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QOutline

« Optical clocks
« Hg™ and Al* clock transition spectroscopy

« Measurement of Al* / Hg* ratio
« Al* and Hg* systematic uncertainties

« 3-lon gymnastics
« Future plans
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What is a clock?

An Oscillator A Counter
(Generates periodic events) (Count and display events
/ tell time)
Period Af

Frequency f —— / At
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Optical Clock
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Stability of microwave and optical
atomic clocks (single measurement)
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Stability of microwave and optical
atomic clocks (single measurement)
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Stability of microwave and optical
atomic clocks (single measurement)
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Stability of microwave and optical
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Stability of microwave and optical
atomic clocks (single measurement)

» Atomic reference oscillator
» time ~ phase of sinusaoid

- Measurement error: o,

- Time error: ¢, =,/ (2nf)

« For p-wave (NIST-F1)
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Stability of microwave and optical
atomic clocks (single measurement)
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Stability of microwave and optical
atomic clocks (single measurement)

A%

| f= 1010 Hz /
f il | } o p-wave {
é S ] / /;

e S / f\ / \H ! /

’ e S

i e R RO ' i 5

s [\ ff\ \ [' mu / T | f=10" Hz [ \1 fl
% g \ \ 5 / .-l \ f' optical \1_ :'
EM_%’ | -! \ 'il \l | / | ] / \ ff -| |

irsa: 08070020

0.4

15
time [s]

a6

I
1 08 0-a

« Atomic reference oscillator

1 = time ~ phase of sinusoid
1 * Measurement error: o,

| = Time error: o, = o,/ (2xf)

» For p-wave (NIST-F1)
c, = 0.01

- For optical single ion clock:
o, =05

- For optical clocks, fis

100 0QQ x larger

 Optical time error o, Is

100 - 1000 x smaller

Page 29/185



'®°Hg" ion trap

—gitrap

irsa: 08070020 ge 30/185



199Hg™ ion trap

-
A

ot

- .y
|

maging

| .
Wi

e

Pirsa: 08070020




"m'rﬁ?t sate |\  Quantum Jump Spectroscopy
| Sz [How to measure the state of a single atom]
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(mitaistate | Quantum Jump Spectroscopy
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| Initial stats Quantum Jump Spectroscopy

2
SI“’E [How to measure the state of a single atom)]
; +
. Clock laser | 199Hg
| pulse

l | Photon Py
B
counter

\\ -
.~ Transition % 398 nm
. occurred? 4 p = quenching
| . 142 %
i /
= no
- 7
| 194 nm 194 nm
| 1 s [1aT _*-'- e
 detection pulse Cooling | ~"Clock transition
| detection =~ 282 nm
;.
Stz

Pirsa: 08070020 Page 36/185



' Inifial state Quantum Jump Spectroscopy
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Quantum Jump Spectroscopy
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VOLUME 57, NUMBER 14 PHYSICAL REVIEW LETTERS 6 OCTOBER 1986

Observation of Quantum Jumps in a Single Atom

J. C. Bergquist, Randall G. Hulet, Wayne M. Itano, and D. J. Wineland

Time and Frequency Division. National Bureau of Standards, Boulder, Colorado 30303
(Received 23 June 1986)
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Spectroscopy of ¢’Al*
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Spectroscopy of ¢/Al*

« 8 mHz linewidth clock transition 1F’1
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Spectroscopy of ¢/Al*

« 8 mHz linewidth clock transition 1F’1

* [nsensitive to external fields 3|::D

167 nm
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0
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Spectroscopy of ¢’Al*

« 8 mHz linewidth clock transition 1F’1

* [nsensitive to external fields SPD

» Smallest known room temperature L ]
blackbody shift 267 nm
1S

0
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Spectroscopy of ¢’Al*

« 8 mHz linewidth clock transition 1F’1

* Insensitive to external fields 3P0

* Smallest known room temperature Ll nm)(
blackbody shift _/25? am

* No accessible strong transition for 180

cooling & state detection
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Spectroscopy of ¢’Al*

8 mHz linewidth clock transition "F’1
Insensitive to external fields SPD
Smallest known room temperature 164 nm)(
blackbody shift 267 nm

180

No accessible strong transition for
cooling & state detection

Use two-ion quantum logic
techniques with °Be* and *’Al* for
cooling, state preparation &
readout [1]
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Normal mode

Linear Paul
Trap
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Linear Paul
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Normal modes ==
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Normal modes _—
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Sympathetic ground-state cocling of Be™ f &1F
T2 T I I I I I |

B ~OM RSB Carier COM BEEB Stretch B5SEB

Fhotomultiplier count in 200 ps

-7 0 2 4 g
Dietuning from Be™ camrier [MHzZ]

« M. Barrett et al. "Sympathetic cooling of °Be* and #Mg~ for quantum
logic,” Phys. Rev. A 68, 042302 (2003)

» Doppler cooling: <n> = 4 for all six normal modes (0.5 ms)
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« Raman cooling: <n> < (.01 for both axial modes (0.5 ms)



Clock state transfer to Be*
(simplified)

1. Cool to motional quantum ground state with Be*
2. Depending on clock state, add vibrational energy via Al*

3. Detect vibrational energy via Be™
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Clock state transfer to Be*
(simplified)

/> 1. Cool to motional quantum ground state with Be*

2. Depending on clock state, add vibrational energy via Al*

3. Detect vibrational energy via Be*

PHYSICAL REVIEW A VOLUME 42, NUMBER 5 1 SEPTEMBER 1990

Quantum-limited cooling and detection of radio-frequency oscillations by laser-cooled ions

D. J. Heinzen and D. J. Wineland
Time and Freguency Division, National Institute of Standards and Technology, Boulder, Coloradoe 80303
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A single trapped iom, laser cooled into its guamtum ground state of motion, may be used as a
very-low-temperature detector of radio-frequency signals applied to the trap end caps. If the signal
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