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inciple of Clocks PIB
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e “Why better clocks ?

Generation of more stable time scales
secondary representations of the second &

future better definition of the second

' ':"' Tests of fundamental theories:
1‘

‘5..}, General Relativity

N :,; Cosmology

ﬁ; Constance of fundamental constants
.‘1 Navigation

_ Deep-space navigation
z Pioneer anomaly
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unexplained acceleration
Upioneer= - (8.74 £ 1.33)-10-10 m/s?



.aser Cooling of Calcium
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clock transition
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T. Binnewies et al., PRL 87, 123002-1 (2001)




\ \(;:Iock transition and cooling FSI-B

|
second stage cooling

—— 4p3d 'D,

Quench
453 nm

Binnewies et al., PRL 87, 123002-1 (2001)
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g
al frequency measurement of calcium PIB

| Ca-Frequency-
' standard

Comparison

frequency chain / frequency comb
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G, = 455 986 240 494 143 Hz

2 5.5 Hz
u, = 1.2 -10-14

Calcium is still the
best neutral atom
clock

u, ~10'% is possible
but motion sets a limit
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‘s small uncertainty
small uncertainty low stability

high stability
low uncertainty
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=J }ectlon Noise Limit:
hterrogatlon the number

atoms N, is measured
antum state

5 w> |g)+edle)
e ted to either the state |e> or |g>. 4.
3 ‘&v Mp. o -Npop) f
. . ] \ T B
\ .s‘ % (T)OC . T : cycle time 0-5
Cal\\ ¥ v, \| N,©
SR
\ -

b .‘b et al., PRA 47,3554 (1993)

> Cs atoms, v=9.2 GHz, Av=1Hz: G(r) ~ 4-10-14 7112
_14,(/# Ybion, 2 =436nm, Av = 3.1 Hz: o,(1) ~ 5-10-15 1172
.'Q7 Ca atoms, A =657 nm, Av = 400 Hz: (1) ~ 6-10-17 ¢-1/2



r t ',-*:rrogation Laser PIB

to the Ca experiment
phase single mode

modulator fiber

Faraday

isolator
ECDL
oscillator
mirror
laser
diode
mixer
grating
loop filter

vibration-isolation stage

ULE resonator PDH-

Resonance frequencies:
0.7 Hz vertical, 0.6 Hz horizontal

Faraday
isolator

RAM-detector H. Stoehr, F. Mensing, J, Helmcke, U. Sterr,
Opt. Lett. March 2003

vacuum chamber




—> [&<— 1.5 Hz FWHM

1 resolution BW: 1 Hz ]
: /\J acquisiton time 4s 7
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_ \L:-iﬁwér spectrum of the beat

‘ﬁ,:l_é'ser linewidth = 1 Hz,
. e drift 0.06 Hz/s
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spectral density of weighting
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2
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Dick effect: 0, (7)==)_S (k) =13
s {0

Present stability is imited by Dick effect because of the poor duty cycle to
o(t) = 2-10-14 7112



| ;(ious cavity mount |5|-B
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. _‘ 71Yb+ Single-lon Frequency Standard P-I-B
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',_-f?“‘Frequency comparison between two ions FSI-B

AOM

W Trap #1
Cooling ra;? /

lasers Shutter 78

i) Servo [~
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- 5. . Dat
5 %o N\ : Trap #2 L / recoar:ing
Y7 % .5 AOM
S caa

d o Frequencies agree to 3.8(6.1)fi10-16

. "'___..a
N

X (similar to best results of Cs-clocks)

A\ T. Schneider, E. Peik, Chr. Tamm,
WV Phys. Rev. Lett. 94, 230801 (2005)
\ L)

a
‘ e Instability of difference frequency: v (100 s)=9°10-1¢
"~ (similar to best results of cold atoms)

E. Peik, T. Schneider, Chr. Tamm,
J. Phys. B. 39, 145 (2006)



- Frequency Messurement of the Yb*-clock ISI-B

-
"

f(Yb) - 688 358 979 309 308 Hz

20

W

-10 1

-20

52000 52500 53000 53500
Date of Measurement (MJD)

) V(Yb+) 688 358 979 309 307.7 (2.2) Hz

:‘. Cotributions to uncertainty budget of the measurements in 2005:

u,=0.40 Hz
ug(Cs)=1.82 Hz
ug(Yb*)=1.05 Hz

(continuous measurement time of up to 36 h)
(,,/3n"-problem)

(Quadrupole-, Black-body-Stark-shift,

line profile, influence of the trap fields)
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Earth alkali elements Mg, Ca, Sr

| and Yb, Hg have metastable 3P, state

accessible by 1 photon transition

in isotopes with nuclear spin | # 0
Av ~ mHz
in most abundant isotopes with | =0
transitions get allowed in magnetic field
Av ~ JHz with B ~1 mT

“magic wavelengths” dipole traps

efficient cooling possible

“Magic Wavelength”
- no net light shift
107 neutral atoms

estimated uncertainty
u, < 101°
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tlcal Frequency Comb |5|-B
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drift of an optical cavity |5|-B
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® Calcium clock
vibrationally insensitive reference cavity
relative frequency uncertainty 1.2 -10-4

® Yb clock
relative uncertainty 1.2 -10-°

® Strontium lattice clock

® Reliable fiber based femtosecond comb

Future:

® Uncertainty ~ 10-77 with ions and atoms in lattice

® Clock with instability < 10-'¢ in one second

® New area at <10-1%: Gravitational red shift,
Constancy of constants
Thermal noise
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