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Personal research background

Finish D. thesis in ‘94 in Tokyo (Prof. Fujio Shimizu)

Ultracold neutral rare-gas atoms (Ar*,Kr*), atomic interactions...

Post doc. in Walther’s group in MPQ, Garching (94.9-97.3)

Prof,. Shimizu’s suggestion: Do not join ion clock group.
Precise manipulation of a single ion in a linear (ring) trap

Excitement of the Cirac-Zoller gate; a step toward QC, as later realized
in Wineland’s group and Blatt’s group

Spent nearly 2 years for terrible micro-motion compensation, QC
seemed far away, ...

Fruitful Gifts from Garching

Huge amount of time to read Dr. Wineland’s papers and his strategies
Never win the game as long as | follow his track
Glancing at In+ clock poster every day

— We should work faster with many atoms to recover 20 years’ delay!
Simulating ion experiments with neutral atoms (97.4-present)
— Narrowline cooling down to pK (1999) and “magic wavelength” optical

trap (1999)

Optical lattice clock proposal at FSM 2001
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Magneto-Optical Trapping and Cooling of Strontium Atoms down to the Photon
Recoil Temperature
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We report narrow-line laser cooling and trapping of strontium atoms down to the photon recoil

temperature.

magneto-optical trap using the spin-forbidden transition 'Sp-* P, at 689 nm.

Journal of the Physical Society of Japan
Val. 68, No. 8, August, 1999, pp. 2479-2482

851 atoms precooled by the broad 'Sy-' P, transition at 461 nm were further cooled in a

We have thus obtained an

Optimal Design of Dipole Potentials for Efficient Loading of Sr Atoms
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Fig. 3. Absorption image of a FORT (a). the expanded atomic
cloud in a 6ms flight (b), and a cress section of the image (b)
along the vertical axis (c). The profile of the expanded atom
cloud was fitted well by the Caussian with T = 1.2 pK. The weak
round images in {a) and (b) below show atoms that were not
captured in the FORT. The gravity directs toward the bottom.
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achieve higher phase space density. Another interesting
experimental possibility 1s applying sideband cooling be-
tween 55 'Sy and 555p P, states. Coupling these two
states to upper 555p ' P; and 5565 ° Sy states, respectively,
by an infrared laser may realize optical pnunlml\ with the
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cooling [22] can d:egﬁncer%a@y ensemble of neutral

atoms. In this case, the final state of the sideband cooling
impressively depends on the quantum statistics of the iso-
topes, ®Sr or ¥'Sr, corresponding to BEC or degenerate
Fermi gas, respectively.

2 essential
experimental tools for
transferring Paul trap
tech. into neutrals.
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Study of measurement at quantum limited performance

/

Time / Frequency NOT limited by technical
Currently, NOT on noises:

temperature, weight, ® Noise from electronics
(voltage),... lack of quantum circuit, detectors, ...
references ® Thermal noise

Time/frequency measurement is NOT limited by

frequency counters but is limited by the quantum system
itself (and their design).
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Definition of “a second”

— Limit of the frequency accuracy of spectroscopy —

10-17_

International freq. comparison
10716 with 15 digits (TAI) :
GPS with atomic clock ensemble:

-15 ] SN
10 2 | . Q(er
1014 - o
Essen’s Cs clock ~Optical frequency comb (1999-)
1013+ (NPL,1955) Hansch, Hall, allows 19 digits

frequency comparison

LH el ‘ “|I.:

10-12< The earth’s orbital
period 1 year =

10114 31,556,925.9747 s
(1956-1967)

Fractional uncertainty Av/v,

1010 Hyperfine transition of 133Cs
15=9,192,631,770 cycle (GCPM:1967)
10°° — ® Defined as the proper time on the rotating geoid
9 ® Cs atom at rest at an abs. temperature of 0 K
-8 — &
10 (GCPM: Conférence générale des poids et mesures)
10 A The earth’s rotation period 1 day = 86,400 s (-1956)

| | | | | | | | | >
1930 1940 1950 1960 1970 1980 1990 2000 2010 2020

Year



Building Atomic Clocks

e Believe in the constancy of fundamental constant. (Is this true?)
 Measure local oscillator frequency referencing the atomic transition

— Excitation linewidth y = 1/T (Fourier limit for T interaction)

“““ StiMation tLUPIN ). (oV) ={AN JALND, )/ AV S —=x

Servo control of flywheel osullator (laser)

N-atoms/ions Microwave or laser I Haensch/
oscillator J. Hall (1998-)

Counter
Optical frequency comb
Detector

divide by v,
2 A
| =1 Eg: excited state ch
%o : hvy=Eg*E , 2
T| P ANN time :
Ll . . >
== [ ,: ground state 0 Vo frequency
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Excitation 5VC/V (freq. ﬂUCt.) /50:50 beam splitter \

Energy 3opr%t,): b”ity = 6K N ANg=VN/2
f g " = 1/VN(QPN) —\——NV/Z
hVO=EB'EA g Freq-u.er?cy l AN, =VN/2
- - ‘ﬁ _ sensitivity =1/y=T K MA /
v, =v,y/2 p) = ﬁ(\a% 0)) alREEMDIREENFER L A DN

(NILRX—AET)

AVAVAS LB Y(1-Va)N R EANI2

® The best evaluation of the laser frequency is done by
setting v,=v,-y/2, where the excitation probability is %.

EA_ ® Atomic state can be projected on either A or B. For N
atoms, AN, 5=VN/2, the same as photons through a
beam splltter causing quantum noise AN,/N=2/VN.

W. M. Itano et al., Phys. Rev. « e T P
A 47, 3554 (1993). ® Shot (Projection) noise limit uncertainty: Av=y/VN,

large N helps!




Strategies for making better clocks

Indicator: fractional uncertainty Av/v,

- With a given measurement uncertainty Av=10-3-10~Hz, higher
Vo Wins, i.e., optical clocks (v,=10'> Hz) surpass Cs clock at MW
(v,=101%Hz) that provides Sl-second/International atomic time.

Stability Accuracy
 How fast can one achieve * How smallis perturbation Av
projected accuracy? (EM field, Doppler, collisions,...)
* Projection/Shot noise limited on unperturbed transition

stability given by Allan frequency?

deviation
In view of accuracy, an ion in a Paul trap
would be a perfect clock, however, there is
still a good reason to have better stability. 11



In view of the accuracy aspects of the clock...
Single atoms/ions held in field-free space would be ideal

For decades, singly trapped-ions (atoms) in Paul traps (“50-) have
been considered to be the prime candidate for future optical
atomic clocks as proposed by Dehmelt and others (“82)

The Nobel Prize in Physics 1989

"for the invention of "for the development of the ion trap
the separated technique”

I3\ \%> near the zero of the trapping
et e it oo C W8T ized perturbation promises
clock accuracy Av/v, = 1018, however the stability is limited.

Al+ ion optical clock with uncertainty of 7.0 x 10-18 (NIST group 2009.12)



Frequency (Hz)

Stability of a clock:

It takes some time to achieve good statistics

A Occurrence _
y=1/T; freq. uncertainty is limited >
by measurement time T
11y
5-1014
O_
141
0 200 400 600 800 1000
c : | : Av y 1 y 1 (=o(0))
ractiona uncertamty: ~ = =0(7T
Vo Vo N Vo NNT f
T Total /\ Allan
0 > measurements deviation

Time (S) Measurements
per unit time

Significant speed up of the measurement can be achieved by
increasing atom # measured in a unit time



Stability of a clock:

It takes some time to achieve good statistics

A Occurrence _
- If one prepares N samples
501 instead of one, the
E 0 Crs measurement can be N times
> 1y faster!
- , , , . , . , : >
g 0 200 400 600 300 1000
O
. Fractional tainty: 2~ L =2 L (=o(r)
L ractional uncertainty: ~ = =0\7
Vo Vo NN Vg ~nt /\
T Total /\ Allan
0 > measurements deviation

Time (S) Measurements

per unit time

Significant speed up of the measurement can be achieved b1¥L
increasing atom # measured in a unit time
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Clock stability, Allan variance:

Tc:  Cycle time

S Ay 2 8y ] n/T.: Observed atoms/cycle
Ve Vo NN Vs Unr/T. T Averaging time
z 10, "
o : s |3
© 107 5 £
O 15 -~ _ Temp Atomic
c 10 " g—— < :
- E International
c>;" 10-16? <— Moon tidal
- 7 ] <— Sun tidal
© 1074 -
o 16 Ohase : - : Gravitational
£ 10" ‘inaccessible time domain < g shift @1cm
C_g 107 3 <—Blackbody shift
ko) 107 ] uncertainty for Hg
3
-21
C 10

10° 10" 10° 10" 10° 10° 10* 10° 10° 10" 10°
Averaging time (s)



Our approach for novel atomic clock
— Engineering of the perturbation —

* Traditional approach: ultimate removal of the
electromagnetic field from interrogated atoms

— Quantum mechanical stability limit achieved for single-ion
clocks

* |s application of well-engineered perturbation improve
clocks?

— Freeze atomic motion (within optical wavelength) to suppress
Doppler shift similar to an ion in a Paul trap

— Can one control perturbation with 18 digits?
— Concept of “Optical lattice clock”
(Proposal: Katori @Freq. Metr. Symp. 2001 )

Whether one can make atomic clocks in presence of
strong perturbation is a challenge to a tradition of
atomic clocks over 50 yrs.

16



Manipulation of atomic motion by lasers
(Chu, Cohen-Tannoudji, Phillips, 1997 Nobel Prize)
1) Laser Cooling: pato::r;"’ P ohoton =h/A
Atom’s momentum is controlled by photons” momenta
— cool atoms down to ~uK and below
2) Optical dipole trap:

Applying electric field, atoms are polarized.

+Ze nuclear

¥
/

-Ze electrons

/ altiLiiivuc

ooooooooooooo

J( 9 —ls on laser

- . o
r " AC=1). For w < w,
1 . .
Mgafom | o>0, atolare confined

: Z Sr : . .
~In st&uding..wave,.Ggld-.atoms-ar.e..tra.ppéd e antiva odes) wWherethea.
light intensity is maximum: OPTICAL LATTICE “array of atoms”




Elimination of light field perturbation in
T optical dipole traps (1999)

the same electric field /k Katori, Ido, & Gonokami, J. Phys. Soc. Jpn. 68,
- 2479 (1999)
EL ((()L ) FORT for Rb C-QED experiment: J. McKeever
et al., Phys. Rev. Lett. 90, 133602 (2003).

1
E(; = Ee _Eae(wL)|EL(raa)L)|2

: 1 2
Eg — Eg _Eag(wL)|EL(r9wL)|

the same depth

AV giom = (E, —E,)

atom

Light field perturbation can be eliminated, if the “differential polarizability” is ZERO:




Controlling light shift on the 1S,-3P, transition

":T -100

I ~ T T 1
X \ Magic wavelength
&£ 120 N A=813.42 nm

__g) \x-.z ‘ |
a2 T e — 'S, state
— -160

© \ |

© 180 3P, state
] P=10 kWiem? ]\

)

£ 2004 ——F—F— —

S 3 340 360 380 400 420

Lattice laser frequency (THz)

Freq. dependence
dVaC . —1)(10-9
dv,

18-digits uncertainty
sharing the “magic
wavelength A=c/v,” by

9digits

© Possibility of 18-digits accuracy
clock by engineered perturbation

(Theory) Katori, Takamoto, Pal’chikov & Ovisannikov, Phys. Rev. Lett. 91,173005(129003).
(Experiment) M. Takamoto & H. Katori, Phys. Rev. Lett. 91, 223001(2003).



Controlling light shift on the 15,-3P, transition

“Optical lattice clock”

Freq. dependence

S gt

dv,

— 18-digits uncertainty
can be guaranteed by
sharing the “magic
wavelength A=c/v,” by
9 digits

Lattice potential

Clock
ransition

Total energy

© Possibility of 18-digits accuracy
clock by engineered perturbation

(Theory) Katori, Takamoto, Pal’chikov & Ovisannikov, Phys. Rev. Lett. 91,173005(2003).
(Experiment) M. Takamoto & H. Katori, Phys. Rev. Lett. 91, 223001(2003).



Realization of Sr lattice clocks in the world and adoption as
the secondarv representatlon as a second” in 2006. 10

*NPL(Sr)% _\_}ESY«RTE(Sr Hg) T e ;I:Ig(i::;ieasurerﬁ;t o
D) - 't;‘fiif:: = KRI.S__.S(){b) T done2009 .. b
HHU(Yb) i o AIST(Yb) - . f_glfm(Sr) -

"LENS(Sr) e Tokyo(Sr,Yb,I_-_I:g) N5 anllg 1
lNRIM(Yb) ______ ) : . .
i : 2 == | | E E SIYRTE, Paris France
TR ._._. R

"~ X.Baillard et al., Eur. Phys.J,__:D 18, _11 (2008).

~ G.K. Campbell et al., Metrologia 45, %39“(2008). | ' | * University TokyoJalpan
F. L. Hong et al., Opt. Lett. 34, 692 (2009). | B Gorman
St. Falke, et al., arXiv:1104.4850v(2011). : ' ’ !

RECOMMENDATION CIPM (2009.10)
fs7s, = 429 228 004 229 873.7

with relative standard uncertainty of 1 x 10-1°

Equivalent to the uncertainty of the Sl second! (or limited by SI)
Optical-optical comparison necessary for further evaluation.

CIPM: Comité International des Poids et Mesures



Essence of the lattice clock scheme:

Create accurate time/freq. using less-accurate time/freq. by sharing
“magic wavelength” protocol, which relies on the fact that freq. is the
most accurately controllable parameter in physics.

However, in reality, atoms are more complicated...

* Nuclear spin

* Coupling of atomic spin to light polarization

 Atom-atom interactions (collisions)

* Higher order atom-field effects

 Multipolar atom-field interactions ...

There provide interesting (many body) physics to work with...

22



Designing optical lattice clocks: many body physics
—“Lattice Geometry (polarization)” & “Quantum Statistics” —
Note: Optical lattice clocks use J=0 - J=0 transition to be insensitive to g,

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

_ . Probe g\
Lattic v Llattice Quantum statistics ¢
Fermion (F#0) Boson (/=0)

. - ©Pauli blocking of collisions X Cold collisions unavoidable
§ G | vector light shift cancellation)
o1 i
o i Avector shifts? ©Single occupancy
O
B 3D | (Local and non-uniform OBetter S/N? (Larger # of
3 | elliptical polarization) atoms)

Vector light shift cancellation: Takamoto et al., JPSJ (2006) T. Akatsuka, M. Takamoto, & H.K., Nature Physics 2008



N

Servo

ULE cavity
i Probe laser

f87 A f88
prob Q@ b, for=(fr+f-) /2
Spin-polarized = mirror f=f88 _f87

87Sr in 1D Lattice

15t order Zeeman
and vector light

T. Akatsuka, M. Takamoto, & H.K.,

Nature Physics 2008

shift canceled out

1 M. Takamoto et al.,
JPSJ 2006

<
Q
o} 3p me=-9/2
0 =
To Doppler é’) F= 9/2%
cancellation Q
8p . me=+9/2
] 5 s T
S Jss (>° ‘\\87
B,: bias [l
> .f+

Lattice

88Sr in 3D Lattice %«7 E,
1So F=9/2E
me=+9/2 24

88Sr (1=0) — 8’Sr (1=9/2)
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T 1% (Dick) IR - T DIFRE
SR R FOHREBRFEHEEEICLT, L——RBIREEFEL=0,
ECHMN, L= —DRIKBEED—ELN YT ILL TG, FUL—
HP— A ZXERDF a0 N\—,ENT, FEMESIZ/ A XH 045 (Dicksh
B) . EefEERk 2 6k DD/ AXDNMH 5,
FAEFBERT T, EF /A R%E Skgpy =1/VN ITHELT=DIZ, SEIFL—F—/
4XEE *®%4‘y7§ﬂ%':5§€ﬁﬂihf:° G. J. Dick, et al., in 22nd PTTI Meeting 1990.
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Synchronous interrogations of atoms to reduce

of a nrnhp laser and the Dick effect

| A Wi I

('D

nol

cn

(
;
(
(
(
¢

Sequential interrogation ® 6w(t) frequency fluctuation of probe laser

dw(t)

dp(t)

g3p(t)

Svynchronous interrogation:
Both atoms observe laser noise as a
t common mode noise

If ng(t)=g3D(t);
the frequency fluctuation of probe laser
would be rejected between two clocks.

ow(t)

ity
01oft) a
[

BEDE -

t
g3D( ) S. Bize, et al., IEEE Trans. Ultrason., Ferroelectr., Freq. Contr. 47, 5 (2000)

T » J. Lodewyck, et al., New Jour. Phys. 12, 065026 (2010). 7
¢ cf. C. W. Chou et al., Phys. Rev. Lett. 106, 160801 (2011).




25 (88Sr/87Sr) DEFET D R HALLER
K g\.iliii%é%.iiiii
% 0'6: K(y/z)/ K(v/2)
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BT+ O torge) 8 | cedl | LRoa

87 87 87 6 -4 9 V292 o 4 6

88 87 88 87
~ Bl (¢ = %) + (S — Sicon) |+ Vs

plE. FHFEBEISFONT-EER(FELE iK)
TR EALNEIRT DR, v [ IRLIFS T,
Ar=r38-k87 01D KD, v [T —REMT S

Frequency (Hz)




fesTer (Hz)

8/Sr-88Sr comparison near the “Quantum Limit”
Common mode rejection of laser noise by synchronous operation

Slowly drifting environmental

B field is removed.

1 e Asynchronous
211 ® Synchronous (T=400ms) Py

-3

0 200 400 600 800 1000 1200 1400 1600
Time (s)

/./\\/./\\ Shouldersof the
Rabispectrum

1D :
(f) fiép2 fon far=(foy2tf9/2)/2
: probed synchronously
3D
(fas) : fis fs fes=(f.5+f5)/2
1I ---------- Ir I I T time
0 T. 2T, 4T,
0.4
N 5x10°16
S 4t _
g,\% ' 60 sec averaging -5x107
0.4

i i i i i ——
0 2000 400 600 800 1000 1200 1400 1600
Time (s)

A fractional frequency difference of a few
times 10716 is visible within tens of seconds

29



8/Sr-88Sr comparison near the “Quantum Limit”
Common mode rejection of laser noise by synchronous operation

Allan standard deviation

—
o
L
(4]
A

i

Asynchronous

O/C,{'
= S e 1.=200ms

Averaging time (s)

/.A.\/.A.\ Shouldersof the
Rabispectrum

[f 87=(fo/2tf-9/2)/2

(fs7) f+5§/2 f-9/2

: probed synchronously

(fsa) f+§B fs |:f ss=(f+5*f5)/2

Nerenananad !' | | t|me

1 «— Moon tidal

} «—Sun tidal
1 +— Black body radiation shift (A7<0.3K)

: <« Gravitational red shift

for 10 cm height dif.
M. Takamoto, T. Takano, and H. Katori,

Nature Photon. 5, 288 (2011).

First demonstration of the N =1,000 shot noise limit in optical clocks.

M. Takamoto, T. Takano, and H. Katori, Nature Photon. 5, 288 (2011).
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Optical Clocks and Relativity

C. W. Chou,* D. B. Hume, T. Rosenband, D. ]. Wineland

J[ 33 cm

10
Measurement number

s AHV S ERFET IR if:gAzh:ﬂ.lxlO_”/lOcm
c

E
0

Po<KYELD

1.6 X 1017 uncertainty for 40,000 s (= 11 hours) averaging time
31

Optical lattice clock can do it in 15 min!



Physical effects that may contribute

to a flicker floor @1 X 10/

Contributor

Parameter to be
controlled

8Gr atomsin 1D  %3Sr atoms in 3D

Lattice scalar
light shift

Lattice laser
frequency

Probe light shift

Laser intensity

Blackbody shift
at 300 K

Environmental
temperature

Second-order
Zeeman shift

Environmental
magnetic field

lattice lattice
Af = 4 MHz Af = 6 MHz
(/=13 kW/cm?) (/=7.9kW/cm?)
Negligible Al/l = 0.3%
(1=0.7uW/cm?) (I =74 mW/cm®)
AT=0.1K AT =0.1K
(T = 296 K) (T = 294 K)
ABo=371nT AB., =103 nT

(Bo =0.23 mT) (Bm=0.83 mT)

First-order
Doppler shift

Relative motion of
lattice and lasers

v=3nm/s v=3nm/s

1X107* for T, = 400 ms

Cryogenic
environment
necessary!



Networking optical clocks finds new physics

—Clocks & Gravity
Constancy of constants?
fTHg(Z2a(t)*)]/fISr(Z2a(t)?)]
Any coupling between
fundamental constants and
gravity?
fIHg(a(UN/fISr(e(U)]

Geoid search

How does synchronous
scheme benefit to these
endeavors?

33



Optical frequency links in the world

T r eck ending
PRL 99, 153601 (2007) PHYSICAL REVIEW LETTERS 12 OCTOBER 2007

Coherent Optical Phase Transfer over a 32-km Fiber with 1 s Instability at 107
USA, Boulder

Seth M. Forcman,' Andrew D. Lud]ow,' Marcio H. G. de Mimnda,' Jason E. Slalna}mr,2 Scolt A. Diddams.” and Jun Ye

. . LETTERS
o Sl el Coherent optical link over hundreds of
_ T B g metres and hundreds of terahertz with
2 0 e subfemtosecond timing jitter
8 ] |. CODDINGTON', W. C. SWANN', L. LORINE, J. C. BERGQUIST', Y. LE COQ3, C. W. OATES',
-;_Cu 10" Q. QURAISHI', K. S. FEDER*, J. W. NICHOLSON®, P. S. WESTBROOK*, S. A. DIDDAMS'
< e AND N. R. NEWBURY'*
e A PR F. L. Hong et al., Opt. Lett. 34, 692 (2009).
Averaging Time (s) Euro pe AIST-U. of Tokyo: 120 km
H. Jiang et al., J. Opt. Soc. Am. B 25, 2029 (2008). S N Sl oo
SYRTE-LPL: 86x2 km =2 A ™ =
A. Pape et al., Opt. Express 18, 21477 (2010). om )] e e Y ph“""“
PTB-IQ(LUH): 73 km A Ofarcs - 0 l |1,
= Tsukuba Tk'_-.lﬂ' T
O. Lopez et al., Opt. Express 18, 16849 (2010). Eprsanh o .ngrh ]
Use of Internet fiber SN B T
Rl . -J_-@ — cw lasar
H. Schnatz et al., IEEE Trans. Ultrason. Ferroelectr. orteser ] (S ~@  _f [mm
Freq. Control 57, 175 (2010). Japan

MPQ-PTB: 900 km as presented by Predehl on Monday



Relativistic geodesy with Gravitational red shift as a
optical lattice clock & fiber tool to explore geodesy

network |n Tokyo area Geoid: equipotential surface of
| > A i =W cravity (Average sea level of Tokyo
bay in case of Japan)

Af/f=gbh/c?

Geoid heights are mapped with
30-50 cm, or 3-5x107/,
Frequency link between two sites
determine differential geoid
height.

The earth is too soft to share
accurate time over long distance!

iGAv LT

Clock laser Optical fiber link

m”eq ﬂ'
N

of=fico—ficr = 457x102x(h2




Frequency comparison of two optical lattice
clocks of 24 km apart with 60 km fiber

698 nm 769 nm 13
%2 < 7/ > | Beat measurement

24 km

1,538 nm laser

P | — L Optical o
A ﬂ carrier H L
Sr transfer

!

698 nm

,, EEE I

Musashino-eminence




Beat frequency (Hz)

Frequency difference and stability between

_'|0 L
-15 +

_20 ] 1 1 1 1 0_16

1IT_NI
UI

20

Allan standard deviation

0 2000 4000 6000 8000 1 10 100 1000

Time (s) Averaging time (s)

The frequency difference is mainly attributed to the
gravitational red shift of 2.6 Hz FS{N[s B S RN == i1z}
5x10*@1000s achieved

Real time probing of the gravitational red shift

. . . 1% -V _
After correcting systematic shifts, —N<T__UT —( 9(7.3)x107"
Yo
By reducing clock uncertainty down to 1x10-'7, the geoid height can be the major uncertainty




PHYSICAL REVIEW LETTERS week ending

PRL 100, 140801 (2008) 11 APRIL 2008
New Limits on Coupling of Fundamental Constants to Gravity Using 3’Sr Optical Lattice Clocks a:ez / hC

Blatt,” AL D, Ludl G. K. Campbell, W, Thomsen,” T. Zeley .M M. Boyd, and J. Ye Al+/Ho+ 6 /o < (=1.6+2.3 ><10—17/ .
Are fundamentai censtants constan- '5' o : ( ) r

or coupledxm the ﬁrav&ty? Compareg

IRE. S g5

d Iffe renf C|oc S E&E\@iﬂ‘i@i;; ?E Hong," g“g H, E‘xié o f CS=G [a ]

Department of Applied Physics, Graa’ua!e 5:."/1()(11' of Engineering, The University of Tokyo, Bunkyo-ku,

Use of elliptical orbjt of the earth as a . fSr/szzH[a I?
modulator of sun’s gravitational potentlal
Testing LPI through measuring f. /f. for 3yrs
— No coupling observed within
measurement uncertainty; This work can be

further improved by measuring f; /fio vi .
Tep | Y/ |
AU Bos s e wme vor o ajer i
Date

FIG. 1 (color online). (a) Spectrum of the ¥'Sr 15 -* P, clock
transition with quality factor 2 X 104, (b) Measurements of the

clock transition from JILA (circle), SYRTE (triangle), and U.
Tokyo (square) over the last 3 years. Frequency data are shown
relative to vy = 429228 004 229 800 Hz. Weighted linear (dot-
ted line) and sinusoidal (solid line) fits determine a yearly drift
rate and an amplitude of annual variation. (¢) Zoom into the four
most recent measurements, showing agreement within 1.7 Hz
and determining both drift and annual variation.




Do fundamental constants vary in time? Compare clocks.

I [T ]m 1Wvb Vb VIb VIIb VIITh 0
1 2 3 4 S5 6 I 8 9 10 18
H Ha
Li | Be 1 1 Ne
Lilee| Optical Lattice Clock b
K lCa ]l mmandidatestobe tevel ot i
Rb | Sr 4 fanldat SitG;‘? CREERS Xe
Cs Ba La* Hf Ta W Re Os Rn

Fr Ra Ac™a Rf Db Sg Bh Hs Mt Uun
Lanthanides ™ Ce Pr Nd Pm Sm Eu Gd
Actinides #%* Th Pa _U Np Pd A om

Exploring the constancy of physical constant, a=e?/hc, at the limit:
— Dirac theory for H-like atom:

2 272
g = % Ry{uaz [ 4n —3]+O(a4Z4)}

") n’ 4n? j+1/2

— Relativistic correction ~a.?Z?; larger for heavier atoms
— Any atomic transition can be expressed as: |v=A4-Ry-F ()

X X X
VO A -Ry-Fg(a) o~ F(@®) . Frequency ratio of two atomic clocks
v AYRy-FQe)  EQ@@)  mayvary.

— Astrophysical (5-11Gyr): QSO spectrum (Murphy 2001) é/a=(7.2+1.8)x107/yr.
— Terrestrial limit (2Gyr): Oklo reactor a/la<1x107'%/yr.

— Laboratory searches (1-2yr):Al+/Hg+ (NIST2008) d/a<(-1.6£23)x10"7 [yr.
— Sr/Yb/Hg lattice clocks at 108 will reveal: <107 /yr,



he group.- §
e — l'. hr‘ il

Univ. of Tokyo/ERATO(10-16)
H. Katori, M. Takamoto(RA), T.
Takano(RA), D. Yu(PD), K. Hashiguchi(D s
l. Ushijima(D), O. Nonaka(M), K. =
Yamanaka(M), H. Kubo(M), N.
Ohtani(M), T. Oita, M. Ohya

NICT group: Frequency comparison ;
A. Yamaguchi, M. Fujieda, M. Kumagai,
H. Hachisu, S. Nagano, Y. Li, T. Ido -



Posdoc position available
1 Contact: katorl@amo = u-tokvo a i

I- Optlcal Iaft” ge clocks project 1018 accuracy & stablllty@ 1s
°Synchronous clock comparison near QPN limit, 1x10-17
°Opt|cz|I fiber link-of UT-NICT clocks of 24 km apart @5x10-1°@1000s

*Applications of sy chrus mterrogatlon scheme
| .

Ity in shar? iggthie same “space-time” for two clocks
A new probe/window for science: clock comparison

*Testing LPI, constancy of fundamental constant
*Relativistic geodesy: importance of geoid

The Persistence of Memory, 1931 :Salvador Dali






