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Deutsch-Jozsa algorithm is a possibility for computing global properties
of certain functions in exp. less time than any class. algorithm

goal — determine the global property if a function is constant or
balanced

conventional deterministic algorithm takes 2™' + 1 evaluations of f in the
worst case

Deutsch-Jozsa quantum algorithm produces an answer that is always
correct with just 1 evaluation off

Implementation serves to demonstrate the potential of ion traps for
quantum computing
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» Upper qubit (upper line) gives information which side of the coin
* Lower qubit (lower line) is an auxiliary working qubit

« R are rotations which create the superposition’s

« U is an unitary operation

« Measurement of |<1|a>,|? yields information if f is balanced or constant



1) Input:

2) (HeH):  [aw), =2(0)+[1)0)-|)

) (HeD: [aw),=

(1
iﬁ‘0>(]0>—‘1>) for £(0)=f()
Z[(0)-1) for 1(0)= 1)

5) :iiz\ f0)@ f(L)(0)-|1))

« The state of the first qubit shows if f is constant or balanced



« Explanation of step 3:

[)(10) = 1)) = [x)]0) = X)}1) ——[x)| 0@ £ (x)) - |x}|1.® f (x))

(-1)"™|x)=
f(0) f(1) f(O):f(l): {:‘(((())))zg_) igiti;} :iq0>+‘1>)
= [£(0)=0: +[0)—])
£(0)= f(1): {f(o)zl: _O>+1>} =+(0)-1))




Deutsch-Joszg

» It's easy to expand the algorithm to n qubit's:
« Initial state with n qubits is: |a.w), =‘5’1>=\0>1\0>2---\O>n_1\0>n\1>n+1
« Algorithm is very similar to Deutsch Algorithm
» But applying the n-qubit Hadamard transformation to initial state:
H, = ﬁ H.
i-1
* Final state of the n-qubit algorithm
aw, - 23y 2

» Decide if f constant or balanced — measure population of ground state 10>

IDICIRE

{J_rl for f  const.
2" =

0 for f blanced
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Overview

« 40Ca+ ion in Linear Pauli-trap
Lasercooling

Ti-Sa-Laser for qubit-manipulations
— Wavelength 729nm (linewidth<100Hz)

— Acousto-optical modulator for freq-change and
phaseshift

* Electron Shelving for electronic state Detection
— 99,9% fidelity
— 3ms detection time



Linear Pauli-trg

Combination of static and alternating EM-fields — confine ions in an
effective potential

Field of ion trap = quadropole — vanishes at center & increases in all
directions— any deviations results in a net restoring force

* Linear ion traps allows to assemble many

ions in a linear chain, thus:

» can be addressed by laser beams
» equilibrium position is field free

* in contrast to classical non-linear Paul trap
where trough coulomb repulsion ions are
pushed away from field free point

— micro motion



« 40Ca+ ions in Linear
Pauli-trap

* W, = 21m*1,7MHz




Laser cooling relies on the transfer of momentum from photos —
arrangement so that that forces push atoms in direction of the laser beam

Momentum transfered < photo is absorbed

Emission in contrast of the absorption process is not directed — average
effect of all emmission processes vanishes

L =ho E=0 telle Situat : -
p=hk = * One need high scattering rate

because otherwise the

“‘%P\MU\’ 8| ) o change in velocity is too small

_u.m..:-,m..! « Using lasers — scatter up to
108 photons per second

) —atom can be stopped over

E=hwo

p =hk short distance




Sideband Lasg

« Doppler cooling yield average vibrational quantum numbers n_= 20

— further cooling is achieved by sideband cooling

« Efficient laser cooling occurs when the frequency of the laser beam is tuned
to the red sideband

Internal
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External
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le, 1)
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12)
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Phonons

In this case the atom undergoes
the transition:

lg,n> — le,n-1>
spontaneous emission occurs
predominantly at the carrier

frequency:

le,n-1> — Ig,n-1>
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Carrier rotation

ISn,>->1Dn,>
(729nm) Laser puls

Transitions on the blue sideband
IS n,>-> ID n,+1>
(729nm + w,) Laser puls



R(8, ) = exp [igijf_'-"“?’ gt e Mg }}

8 . .
RT(0,¢) =exp [i;{e’%‘*‘ﬁ +o g b}}

o transitions between IS> and ID>
b transitions between 10> and 11>

O ~ pulse duration

¢ phase between pulse and atomic polarization

2 important Rotations
- R, = R(11/2, 0)
- Ry=R(m/2, m)



Balancad functions

v A
la,w=, la,w>,

lablz 1 Truth table for the four possible functions
‘ I Caonstant functions
| L l<las,l? v
i : Lasa
E #0) 0
! i fi1) 0
Y | s ';
la,ws, la,w>, wipfa) IL

Tablke 3 Implementations of Ry, Us Ry,

Logic

Laser pulsas

f 1 'I':ll‘: T3] ":‘I ‘¥an

Mo pulses

Fa

fo Ry, SWAP~!NOT,
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SWAPR, At (=.0)A (&0
< Ly e J . e

swse | (5.0)
2 W J

4

R(Z,0)R (= 2R, x|

s R,  CNOTR,, A*(2.0)A" (x.5)R" (%.0)A" (x.5)

The motation angle for F(8,¢) is given for the |10} — |01} traﬂﬁiti-un. # and ¢ denote the pulse
ectively. pawaer = arccos(cot® (x/+2)

duration ana phase, res




— Doppler lasercooling 2ms on S’z 2> PV
* Result Vibrational quantumnumber n, = 20

— Sideband Cooling 12ms
* Result Vibrational Groundstate 0, 99%

— Initialization by optically pump ion to S’
* Result 101> =152 0>
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M Case 3
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n 25 50 75 100 125 150 175 200 225 250 275
Time (us)

: R, carrier pulse

' Ry, U Ry, blue sideband
pulse on law>
— The phase is switched at 87, 133 and 166 s

. Ry carrier pulse



Phaseshift conj

« 1 algorithm = several/many pulses
« Control relative phases precisely
« Unwanted shift has to be compensated



Computationa

» Subspace {IS0,>,ID 0>, 1S 1>, ID 1,>}
* Transitions on the blue sideband
—-1Sn,>-> ID n,+1>
—1S 1,> = ID 2> outside subspace

 Composite Pulses

— Sequence of carrier and blue sideband pulses
that constrain the system to the subspace



Measurements: Ou

. Constant
» Fidelity I<1la>? S e
Expected |(1] )| 0 0 1 1
— Case 1,3,4 >07% Meas.ured|r.j1|e}|§ 0.019(6) 0.087(6) 0.975(4) 0.975(2)
Expected |{1] w)| 1 1 1 1
— Case 2 >90% Measured |(1 | w)f* - 0.8001) 0.931(9) 0.986(4)

 Error sources

— Decoherence laser-atom phase
* Mostly caused by ambient magnetic field fluctuations

— Case 2 most complex pulse sequence
» Higher laser power to speed up algorithm
—> This reduces sensitivity to phase decoherence
—> This causes off-resonant carrier excitation that limits fidelity



Measurements: Evg
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Follow evolution of I<1la>[? Time e
« Stop Pulse sequence anytime
* I<1la(t)>I* = Probability of finding ion in D5/2 state

* Very small deviation of normal calculated ideal
values (solid lines)




Summary/Outlook

High degree control over all relevant experimental
parameters over long pulsesequences
— Laser freq. and intensity, optical phases, and trap frequency w,

Good procedure for the future

— More complex algorithms

— Scaling to multiple qubits

Light shift compensation important for scaling

— lon heavier = higher laser intensities for sideband transitions
which increases light shifts

All gate operations possible

Possible 43Ca+ instead of 4°Ca+ with potentially longer
coherence time
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