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Overview Optical Clocks I+Il




Overview Optical Clocks Il

Frequency comb and dissemination

— counting optical cycles

— getting the light somewhere useful

Results from selected 1on clocks

Applications

— relativistic geodesy

— fundamental physics

Future trends

— improving the instability of ion clocks
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Optical Frequency Combs
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RF to Optical Clockwork with a Femtosecond

Laser Comb

| I Femtosecond Laser Comb :
' 500,000:1 Reduction Gear ¥ .
(not to scale!) p T i

" Hg*/Ca ¥
A ~500THz Fk

[S. A. Diddams et. al., Science 293, 825 (2001)]



Comb choices

e Ti:Sa combs
— high repetition rate (>1 GHz)
— high spectral purity of comb lines
— more difficult to operate
— spectrum centered around 800 nm

o fiber-based combs
— medium repetition rate (250 MHz)

— high phase noise (~ 200 kHz comb
tooth width)

— 24/7 operation
— spectrum centered around 1.5 um

e non-linear fibers & crystals allow
tailoring of center frequency

e telecom compatible!




Fiber Length Stabilisation

Length stabilization via Michelsen Interferometer

l

®

BS: beam splitter

OC: optical circulator
TOS: tracking oscillator
DPFC: digital phase-
frequency comparator
VCO: voltage controlled
oscillator

FM: Faraday mirror
AOM: acousto-optical
modulator

PD: photo diode
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Performance Fiber Links

Optical carrier 900 km: 571018in 10%s
fundamental stability limit: time delay in feedback
€ residual PSD: Sp (f) = (27f1)Sriper (f)/3

e non-reciprocal noise
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EXAMPLES OF CLOCKS



Aluminum as Optical Clock Atom

* Hans Dehmelt 1992 (NP 1989)
o Al*Features:

— no electric quadrupole shift )

— small black-body shift - high
accuracy

— small Zeeman shift >

— narrow optical transition
€ high stability 1=167 nm (1)

— SPO

— But: no accessible cooling transition iy
clock transition

& fum logi ; 1 =267.43nm
quantum IogIC Spectroscopy 15, G Y 2p£8 mHz

2TAl* (1=5/2) partial level scheme




Quantum Logic Spectroscopy

Logic lon

strong Coulomb coupling between ions

e |ogic ion is a sensor for spectroscopy ion

e spectroscopy ion controlled through logic ion
e combine advantages of atomic species
erequires long-lived spectroscopy states

D.J. Wineland et. al., Proc. 6th Symposium on Frequency Standards
and Metrology, 361 (2001) P.O. Schmidt et al., Science 309, 749 (2005)



Quantum Logic State Transfer

initial state RSB transfer pulse detection

j ] ] i N=]  — — — "-
N=0 — [
=] —

J#I n=0 -.- -‘- -.-
Al*  Bet A  Be*




0.8

O
(o))

=
n

T

Transition prob.

T

Al* Clock Transition

- 3P _resonance (10 scans, 300 ms probe time)

' . 1 - - T

Lock
point

= 2.7 Hz (FWHM)
Q=42x10"

0.2r .
L
0 . e : ! : ] — .
-6 -4 -2 0 2 4 6
Frequency offset [Hz] near 1121 THz
C.W. Chou, et al.

Science 329, 1630 (2010)

3PO

clock

180
27A|+



NIST Al*-1/Hg" Comparison
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Al*: 2.3x10717 systematic uncertainty
Hg*: 1.9x10-17 systematic uncertainty

First comparison of
frequency standards at

the 17th digit

T. Rosenband et al., Science 319, 1808 (2008)



What does 101 mean?

e 10x more accurate than Cs fountain clocks

e 1 sdeviation in 3 billion years

o 1storder Doppler shift: 3 nm/s or 300 um/year
 Gravitational red shift of 10 cm

e Distance measurement earth-sun to 1/100 of the
diameter of a hair

150 million kilometer




NIST Al-2 error budget

Effect Parameter [ f qgig] v ?ielrgii%ty
Blackbody shift te?r'?s;";‘:tﬁe 9 3& 06
Micromotion 2"d order Doppler |  Radial static field -9 6
Secular 2" order Doppler | Radial temperature -16.1 5
2nd order Zeeman | RMS magnetic field -1079.9 0.7
Cooling laser Stark shift |/ |y -3.6 1.5
Linear pqppler ghift, clock laser Stark shift, background 0 0.6
gas collisions shift, AOM frequency error
Total -1117.6 8.6 € 8.0

C.-W. Chou, et al.
PRL 104, 070802 (2010)
* C.-W. Chou, priv. com. (2014)




Polarizability Measurement

1 =1126 nm

P = (600£200) mW
waist = (100£10) mm
11106 = 21 000 Ig5

e extrapolate to DC

100

50
-0 0
Y [um] X [pum]

€ Aag = 4reg - 6.31(85) - 10-°2 m? map out laser intensity profile

e agrees well with theory value
e Af/f =3.8(4) x1018

[C.-W. Chou, priv. com. (2014)]

[T. Rosenband et al. in Proceedings of
the 20th EFTF 289-291 (2006)]




e 2 clock transitions:
— quadrupole (E2): 3.1 Hz y Fe m—

— octupole (E3): 107° Hz
 high sensitivity to ¢/« 3
e but: E3 has huge AC Stark shift ¥ |
from clock laser! 5

Vv === clock transitions

& Hyper-Ramsey spectroscopy g, == == cooling transition

=== repump transitions

E2: Tamm et al., Phys. Rev. A 80, 043403 (2009)
E3: Huntemann et al., Phys. Rev. Lett. 108, 090801 (2012)




Hyper-Ramsey Spectroscopy

Ramsey excitation with 1 A=A, = 425 Hz
. phase shifted "echo"-pulse 1.00 T T l| .
QD T T \ 27T T -, “Hyper-Ramsey"
—| ——|—| [ £o7s5 vs.
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laser detuning (Hz)

o frequency of probe laser is adjusted to match light shift during
pulses: A; = A;

» additional p-pulse cancels the linear dependence on A;
e strong suppression of light shift

e Discriminator signal is generated by +p/2 phase steps

Yudin et al., Phys. Rev. A 82 011804(R) (2010)
Huntemann et al., Phys. Rev. Lett. 109 213002 (2012)



Hyper-Ramsey Spectroscopy

uncompensated light shift A -As (Hz)
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e interleaved stabilization on (A; — Ag) = 0and (A, — Ag) # 0
e cubic dependence of the resonance centered on (A; — Ag)

Huntemann et al., Phys. Rev. Lett. 109 213002 (2012)



Compare to: Sr lattice clock

Effect Shift (x10™*®) ] Uncertainty (x10™®)
Lattice Stark -1.3 1.1
BBR static -4562.1 0.3
BBR dynamic -305.3 1.4
dc Stark 0.0 0.1
Probe Stark 0.0 0.0
1*-order Zeeman -0.2 0.2
2" order Zeeman -51.7 0.3
Density -3.5 0.4
Line pulling + tunneling | 0.0 <0.1
2" order Doppler 0.0 <0.1
Background gas 0.0 <0.6
Servo offset -0.5 0.4
AOM phase chirp 0.6 0.4
Total -4924.0 2.1

lowest estimated uncertainty for a lattice clock

[T. L. Nicholson et al., arXiv:1412.8261]



APPLICATIONS



Leveling and Height Systems

 Establishing a height system:
leveling + terrestrial gravimetry
e |n Germany:
— 30908 km leveling lines
— 287 loops, 469 nodes
— renewed every ~10 years

surface

ocean
surface

Hp: leveled heights

geoid = equipotential surface

e remark: GPS measures height above ellipsoid



New Era: Relativistic Geodesy

« relativistic frequency change: Af_f _ Wo—Wp

C2
e gravity potential W Newtonian + centrifugal terms
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e chronometric leveling over long distances
e clock-based height system
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Vermeer, Reports of the Finnish Geodetic Institute 83(2), 1(1983); Bjerhammar, Bull. Geodesique 59, 207 (1985).



Resolve Height Inconsistencies?

» decimeter inconsistencies
hamper combination of
tide gauges

e efforts for height system
modernization

e clocks could provide in-situ
cm accuracy referenced to
well-defined W,

Ll s

geo °
- (e ,
__ - .II '..l
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[Gruber 2013]
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Vision

optical frequency comparison
via satellites
eclock-based consistent

reference frame




Variation of Fundamental Constants

fine-structure constant

le) les) Sr 443
Dy 24000,

hw,(a) hw,(a) 6000
191) |g2) Yb* E2 10397
Yb* E3 63752

Hg® 52200

Al* 146

Ho4+ 1186000

a7 385367,

367161

Cfiow 370028,

465293

Th* nuclear 25 x 108




Combined data from clocks

Dy Al'/Hg" Hg" Yb" E3
UCB NIST NIST PTB
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1/0. do/dt (107°/yr)

i/a = —0.20(20) x 10~ 16/year

,Ll/‘l,l — _05(16) X 10_16/year Huntemann et al., PRL 113, 210802 (2014)

also: Godun et al., 113, 210801 (2014)




Latest Astronomy Result: Spatial VVariation of a?

1 L] L] Ll I ] L] ) I 1 L] ) L] I ) T 1 I I
=21 absorbers
per bin ]

— =

- »Australian Dipole”

-10 -5 0 5 10
r cos(@) (GLyr)

J.K. Webb et al., Phys. Rev. Lett. 107, 191101 (2011)

& a changes with position: Aa/a = 1.10(25) x 10~ cos 0

Limited by knowledge of isotope shifts of broad transitions!

M. G. Kozlov et al. Phys. Rev. A 70, 062108 (2004); Murphy & Berengut, MNRAS 438, 388—-411 (2014)



Future Challenges

 Australian Dipole* suggests spatial variation of a
 solar system is moving with respect to CMB background

< .. : A _
& variationin a: = ~ 107'%/year

>
Berengut & Flambaum, EPL 97, 20006 (2012) position

« dark matter searches, gravitational waves,...




FUTURE TRENDS



Improved Stability?

-14

Lock to cavity Lock to ion
(flicker floor) (Quantum Projection Noise)
= 10" |
m>\
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Several interrogations required for lock to ion!

* Chou et al. PRL, vol. 104, Issue 7 (2011)
**E. Peik et al. J. Phys. B: At. Mol. Opt. Phys. 39 (2006) 145-158
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Multi-lon Traps

T.E.Mehlstaubler

 Multi-ion clocks ,

* Entangled ion clocks (Heisenberg limit)

N\

e Scalable ion traps!

Herschbach et al., Appl. Phys. B 107, 891 (2012)
Pyka et al., Appl. Phys. B 114, 231-241 (2014)

works only for ions with ©,; ~ 0O: Al*, In*




Quantum algorithmic clock readout

e problem: multi-ion readout for quantum logic clock
e map # of excited clock ions in binary code onto logic ions

(a) Ramsey-sequence Readout U
. e —— | :_,______________-__-_______,'
=100 HHHe HTHH} * * H
i ' i "
2 0){HHe T HE- ’ . -
SE . I i
S 10 HHEHe = THHH- T ’ -
.................. S v
I} b
Jg} Hadamard 2 i a
gate = |0)=— RiHRi1H R :
Q | | : 1 Vol
[=nt} free O : QF QF |
evolution gmm_l_ ; RrRoH RoH RoE : D "
o U i ' '
- . Quantum o el e e == === Tl
| QF| Fourier (1) (2) (3) (4)
transform

IN)cl0)n  |IN)clo)r IN)c|N)L  IN)elN)L

[Schulte et al., arXiv:1501.06453]



Cascaded clocks

ba
e problem: flicker

frequency noise of laser |
e limits probeltime T, |
G/VJ

7(1) = 21 fo/NT, T

Y

kM

 Idea: use cascaded
ensembles of clocks
operating at different
Interrogation times
e extend maximum
probe timeto T, > T,

Borregaard & Sgrensen, PRL 111, 090802 (2013)
Rosenband & Leibrandt, arXiv:1303.6357 (2013)



Entanglement for improved stability?

100 |

1/2
0'},6{) 0 N"/ YLO

172

0.01}

(71.0/Vind)

0.1 | 10 1000

Kessler et al.,PRL 112, 190403 (2014)



Hybrid Clock

» Al*-slaved Sr lattice clock
€ accuracy of Al* + stability of Sr lattice

Alt clock 4@ Srclock

ET—

approach for clocks with the same species:
correlation spectroscopy

e local oscillator noise acts the same on both atoms
e common mode rejected



Quantum Logic Spectroscopy
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