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Clocks for Relativistic Geodesy
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Optical Atomic Clocks

Single ions:
Al*, Hg*, Yb*, Sr+, Ca’
|

Neutral Atoms:
B Sr, Yb, Hg

fractional uncertainty

| | | | |
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[1] F.Levi et al, Metrologia 51 (2014) 270-284 year
[2] B. J. Bloom et al, Nature 506, 71 - 75 (2014)
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Optical Atomic Clocks

accuracy & systematic effects

fractional uncertainty

.iodin stabilized He-Ne

2.3x10°16
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[1] F.Levi et al, Metrologia 51 (2014) 270-284

[2] B. J. Bloom et al, Nature 506, 71 - 75 (2014)
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Basic Principle of Atomic Clocks

Narrow linewidth absorber:
lons, neutral atoms, molecules
Ultrastable Laser
with reference cavity

2 2
500 THz =
3
=" .
Q | 15Hz <+
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9o |
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-4 -2 0 2
frequency (Hz)

Accuracy: How accurately agrees v, with v,?

Stability: To what extent fluctuates v, around v,?
= vy =+v

100 -1000 MHz
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Frequency domain: Vmeas
Vineas — Veeo T M frep + Vy /" V(zn)zzmcrep-l_vceo
| -
VCGO
frequency
2v(n):2nfrelo+2vCeo
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Status of Sr lattice clocks

under construction

cooling
| ;
461 nm Coock laser Sr- lattice clock @ JILA (Boulder, CO)
° i ilitv: -16 R
AV ~ mHz rel. instability: 3.1 x1016/Hz

5s? 1S,

 estimated rel. standard uncertainty: 6.4 x 1018
» agreement
between two independent clocks 5.4 x 10°Y7

B. J. Bloom et al, Nature 506, 71 - 75 (2014)

cryogenic Sr- lattice clock @ Riken (Tokyo)
» Agreement: (1.1 £1.6) x 1018,

l. Ushijima et al : preprint (2014) arxiv.org/pdf/1405.4071

~ Optical Sr lattice clock at RTB
\’ '
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Frequency measurement:

Source: S. Falke et al., New J. Phys. 16, 073023 (2014)

Srwrt. Cs

I | L} (L I '
! : JILA 07
H —&
! | SYRTE 08
| = |
e JILA 08
i : A UT 09 | uTtoe: Hong et al., Opt. Lett. 34, 692 (2009)
,_.:_ i PTB 11 PTB11 Falke et al., Metrologia 48, 399 (2011)
| |
E :v ; NICT-a 12 NICT a,b 12 Yamaguchi et al., Appl. Phys. Exp. 5, 022701
v L | NICT-b 12 (2012)
| |
i—-—i | SYRTE 13 SYRTE 13 Le Targat et al., Nature Com. 4, 2109 (2013)
i—0—| : PTB13 | PTB13 Falke et al., New J. Phys. 16, 073023 (2014)
|
. ! o NMIJ 14 | NMIJ14 Akamatsu et al., Appl. Phys. Exp. 7, 012401
T ' | T — T T ' (2014)
871Hz 872Hz 873Hz 874Hz 875Hz 876 Hz

transition frequency - 429 228 004 229 000 Hz

» good agreement of frequency measurements
 uncertianty liminted by uncertainty of Cs clocks
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fractional uncertainty

Eﬂ\(ﬁﬁ)C*cs \
Optical Clock 1

Optical Clock 2
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Direct measurement of optical frequency ratios

Reference Absorber Relative
uncertainty
kJZsOTAlrr)na et al fsr)/fsr(2) 1.0 16x 1078
(legig; et al fsr)/fsr(2) 1.0 53x 10
?2%% )et al fal+@)/fAa+2) 1.0 25y 10—17
Rosenband fHg+ [fal+ 1/1.052871833148990438(55) ~17
53x10
et al (2008)
5 | \ _Pibf.c:m |
f 1st measurement (Dec 2012, spring 2013)
+ i 1 ~ 7% -17
Yb (E 3) estimated rel. uncertainty ~ 7x10 Vopt1

f 2"d measurement (Oktober 2014 / in progress) Vopt2
S

) 19/V 1y0uV 1Y9v ZUuy ZUly PAVYAV,
year
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Remote frequency comparison using an OPTICAL CARRIE R

local
comparison at

Optical Clock 1

local
comparison at

Bl Optical Clock 2

Vq

V opt1

V., v,(B)

A

\VoptZ)B
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Example of a fiber link

V \J

shelters about 80 km = -20 dB
o Total fiber length 920 km

e Total one way loss >200 dB

e Access to the link at 9 station
* Operated fully bi-directional
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A link using a dedicated (dark) fiber

B :
K. Predehl et al; Sc:\?\ncel
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Alink using a dedicated (dark) fiber BzPIB

336 (2012) 441-444

ehl et al; Science pRL 111,110801 (2013)

K. Pred g. Droste et al;
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Towards the first international frequency link
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The London -Paris link E%IID_ @
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Take home messages: Part |

e Optical clocks are superior to the best primary Cs clocks w/r to
stability and accuracy.

e It can be expected that the improvements of the optical clocks
will continue at least in the next decade.

e Advanced time and frequency transfer (ATFT) methods needed
to realize the full potential of such clocks have been
established.

e Demonstrated instability / uncertainty of fiber links are well
below that of the best clocks.

e Fiber links connecting clocks at National Metrology Institutes,
NMI, are in progress.
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“Never measure anything but frequency!”

A. Schawlow’s advice to T. Hansch

The transition frequency of an atom realized by an
atomic clock is the most stable and precisely known

physical quantity.

& Once characterized clocks are i1deal
sensors to measure tiny effects with high

precision.

This mostly requires a frequency

comparison between two clocks.
Gravitational potential 2 red Snitt

Grand Unification - are fundamental constants stable?

Nationales Metrologieinstitut
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Who needs (better) clocks ?

Precise tests of fundamental physics

ﬂaravitational red shift »,Constancy” of fundamental constants Gravitational wave detection \

Dy Al'Hg" Hg" Yb' E3
UCB NIST NIST PTB

10

Yb* E2

E 5 | PTB
e | Sr
= World
§ 0 = -
3
°
2 5

10

— e _ _ o dou/dt (10™/yr) 2l R
N. Huntemann et al., arXiv:1407.4408
Tests of SRT Fundamental constants Tests of GRT

Redefinition of the “s” Dimensional Metrology
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Who needs (better) clocks ?
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Astronomy

AT

seismics, natural resources,
hydrological water inventory,
melting of the polar ice caps

Accelerators Geodesy
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App 1: Relativistic Geodesy

: relatlve frequency shift of 10-16

o The frequency of a transportable

a8 " Sr lattice clock (429 THz) at the Sphinx
laboratory (3580m) at the Jungfraujoch
would be upshifted by 150 Hz compared
i to a clock in Braunschwelg (75 m).

o P P T
o 1:ref CZ

' Jaily.com/images/2010/09/1009

Optical Clocks and Relativity,
C. W. Chou, et al, Science Vol. 329. no. 5999, pp. 1630 — 1633, (2010)

Physikalisch-Technische Bundesanstalt m Braunschweig und Berlin Nationales Metrologieinstitut
4.3, H. Schnatz & G. Grosche Towards international clock comparisons, 3rd International VLBI Technology Workshop Seite 24 von X



Proof of principle: Modane -Torino

EMRP

Research Pr
® Programme of EURAMET
The EMRP is jointly funded by the EMRP participating countries
within EURAMET and the European Union

1| i | mdusfim|j
n

stationary

portable Yb lattice clock |
Sr lattice clock INRIM. Torino. &
PTB ltaly

height difference 1000 m
Av/v =1x10713
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App 2: Observation of temporal variations

{i 1] Leibniz |
{ ©; 2| Universitat
109:4 | Hannover Iy

 First observation of Tides
* Improvement of geodetic modeling
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App 3: Compare clocks via ACES

tomic  lock nsemble N pace

&/ OUUyIc / : : ti \\
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Regional: common view Inter-continental

On-board clock cancelled Relies on on-board clocks
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ACES MWL Time & Frequency Transfer 4

Clock Comparsions and Time Transfer

L) L} llllll L} L} lllllll L} L} lllllll L} llllllll L} L) iy

— SHM see

— ML Cacciapuoti et Salomon,
10_13 —— MWL CV Eur. Phys. J.

MWL nCV Special Topics 172, 57, 2009

Fractional Instability
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Take home messages: Part ||

The combination of superior optical clocks and optical fiber links
will allow for

e remote clock comparisons at the highest level, which will lead to
a new definition of the Sl second,

e measuring differences of the gravitational potential between
remote sites with high spatial resolution,

e monitoring temporal variations of the gravitational differences,
and

e to define the Geoid as proposed by Bjerhammar?! in 1985.

“The relativistic geoid is the surface where precise clocks run with
the same speed and the surface is nearest to mean sea level.”

[1] A. Bjerhammar, On a relativistic geodesy
Bull. Gdod. 59 (1985) pp. 207-220
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