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Short term: HI Maser
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Long term: Cs Beam
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Optical pumping &

detection

* Pumping:
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Optical cooling: Cs fountain
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Optical cooling: Cs fountain

Cs beam limited by time
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NIST-F1 Cs fountain

107 Caesium atoms
2 uK cooling

1 Hz line width

Accuracy < 109



Ensemble time: EAL & TAI

* EAL = weighted average of 200 atomic clocks

e TAI = EAL, “steered” towards uniform SI time
for timescales > 0.5 year

* Uses 9 Primary Frequency Standards, including
5 Caesium fountains

e UTC =TAI + leap seconds



TTMIPM): most accurate
clock on Earth

TT(BIPM2003)-TT(TAI)-const

4.5 | | |
e TT(TAI) =TAI +32.184 s 4 1
3.5 9
e TT(BIPM) - il |
. 2 25 y
retrospectively steered i3 ‘ i
TT(TAD) 2 15 I
DI 1
e TAI-BIPM = 0.5 i
microseconds i g | | | i

49000 50000 51000 52000 53000
Date (MJD)



TTMIPM): most accurate
clock on Earth

e TT(TAI = TAI + 32.184
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Prospects for T'T
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Next generation clocks

Trapped ion, e.g. 9Hg*

40 GHz hyperfine ground state transition,
or

1.07 x 10 Hz (2860 A) quadrupole
transition + femtosecond laser

Redefinition of SI second?



MSPs: most accurate clocks
in the Universe?

e [.imit on rotational
stability not known

MPIfE-Eonn Pulsar Group

* I ~10%gcm?
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e Several sources of
observational error




Deterministic effects

Rotation period & first derivative (magnetic
dipole radiation) {2}

Binary motion (Kepler, Kepler+derivatives,
Einstein) {5-8}

Proper motion {2}

Shklovskii effect {1:d}

Interstellar dispersion [1+}

Solar system dispersion {0+}]

Solar Shapiro delay {o}

Earth orbital motion {3:a, 9, J1
Gravitational time dilation {o]

Precession, nutation, polar motion {o}
Instrumental response (linear) {7+time-variablel
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Radiometer noise

Residual (us)
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Time transfer
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TTBIPM) vs PT(PKS)
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e Multiple pulsars (cf. Kaspi et
al)

e Should be able to out-do
TTMBIPM) by factor few,

e Onlyforry< Az<t

total

e SKA: 150% better by 2020

* Just keeping up with atomic
clocks

e Ultimate menace: GR !?
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Summary

* Continued improvement in terrestrial time, via
e Caesium fountains (present)
* Trapped ion optical frequency standards

* Continued improvements in pulsar timing, via
® Pulsar Timing Array
* Square Kilometre Array

® Pulsars win on few-year timescales



