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Reviews for basic tools of ion trap quantum computing:
D. J. Wineland, C. Monroe, W. M. Itano, D. Leibfried, B. E. King, and D. M. Meekhof,
J. Res. Nat. Inst. Stand. Tech. 103, 259 (1998)
M. Sasura and V. Buzek, J. Mod. Opt. 49, 1593 (2002)
D. Leibfried, R. Blatt, C. Monroe, and D. Wineland, Rev. Mod. Phys. 75, 281 (2003)
H. Haffner, C. F. Roos, and R. Blatt, Physics Reports 469, 155 (2008)
D. Kielpinski, Front. Phys. China 3, 365 (2008)

Thanks to Didi Leibfried, NIST, for the use of some of his slides



Trapped ion quantum computing

1.Linear rf traps
2. Atomic physics for ion qubits
3.Generating entangled states with spin-dependent forces

4.Example experiments
5.Surface-electrode rf traps



Traps for single charged particles

Penning trap 1959
Paul trap 1956 single electron trapped 1980/1981 single trapped and
| laser cooled atomic ions at
Univ. of Heidelberg and NIST

CCD image of two trapped
o % and laser cooled °Be* ions in a
Hans Dehmelt Paul-trap at NIST
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Wolfgang Paul
Shared 1989 Nobel prize in physics



Paul (or rf) trap — linear rf trap
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Example linear rf traps

Blade trap, Blatt group, Innsbruck

Two wafer
trap, NIST
FiIterIBoards
DC Electrodes
Trap.{;'\faffers
another example: surface electrode traps
(see end of talk) DC
Electrodes

(on bottom trap wafer)




Atomic physics for ion-qubits



One electron systems
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Resonant S — P transition

nP (2P for Be™) excited state (life-time a few ns)
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nS ground state

optically pump for state preparation



Resonant S — P transition

NP excited state (life-time a few ns)

W -
red detuned
basic idea: red detuned photon is more likely by I'/2

to be absorbed “head on”
momentum kick opposes motion

............ nS ground state

Doppler cooling = ion crystal forms



Resonant S — P transition

NP excited state (life-time a few ns)

excite fluorescence for detection on
“closed” transition

nS ground state



Ion qubits (|4 ), |T))

hyperfine qubit

? NP excited state

laser cooling/detection

| T)

\4

a few GHz \ 3 nS ground state

| 1)

optical qubit

NP excited state

/

laser cooling/detection

R " nD excited/state

/7
a few 100 THz

nS ground state



Sideband cooling —

G

two ions < 6 normal modes

normal mode < harmonic oscillator

\ - / 12)

@ 1)

0)

cooling to the ground state

hyperfine qubit

nP excited state

......... -

- 1)
: nS  ground state
a few GHz 1)

stimulated Raman interaction




Sideband cooling — cooling to the ground state

hyperfine qubit F

nP excited state HI = -e_i([éo_WO]t_l_qb)_—I— h.c.
light detuning and phase _

GAKE_ in(a;+a) ~ 1 + in(al + a;)

A nS| X round state
a few GHz J
| 1) 55
. : : Erec h<k
stimulated Raman interaction n = = 27r— <1

a, typically order 10 nm for a few MHz trap frequency, A~ 200-400nm




Sideband cooling — cooling to the ground state

From D. J. Wineland, et al., Experimental Issues in Coherent

Quantum-State Manipulation of Trapped Atomic lons
J. Res. Nat. Inst. Stand. Tech. 103, 259 (1998)

|3) 13)
ceepma-
Wo i
WO ions « 6 normal modes |2 H
L1
normal mode < harmonic oscillator /
‘ ’ 3:4_'L 3
\ ] =n o\
e 12) ) N :
—O— |1y i 1)
, n=0 n=g
€ 1) T
10)

(a) stimulated Raman (An = -1) (b) spontaneous Raman (An = 0)



Generating entangled states
(a quantum logic gate)
with spin-dependent forces



Generating entangled states with spin-dependent forces

Simple example — adiabatic spin-dependent force calarco, Cirac, Zoller, PRA (2001)
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Generating entangled states with spin-dependent forces

Simple example — adiabatic spin-dependent force
o

d
>0<_>0000000 ECoulombocqz/d
nno M MmN

Spin-dependent push can be enhanced by the remaining ion!

- 2q2 . F02 - 2q2 . F02
0 d’ (ma)zz)2 d’ (ma)zz)2 0 < AEcoutomp AE'Coulomb"'AETrap —
F2OF2 4 FE FE 4¢ R ferromagnetic interaction
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Generating entangled states with spin-dependent forces
Oscillating spin-dependent force: F;(t) = —F|(t) = F, cos(ut) 2

o u < w,, ion oscillation, F 1(t) in phase

WM ‘¢>‘T> have larger oscillation amplitude and energy
= ferromagnetic interaction

® U > w,,ion oscillation, ﬁT l(t) 180° out of phase
Coulomb force opposes FT L(t) for mM Mm states,

mM H>‘T> have smaller oscillation amplitude and energy
— anti-ferromagnetic interaction

Fr(t) = —F\(t) = Fy cos(ut) 2



Generating entangled states — geometric phase picture

Spin-dependent forces from Prepare U= Wcom+ 6
optical dipole forces {m + 1HHIT + [0 com ODF
e Rarely turn on adiabatically

e Easier to generate time-dependent force b T >
R Spin-state acquires
e phase ei(4/h)
\\\
\ A
\
\ VA
>
@ FT(t) = —Fl(t)
F;(t) = Fycos(ut)
2
Hopr (t) = F, Cos(ut) 2 2]. . 5].2 Different spin states acquire dIﬂ:leeAr;t phases
—1 Enables a phase gate, /61 0,
]=

Leibfried et al., Nature 422, (2003)



Trapped ion entangling gates

e Cirac —Zoller controlled not gate- Phys Rev Lett 74 (1995)

first-order sensitive to ground state cooling

o Geometric phase gate - Leibfried et al., Nature 422, (2003)

first-order insensitive to motional temperature
U= Wsom + 0, 0,0, interaction

e Molmer-Sorensen gate - Sgrensen and M@lmer, Phys. Rev. Lett. 82 (1999)

first-order insensitive to motional temperature
U= Wgypit T Weom T 0, 8,0y Or G0, interaction

— leen>

®
/N
legn+1> lgen+1>

legn> lgen>
Iegn-fre- — lgen-1>

m] m2

lggn>



Example experiments

1. High-Fidelity Universal Gate Set for °Be* lon Qubits
NIST group, PRL (2016)

2. 14-Qubit Entanglement: Creation and Coherence
Blatt group, PRL (2011)

3. Demonstration of a small programmable quantum computer
with atomic qubits, Monroe group, Nature (2016)
also PRL 120 (2018)



ngh fidelity gate for °Be qubits — NIST group

Detection and
Doppler cooling
313,132 nm

. TN .
State |r1|t|a||2at|0n
| L)12,0)

B field ~ 0.0119 T

\B field =~ 0.0119T

o .9Be

7\

Axial direction Z

Employ MS gate to prepare Bell state:

|@.) = (IT) + [L)/V2

Partial state tomography = Fidelity

0.020

/| ® Bell state error (inferred with ML algorithm)
||--- Raman scattering error

ll---- Rayleigh scattering error

i|— Total scattering + |22) & | 11) mapping error

0.015

0.010/

Error

0.005

900 450 270 170
~27/A (GHz™)

Bell state error vs Raman detuning A



ngh fidelity gate for °Be qubits — NIST group

Employ MS gate to prepare Bell state:
- |Dy) = (1) + [L)/V2

Individually determined errors for % = 900 GHz

Detection and Errors x10~*
Doppler cooling
313.132 nm Spontaneous emission (Raman) 4.0
Spontaneous emission (Rayleigh) 1.7
. - Motional mode frequency fluctuations
| L)12,0) slatenitalization Rabi rate fluctuations
|2,-1) Laser coherence 0.2
12,-2) B field ~0.0119T Qubit coherence < 0.1
Stretch-mode heating 0.3
Error from Lamb-Dicke approximation 0.2
Off-resonant coupling < 0.1
\B field =~ 0.0119 T 2.2) < |1) two-way transfer 4
Axial direction Z 9
. . Be* 9 4 . 4 o
Be* hyperfine qubits, NIST group, 99.92(4)%

\ 43Ca* hyperfine qubits, Oxford group, 99.9(1)%
Balance et al., PRL 117 (2016)



14 qubit entanglement — Blatt group, PRL 2011

40Ca* optical qubit

T=6.9ns

4p P, Global application of a MS entangling gate =
4D2Puzﬂ‘l GHZ state (lOOO Q) + (111 ...1)/V/2
866 nm —"3d_, '
—— [3d,, N qubits
397 nm -

GHZ coherence < parity P oscillation measurements

1. global /2 spin rotation with phase ¢
2. measure parity P = P,j,on, — Ppaa
w Peyen oaa= probability of even, odd excitations

—1
6 way cross S%‘V
PMT

457 L Call

top view

X 854 nm EMCCD
L»z \ 397 nm



Number

14 qubit entanglement — Blatt group, PRL 2011 .

e | I 1
| L ]
I I 2
l | 1la |
T

Global application of a MS entangling gate =
GHZ state ({000 ...0) + [111...1))/v/2
1

N qubits

GHZ coherence < parity P oscillation measurements
1. global /2 spin rotation with phase ¢
2. measure parity P = P,jon, — Pyga
Peyen oaa= probability of even, odd excitations

Parity

Parity —

..I.. 10

Parity oscillations = up to 14-particle entanglement |

14

= I I )

1 ] ! I
0.2 0.4 0.6 0.8 1

(=]

Phase ¢ of analyzing pulse (n)

¢ -



5-ion programmable quantum computer — Monroe group, Nature 2016

171Yb* hyperfine qubit, v, =12.6 GHz

Multi-channel

N

_Jr

1
Detection 5
optics -
lon chain

4 3

Global l\“‘ ‘/
Raman bean:?\

Multi-channel

AOM
Individual

Raman beam

E‘J\X

Control radio

Beam splitter
frequency signals P

Features:

= very large Raman detuning A mitigates
spontaneous emission

* Multi-channel AOM provides flexible
addressability

* Single qubit rotations, Raman beat note = v,

" 0,0, 2-qubit gates formed with Raman beat
notes near vy + v, (MS gate on X-modes)

= all X-modes coupled to spins

= Spin-motion disentangled through amplitude
and frequency modulation

* Highest 2-qubit gate fidelities are 98.3(4)%

* Full connectivity of trapped ions = benefits

" Implement algorithms including QFT,
fidelity~ 80%



5-ion programmable quantum computer — Monroe group, Nature 2016

171y p+ hyperfine qubit, Vo =12.6 GHz Current efforts to scale from 5 ions > ~32 ions

(UMD, lonQ)
o " % __, ) Vision for scaling beyond single linear trap:
1 photonic quantum channels
i , Monroe, PRA 89 (2014)
A >

Multi-channel

AOM
Individual

Raman beam

E‘J\X

Control radio

) Beam splitter
frequency signals




Surface-electrode rf ion traps



Surface-electrode rf ion traps

Dc.»; .RF

3D linear
Paul (RF) trap
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Why surface-electrode rf ion traps?

Quantum CCD architecture

Pros: Kielpinski, et al., Nature 417 (2002)

e precisely fabricated with clean room
microfabrication techniques

- lons move between
different trap zones (e.g.

e include on-chip components such as ADC’s memory, gate, recooling)
e scalable fabrication for making large - Laser/microwave access to
complicated arrays subset of trap

e provides path for scaling up ion trap QC via
the “Quantum CCD architecture”

e pEETTEEA

Con:
e small well depth motivates cryogenic operation




example surface-electrode rf ion traps

- X

-junction circulator trap

Mg lons Traps fabricated
Current NIST “mag” trap and tested at
¥ Sandia Nat. Lab Ll

Y-junction circulator trap

$4800 1.0kV 15.3mm x30 SE(M) 2/29/2012 14:55 1.00mm



example surface-electrode rf ion trap

NIST Y-junction trap
Amini, et al., New J. Phys. 12 (2010)

(a) ! | WET
Control bus B Ly >
(c) Experiment region #1 Cﬂﬂnectic'l: iy
Heating Storage zones component (1 of 8)

measurement

Loading zone #1

Backside -
loading slot
Y-junction (1 of 8)

Backside
loading slot

< 5 mm >

Experiment region #2




Acrobatic shuttling — Sandia National Lab

Surface-electrode ion trap demonstrations:
e shuttling, including through junctions
e high fidelity single-qubit gates
. high fidelity two-qubit gates

Surface-electrode ion traps enable new capabilities !!



Spin-dependent forces from magnetic field gradients

0\ Advantages over laser-driven gates:
- Electronic sources are more stable,
easily controlled, cheaper, and smaller
I(t) = I, cos(wt) - Wires are much easier to integrate into
; ion traps than optics
B« -2 - Eliminates fundamental photon scattering errors
d
I
VB x —



Entangled states with magnetic field gradients

C. Ospelkaus et al., Nature, 476, 181 (2011)

a ) E,ﬂ 2D o IE!T%
" N ] aX 25Mg*, radial trap frequency = 5 MHz,
. ;o Fon B B,=21.3mT
Sof - ion — electrode distance = 30 um
B | — dB,,,/dz = 35 T/m




Entangled states with magnetic field gradients

C. Ospelkaus et al., Nature, 476, 181 (2011)
B = B, cos(2nf,t)

|3,1) <> |2,1) transition
fy = 1.69 GHz, 2°Mg")

Rabi
flopping e MS gate with gradients at f,£(f +6)

18 ns T —time

7, =18.63(3) ns

= (|11 + e |L))VZ,
Fidelity = 0.76(3), Tyqte = 200 ps

101

Ave. photon count ©

0 10 20 30 40 50 60
t (ns)



85 ion trap groups listed at https://quantumoptics.at/en/links.htmi

There’s a lot of activity!

completeness disclaimer —
my summary is necessarily
biased towards my interests
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https://quantumoptics.at/en/links.html

Trapped ion quantum computing, simulation, and sensing

John Bollinger, NIST, Boulder CO

Monday, July 2, 11:00 AM — Trapped ion quantum computing
Tuesday, July 3, 11:00 AM — Trapped ion quantum simulation

Thursday, July 5, 9:00 AM — Trapped ion quantum sensing
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