lon trap quantum Processor Laser pulses manipulate
individual ions

row of qubits in a il — e
linear Paul trap forms E—
a quantum regqister

Effective ion-ion
Interaction induced by

laser pulses that excite
the ion's motion

slides courtesy of Hartmut Haeffner,
A CQD\Camera reads out Innsbruck Group with some notes by
the ion's quantum state Andreas Wallraff, ETH Zurich



Meeting the DiVincenzo criteria with trapped ions

criterion physical implementation

scalable qubits

internal atomic transitions
(2-level-systems)

linear traps
(trap arrays)

Initialization

laser cooling,
state preparation

optical pumping,
laser pulses

long coherence times

narrow transitions
(optical, microwave)

coherence time
~ms - min

universal quantum
gates

single qubit operations,
two-qubit operations

Rabi oscillations
Cirac-Zoller CNOT

qubit measurement

convert qubits to
flying qubits

guantum jump detection

coupling of ions with high
finesse cavity

individual ion
fluorescence

CQED, bad cavity limit

faithfully transmit

flying qubits

coupling of cavities via fiber
(photonic channel)

coupling pulse
sequences (CZKM)




Trapping ndividual tons

Linear Paul trap 2D rf-trap + static potential

|. Waki et al., Phys. Rev. Lett. 68, 2007 (1992)
M.G. Raizen et al., Phys. Rev. A 45, 6493 (1992)

plug the ends of a mass filter by positive electrodes:
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- <
RF/ \ov
mass filter blade design side view

axial electrodes

numerically calculate the axial electric potential,
fit parabula into the potential
and get the axial trap frequency

radial electrodes



Innsbruck: Linear ion trap (2000)
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Experimental setup

Fluorescence
detection by

CCD camera —— —
photomultiplier

Photo-
multiplier

CCD
camera

Laser beams for:

photoionization

cooling

guantum state manipulation
fluorescence excitation



Experimental setup
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lon strings

In strongly anisotropic traps: Formation of linear strings of ions
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lons as RuUantum BLts

lons with optical transition to metastable level: ©°Ca*,88Sr+,172Yp*

P o t=1s
! metastable
Ds, le>

_ Qubit levels: Sy Dgys

detection Optica|
transition Qubit transition: Quadrupole transition
S1/2 = Dsp
S, |g> 1 5

stable



Detection of lon Ruantum State

Quantum jumps: spectroscopy with quantized fluorescence

short Lifetime
P
Lowg) Lifettme
T metastable
level
: /
monitor /
¢ weak transition
S
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FLUORESCENCE INTENSITY (CTS/0.1 S

) o photowsw | —D

0 10 20 30 40 50 60 70 80

> TIME (S)
time L excited state (average is Lifetime)

0

absorption and emission
cause fluorescence steps
(digital quantum jump signal)

, Quantum jump technique®
, Electron shelving technique®

Observation of quantum jumps:

Nagourney et al., PRL 56,2797 (1986),
Sauter et al., PRL 57,1696 (1986),
Bergquist et al., PRL 57,1699 (1986)
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Electron shelving for quantum state detection

D5/2
*

Fluorescence
detection

S1/2

One ion : Fluorescence histogram

8

N oW B O O N

1

%

D, state S,), state

1

200 40 60 80 100 120
counts per 2 ms

1. Initialization in a pure quantum state

2. Quantum state manipulation on
S,/» — Dg, transition

3. Quantum state measurement
by fluorescence detection

\
50 experiments / s
> Repeat experiments
100-200 times
J



Electron shelving for quantum state detection

P D 1. Initialization in a pure quantum state
5/2
*
Fluorescence 2. Quantum state manipulation on
detection S,/» — Dg, transition
Sz 3. Quantum state measurement
by fluorescence detection
Two ions: oUM
I ss)
Spatiall I :
q 2{25 Oynrvevsitohved E- SD) 50 experiments / s

CCD camera: Repeat experiments

100-200 times




Mechanical Motion of tons in thelr Trapping Potential:

Mechanical Quantum harmonical oscillator

Extension of the ground state: harmonic trap

2N

(a +a')

T =

(01210} = 5 (0|(a + ah)?/0) =

2mu |]_> T
(27)1 MH |O> _____ T
v = y4
" } (:1:2)1/2: h ~ 1lnm
m=40 u 2mu

Size of the wave packet << wavelength of visible light

Energy scale of interest:
Ty Lons need to be very cold
T = —=~ 50uK to be tn thelr vibrational
kB ground state

TLV — kBT




An lon CDupLeol to a Harmownle Oscillator
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2-level-atom

harmonic trap
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joint energy levels
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dressed states dingram

9.0
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Approximations:

lon:

Trap:

Laser —1on interactions

Electronic structure of the ion approximated by two-level system
(laser is (near-) resonant and couples only two levels)

HeD = n%<|e><e| —19){g])

Only a single harmonic oscillator taken into account

H) = nuala




External degree of freedom: ion motion

2-level-atom harmonic trap joint energy levels 1D, 2)

: D, 1
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Lon transition
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Excitation to D, , -State




Excitation probability Py,

0.5

0.4

0.3

0

A closer look at the excitation spectrum (3 ions)

S1/0,m = —1/2 «— Dgjo,m = —1/2

(red / lower) (blue / upper)
motional sidebands . . motional sidebands
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Laser detuning A at 729 nm (MHz)
many different vibrational wmodes of tons tn the trap

ved and blue side bands can be observed because
vibrational wmotion of tons s not cooled (L this example)



Stretch mode excitation

: 2 T
<) < no differential force

differential force
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cooling of the vibrational wooles

le,n) . :
en—1) —— Sideband absorption spectra
\ 99.9 % ground state population
—_ 9:n) | | | _ _ .
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But also controlled excitation of the vibrational modes
Coherent excitation on the sideband

,Blue sideband” pulses:

|S)|n) —— [D)|n +1)

coupled system |D,n+1)
o /
oin-3) /m
o \/_nQ
! —Z \S n+1)

)

S,n-1)

) — 7T/2 . Entanglement between internal and motional state !

|S;n=0)+|D,n=1) D state population

S,n = 0) °F

V2

20 40 _ 60 80 100
Time (us)



Single qubit operations

Arbitrary qubit rotations:

* Laser slightly detuned from carrier resonance
or:

« Concatenation of two pulses with rotation
axis in equatorial plane

Gate time : 1-10 us «—

T

D state population

z-rotatlons

(z-rotations by off-resonant laser beam
creating ac-Stark shifts)

XY -rotations

Coherence time : 2-3 ms

limited by

« magnetic field fluctuations

* laser frequency fluctuations
(laser linewidth 6v<100 Hz)



Addressing the qubits

coherent
manipulation Paul trap
of qubits

1

electro-optic
deflector

dichroic
beamsplitte

Fluorescence L

detection CCD
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Deflector Voltage (V)

® inter ion distance: ~ 4 um
® addressing waist: ~ 2 um

< 0.1% intensity on neighbouring ions




Generation of Bell states

generation of entanglement between two lons

| DD1) Pulse sequence:
|DDO)

|DS1) — — |SD1)

[DS0) SDO)
SS1)

[550) —@—




Generation of Bell states

|IDD1)
|DDO)
|IDS1) —@— — |SD1)
|DS0) 1SDO)
1551)
|SS0) —@—

Pulse sequence:

lon 1: =/2 , blue sideband

creates entangled state
between gqubit 1 and oscillator

SS0) + [DS1




Generation of Bell states

DD1) —@—

|DD0)/
IDS1) ——— 1ISD1)
|DSO) 1SDO)
1SS1)
|SS0) —=5—

Pulse sequence:

lon 1: =/2 , blue sideband

lon2: © |, carrier

excltes qub’ut 2




Generation of Bell states

|DD1) —@— Pulse sequence:

|DDO) .
lon 1: =/2, blue sideband
lon2: n carrier
|DS1) 1SD1) lon2: n , blue sideband
| DS0) —@— —@— |SDO)
! takes qubit 2 (with one
; oscillator excitation) back to
1551) / ground state and removes
[550) ~7 excitation from oscillator

A

|SDO> Ls non-resonant anol ( SD —|— DS ) O

remains unaffected




Bell state analysis

Fluorescence
detection with <

CCD camera: DS) tl

Coherent superposition or incoherent mixture ?

po) JE(
What is the relative phase of the superposition ? . >

tomography of qubit states (= full
MEASUrEMENt Of X,Y,Z COMPONENtS of
both qubits and its correlations)

— Measurement of the density matrix:




Bell state reconstruction

|SD) + |DS)
F=0.91




Controlled Phase Gate & CNOT

bmplementation of a CNOT for universal low trap quantum compwciwg

Crmm
RY (5,5

Phasegate

RY(5,-5

0) © |0) 0) @ (10) + 1))
0) ® [1) 0) ® (|0) — 1))
1) ®|0) 1)@ (10) + 1))
1) ® 1) 1) @ (10) = [1))

Both, the phase gate as well the CNOT gate can be converted into each

other with single qubit operations.

Together with the three single qubit gates,
we can implement any unitary operation!

0O — v

O { —) o |

{ O —_" {
{

controlled phase gate

RY(x/2,m/2) =

RY(n/2,—-7/2) =

RE(e,9)

1 1 —
A



Quantum gate proposals with trapped ions

VOLUME 74, NUMBER 20 PHYSICAL REVIEW LETTERS 15 MAay 1995

Quantum Computations with Cold Trapped Ions

J. 1. Cirac and P. Zoller*

Institut fiir Theoretische Physik, Universicit Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria
(Received 30 November 1994)

A quantum computer can be implemented with cold 1ons confined in a linear trap and interacting with
laser beams. Quantum gates involving any pair, triplet, or subset of ions can be realized by coupling
the ions through the collective quantized motion. In this system decoherence is negligible, and the
measurement (readout of the quantum register) can be carried out with a high efficiency.

PACS numbers: 89.80.+h, 03.65.Bz, 12.20.Fv, 32.80.Pj

...allows the realization of a
universal quantum computer !

Some other gate proposals by:
* Cirac & Zoller

* Mglmer & Sgrensen, Milburn
 Jonathan, Plenio & Knight

» Geometric phases

* Leibfried & Wineland




Cirac - Zoller two-ion phase gate

&) |2)

lon 1 ‘S), D> —

SWAP

D.0)

—_——
—_
S.0)

|
motion ‘O —
|

lon 2 ‘S), D>

D.2)
_@_

S.1)



Cirac - Zoller two-ion phase gate

&) |2)

Phase gate using
the motion and
the target bit.

on 1 ‘S},‘D) —

SWAP
motion ‘O — T ‘O)
jon 2 ‘S},‘D) Z




Cirac - Zoller two-ion phase gate

&) |2)

lon 1 ‘S), D> —

SWAP

D.0) |D,1)
/
—O— |S,1)
$.0)
SWAP B
—0)

|
motion ‘O —
|

lon 2 ‘S), D>




Cirac - Zoller two-ion phase gate

&) |2)

Phase gate using
the motion and
the target bit.

on 1 ‘S},‘D)
motion ‘O T ‘O)
jon 2 ‘S},‘D) Z




How do you do this with just a two-level system?

Uq;z
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D, 1) 15,1)
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Phase gate

D,2)

D,0) 18,0) |D,1) 18,1) Doy U
1 0 0 0
I /R 0 0
Yo=lo0 0o -1 o
0 0 0O -1

o sy

5,0)

Composite 2m-rotation:

blue blue blue || blue
T/V?2 T T/V?2 T
0 w/2 0 w/2




A phase gate with 4 pulses (2r rotation)
R(0,¢) =R (7,7/2)R/ (72/\/5,0) R (7, 7/2)R/ (ﬂ/\/E,O)
g = 272._5 on‘S,O>(—)‘D,1>




Continuous tomography of the phase gate

A single ion composite phase gate: Experiment
state preparation |S,O>, then application of phase gate pulse sequence

D, - excitation
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Population of |S,1> - |D,2> remains unaffected
all transition rates are a factor of sqrt(2) faster at the same Laser power

R(0,4) =R’ (742,7/2) R} (7,0)R} (742,7/2) R} (%,0)

SN 5P, S
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D, - excitation

Testing the phase of the phase gate |0,5>

NN

Phase gate -

50 100 150 200 250 300

Time (us)

97.8 (5) %




Cirac - Zoller two-ion controlled-NOT operation

on 1 ‘S>,‘D> —

motion ‘O>

lon 2 ‘S>,‘D>

pulse sequence:

lon 1

lon 2

blue

0
0

— control qubit
SWAP SWAP
— ' —[0)
<> target qubit
blue
C blue

/2
0

blue
T/vV?2
0

s

)2

|

blue blue
7r/\/E§ T
0 )2

C
|]W/2




D-state population

Cirac — Zoller CNOT gate operation

D-state population
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Measured truth table of Cirac-Zoller CNOT operation
0.8
0.6
0.4

02|

S, 5)
S, D)
D, S)

input

\ 1D, 5)
|S S> output

S, D



Error budget for Cirac-Zoller CNOT

Error source Magnitude Population loss
Laser frequency noise
~ 100 Hz (FWHM) ~ 10 % !
(Phase coherence)
: . <n>, . <0.02 2 %
Residual thermal excitation bus X
<N>g . =6 0.4%
Laser intensity noise 1 % peak to peak 0.1%
Addressing error 5 % in Rabi frequency 30/
(can be corrected for partially) (at neighbouring ion) ’
Off resonant excitations for t,, = 600 ps 4 %
Laser detuning error ~ 500 Hz (FWHM) ~2%

Total November 2002 ~20%




