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Lecture 12

Precision measurements in the traps, electron shelving.

Elements of quantum logic in ion traps. CNOT gate.

Motional degrees of freedom. Cirac-Zoller gate.

Information transfer between clock and cooling ions.
Precision spectroscopy using quantum logic.




Electron shelving

How to detect transition in a single particle with a very
small scattering rate?
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Quantum jumps

The mercury ion acts as
a noiseless, optical amplifier

194 nm
One absorption event can prevent  Cooling, 282 nm
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Excitation fraction

Spectrum of a narrow transition in a single ion
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Elements of quantum logic in ion traps
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A Q-bit

V) = all) + 5[2)
A gate
Example: a n-pulse  a|1) + 5]2) — B|1) + a2)

Vector and matrix representations

Q-bit || Gate: unitary 2x2 matrix
3

Example: SWAP gate Hadamard gate
(r - pulse) (/2 - pulse)
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Two-Q-bit gates

Cornerstone of computation Controlled NOT gate

(CNOT)
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Matrix representation

Two Q-bit CNOT gate
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Two Q-bit PHASE gate

Transformation PHASE — CNOT
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Cirac-Zoller gate

Quantum gate proposals I

IS May 1995

T4, Nuseer 20 409! PHYSICAL REVIEW LETTERS

Quantum Computations with Celd Trapped lons

L1 Ciac 2nd P. Zolier®

Inssrtur for Thearpsische Phpxik Untversiar Insabenck, Techniderniraste 23, A-0000 fansbrach, Ausrrie
(Recerved 30 November 1594)
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measurement (readout of e quassum regaaer) can be camed out with & digh efficiency.

(b) cemeasie
NS
i
Ig>

FIG. 1. (a) N ions in & linear wrap interacting with ¥ different
laser beams; (b) atomic level scheme.
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21 pulse on the spin-1/2 system - |
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Rotation operator aux)|1)
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If we apply this operator with S, (spin-1/2 system) to the state |a) = [+)(+|a)+
|—) (—|a) we will get

X0,

5.0 )|a>—e:ap( '2)|+><+|a>+exp(—5)|—><—|a> (12.6)
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we get the following important relation

@)ar = —|a). (12.7)



271, T pulses on the spin-1/2 system - |l
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Collective vibrational modes

Normal modes

Center-of-mass (COM) 2.62 MHz

Stretch 5.8 MHz

XAl 3.5 MHz

xBe 13.0 MHz
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The Initial state
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CNOT gate implementation - 0
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n-pulse on control ion
red detuned
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CNOT gate implementation — |
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CNOT gate implementation — |l
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CNOT gate implementation — lll
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From the PHASE gate to the CNOT gate
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Planar ion trap, approaching real computations

trapping potential

Surface-electrode traps

X e repeatable component library

¢ two-layer construction with vias

¢ “backside” loading

® transportm linear sections and through Y” junctions
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Symphatetic cooling by a sparring ion

l k ‘ l

qubit “packet”
24Mg*  °Be*

@\qubit ion

refrigerator ion

PeannsoBaH gBYXKYOUTHbIM NpOrpaMmMmUpyeMbii KBAHTOBbIN
BbIYNCIINTESb C HU3KUM YPOBHEM OLLNOOK



Spectroscopy of ¢’Al*

® 8 mHz linewidth clock transition 1[231
® Insensitive to external fields 3p
0
® Smallest known room temperature 167 nm><
blackbody shift [2] 267 nm

® No accessible strong transition for
cooling & state detection

180
® Use two-ion quantum logic
techniques with °Be* and ¢’Al* for
cooling, state preparation & readout
[1]

[1] D.J. Wineland et al.,
Proc. 6th Symposium on
Frequency Standards and

Metrology, 2001, pp. 361-368 [2] T. Rosenband et al. arXiv:physics/0611125
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Excitation transfer using the sparring ion
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Excitation transfer using the sparring ion
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Excitation transfer using the sparring ion
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Excitation transfer using the sparring ion
ao- MQ*
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Frequency Ratio of Al* and Hg"
Single-lon Optical Clocks; Metrology
at the 17th Decimal Place
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Al*/Hg* Stability
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Most stringent restriction for the variation of the fine
structure constant
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Frequency Comparison of Two High-Accuracy Al™ Optical Clocks

C.W. Chou.* D.B. Hume, J.C.J. Kne[emij,* D. J. Wineland, and T. Rosenband

Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80303, USA
(Received 23 November 2009; published 17 February 2010)

We have constructed an optical clock with a fractional frequency inaccuracy of 8.6 > 107 ', based on
quantum logic spectroscopy of an Al™ ion. A simultaneously trapped Mg™ ion serves to sympathetically
laser cool the Al" ion and detect its quantum state. The frequency of the 'S5, — * P, clock transition is
compared to that of a previously constructed Al™ optical clock with a statistical measurement uncertainty
of 7.0 % 107'%_ The two clocks exhibit a relative stability of 2.8 % 107 %7712 and a fractional frequency
difference of —1.8 % 10~ Y, consistent with the accuracy limit of the older clock.
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Nobel Prize in Physics, 2012

David Wieland
NIST, USA




