncertainty beyond the Cs limit of 1A—10-15. As for the latter two issues, the BBR and the
lattice laser related uncertainties, we discuss prospects for a cryogenic clock, a &oeblue-detunedé€s magic wavelength, and a Hg based optical
lattice clock5). References: 1) T. Rosenband et al., Science 319 (2008) 1808. 2) H. Katori, M. Takamoto, V. G. Pal\'chikov and V. D. Ovsiannikov,
Phys. Rev. Lett. 91 (2003) 173005. 3) S. Blatt et al., Phys. Rev. Lett. 100 (2008) 140801. 4) M. Takamoto et a., J. Phys. Soc. Jpn. 75 (2006) 104302
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Outline: strategies to achieve beyond 10!

* Introduction: 2001-2007
* Designing ultimate optical lattice clocks
— Quantum statistics & lattice geometries
— Bosonic 3D/ Fermionic 1D lattice clock
* Remaining issues
— Collision shift: Coherence in excitation of fermionic system
— Higher order light shift: Blue-detuned magic wavelength
— Blackbody shift: Cryogenic lattice clock 10mHz@ 77K
— Minimally destructive state measurement
— Long distance frequency dissemination
* New atomic elements
— Optical clocks frequency comparison

— Test of constancy of constant; Hg & Yb vs Sr
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ur approach (2001-):
esigning novel atom traps for atomic clock

© Light-shift-free optical lattice that confines millions of neutral
atoms in separate micro-traps (LDR)

M FMS 2001, Katori
Nature 2005
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ur approach (2001-):
esigning novel atom traps for atomic clock

© Light-shift-free optical lattice that confines millions of neutral
atoms in separate micro-traps (LDR)

“Optical Lattice Clock” allows
¢ No collision shifts
e No Doppler shifts
¢ Long interaction time
e Natoms:S/N ~ N2
therefore simulates millions of ion-clocks - e |
| . AL FMS 2001, Katori
operated in parallel. Nature 2005
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ur approach (2001-):
esigning novel atom traps for atomic clock

© Light-shift-free optical lattice that confines millions of neutral
atoms in separate micro-traps (LDR)

“Optical Lattice Clock” allows
e No collision shifts
¢ No Doppler shifts
e Long interaction time
e Natoms:S/N ~ N2
therefore simulates millions of ion-clocks \
, = Ay FMS 2001, Katori
operated in parallel. Nature 2005

he success of this approach is not obvious: Atom/lon frequency standards
ave been studied solely in “perturbation free environment”.

Challenge: Does well-designed perturbation help precision

irsa: 08070027

easurements? How far can we control perturbation?
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Elimination of light field perturbationin
optical dipole traps (1999)

atom :(Ee _Eg)
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"Katori, Ido, & Gonokami, J. Phys. Sac Jpn 68, 2479 (1999)
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Elimination of light field perturbationin
optical dipole traps (1999)
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Elimination of light field perturbationin
optical dipole traps (1999)
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Elimination of light field perturbationin
- optical dipole traps (1999)
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Elimination of light field perturbationin
— optical dipole traps (1999)
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the same electrlc ﬂeld
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Light field perturbation can be eliminated,
if the “Differential polarizability” is ZERO
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Important! requirement as a CLOCK
protocol to set differential polarizability to zero:
a=a,(op,e)—a,(op,e)=0[should be shared

1) Light polarization is difficult to define/measure, but its

frequency/wavelength can be defined far more precisely.
2) Light polarization couples to the angular momentum J

3) Use of (nearly) scalar stateJ=0: Aa(e,;)=0
4) J=0->J=0 transition is strictly forbidden: mixing necessary

P Sff:i_ “Optical Lattice Clock” on the 'S,-
o i l *P, transition of /Sr (/=9/2)
*“*‘;*“ghil 2/ Za iy H. Katori, FSM (Scotland,2001)
) S, Y20 05 1 15 2 pesition: Ay ¥ Give finite transition moment;
L R f\ﬁww p,mon) | himinng i ~(60SF
;w U.x_ =4 r’: A_V. Taichenachevetal.,
e PRL. 96, 083001 [20(5%).

592 1S, (F=9/2)



Important! requirement as a CLOCK

A

Essence of Lattice Clock Idea:
ﬁ —Good control over perturbation —
Make more accurate (18digit) clock
using less accurate clock (10digit)

Control perturbation solely by
frequency: “Magic wavelength”
But, in reality, not necessary so,

such as Fz0, ...

L F .8 1= 1. 8



Light Shift cancellation on
thelS,(F=9/2)-3P,(F=9/2) transition

— Frequency
- Calculation with Lot dgpe"dm“
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Light Shift cancellation on
thelS,(F=9/2)-°P,(F=9/2) transition
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Realization of Sr lattice clocks in the world and adoption as
“the secondary representation as a second” in 2006.10

- = - e - = ¥ ol
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% 429228004229860 .. ... ... | ... i =
e Weighted average =
Sr 1BD2BOATZBIN0 -7 429 298 004,229 877 Hz
0 429 278 004,229 840 - e e S

JILA: Ludlow, et al., PRL 96, 033003 (2006)

Foleyo-NMIJ: Takamoto, et al., J. Phys. Soc. Jpn. 75, 104302 (2006). Page 16169
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Recent frequency measurements (“07-08)

N - Tokyo-NMI J-UEC
T °F (Fiber |ink 2008
-
-
S
3 o
- 57 siacoon
< RTE (2007
S
Q
0O 874 -
S - 7 ] ! JILA (2007): M. Boyd, et al.,
- | Phys. Rev. Lett. 98, 083002 (2007)
- 874 0(1. 1) iz L SYRTE (2007): X. Baillard, et al.,
- S B 873.6(1. Mz | Eur. Phys. J. D, DOI: 10.1140/epijd/
874.1(2. 4) Hz €2007-00330-3
| Tokyo (2008): in preparation

3

Excellent agreement of Sr optical lattice clocks
+rrBoulder/Paris/Tokyo 6 X 106!




Up to 15 digits accuracy, atomic interactions did
not appear, but surely they will.
This talk gives

Designing ultimate optical lattice clocks,
which minimize
atomic interactions (collisional shift)
light shift perturbations (polarization dependent
light shift or “vector light shift”)
In view of “Lattice Geometry” & “Quantum
Statistics”

Note:

Fermions have half integer spin (F£0) = sensitive to g,
Bosons (may) have zero spin (J=0)— insensitive to €

Pirsa: 08070027
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Collisional frequency shifts
— Differential mean field energy on the clock transition —

(2) 4}'th

m

mean field energy: g an

g(l ) - two-particle correlation function at zero distance

a: s-wave scattering length

n: atom density

1) identical bosons: 1 (BEC) < g'*) <2 (thermal)
2) distinguishable particles: g'*'=1

3) identical fermions: g'*) =0 (Pauli principle)

Collision shift suppression:
Proposal for Cs clock: K. Gibble, and B. J. Verhaar, Phys. Rev. A 52, 3370 (1995).
s s@@inonstration in RF:S. Gupta et al., Science 300, 1723 (2003). P JBE



i

Probe
Lattice

Quantum statistics

Atoms in a site

Fermion (F#0)

©Pauli blocking

(Spatially uniform
polarization)

Uv.__

(2D)

Boson (J=0)
X Cold collsions

1<g® <2

iAvector shifts?

:(Local elliptical
%iE polarization)

W
O

Lattice geometry

Pirsa: 08070027

Single occupancy lattice

-©Mott insulator state

©Better S/IN?
(Larger # of atoms)




(1)1D Lattice clock with spin-polarized Fermions

* Tens of polarized-atoms in a pan-cake lattice-potential
— Lamb-Dicke confinement for probelaser

* Pauli principle: “identical fermions cannot collide”
— Coherentoptical excitation of atom ensemble in the Lamb-Dicke regime
— much more difficult than that in MW! (MIT-group in 2003)

* Cancellation of Zeeman shift & vector light-shift
— Alternative interrogation of atoms in both stretched state = m,

. . : :
Probe
B,: blas field

AL/zi—r

Pirsa: 08070027 O X Page 21/89

Lattice



Experiment

Laser linewidth < 10 Hz

ULE cavity:
drift rate 0.13 Hz/s

fast] |[slow DBM
1 PZT
e 1D FORL & Probe
698 nm - S— k n~ 10 aigmsxwe]l

|~

x
P
s AOM | ) NS>
Ax
\@ kp.-fb..‘r < 1 Lamb-Dicke condition |
is satisfied
MOPA al Q M)
@813.42 nm @ ol | B — L S

MOT Scheme: Mukaiyama er al.. Lattice spectroscopy: Takamoto & Katorf™*****
hve Rewv Tett OB 1130072 (2003% Phve Rev Tetr 91 223001072003%




Energy levels for 38Sr(/=0) &8/Sr(/=9/2)

e 1stand 2"9 stage laser cooling

e Loadinginto 1D lattice

e Optical pumping with ¢~ light on F>F
e Clock excitationon =m.—> £m;

F=712
F=9/2 13 Hz @ 429 THz

me=+912 Tog—far= 62 MHz

50 0 s0°-50 0
a 8gr(=0)-%Sr (I=9/2) b Probelaser frequency (Hz) 14
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Rabi oscillation:

Indication of exciting fermionic system in phase
Preservation of fermionic identity: Pauli blocking of collisions

1.0+ ‘ .'
F 5 U q
= 08 | [ ] e
E : T « L ";. ‘ B ':': Nearly 100% coherent
L + « Lo | \;'. : B excitation will
-g 04l o : g iu j’ j» I * suppress collisions, if
1 ( | \ ;
S .,' * | L/® e p-wave tunneling does
> 0.2- | 1 P / . / :
L - ¢ P Bl not come Iin.
‘e
001 = = B ®
& 2 4 & 8§ B v w %
Pulse duration (ms)
Imperfections:

- Spatial inhomogeneity of probe intensity/Rabi oscillation

- Finite Lamb-Dicke parameter; 7 ~ 0.34

- Spatial over wrap of lattice and probe laser (radial vibrational states)
Qun =R || (0] explikiiin)l.
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Cancellation of Zeeman & vector light shift

) Static B, applied to define quantization axis in spin polarization
) Effective B-field, 6B .. due to ellipticity of the lattice laser

5fm o mBeﬁ« (Beﬁ = BO = 3 5vi:c) < Linear shift

S92+t f 92
Jo=

Virtual “spin-0” atom simulated!

2 Takamoto, et al., l. Phys. Soc. Jpn. 75, 104302 (2006).
mp=—9/2  _ -35- :
= e Jron
= (B; = 1.9 Gauss) _ -
seny .. f B
mp=+9/2 I 0
ST T e o IR AU
2 0.16Hz/s correspondsto
o the ULE drift rat :
S el - eUEaeTa. f-g-:’:
O _—M
Mg= —9/2 , : . : : : :
0 200 400 600
Time (s)

Af=f.or~f o, allows accurately rue e

Aﬂfﬂf“rﬂ;ﬂ‘;ﬂﬁ 1']'1::\ Ynd nrr];:hr T aorman ch-; 'FI'»::




3D lattice clock

- Single-occupancy trap: free from collision shift
- Spatial rotation of light polarization/local elliptical polarization

Vector-shift cancellation
T B._: mixing field scheme for F20 is inapplicable

ED
’ Probe laser

E-field vector

Page 26/89
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(2) 3D optical lattice clock with Bosonic 3SSr

1S,-3P, transition moment is
induced by applied B-field, instead
of nuclear spin (87Sr):
Taichenachev et al., PRL 2006

PHYSICAL REVIEW A 76, 023806 (2007)
Aw = Aw, -Aw,

={&Nw)+ ¥ (w.e.b)B+ & (w.e.b)B* + --- }EI

attice density: 7% 10%2/cm? s All E-vectors on the B-plane to

P beorptre sites: 6 < 107 . e : : Page 27/89
e 4 Mminimize E-B coupling

Dvvarar anhancramant= 17



Frequency comparison between optical lattice
clocks with “non-interacting” bosons and fermions

Optical frequency comb Jss
4 far=Uf++1-)]2

<1 fmpal | }I' l ‘ Cooling and
i rd | | - Lattice lasers
fceo

Probe laser

(698 nm)

¥ H-maser

5
1pcy

S

Cooling:0.65 s
ngectrnscnpy 0.35s

||||| Page 28/89
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Allan deviation and isotope shift of 8’Sr/%8Sr clocks
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® f-f H“%
©
E1D"‘5 - ———— T iy
10° 10’ 10° -
a Averaging time (s)

Weighted average
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[ X. Baillard et.al, Opt. Lett. 32,1812 (2007)
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Uncertainty budgets for 8’Sr and 38Sr optical

lattice clocks

57Sr 58Sy
Contributor Correction (Uncertainty) Correction (Uncertainty)
(Hz) (Hz)
Latt!ce scalarhrgh: shhrf:f -0.22(0.33) -0.23 {1:10?} fm(“Sr) £E5r
Lattice vector light shi 0(0.01) 0(0.014) — —100(100) MH
Lattice 4th-order light -0.017(0.015) -0.12(0.10)
shift 3 7(6) uH/E?
Probe light shift 0.03(0.001) 7.48(0.36) L
Blackbody shift? 2.4(0.2 2.4(0.2
S | i it T=301(5) K
2nd-rder Zeeman shift 0.772(0.01) 128.61(0.31) :
-Larger corrections
Collision shift 0.4(0.3) -0.034 (0.3) For bosonic clock:
Systematic total 3.3%(0.49} 138.11 (1.25)

I!i(itf)f)f? 5*1ift¥f%u{jf2{;

\ 62,188,138.4(1.3)Hz
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\ Collision shift appears?
Even though spin-polarized sample is
prepared, excitation process is not raezoe
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Connection to variation of constants?
* Naive idea:
— Isotope shift can be measured far more accurately for
two bosonic isotopes as perturbations cancels out

— Isotope shift ~ Mass shift
L r m(AM) m > mass of electron
_ (AM)+m | AM :mass of nucleus
— Isotope shift:
m M JLM
. e (Mss — 36) ‘BBSr-BGSr dual clock
Mg (Mg -|-m)
~2.6x10~ 2.0.43x10" (Hz)
M
H x10"'(Hz) ~10°(Hz) M ~mp ~m,
Pirsa: 08070027 5(MXM) m— 5&88_36 = 10-3 (HZ) — 10_11 Page 31/89
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Remaining problems/Future investigation

* Pauli blocking of collision shift
— Coherence in excitation of fermionic system
— Tunneling bandwidth/vibrational states

* Higher order light shift
— Blue-detuned magic wavelength, trap at antinodes

* Remote frequency measurement
— Optical fiber link between Tsukuba-Tokyo

* Explore new atomic elements

— May solve above problems

— Optical clocks frequency comparison
— Test constancy of constant; Hg vs Sr

irsa: 08070027 Page 32/89



(1) Coherence and Rabi Oscillations of Spin-Polarized
Fermions in an Optical Lattice:

— What prevent us from coherent excitation? —

z
y
B, : bias field X

(a)

Optical
pumping

(b)

hvg=mgsing 4;/2

= Page 33/89
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Rabi oscillations as a probe for
vibrational state occupation and tunneling

RTH g Collapses and Revivals
Qun = 20 (m;| explik;j)|n;
jau jﬂ;l Nepee) Interference of n=0&n=1 component

Excitation>99%:
1.0
Identity of fermions preserved '

o
(oY

L "",.'é L || I-:J.ifui 4 141104

il kAR BT R

024 1

Hl“ww-wwrpququrqu! Il B
|

Excitation probability

0 5 100 150 0 5 10 15

Time (ms)



Long lived population oscillation over 1s;
Even longer than laser coherence time

0.75 Hiktr— 11—
= T TR LAY
PO LALLM L 1 S
S oo MITIIAECAAIEATEY T 1
c 100? 50 100 150 200 1000 1050
- ‘ Intentionally misaligned in
3 =S order to probe radial motion
S “*”%W‘WWM' |
— 025 | Atomic coherence decays rapidly

' [ (may be revived alafterafe?v s)

Omﬂ 50 100 150 200 250 300

Time (ms)

Very long atomic coherence limited residual gas collisions &
lattice photon scattering: Presently~1 s (Future 10 s)

DAanih bBlackina callician wiall ha faacihilal



Simulation with optical Bloch equation

M Laser coherence limited atomic coherence

M Spread in n states causes collapses/revivals

B Tunneling bandwidth as Doppler shifts

B Suppression of tunneling by Wannier-Stark effects

S
o

S
o

-
o

Excitation probability

ot
)

0 0.1 0.2 0.3 04 05
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(2) A magic wavelength for “blue-detuned” lattice
— confine Sr-atoms at the intensity minima as Paul trap —

lonization limit 06
ns(n+1)d 3Dl

©
I

0 %
Light shift (MHZz)
0
s
_'\\\:_‘__
\
o
—-_._‘\‘H S
™

' o 0.0 / 5
I' "-fi’ ”r : :P'j
ra O ‘ /
" B - .15 i .
Position/; 350 400 450
I i 2 Wavelength (nm)

e Atoms see about 10% of maximum light intensity, or 1kW/cm?
— Reduced higher order effects ~2
e Optical lattice with 390-nm-light
— Better confinement; smaller Lamb-Dicke parameter
Prea: 02070027 Influence of two photon ionization / hyperpolarizability? s

— Clacar atnmir canaratinn (185 nml 3 N with 2 mm nieaful im OMD



Experimental determination of the blue
magic wavelength

Lattice ( \ YA Probe
hom = 389.9 NM | s

; om = 813.4 nm
Blue magic wavelength

o 3
X

&

\

"
-

0 Ay, =389.89(1) nm

n

Light shift (Hz)
-
b

-

b
o

e

3802 3804 3896 3898 3900 3902 3904

Wavelength (nm)
T=10ukK -0 1< 10 kW /erm? vuely2/
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Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve.= 2.4 Hz x(T/300 K)* '
~10mHz @ 77K

wi ¢' |

oving lattice for Sr: Kishimoto,
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of spinless



Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve = 2.4 Hz x(T/300 K)* '
~10mHz @ 77K

wu gy

oving lattice for Sr: Kishimoto,
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of spinless



Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
.= 2.4 Hz x(T/300 K)*
~10mHz @ 77K

w ¢' |

oving lattice for Sr: Kishimoto,
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of spinless



Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve.= 2.4 Hz x(T/300 K)*
~10mHz @ 77K

Lattice clock

@77K
= ===

—

b

VACUUN o
Moving lalbce :__”EF -
E:E— m—

Coid atorns ' =

g

Wi ¢' |

oving lattice for Sr: Kishimoto,
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of spinless



Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve = 2.4 Hz x(T/300 K)?
~10mHz @ 77K

wi ¢' |

oving lattice for Sr: Kishimoto,
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Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
.= 2.4 Hz x(T/300 K)*
~10mHz @ 77K

W ¢' |

oving lattice for Sr: Kishimoto,
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Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve = 2.4 Hz x(T/300 K)*
~10mHz @ 77K

W ¢' |

oving lattice for Sr: Kishimoto.

e e o

of spinless



Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve.= 2.4 Hz x(T/300 K)* '
~10mHz @ 77K

wu gy
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Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve. = 2.4 Hz x(T/300 K)*
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Cryogenic lattice clock
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Remote frequency measurement with
optical fiber link

Background Fiberlinkin the present experiment

1) Precision Tred

'y e s o R

* MW signal transfer, SYRTE-LPL, 43 km fiber, CO,/0s0,

r - YiiaT o =laaT=1ahd
Ny Measurernmen

ail

i Ld

(h

frequency measurement . ¢ @ fsukub :

C. Daussy et al., Phy. Rev. Lett. 94, 203904 (2005). 5 . (N | /SIS
- : ' distances _'

K MW/Optical signal transfer, JILA-NIST, 4 km fiber, Sr ~ S0k '

lattice clock frequency measurement E - fiber length

M. M. Boyd et al., Phys. Rev. Lett. 98, 083002 (2007). Tokyo @
A.D. Ludlow et al., Science 319, 1805 (2008). '

120 km

W Optical signal transfer, NIST, 251 km fiber, stability
6x10°@ 100 s

N.R. Newbury et al., Opt. Lett. 32, 3056 (2007). 100 km fiber frurnJG_ih_l, OGS

W Optical signal transfer, ILS/UEC, 25 km fiber, fiber . 20 km local fiber at Tsukuba and Tokyo
length within 1 um, for ALMA project :
3 dlazha et al., App.. Phys. B 82, 555 (2006). . Totalloss—52 dB S S

Optical frequency transfer @ 1.5 um



Schematic diagram of experimental setup

Tsukuba Tokyo
Fiber comb e Tiscomb f, for beat £, for
r lock
% b measl.ﬂ'err:ljnt/fmﬂ -
m: | : [ -"r' r! | ‘ -"f
\ /
feeo fmp 771 nmi _
Sr lattice clock
(698 nm)
HM2
1542-nm SHG
NML fountain
l i 1542 nrnT
UTC (NMLJ) The ILS/UEC @ 1542-nm ECLD
fiber length - | Phase-locked to
. P : control system for | 120 : transmitted light
oL r— PFS coherent transfer T from Tsukuba

requency
tandards
irsa: 0807002

i Cirehar T

'R I1DRAY

X The ILS/UEC fiber length control system:

M. Musha et al., App.. Phys. B82, 555 (2006).
BA RArich= a+ 2l +~ bharmiiklickhads

Fiber link stahility:

Sx10* @ 1s.



Measured frequency and stability

e = 429 228 004 229 928.02 Hz

429 2280042305x10" <,

429. 2280042300
429 2280042295 _
|
t, = 10682 s
429. 2280042290 - , : | — ,
0 2 4 6 g 1010’
Time (s)

Frequency of Sr lattice clock at Tokyo
measured based on the H-maser (HM2) at
Tsukuba using the 120-km fiber link.

Total measurement time 10682 s (3 hours).
Pirsa: 08070027

arch 17, 2008.

Allan standard deviation

1

L U
| N GRS ML S e T

T T T Trrrery T LI | T T rTrrrrrl

10 _ 100 1000
Averaging Time (s)

Stability of 4.6x10°° @ 1 s was limited by
the short term stability of HM2.

Frequency uncertainty limited by the
stability @ 10682 s is 4.5x10°15,
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Absolute frequency of Sr lattice clock

Tokyo—NMI| J (2006
878 <

876

T

|
874 — |

f - 429 228 004 229 000 (Hz)

872 -

|
|
-

875.3(4. 2)Hz

JILA (2007’

-

s

874.0(1. 1)Hz

Tokyo—NMI1 J-UEC
fiber | ink 2008

SYRTE (2007

873.6(1. 1)Hz ‘

874.1(2. 4)Hz

Frequency difference
between our present and
previous measurements is —
1.2 Hz. We found a wrong
value for the altitude of the
lab in Tokyo, which led to a
frequency difference of — 0.4
Hz (10 m height difference).

The agreement between
our present value and the
JILAand SYRTE values is
6x1015,

Tokyo-NMIJ (2006): J. Phys. Soc. Jpn. 75, 104302 (2006).

JILA (2007):

Pirsa: 08070027

SYRTE (2007):

Phys. Rev. Lett. 98, 083002 (2007)
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Corrections and uncertainties

Measured frequency

y(HM2 )—y(NMIJ_F1)

y(NMIJ F1 )—(PFS)

BBR

2nd order Zeeman shift
Gravitational shift
Collision shift

Lattice scalar light shift
Lattice 4th order hight shif
Probe laser light shift

Corrected frequency

Pirsa: 08070027

Freguency (Hz)
92802

Uncertainty (Hz) Uncertainty (relative)
1.9 45E-15

Correction (Hz) Correction (relative) Uncertainty (Hz) Uncertainty (relative)
-1.279E-13 115 2TE-15

-54.90
-1.50
24
0.772
-0.9
0.4
-0.22
-0.017
0.03

87406

Link betw

ink bet

-3.5E-15 0.69 1.6E-15

0.2

0.01

0.08

0.3

0.33

0.015

0.001

24 9.6E-15

ween NMIJ-F1 and PFS: March14-18, 2008
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Sl is no longer the reference @Univ. Tokyo!
“The frequency ratio of two clocks contains physics”

...............

I I ]]Ib I\‘b Vb V[b Ts‘lI[b ‘i.'[IIb Ib |IIb |III 'IT :‘u' :‘i.'[ :V[[ 0
12 11|12 [13:14 (1516 17 18
H Optu:al Lattice Clock i f i i He
Li |Be B:C :N:O :F |Ne
Na|mg| Candidates Alisi iP iS icl |Ar
K|Cal|Sc Ti V Cr Mn Fe Co Ni Cu|Zn |[Ga:Ge ;As :Se :Br |Kr
ﬂ:_@_\r_ Zr Nbo Mo Tc Ru Rh Pd Ag |Cd |in iSn iSb:Te : 1 |Xe
Cs La* Hf Ta W Re Os Ik Pt Au T :Pb :Bi :Po :At |Rn
Fr Ra Ac** Rf Db Sg Bh Hs Mt Uun Uuu Uub Uug Uuh
Lanthanides ~ CePrNdF’mSmEquTbDYI-Io&T_m%
Actinides ** Th Pa U Np Pu AmCm Bk Cf Es Fm Md Lr

Exploring the constancy of physical constant,

such as a=e?/hc, at the limit:
— Atomic transition frequency depends on «;
= Relativistic correction “(1222- larger for heavier atoms

noise (experimental)
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oward frequency comparison among

pptical lattice clocks ,

- Cancellation of vibrational [

J\
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3 layer enclosure in
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acuum N " 7
. hf g |
Atoms Sr Yb Hg
Clock transition 698 nm 578 nm 266 nm

Magic wavelength 8134nm 7596 nm 358 nm
Frequency change 6.2x<10"@ 31x<10'8 08x107"

aser stz

r{EDE}kﬂr E.J. Angstmann, V. A. Dzuba, and V. V. Flambaum, Phys. Amfa—lo-17
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Dual optical lattice clock: Sr/Yb

B Treat gravitational perturbation as a common mode noise

B Good compatibility of optics & vapor pressure
B Optical-optical frequency comparison; test of a variation

o/Sr dual MOT vapor pressure @ I=3500°C
Pyvp=2x107 torr / p;, =3x107 torr

magic wavelength
Avpy=739 nm / A;,=813 nm
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Optical lattice clock with mercury

H.Hachisu et al., Phys. Rev. Lett. 100, 053001 (2008)

1) Heaviestlattice clock candidate
v'  lLarge a dependence: Av/v=0.8 X 108 for Aa/a=10'¢

2) Verysmall BBR shift: -0.18Hz@300K << Sr,Yb
3) Hyperpolarizability effects: v ~ 0.3mHz
4) Require high laser intensity for lattice : ~ 2 kHz/(kW/cm?)

v" Moderately cold atomic sample necessary 3D, 6s6d°D,
10 ® accuracy achievable! 6575 3S e
G‘Sﬁp x 1 ,&'ﬁ‘& § J% a.:: ‘_J\-Q

irsa: 08070027 Page 75/89




Pi

IIIII

Magneto-optical trapping of Hg isotopes
—Highest-Z non-radioactive atom trapped so far —

Fluorescence intensity (arb. units)

: 08070027

-
|

()
i

T-=30 ].LK Frequency
D 0 10 20 MHz
200Hg Lattice clock
candidate
e 198Hg 199}
L - 201Hg (1/2-3/2)
(1/2—)1/2) | (3/2_75/U
UJB LJ Lx’f A u
L . ) S
-5 0 5 1 0 1 5 Page 76/89
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' The grou

Univ. of Tokyo/CREST
H. K.

M. Takamoto(RA:Sr-1D
H. Hachisu

(JST/PD: Hg, atom chip
T. Akatsuka (JST/Sr-3D)
R. Higashi (D3:Yb)

K. Hamada (M2: chip)
K. Miyagishi (M2:Hg)

Y. Nakagawa (M1:Yb-Sr
K. Nakahana (M1:Sr)

Collaborators Funding: SCOPE(03-08), PRESTO, CREST
—Theory: Postdoc position available, contact
V. G. Pal'chikoy, V. D. Ovsiannikov | katori@amo.t.u-tokyo.ac.jp

A. Derevianko, S. G. Porsevy,
—Frequency link, Cs fountain clock:

JEC: M. Musha, K. Nakagawa

AIST/MMIJ: F. L. Hong, M. Imae, Y. Fuijii, H. Inaba, S. Yanagimachi, A. Takamizawa. T. kegam




Summary

* Excellent agreement of Sr clocks in
JILA/SYRTE/Tokyo:6 X 1016
» Lattice clocks with non-interacting atoms
— geometry for reduced uncertainty
— Spin-polarized fermions in 1D/Bosons in 3D
— Clock comparison at5 X 10** @2,000 s achieved
faa/fe;=1.000000144883693(3)
* Remaining issues and future investigation

— Rabi oscillation in the clock transition
» Laser limited atomic coherence/Pauliblocking

— Blue magic wavelength: simulates “Paul trap”

— Frequency comparison between different atoms
 Sr/Yb/Hgclocks as a probe for a variation

irsa: 08070027 Page 78/89



Dual optical lattice clock: Sr/Yb

B Treat gravitational perturbation asa common mode noise

B Good compatibility of optics & vapor pressure
B Optical-optical frequency comparison; test of a variation

vapor pressure @ 7=500°C
Pyvp=2x107 torr / p;, =3x107 torr

b/Sr dugl MOT

magic wavelength
Apy=739 0m / A;,=813 nm
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Measured frequency and stability

foue = 429 228 004 229 928.02 Mz

429. 2280042305x10"° -,
429. 2280042300
429. 2280042290 : : I, il imac
0 2 4 6 8 10x10’

Time (s)

Frequency of Sr lattice clock at Tokyo
measured based on the H-maser (HM2) at
Tsukuba using the 120-km fiber link.

~ Total measurement time 10682 s (3 hours).
"= *March 17, 2008.

Allan standard deviation

10 3_

LT -
L | e ol

T T T Trrrery T L | T LI A 2 |

10 _ 100 1000
Averaging Time (s)

Stability of 4.6x10° @ 1 s was limited by
the short term stability of HM2.

Frequency uncertainty limited by the
stability @ 10682 s is 4.5x10°15,
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Experimental determination of the blue
magic wavelength

Lattice : ( [ [ ( Probe
13899 nm N /N / / Lattice

*om , hom = 813.4 nm
Blue magic wavelength
__ 10 =
N , R
L s _
= X
= B0 _&
wn ] o &
= -
= = A =389.89(1) nm
- -
_10 * [ =
3802 3804 3896 3898 3900 3902 3904
irsa: 08070027 wavelengtrl (nm) Page 81/89
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Long lived population oscillation over 1s;
Even longer than laser coherence time

0.75 - 3 TR0 e ¥ -
2 o WL IR Y L
8 oo DUMBTITINRIRIIING. NP
RO L i i S O
= 100? 50 100 150 200 1000 1050
-_g K ‘ Intentionally misaligned in
e order to probe radial motion
S 050- ' !
. 0_25: Atomic coherence decays rapidly

! I(may be Irevived '.Iaﬂer E] fe»:«v s)
oiooﬂ 50 100 150 200 250 300

Time (ms)

Very long atomic coherence limited residual gas collisions &
lattice photon scattering: Presently~1 s (Future 10 s)

DAarnihh Blackina callician will ha faacihilal



Uncertainty budgets for 8’Sr and 38Sr optical

lattice clocks

57Sr B
Contributor Correction (Uncertainty) Correction (Uncertainty)
(Hz) (Hz)
Latt!ce scalarhrgh: Sh::f -0.22(0.33) -0.23(1;03} £.(585r)— £.(57Sr
Lattice vector light shi 0(0.01) 0(0.014) — —100(100) MH
Lattice 4th-order light -0.017(0.015) -0.12(0.10)
shift 3 7(6) uH/E?
Probe light shift 0.03(0.001) 7.48 (0.36) k.
Blackbody shift? 2.4(0.2 2.4(0.2
A _ o i T=301(5) K
2nd-rder Zeeman shift 0.772(0.01) 128.61 (0.31) :
-Larger corrections
Collision shift 0.4(0.3) -0.034 (0.3) For bosonic clock:
Systematic total 3.3%(0.49} 138.11 (1.25) 1

Isotope shift fag-f57

\ 62,188,138.4(1.3) Hz

Pirsa: 08070027

, Collision shift appears?
Even though spin-polarized sampleis
prepared, excitation process is not raesues

| maraceariihvim mlhacal S-D ~ralliciAame rmav aviced



Cryogenic lattice clock

Black body shift rapidly decreases as temperature:
ve = 2.4 Hz x(T/300 K)* '
~10mHz @ 77K

Wi ¢' |

oving lattice for Sr: Kishimoto.

e e e e

of spinless



 Cancellation of vibrational
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Optical lattice clock with mercury

H.Hachisu et al., Phys. Rev. Lett. 100, 053001 (2008)

1) Heaviestlattice clock candidate
v'  large a dependence: Av/v=0.8 X 10 for Aa/a=10"°

2) Verysmall BBR shift: -0.18Hz@300K << Sr,Yb
3) Hyperpolarizability effects: v ~ 0.3mHz
4) Require high laser intensity for lattice : ~ 2 kHz/(kW/cm?)

v" Moderately cold atomic sample necessary 3D, 6s6d°D,
10 '® accuracy achievable! 6575 3S ———
1 o A
3 8/ /&
4 N/ o 5 - -
e ‘
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