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Quantum Metrology (ZF&t:8I)

Study of measurement at quantum limited performance

/ \

Time / Frequency NOT limited by technical
Currently, NOT on noises:

temperature, weight, ® Noise from electronics
(voltage),... lack of quantum circuit, detectors, ...
references ® Thermal noise

Time/frequency measurement is NOT limited by

frequency counters but is limited by the quantum system
itself (and their design).



Electron shelving technique
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Shelved Optical Electron Amplifier: Observation of Quantum Jumps

Warren Nagourney, Jon Sandberg, and Hans Dehmelt
Department of Physics, University of Washingion, Seaitle, Washington 98195

We demonstrate here the direct observation of quantum jumps between the ﬁ:'SU;. state and the
5?0y state of an individual laser-cooled Ba™ ion contained in a radio-frequency trap. The state
detection and cooling are performed by two lasers which cause 625,67 Py;3-5" Dy transitions. In-
coherent excitation to the 5Dy, state {via the 62Py; level) causes the fuorescence from the 67P);
state 1o be suppressed for the > 30-sec lifetime of that state, after which the fuorescence reap-

(Received 5 May 1986)

pears. The resulting **telegraph signal’” provides a direct monitor of the atomic state.
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52D, state. The laser excitation is shown by the bold lines;

the lamp excitation is indicated by the light solid line while

the subsequent decay into the shelfl
dashed line.

level is indicated by the

100
time

- L
200
[sec)

5° D,z

FIG. 2. A wpical wrace of the 493-nm Nuorescence from
the EFPL.;; level showing the quantum jumps alter the hollow

cathode lamp is turned on. The atom is definitely known 1o
be in the shelf level during the low fluorescence periods.
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Building Atomic Clocks

* Believe in the constancy of fundamental constant. (Is this true?)

 Measure local oscillator frequency referencing the atomic transition
— Excitation linewidth y = 1/T (Fourier limit for T interaction)

* Servo control of flywheel oscillator (laser)

N-atoms/ions Microwave or laser T Haensch/
oscillator J. Hall (1998-)

Counter
" Optical frequency comb
Detector

divide by v,

N
>A_A_ Eg: excited state Té
%o NV\hVO:EB-EA time @
c . .
L . . rd
== [ ,: ground state 0 Vo frequency
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For decades, singly trapped-ions (atoms) in Paul traps (“50-) have
been considered to be the prime candidate for future optical
atomic clocks as proposed by Dehmelt and others (“82)

The Nobel Prize in Physics 1989

"for the invention of "for the development of the ion trap
the separated technique”

B % near the zero of the trapping
Norman F. Ramsey Hans G. Dehmelt W?Itgangl Fl'aul |Zed perturbatlon promlses

I w ol | Ww II\—IM’ CI Il I WI w L N

clock accuracy Av/v, = 1018, however the stability is limited.

Al+ ion optical clock with uncertainty of 7.0 X 10-18 (NIST group 2009.12)
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Manipulation of atomic motion by lasers
(Chu, Cohen-Tannoudji, Phillips, 1997 Nobel Prize)

1) Laser Cooling: pato.m =MV Pooion =h/A

Atom’s momentum is controlled by photons” momenta
— cool atoms down to ~uK and below

2) Optical dipole trap:

: . : +Ze nuclear
Applying electric field, atoms are polarized.
—Induced dipole moment: u = a(w)E(w) /
—Light shift (depends on light frequency): J 4
1
U=— [[1 -dE = —=a(w)|E(w)|? x —al -Ze electrons
2/ antinode
s E e .
atom

In standing wave, cold atoms are trapped in anti-nodes, where the
light intensity is maximum: OPTICAL LATTICE “array of atoms”
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M. Takamoto, T. Takano, & H. Katori,
Nature Photon. 5, 288 (2011).
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Optical Clocks and Relativity
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Physical effects that may contribute
to a flicker floor @1 X 101/

Contributor

Parameter to be

8Sr atomsin 1D  %3Sr atoms in 3D

controlled lattice lattice
Lattice scalar Lattice laser Af =4 MHz Af =6 MHz
light shift frequency (/=13 kW/cm?) (I=7.9 kW/cm?)
Probe light shift Laser intensity Negligible Al/l =0.3%
(1=0.7uW/cm?®) (/=74 mW/cm?)
Blackbody shift Environmental AT=0.1K AT=0.1K
at 300 K temperature (T =296 K) (T =294 K)

Second-order

Environmental

FEDENEEEERT ODIEHLL

() I Ll 0 L

Zeeman shift magnetic field (Bo =0.23 mT) (Brn=0.83 mT)
First-order Relative motion of v=3 nm/s v=3 nm/s
Doppler shift lattice and lasers

FFTE AR DB AR - IRE) . TL—EEN10em/ 4

1X107* for T, = 400 ms
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Distance ~ 50 km

| f ., phase lock wk_e_q. Tokyo |

Aty = (tgps — Ta) — ta

Fiter comb == Inn;||h fon AtB = (tGPS_TB) — tB
:E.ET;:.;?|K_EI -?WL_E;th_%@ E e As BFEﬁTﬁFEﬁE@T%*&%&*@?%&
culsser e Fharianghcoves Q) ]| e Atp — Aty =ty —tp + (T4 — Tp)

F. L. Hong et al., Opt. Lett. 34, 692 (2009).
AIST-U. of Tokyo: 120 km
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Yamaguchi, A., Fujieda,
M., Kumagai, M.,
Hachisu, H., Nagano, S.,
Li, Y., Ido, T., Takano, T,,
Takamoto, M., & Katori,
H., Appl. Phys. Exp. 4,
082203 (2011).
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No dead time operation of clocks
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Frequency stability trajectory simulation
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Blackbody radiation shifts for Sr atoms

Stefan-Boltzmann law: BBR energy

© Estimated BBR shifts of Sr atoms
Vgr = -2.4 Hz X (T/300 K)*
Uncertainty with AT = 0.1K at room

temperature (300K) = Avggr/vVsr =1 X 10

© To reduce the uncertainty of BBR shifts below —= mld:

Vggr ~ 10 mHz @ 7=70K
AT = 1K= AVBBR/VSI‘ =1XxX1018

IZIZ> Operate clocks in cryogenic
environment at ~70K with AT<1K

Moving

lattice
Th. Middelmann, et al arXiv:1009.2017

s

17

Uncertainty

Atom  JSwegggp (Hz) wy (Hz) Separ/ vy Uncertainty
Mg —-0258(7)  655x10M  —39x107'"  1x1077
Ca —1.171{17)  454x10%  —26x100% 4% 1077
Sr —2354(32) 420x 10" —ssxiocl o 7=V
Yb —1.34(13)  s.a8x10% 26107 3k 07

1x107*

5x10"

2x10"°"
1x10°"

5x10°"

x5~

1x10~"

S. G. Porsev and A. Derevianko,
PRA 74, 020502 (2006)

VsSr

=1x 10718

Distance z from entrance (cm)
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BT SO, om—"7ys9— b 1N 1] 1/
Development of two cryogemc Sr optlcal lattice clocks

for synchronous/no dead time operation

Fiber based system: BS & DM are
replaced by WDM couplers
* Finally covered by u metal box

Synchronous operation : Evaluatlon of—BBﬂ”or other systematlc shlfts
No dead time operation: Sr-Hg/remote clocks comparison

- -
i s




Optical lattice clock with mercury

H. Hachisu et al., Phys. Rev. Lett. 100, 053001 (2008)
Magic wavelength determined: L. Yi et al, Phys. Rev. Lett. 106, 073005 (2011)

1) Heaviest lattice clock candidate
v'  Large a dependence: Av/v=0.8 X 1016 for Ao/a=10-16

2) Very small BBR shift: -0.18Hz@300K << Sr,Yb

3) Hyperpolarizability effects: ov ~ 0.3mHz

4) Require high laser intensity for lattice : ~ 2 kHz/(kW/cm?)
v" Moderately cold atomic sample necessary

10-1° accuracy achievable!

1 TD:3O MK Frequency
0 10 20MHz
200Hg Lattice clock
candidate

198Hg 199Hg

Fluorescence intensity (arb. units)

199Hg 201Hg (1/2-3/2)
0] =t ;.7/1../7 L'/7 V4 -, 4
!5 0 5 10 15 ' 40

Detuning (GHz)



Current status: MOT and Lattice

& clock excitation Iasgt

Brewster window H
photo diode
T '
n>’ /"|

alumlnum
mirror

Two Hg systems:

Hg-Hg synchronous comparison
No dead time measurement
Hg/Sr frequency ratio
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The Persistence of Memory, 1931 :Salvador Dali



