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Abstract: <span>We report frequency comparison of two Sr optical lattice clocks operated at cryogenic temperature to dramatically t
blackbody radiation shift. After 11 measurements performed over a month, the two cryo-clocks agree to within (-1.1A+1.6)A—&a€-108€—"
<br>Current status of a frequency ratio measurement of Hg/Sr clocks and a remote comparison of cryo-clocks located at Riken and Unive
Tokyo will be mentioned.<br></span>
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Atomic Clock = Atomic oscillator+ counter

If we believe in the constancy of fundamental constants,
atomic clocks would provide universal one second

»Servo control
Quartz oscillators T. Haensch/

Atoms, molecules, and ions

* o Lasers J. Hall (1998-)
e © :
® o o Counter
_C e M Optical frequency comb
Detector o e —
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Reduction of uncertainties in atomic clocks

Even quicker in optical lattice clocks!
Frequency comb

1073 ;
1 0'10 - Optical lattice clocks
> 107 _ | \ proposal(2001)
'% 10-12 _ Sr(Tokyo)
Q 3]
2 1073 Sr(Tokyo, JILA, Syrte)
- 10-14 h
= : Yb(NIST/NMIJ/KRISS)
S 104 Hg(Tokyo/Syrte)
S 10 |
o 10" ] Sr (JILA),Yb(NIST)
- AF'(NIST) TN % Sr (This talk)
10- d ) v } 4 } v } J I J I .' i
1950 1960 1970 1980 1990 2000 2010 2020

Year
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Our approach (2001-):

Designing novel atom traps that simulate Paul trap
© Millions of neutral atoms in an optical lattice allows:

Lattice potential

Katori, FMS 2001, use of scalar states
Katori, Takamoto, Pal'chikov, Ovsiannikov.,
PRL 2003; Takamoto et al., Nature 2005
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Our approach (2001-):

Designing novel atom traps that simulate Paul trap
© Millions of neutral atoms in an optical lattice allows:

Lattice potential

® N atoms: S/N ~ N2

simulates millions of ion clocks
operated in parallel.

Katori, FMS 2001, use of scalar states
Katori, Takamoto, Pal'chikov, Ovsiannikov.,
PRL 2003; Takamoto et al., Nature 2005
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Our approach (2001-):
Designing novel atom traps that simulate Paul trap

© Millions of neutral atoms in an optical lattice allows:

©
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O | position
® N atoms: S/N ~ N2 B
simulates millions of ion clocks
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Katori, FMS 2001, use of scalar states
Katori, Takamoto, Pal'chikov, Ovsiannikov.,
PRL 2003; Takamoto et al., Nature 2005
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Our approach (2001-):
Designing novel atom traps that simulate Paul trap

© Millions of neutral atoms in an optical lattice allows:

Q
°
Q‘ ]
3
® N atoms: S/N ~ N2, &
simulates millions of ion clocks ‘J
operated in parallel. W | A AP\ |
" ")) . . . . > f‘ .":‘l A | i F‘:‘ AV, - \J
A “Magic” to avoid light shift perturbation: 5 S Y 9
Ap(A)—ag(A c 3
hv = hvy — 2eUm) Un)p2 _ A3 YE4S
Aa(d,,) = a,(4,,) —a,(4,,) = 0: magic wavelength 1l ' T\ ¥ D
i i : Pos!
7\1.1\“'

Katori, FMS 2001, use of scalar states
Katori, Takamoto, Pal'chikov, Ovsiannikov.,
PRL 2003; Takamoto et al., Nature 2005

Hyperpolarizability effects: AB(4,,) E* can be 108 level; Syrte,(2006), NIST(2006)
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Our approach (2001-):
Designing novel atom traps that simulate Paul trap

© Millions of neutral atoms in an optical lattice allows:

Lattice potential

® N atoms: S/N ~ N2

simulates millions of ion clocks
operated in parallel. we | A AN\ |

A “Magic” to avoid light shift perturbation:

hv = hv, — “S3eXyS8mlE? — AB(A,,) E*

Aa(d,,) = a.(4,) — a,(4,,) = 0: magic wavelength

Total energy

}u./\“

Katori, FMS 2001, use of scalar states
Katori, Takamoto, Pal'chikov, Ovsiannikov.,
PRL 2003; Takamoto et al., Nature 2005

Hyperpolarizability effects: AB(4,,) E* can be 108level; Syrte,(2006), NIST(2006)
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Decsienine novel atom trancs that simulate Paul tran

© Millions of neutral atoms in an optical lattice allows:

® N atoms: S/N ~ N2,

Lattice potential

simulates millions of ion clocks

operated in parallel. 3P,
A “Magic” to avoid light shift perturbation: %
o — e
hv = hvy —|[2XRXESBEE2 — AB (A, E*
S 1S

Aa(A)/ =0 (Ap) T “q(.‘lmJ = 0: magic wavelength il .T ? .
| \{L POS\t\On
MINZ

©Challenge: Does well-designed perturbation help katori, FMS 2001, use of scalar states

precision measurements? How far can we control Katori, Takamoto, Pal'chikov, Ovsiannikov.,

Hyperpolarizability effects: AB(A,,) E* can be 1078 |evel; Syrte,(2006), NIST(2006)
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Realization of Sr lattice clocks in the world and adoption as
“the secondary representation as a second” in 2006.10

........ Pocwn

NPL{SF). SYRTE(Sr,Hg) NIST(*"Yh)
IEE W™ Sl limited measurement
PTB(SI‘) Waamrae KR?SS'{Yb) done 2009
™. 1 OO e NlM(SI‘) va_AIST(Yb) ‘ ”LA(ST)
RRU(Yh) . ¢+ Tokyo(SrYh,Hg)
"LENS(Sr) A ECNU(Yb) e
. . INRIM(YB) ™ = s o NICHSH)
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........
......
...........

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

.........

RECOMMENDATION CIPM (2012.10)

fe7s, =429 228 004 229 873.4 Hz

with relative standard uncertainty of 1 x 10-*> (SI second uncertainty)
Alternatively, present Sl second cannot allow sharing further digits of
Sr clock frequency. - Needs for a better definition of “a second”
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Realization of Sr lattice clocks in the world and adoption as
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Realization of Sr lattice clocks in the world and adoption as
“the secondary representatlon as a second” in 2006.10

.......
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Alternatively, present Sl second cannot allow sharing further digits of
Sr clock frequency. - Needs for a better definition of “a second”
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Realization of Sr lattice clocks in the world and adoption as
“the secondary representation as a second” in 2006.10
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Improving the limitations beyond 10-Y

(1) BBR shift is crucial for Sr clocks: Cryogenic Sr
clocks

(@ Hg clocks are less sensitive to BBR

3 Toward frequency comparison at 1018 in the
lab and inter-labs at the record high stability:
fiber link, strategies, relativistic geodesy...

(4 New platform for optical lattice clocks: Atomic
spectroscopy in a hollow core photonic crystal

fiber
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REDUCTION OF BBR SHIFT:
CRYOCLOCK
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Many optical clocks speculate uncertainties at 101 so far! However, agreement
at 1x10!2 has not been demonstrated yet.

B. J. Bloom, et al., Nature 506, 71 (2014).

N. Hinkley, et al., Science 341, 1215 (2013).

N. Huntemann, et al., Phys. Rev. Lett. 108, 090801 (2012).
C. W. Chou, et al., Phys. Rev. Lett. 104, 070802 (2010).

REDUCTION OF BBR SHIFT:
CRYOCLOCK
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PHYSICAL REVIEW LETTERS week ending

VOLUME 91, NUMBER 17 24 OCTOBER 2003

Ultrastable Optical Clock with Neutral Atoms in an Engineered Light Shift Trap

Hidetoshi Katori™ and Masao Takamoto
Engineering Research Institute, The University of Tokvo, Bunkvo-ku, Tokvo 113-8656, Japan

V. G. Pal'chikov
Institute of Metrology for Time and Space at National Research Institute for Physical-Technical
and Radiotechnical Measurements-IMVP VNIIFTRI, Mendeleevo, Moscow Region 141579, Russia

V. D. Ovsiannikov
Department of Physics, Voronezh State University, Voronezh 394000, Russia
(Received 25 March 2003; published 24 October 2003)

An ultrastable optical clock based on neutral atoms trapped in an optical lattice is proposed.
Complete control over the light shift is achieved by employing the 55° 'S, — 5s5p " P, transition of
St oatoms as a “clock transition.” Calculations of a¢c multipole polarizabilities and dipole hyper
polarizabilities for the clock transition indicate that the contribution of the higher-order Light shifts can
be reduced to less than | mHz, gllowing (or a projecied accuracy of better than 10
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Engineering Research Institute, The University of Tokvo, Bunkvo-ku, Tokyvo 113-8656, Japan
V. G. Pal'chikov
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An ultrastable optical clock based on neutral II'L\LIUL'”C_\' N}"nlhc‘\f.\ lL‘ChnlLlllL‘.\ l':\llng lhc same sel ”I
Complete control over the light shift is achieved | dipple moments as used in the above calculation, the
Sr atoms as a “clock transition.” Calculations : = 4 S S
polarizabilities for the clock transition indicate the hl;lCI\'h()[lV Il'CLIl]L‘]]C\‘ '\h]ll IILJI n II]L‘ CIHL‘R transition 1s
be reduced to less than | mHz, gllowing [or a4 pre . y y _— , .
estimated to be —2.4 Hz at 7' = 293 K: The uncertainty
can be reduced to the 10 mHz level by controlling the
surrounding  temperature  variation A7 = 0.5 K.
Alternatively, by operating the clock at 7= 77 K, the
blackbody shift is dramatically decreased to 10 mHz
because of its 7* dependence.

it Vosowmaz b 300006 1
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BBR: Experimentalist's calculation in 2003

Magic wavelength

@813.4 nm
.‘il)” —_ Z*}Dl l
@2.6um
= 3p
g . +
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8 q- a(1Sy)
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BBR: Experimentalist's calculation in 2003

Magic wavelength

@813.4 nm

.‘i])” —_ 3])1 l
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= 3p —Eap((U)E
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S q- a(1Sy)
>
- 1
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N 1 A
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Frequency (Hz)
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BBR: Experimentalist's calculation in 2003

Magic wavelength

@813.4 nm
T .‘i])” — 3])1 l 1
- @2.6um . 3p _ E ap (w)Ez
g a(3Py) - —_—
& :
3 g a(1Sp)
£
= 1
4 BBR@300K 'K
N _ 1 A
& -5 as(@)E?
8 BBR@70K
N o S Engineered “equal light shift”
11 12 13 14 15
10 10 10 10 10 by the “magic wavelength”
Frequency (Hz)
®Blackbody radiation spectrum: u(v) = m:iv e’”’/:”'—l (Planck’s law)
o0 51,4
®Energy density of BBR: (E?) = fo u(v)dv = _lfi:i.{ T* = ¢,T* (Stefan—Boltzmann)
ACTEQM”
OS5V, (T) = —ﬁ(a,,(o) - ch(O)) (E®) = —ﬁAa(O)clT“" (approx. by DC polarizability)
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BBR: Experimentalist's calculation in 2003

Magic wavelength

@813.4 nm
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BBR: Experimentalist's calculation in 2003

Magic wavelength

@813.4 nm 3P, state is more
) sensitive to BBR
.‘i])” —_ 3])1 l 1
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foe] 51,4
®Energy density of BBR: (E?) = fo u(v)dv = -1-?]1:5:1'* T* = ¢,T* (Stefan—Boltzmann)
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05V, (T) = —2%((1,,(0) — ch(O)) (E?) = —ﬁAa(O)clT“" (approx. by DC polarizability)
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BBR shift initiated vigorous theor./exper. efforts

Theory: Porsey, S. G. & Derevianko, Phys. Rev. A 74, 020502 (2006).
Safronova, M. S,, et al., Phys. Rev. Lett. 107, 143006 (2011).
Experiment: Measurement of differential DC polarizability Aa(0) ©

I
Sr clock: PTB 0
DC polarizability: T. Middelmann et al., PRL, 109, 263004(2012) of e dosuonn ||
dynamic part : ibid. (Monte Carlo simulation ) g N~
veer (300 K) = -2.13023(6) - 0.1476(23) ™
=-2.2778(23) Hz £ o av 1\ ()
5 X 10—18 U,H(j ‘ ~{ . . " ivu:i-ll}n{m\f')

Yb clock: NIST —

n v ted "
1 | . aa <
\ = ’ 10°
3o, 180 kHz @ﬂ 1o+
1 10
l”l 10 "“"f_ S o0 3 oo
g U
Bl @
ba{® 2
« .

DC polarizability : Sherman, J. A. et al. PRL. 108, 153002 (2012).
dynamic part : Beloy, K. et al., PRA 86, 051404 (2012).

veer(300 K) = -1.2595(1) - 0.0179(5)
= -1.2774(6) Hz

1107

iy 578nm
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BBR shift initiated vigorous theor./exper. efforts

Theory: Porsey, S. G. & Derevianko, Phys. Rev. A 74, 020502 (2006).
Safronova, M. S,, et al., Phys. Rev. Lett. 107, 143006 (2011).

Experiment: Measurement of differential DC polarizability Aa(0) © e
Sr clock: PTB %

DC polarizahilitv: T Middelmann et al PRI_109 263004(2012) =
dynamic p| Temperature homogeneity of a chamber
Y ® Uncertainty of thermometer +70 mK@300K

will be next experimental challenges — 5 x 10-18

Our approach: Cryo-clocks - 5 X% 1072°@95K

Yb clock: N

DC polarizability : Sherman, J. A. et al. PRL. 108, 153002 (2012).
dynamic part : Beloy, K. et al., PRA 86, 051404 (2012).

vepr(300 K) = -1.2595(1) - 0.0179(5)
= -1.2774(6) Hz

1 X107
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Cryogenic optical lattice clocks with 8/Sr

«» Towards the realization of clock accuracy 8v/v, = 10718
v" Blackbody radiation (BBR) shift: vggr ® —2.1 Hz @300 K
v" Temperature need to be measured with 20 mK ucertainty
** Development of cryogenic Sr clocks with cold chamber
v (E?) < T* > 8vggr = — (1/2)AaE? o< T*
4 6VBBR ~ —23 mHz @95 K

v AT < 1 K measurement is sufficient
rlﬁﬁ' B ‘WL
;n

v 0 ‘.fr £ I' ! Cold chamber

Tl I s (T=70 K)
(O Clock 1: [ 0 =
95/300!( » - T

Stlrllng refrigerator

p

BBR shift (Hz)

{
W«
\5

| |
50 100 150 200 250 300
Temperature (K)
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Cryogenic optical lattice clocks with 8/Sr

«» Towards the realization of clock accuracy 8v/v, = 10718
v" Blackbody radiation (BBR) shift: vggr ® —2.1 Hz @300 K
v" Temperature need to be measured with 20 mK ucertainty
** Development of cryogenic Sr clocks with cold chamber
v (E?) x T* > 8vggr = — (1/2)AaE? < T*
4 6VBBR ~ —23 mHz @95 K

v' AT < 1 K measurement is sufficient

/- =

ot P
un d‘n-'-."‘_'._ 4
3 Fhe

10c
Stirling refrigerator
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p (T=70K)
CP Clock 1: [T 0 =5
ssfaomc 3 J - t [ .
{ F (T -05 f
! T TO0K
. ;I
» o -15H A
| 2y w Voal ) =—2.28x
| N, ’ @ BBR
. \ -2H 300 \

ol [ | I
- . cﬁ 50 100 150 200 250 300
Temperature (K)
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Doppler effects (atoms/clock-laser) crucial for v/c < 1018
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Doppler effects (atoms/clock-laser) crucial for v/c < 1018
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Direct measurement of BBR shift
on Sr clock transition @429 THz

1»0 | " | ' | ' ] \ } 1 | ] |
S 0.8- -
g Clock 2 Clock 1
~ 1 300 K 300 K
QD 06- w . .
L ]
=
2 04 Af=2Hz |
55 ] ]
L% 0.2 o® ‘:.- T

00 T T T X T T T m

-6 -4 2 0 2 4 6

Clock laser frequency (Hz)

Af = 2 Hz with 400 ms 7T pulse Rabi spectrum

Clock 1 (300K)

e - {]

Clock 2 (300K)

-~
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Direct measurement of BBR shift
on Sr clock transition @429 THz
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Evaluation of the temperature dependence of BBR shift
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£ 12 Temperature dependence of BBR shift
?- 1 T 4 T 6 T 8
e 16 Avgpr(T) = Avga (—) + AVgyn (—) + 0 (—)
O:.:J L I[} I[] IU
g 2.0 1
=L, * T; (Srl) : constant at 95 K
0 5o 100 150 200 250 300 * T, (Sr2): changing from 95 K to 300 K
Temperature (K) Measure the frequency difference of

Ogpr = V(T2) — v(Ty)

ref. DC polarizability measurement (PTB): Avgyn (this work: blue) : -148.0 (26) mHz

T. Middelmann et al., PRL 109, 263004 (2012) Avgyn (PTB: red) : -147.6 (23) mHz
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Evaluation of the temperature dependence of BBR shift
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Reproducibility of two cryogenic Sr clocks
reached 1 x 10718 |
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c 10 A 7 ;
P cf. Single ion clock: ~10 days
H -18
g o averaging to reach 10
< >
107
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10° 10° 10
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Ushijima, Takamoto, Das, Ohkubo, Katori, http://arxiv.org/abs/1405.4071
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