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= Simplified “ideal” ion:
= Hyperfine qubit

= Spin % nucleus 1)
= Use magnetic field insensitive states W
(to 1%t order) O> /
= Background Hamiltonian:
location index
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(i i rons Topology

O  basicwell @® creationwell O interactionwell — movementconstraint

= Rectangular unit cell,
infinite graph in 2D
plane  ecccoleccoesccsoocoosccseooos

All wells can store up
to 5ions

Example:

105 225 008

43.4

43.2 433

well 43
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s Evolution of topology

$4800 1.0kV 15.3mm x30 SE(M) 2/29/2012 14:55  1.00mm 54800 1.0kV 15.3mm x25 SE(M) 2/29/2012 14:52 2.00mm
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= CREATE:load anion ata
creation well; created ion

is described by mixed state 105 225 008
234
= MOVE: shuttle all ions in a 1

well to a neighboring well
" adjacency 105 225 008
= speed

= order preserved
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= SPLITCOMBINE: move all or a 105 225 008
fraction of the ions in one well
into a neighboring well, which I
may or may not already have
ions 105 225 008

= speed, adjacency, order

" neither well can have > 5 ions at

any time Junction shuttle
= Note: shuttling through a pnnnzoks .

junction is required to change

order

@ Junction well

® Storage/interaction well
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= SETZ: initialize the ion State initialization

[\

| I=€nie O
Pinit 0

Cinit

€init = 1077 .
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= MEASUREZ: measure the
state of the ion

State detection

al0) +b|1) R
p(10)) =1 = elal® — (1 — €)[p]? “ANY
p(|1)) = elal* + (1 —€)[b]? / g |
! mm Preparedin |1>
mm Prepared in [0>
z e
2 1)
g —&—
0 -

0 5 10 15 20
Number of detected photons

e is the probability of a bit flip error in the measurement. € = 10™*
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Oy = 2 [, L, () dt

= ROTXY:
Ry (Ory, Ozy) = c08(0py/2)] + i8In(Ory/2) cOS(Opy )0 + i SIN(Hry/2) SID( Py )0y
h ., 0 ciPy
Hoy = 3% (0| o, )" B
€i,2

- errors. Sq 2 photon
, € 1 Raman

Q' (t) = Qt) +ei1(t) +€i2(1) \ ’ (carrier

transition)
- constraints: frequency
0 < Q(t) < 1.5x10° radians/s 1)

0 < |dQ(t)/dt| < 6 x 1013 radians/s?
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Pulsed laser Rabi oscillation

Probability for bright state
o O
a0 O
oo
ot o Ho—i F&H
o1 Fe- e e

0.01 0.02 0.03 0.04 0.05
Pulsed laser gate time [ms]

T time: 3 us

courtesy of Duke University
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)

- errors: Differential |
Stark shift

Q' (t) = Qt) + € 1(t) +€i2()

- constraints:
0 < Q(t) < 1.5x10° radians/s 1) o A

0 < [dQ(t)/dt| < 6 x 103 radians/s? 0)
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Experimental demonstration of a
robust, high-fidelity geometric 2R photon
two ion-qubit phase gate aman

" GEOPHASE I e (detuned

1 0 0 0] 1 sy TTOM
0 eids 0 0 motional
Up = 0 0 % 0 Z mode)
0 0 0 1 | #o—ewwin ‘ e>
T ~/ ) —= [, [ — W n
Errors
* AreaA (proportional to ¢,)
A * laser intensity
« only one in PMD, similar to single qubit
rotation
« Under/over rotation 1
X * Pulse timing, frequency fluctuations ~  _._._ ‘.l'_
«  Size of phase space ‘ 0
* lon heating




Two qubit gate

ernal states of t ns entangled

# #8080 #

Thanks: R. Blatt. Univ. Innsbruck Cirac and Zoller, Phys. Rev. Lett. 7I4, 4091 (1995)
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= Future additions/changes to ion PMD
= More “realistic” noise amplitudes

= Change frequency range of 1/f noise to allow for more
guantum control

= |Leakage (ion loss)
= |mpact of heating on 2 qubit gate

= Time for sympathetic cooling
= Decrease in fidelity

= Clock noise (jitter, phase noise)




Trapped ions

Sandia
in the national interest National

Trapped neutral Laboratories
atoms

Grant Biedermann

Exceptional service

7% U.S. DEPARTMENT OF

. Y AL =y
ENERGY /M VA"

tional Nuclear Security Administration

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia
Corporation, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of
Energy’s National Nuclear Security Administration under contract DE-AC04-94AL85000.




@ ﬁa?_dia | Nfutral b .
ationa atoms
Laboratories QU I t

= Simplified “ideal” neutral
atom:
= Hyperfine qubit Cs Energy Structure
= Use magnetic field insensitive
905, 5
states
= Ground states space of atom
identical to qubit space-(cannot
decay outside qubit sub-space) ;1:
1)
Sin o

‘ O> wl lmg) =0
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Q interactionwell O basicwell () graph origin

— movement constraint interaction zone |:| unit cell

= Infinite graph in 2D plane,
origin indicated
= Two types of wells

= Interaction: performs any instruction
=  Basic: supports only move and create §

=  \Wells can store 1 atom

= |nteraction zone size defined
by Raman laser size

........ 0 DOP IS
. . . 20040000
= Distance between interaction oo bbb o
zones defined by dipole- 33-33333
) _ , 00000000
dipole interaction of Rydberg .
states
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= CREATE:

= There is a single loading event at
the beginning of the
computation.

= Makes atom/qubits physically
present e s st PSSR ETITTUSTTHITT e

= Takes 10 seconds

= Can load atoms anywhere 1

= Mott-insulator technique.

= Example layout shown by blue
wells in figure

= Atom state is described by
mixed state J41
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= MOVE: shuttle atomina
well to a neighboring well

= adjacency

= Speed—50 us per well

= Can occur simultaneously at
all sites

= Atoms cannot move past one
another
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= SETZ:

= jnitialize the atom

= Adjacent ‘square’ of wells
must be unoccupied

LLil

= Atom must beatan ...
interaction well

o [1=10"* 0
;O’Lﬂit — O 10—4
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= MEASUREZ: a|0) + b|1)
= measure the state of the
o p(|0)) = 1= elal® — (1 - €)[b]?
= Same rules apply from p([1)) = €lal® + (1 —¢€)[b]?
SETZ

e is the probability of a bit flip error in the measurement. e = 10~%
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= ROT:

= Usage
R(6,0) = cos(0/2)] +isin(#/2) cos(p)or + isin(0/2) sin(o)oy,

0 =2 [ Q(t)dt

H=Qt)(1£T,)(S,e"® +S_e7) 2-photon
Raman n
= Constraints: transition
= topology identical to SETZ
m 27 x 10° < Q < 207 x 10° radians/s or €2 = 0 radians/s.

= Errors: shot-to-fluctuation in

Rabi frequency
(Tw(t)Tw(t')) =4/m x 1074
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Quantum information with Rydberg atoms

. . M. Saffman and T. G. Walker
° Department of Physics, University of Wisconsin, 1150 University Avenue, Madison,

Wisconsin 53706, USA
K. Melmer

- M Lundbeck Foundation Theoretical Center for Quantum System Research, Department of
- q u I C O n r O e p a S e Physics and Astronomy, University of Aarhus, DK-8000 Arhus C, Denmark
(Published 18 2010)
gate a) b)

Ir> —f— e

= Rydberg mediated 1,3 2 fls 27

= Only the two participating wln Ao Al e
atoms may reside in 1> —

. . 10> control target control target
Interaction zone Ab=n Ad=0
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= CPHASE (cont.): 00 0 0
L 01 0 0
= Hamiltonian He=hr | o o 1 o
00 0 1

= Where Qr = 187 x 10° radians/s.

= Rabi frequency is not adjustable beyond on/off switching

= Error
= Arises from spontaneous decay from Rydberg level
= Neglect rotation error as it leads to spontaneous decay
= Model as amplitude damping according to Lindblad equation

-

R 1 1 1 |
p:_g[ﬂ__p]ﬂ(a( o) = Lo )pa()()) (a()pgi) Lo@6®, - Lt )J@)

Here v = 10~




