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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.

— 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 quickly 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



Quantum Metrology

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).



Electron shelving technique

o IRFDEFREZEFIERIONTHATS
® Quantum Metrology®d Iyt X!
® ChITKHBIFEEZFTUVR DT !

YOLUME 56, NUMBER 26

PHYSICAL REVIEW LETTERS

30 JunNE 1986

Shelved Optical Electron Amplifier: Observation of Quantum Jumps

Warren Nagourney, Jon Sandberg, and Hans Dehmelt
Department of Physics, University of Washingion, Seaitle, Washington 98195

(Received 5 May 1986)

We demonstrate here the direct observation of quantum jumps between the ﬁ:'SU;. state and the
5?0y state of an individual laser-cooled Ba™ ion contained in a radio-frequency trap. The state
detection and cooling are performed by two lasers which cause 625,67 Py;3-5" Dy transitions. In-
coherent excitation to the 5Dy, state {via the 62Py; level) causes the fuorescence from the 67P);
state 1o be suppressed for the > 30-sec lifetime of that state, after which the fuorescence reap-
pears. The resulting **telegraph signal’” provides a direct monitor of the atomic state.

455 4nm

%5,
2

FIG. 1. Lewvel structure of Ba™,

dashed line.

The shell level is the
52D, state. The laser excitation is shown by the bold lines;
the lamp excitation is indicated by the light solid line while
the subsequent decay into the shelfl level is indicated by the

fluorescence photon counts /sec

FIG. 2. A wpical wrace of the 493-nm Nuorescence from
the EFPL.;; level showing the quantum jumps alter the hollow
cathode lamp is turned on. The atom is definitely known 1o
be in the shelf level during the low fluorescence periods.
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o JEEREa L (1999-)
Hansch, Hall, allows 19 digits
frequency comparison

‘ H| | | | | >
Hyperfine transition of 133Cs
15=9,192,631,770 cycle (GCPM:1967)
® Defined as the proper time on the rotating geoid
® Cs atom at rest at an abs. temperature of 0 K

Essen’s Cs clock

(NPL,1955)
Hh ¥k 0D 4N L F HY -
14£=31,556,925.9747 s
(1956-1967)
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(GCPM: Conférence générale des poids et mesures)
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Building Atomic Clocks

* 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)

* Servo control of flywheel oscillator (laser)

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

Counter
" Optical frequency comb
Detector

divide by v,

N
>A_A_ Eg: excited state Té
%o NV\hVO:EB-EA time @
c . .
L . . rd
== [ ,: ground state 0 Vo frequency
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Excitation /50:50 beam splitter \
babilit .
Energy Egpr% 5a Iiy N ANg=VN/2
) o N —>N\——> N2
o
hv,=Eg-E, R Frequency / l AN, =VN/2
— Votesaas sensitivity =1/y=T
B A—t7 Vo v/2 \__ N/2 J
1 —
V,=vy/2 )= (la)+[p)) alkiEmbRAENRERH 2 DTN

(RILX—AH1T)
/\/\/\+ SHEIEA(1-.)N > REVNI2

® The best evaluation of the laser frequency is done by ‘

setting v,=v,-y/2, where the excitation probability is %.

kiR, L—F—RIREAv~y kEHTE
FHREFE R DIE D E Sk gpp= VN/N =1/VN
W. M. Itano et al., Phys. Rev. QJEJ 5&";‘?&*&%0)*%6?5V =y /\/N

A 47, 3554 (1993).
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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”

B % near the zero of the trapping
Norman F. Ramsey Hans G. Dehmelt W?Itgangl Fl'aul |Zed perturbatlon promlses

I w ol | Ww II\—IM’ CI Il I WI w L N

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)
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Manipulation of atomic motion by lasers
(Chu, Cohen-Tannoudji, Phillips, 1997 Nobel Prize)

1) Laser Cooling: pato.m =MV Pporon=h/A

Atom’s momentum is controlled by photons” momenta
— cool atoms down to ~uK and below
2) Optical dipole trap:

' ic fi : +Z |
Applying electric field, atoms are polarized. € huciear

/T \
‘1 a
!

-Ze electrons

/ altiLiiivuc

J( 9/ =Is on laser

- . o
A AC=1). For w < w,
l : .
Mgafom | o>0, atollare confined

P > : _ _
~In st&uding..wave,.cold-.atoms-ar.e..tra.ppéd e antiva odes) Wherethea.
light intensity is maximum: OPTICAL LATTICE “array of atoms”




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

E (o.,¢)
: 1 2
E.=E, _Eae(wLaEL)‘EL(r)‘
: 1 2
Eg — Eg _Eag ((!)L,EL)‘EL(T)‘

the same depth

=(Ee —Ey)

atom

Light field perturbation can be eliminated,
if the “Differential polarizability” is ZERO; “magic wavelength”

Katori, Ido, & Gonokami, J. Phys. Soc. Jpn. 68, 2479 (1999)
FORT for Rb C-QED experiment: J. McKeever et al., Phys. Rev. Lett. 90, 133602 (2003).
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| \ | dv,
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H. Katori, in The 6th Symposium on Frequency Standards and Metrology P. Gill, Ed. (World Scientific,
2002), pp. 323-330; Katori, Takamoto, Pal’chikov & Ovisannikov, Phys. Rev. Lett. 91,173005(2003).
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®
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Clock laser detuning (kHz)
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Vibrational frequency difference (kHz)
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BiEREDREE
M. Takamoto & H. Katori, Phys. Rev. Lett. 91,
223001(2003).
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Lattice potential

Total energy
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NIST(171Yb) % .
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( );‘ SMRTE_(Sr Hg) ol ; S gited measuremem |
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INRIM(Yb) _____ | -NICT(Sr) e
Gl 5‘”- | S0 NICTJapan 2012 1 : o
The most recent measurents onSr: :_',‘:fr}f'ff: PTB, Germany 2010 ——
X. Balllardet al., Eur. Phys. J. D 48, 11 (2008). - u1/Nmu, Japan 2009 { o
G. K. Campbell et al., Metrologia 45, 539 (200¢ (ot France 2008 - : .
F. L. Hong et al., Opt. Lett. 34, 692 (2009).
St. Falke, et al., arXiv:1104.4850v(2011). LA, USA 2008 7 —

A. Yamaguchi et al., Appl. Phys. Exp. 502270 (. 7 72 73 7 75 76 77

FREEHE RS (2009.10)8151E

fars, = 429 228 004 229 873.7 Hz
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10’
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Finesse: 430,000
Linewidth: 5 kHz

1D-1D (in-loop)

4 stability 8 X 1017

@5,000 s

Optical ref. cavity at 300 K

B. C. Young, et al., Phys. Rev. Lett. 82, 3799 (1999).

M. Notcutt, et al., Opt. Lett. 30, 1815 (2005).
S. A. Webster, et al., Phys. Rev. A 75, 011801 (2007).

K. Numata et al, Phys. Rev. Lett. 93, 250602 (2004).

RFZTO—TIHL—F—RIREHN. RFEMEEERTLHEIC

LiEo<
EOTDRE
L—H —BLRED

[FL—HF— tci'ﬂ:d)

MM (XD

SHEAIRIFOELT
HEDEERTLMNTELLY




25 DIEHEFHFET (87Sr-885r) O [E] #A LL 3%
—L—H— /A RERRLTEFRRISED—

fo T, (HZ)

FlIRBOARENS Av/v,

60 sec averaging
0.4+ ; ; ; ; —
0 200 400 600 800 1000 1200 1400 1600
Time (s)
I 0/, Asynchronous 1
k) —8— 7.=100ms
1072 & 80— 7,=200ms

Q
C‘Z(//' —®— 7.=400ms
] /)7/t

10?

EHBFRE ()

5x10-16 St VWW ANAMU t
-5x10-16
' 87Sr clock ﬂ /\
83Sr clock m /\

TC

SERFET TN =1,000/8 F D
= FRFZ# & TIER

1 «— Moon tidal

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

| «—Gravitational red shift for

10 cm height difference

M. Takamoto, T. Takano, & H. Katori,
Nature Photon. 5, 288 (2011).
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PRL 99, 153601 (2007) PHYSICAL REVIEW LETTERS 12 OCTORER 3007
Coherent Optical Phase Transfer over a 32-km Fiber with 1 s Instability at 10~
10 E
" M Seth M. Foreman,' Andrew D. Ludlow,' Marcio H. G. de Miranda,' Jason E. Stalnaker,” Scott A. Diddams.” and Jun Ye'
oL : : :
. i ::: LETTERS
O 10" g
® " USA; Coherent optical link over hundreds of
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E 10" oulaer subfemtosecond timing jitter
E 20| |. CODDINGTON', W. C. SWANN', L. LORINF, J. C. BERGQUIST', Y. LE COQ?, C. W. DATES',
10 Q. QURAISHI', K. S. FEDER?, J. W. NICHOLSON®, P. S. WESTBROOK?, 5. A. DIDDAMS!
AND N. R. NEWBURY'™
10'21 t T T t
10" 10 10° 10° 10 [
Averaging Time (s) Europe F. L. Hong et al., Opt. Lett. 34, 692 (2009).
H. Jiang et al., J. Opt. Soc. Am. B 25, 2029 (2008).  AIST-U. of Tokyo: 120 km Japan
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chack 1
A. Pape et al., Opt. Express 18, 21477 (2010). iy B e, e UGLLUES
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O. Lopez et al., Opt. Express 18, 16849 (2010). !..._r - e B L
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K. Predehl et al., Science 336, 441 (2012).
MPQ-PTB: 920 km
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No dead time operation of clocks
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