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Trapped Ions as QIP Platform

* Trappedlons are

— Strongly trapped yet well 1solated from environment (atomic clocks)
— Satisfies all DiVincenzo criteria for scalable QIP

* But, they are NOT

— FEasily integrated into large-scale systems
— Challengmg experimental 1nfrastructure |

/. 3

Dr. David Wineland, Oct. 26“1, 2012 J. Jost & D. Wmeland, NIST, Boulder
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Lecture 1: Trapped Ion Qubit Basics

1. Ion Trapping Basics
2. Trapped Ions as Qubit Platform
3. Concepts for Scalable Ion Trap QC Hardware
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Principles of RF Paul Trap

quadrupole (“point”) ion trap geometry
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Monroe Group, U. Maryland and Wikipedia
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transverse confinement:
2D rf ponderomotive potential

Linear RF Ion Trap

D ——

A 4
FR - voltage efficiency factor < | Monroe Group, U. Maryland




axial confinement:
static "endcaps”

Linear RF Ion Trap

Monroe Group, U. Maryland




3-layer geometry:
eallows 3D offset compensation
escalable to larger structures

Monroe Group, U. Maryland




Scalable Surface Ion Trap Chip

* Design and Fabrication of Scalable Surface Ion Trap Chips

Rf electrodes

B 3883388888388 8z8¢8238G8

10 .'y.vm 80 ) @ 20 ) 20 @ o0 80 w0 20 "0

Control Electrode
Ion trapped here  Position (um)

Surface Trap Fabrication: NIST, Georgia Tech, Sandia, MIT, Ulm, ...
Surface Trap Operation: NIST, Maryland, MIT, Duke, Innsbruck, Oxford, ...

Chiaverini et al., Quant. Inf. Comput. 5, pp 419 (2005)
J. Kim et al., Quant. Inf. Comput. 5, pp 515 (2005)
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Modern Trap Fabrication Technology

» Microfabricated lon Traps

o
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GTRI Traps

NJP 13,103005 (2011)
NJP 14,073012 (2012)
NJP 15,033004 (2013)
NJP 15,083053 (2013)

Advanced Trap Functionalities

GTRIQIS Chain Loading, 5-ion(d=10um) anharmonic well 2010.11.20 [1] J ason Amini et al. ; GTRI (2 O 1 1 )
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Lecture 1: Trapped Ion Qubit Basics

1. Ion Trapping Basics
2. Trapped Ions as Qubit Platform
3. Concepts for Scalable Ion Trap QC Hardware
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Atomic Species for Ion

a1

Pm | Sm
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Qubit Choices for Trapped lons

* The “Optical” Qubit

P3/2

e 40C at
P 854nm

— @Ground S state and metastable D

state qubit
— Stable laser needed (~1Hz)

F. Schmidt-Kaler et al., J. Phys. B 36,623 (2003)
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* The “Hyperfine” Qubit
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e 71YDb*, °Be", 2’Mg™, etc.

— Two states from the hyperfine

ground state manifold

— Microwave frequency transitions

http://www.ptb.de
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Basic Properties of Hyperfine Qubits

lon I /27w (MHz) wy/ 27 (GHz) wye/ 27 (THz) Ay (nm) Ay (nm) F s
“Be* 3/2 19.6 1.25 0.198 313.1 313.0 N.A.
BMg* 5/2 413 1.79 2.75 279.6 N.A.
$ca* 7/2 2.5 3.23 6.68 393.4 17

170" 5/2 62.2 7.2 27.8 202.5 N.A.
87rt 9/2 21.5 5.00 24.0 407.8 14

e @ 50.5 14.53 74.4 214.4 N.A.
378a* 372 20.1 8.04 50.7 4554 3

Yiypt (172 19.7 12.64 99.8 328.9 290
e “ 54.7 40.51 273.4 165.0 700

I : Nuclear spin

y . P state natural linewidth

@, : Ground state hyperfine splitting
os : P state fine structure splitting
A,: Transition frequency to P, state
f : Branching ratio

R. Ozeri et al., PRA 75,042529 (2007)
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The '"'Yb" Hyperfine Qubit : Coherence

* Qubit states are two internal (clock) states of the atomic 1on
« Carefully chosen states have long coherence times

e T,= lsec “without trying much”

e 7,~= 15 min with “some effort”

2S, ), Ty= 11,0 vir = 12 642 812 118 + 311B2 Hz
|\L> I= 0,0) (600 HzZ/IG @ 1 G)
S. Olmschenk etal., PRA76,052314 (2007)
©®Jungsang Kim The ICAP 2016 Summer School

July 2016 July 18-22, KIAS, Seoul Korea



The '"'Yb" Hyperfine Qubit: Initialization

* Optical pumping into the dark state prepares initial qubit state
* High preparation fidelity (>99.99% after scattering = 10 photons)

/21 = 20 MHz

9 T $21GH
P12 ; “

369 nm

vr = 12642 812118 + 311B2 Hz
(600 HzZ/G @ 1 G)

S. Olmschenk etal., PRA76,052314 (2007)
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The 17'Yb" Hyperfine Qubit: State Detection

« State-dependent fluorescence provides high fidelity detection

0.08p

007t Single ion

v/2n =20 MHz o

>‘0.05-

2p1/2 121 GHz 2 o0dl

60.03-

0.02F

0.01F

369 nm .

0 10 20 30 40 50 60
(81 1 9THZ) collected photons

2 ™= 11,0
S 1) =[1,0)
) = 0,0)

S. Olmschenk etal., PRA76,052314 (2007)
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The 17'Yb" Hyperfine Qubit: State Detection

« State-dependent fluorescence provides high fidelity detection

0.9

0.8

Single qubit
27 =20 MHz . . : -
! >Z; detection fidelity: F~99.9% |
2p I f216Hz 5 | _
172 g° Signal/background = 5000
S04
0.3
A
0.2
0.1
369 nm el
0 0 10 20 30 40 50 60
(81 1 9THZ) collected photons
e Qubit state detection takes
- <30 us for ~99.9% fidelity
2G T ~ 10 us for ~99% fidelity
1/2
|¢> R. Noek etal., Opt. Lett. 38,4735 (2013)
S. Olmschenk etal., PRA76,052314 (2007)
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The '7'Yb* Hyperfine Qubit: Single Qubit Gates

« High fidelity gates via Raman transition or microwave transition

« Single qubait fidelity over 99% using ~ us optical/microwave pulse
Differential Stark Shift

A
100 THz 1107
l (R ""K.:33 THy J u Kpl/z
2
P1/2 ) Stark 0
_8 T
) 3x YAG /
—1x1073

340 350 360 370 380
369 nm 355 nm Spontaneous emission
(811.9THz) =3xYAG i | |
4x10-5 [~
spont 3x YAG
R — X105
2S1/0 T Q-W&VG) i J l
+ 1x10-5 |-
|¢> 0 | | |
340 350 360 370 380
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The 17'Yb" Hyperfine Qubit: Multi-Qubit Gates

e Detuned Raman transition applies spin-dependent forces
* (Can lead to robust spin-dependent phase shift (controlled-phase)

2 4
P3/2 100 THz L TILT" “ COM
l A=33 THz 2 0.8 T i
2p = P! !
1/2 s 067 . :
2
£.0.4-
A~ L 2
0.21 L
PADHP(T)
015 . . —
3.50 3.55 3.60
369 nm o detuning from carrier (MHz)
(811.9THz) iy
=004
A
, — M 1 108 360 720
S12 —4+ Motional 0 (degrees) .
T — Excitations T =40ps  F,>98%
K. Kim etal., Phys. Rev. Lett. 103, 120502 (2009)
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Lecture 1: Trapped Ion Qubit Basics

1. Ion Trapping Basics
2. Trapped Ions as Qubit Platform
3. Concepts for Scalable Ion Trap QC Hardware
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Ion Chain Quantum Register

« Equally spaced long 1on chain
* Use transverse phonon mode for multi-qubit gates

* Design and control of laser pulses that apply spin-dependent
forces at the heart of quantum register operation

* Forms Elementary Logic Unit (ELU) in MUSIQC architecture

0

2 avaTalGVaTavas
-5 .l Na { »° JRSE
. 10 "t 4 [Tl |7
laser cooling oF 1 e
laser =10| u |----- 200 | |
| ; 10 | ---100
cooling ; Yiof oo ® sl (a) -—e
\ | °o® .ons 107 . .
EL& W .. o8 °: cooling 107 -0.02 -0.01 0 0.01
o8l ® " . .alion* (u— o)/ o,
o © ocoh“?”m“o P,
o : \ 0
cooling jons ' ' 0.05 (b) 10" | (¢) ' A
’ E b oo |lay™ LX)
;1! 2 0 b—‘é I' 1 0'2 //'/ \
-0.05 = rs N
107,
500 53 56 59 62 65 68
I/Ts ion index n

Zhu, Monroe and Duan, PRL97, 050505 (2006); Europhys. Lett.73, 485 (2006)
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Shuttling of Ions on a Chip Trap

« Changing voltages can move the center of the trap
* Qubit state remain undisturbed through shuttling

« Sympathetic cooling necessary to perform motional gates after
ion shuttling

* Noise-free qubit transport performed at NIST-Boulder

Memory region Electrode segments

’ _
—_ BedlaB Yy =
R
Z © o
Z— Z 1 m
L] & = - .
— 7Y —
— iz i~ D.Leibfried etal. NIST
: o 2777
: ) 77
. = 7=
Interaction region
Kielpinski, Monroe and Wineland R. B. Blakestad, etal.,
Nature 417, 709 (2002) Phys. Rev. Lett. 102, 153002 (2009)
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Entangling Remote Memories using Photons

* Remote Entanglement Generation of Quantum Memories
— Entanglement of internal atomic state and photon (e.g., color)
— From a pair of such systems, interfere the photons

— Based on measurement, heralded entanglement 1s generated
probabilistically between ions through entanglement swapping

— Use the entanglement for logic operation

#:‘ 1P
—_— S — e Detectors ;
171V T+ HY ~
Yb" W o N A Xz} |o)
BS :
U yu) a b X—Z—18®a)
\ ; Y o
V2 Vi Fiber
iy . » - »

*~lona lonb=”
Ion-Photon (2004)

Atom-Photon (2006) Ton-Ton (2007) Duan et al., Quant. Inf. Comput. 4,165 (2004)
NV-Photon (2010) Atom-Atom (2012) Experiments from C. Monroe group
QD-Photon (2012) NV-NV (2()13) Gottesman and Chuang, Nature 402,390(1999)
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Generation of Remotely Entangled Memories

Ion-Photon (2004) Ion-lon (2007)
Atom-Photon (2006) Photon Detector Photon Detector Atom-Atom (2012)
NV-Photon (2010) B NV-NV (2013)
QD-Photon (2012) 48 O
wﬁ agl
+* % /’;\ed'!
e Photon C 50/50 Photon D
Quantumu#/u/()uamum
Memory A Entangled!! Memory B
(Location A) (Location B)

* When both photon detectors click, it signals successful
entanglement between A&B

« With a good quantum memory, the generated entanglement can be
stored and used for deterministic quantum logic operation

* Opportunities for photonics technology

— Optical networking to construct quantum networks

_ 1 i 1 1 CONVersion _etc )
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MUSIQC: Multi-Tier Approach to Scalability

* Quantum Computation in Small Coulomb Crystals

— Linear ion chain with 20-100 ions (Elementary Logic Unit, or ELU)
— Arbitrary quantum logic operation among the qubits in the chain

 Interconnect of Multiple Coulomb Crystals via Photonic Channel

— Reconfigurable interconnect using optical crossconnect (OXC) switches

— Efficient optical interface for remote entanglement generation
qubitl

= UptoN~1,000 ELUs inaQC

= qubit2 =

N trapped ion quantum registers crossconnect switch N/2 beam splitters

O R RN
- T | | Up to mN qubitsin a QC

. Monroe, Kim, Duan (2009)
m ~ 10-100 qubits / ELU Monroe and Kim. Science 339. 1164 (2013)

N x N optical
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SPARQC: Quantum Repeater Platform

» Strategy for Quantum Repeater Realization

— Trapped-1on quantum information processor with two
optical ports can function as a quantum repeater node

— Fiber A Fiber B

Communication

. Communication
Qublts v Optical Interface * Qubits (Ba) i‘ Optical Interface
’ N\ (Cavity) B
ll
\

[

[

I d q (Cavity) A a Y, \
[ Ui f ¢ ms

| & ¥ &
[

[

Monroe and Kim, Science 339, 1164 (2013)
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Lecture 2: Systems and Technology Considerations

. Qubit Gates for Trapped Ions

. Individual Addressing Strategies

. Photonic Interconnects for Scaling
. Architectural Implications

= WO DN -
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Ion chains in a Surface Trap

Chains of two ions are held for up to 2 hours.

RF: 28 MHz, q: 0.24

-------- e
Yb Photon Gear Lens t|';r -------- U ————— o 32-Channel PMT Array
y 2ndS
l:t: £ | 1==es - R 0.8 mm 1 mm
[E'" A N ad Losamnt {--""¢ 8.6x “"““"““*‘;,' <> <—>
100x A
,'“‘. 7mm | ...
3 Stagelli:l
i \%
i 2 ions
©®Jungsang Kim The ICAP 2016 Summer School

July 2016 July 18-22, KIAS, Seoul Korea



Raman Single Qubit Gates

* Global & Individual single qubit gates can be realized by Raman transition
driven by mode-locked laser. Vv

il

N
7
L]

Vi p=12.6 GHz

Py /s

251/2—|1>

o — .
N XViep T VAOM2 = VAOM1 = VHF

AOM 2 ©

Co-propagating optical frequency combs D. Hayes etal., PRL 104, 140501 (2010)
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Qubit Manipulation with Raman Beams

0.9
o 08 ;ﬁ 5% i 5% f §§ g% § %
% 07 % ﬁ ! Eopd ﬁ SR t H
del NI 5 o6 § ﬁ f % 3} ﬁ %% Py ! i
SN IR SRR M
Soart i qf ot Ty -
Foa 14l pteied gl
o } % % % 3 % % }
01 i 4 Foydoa
By o ¥y g8y
0 0 0.01 0.02 0.03 0.04 0.05
pulsed laser gate time [ms]
No Echo n/2 n/2 1 s {
08 r
= 06t
K2
. _ o —— 14s
* Ramsey experiment with £ 047 | " famanwith Echo
f b . - —=— Raman
requency combs: o |
 (Coherence time without echo:
690 ms % 10 100 1000
Wait time [mg]
Coherence time with a single echo pulse: 1.4 sec E. Mount efal, NJP 15093018 (2013)
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Motional Raman transitions

f If lllllll

|
|
|
|

77777

I
T IR % frep+ (o=f) = for  forap

[:] DC segment _\'. ’
- inner DC X .
B
fl
E. Mountetal, NJP 15093018 (2013)

©®Jungsang Kim The ICAP 2016 Summer School
July 2016 July 18-22, KIAS, Seoul Korea



Motional Raman transitions

Jhf A

/ /I—> c| ’
|
|
f
|

/

n=+1
=0
Yy Y vy iy
‘ 1)
iy 3 (Any, An;)=(0,0) 12.6 GHz
0.8 % ]
0.7 4
206 |
g,os - ’.
w04 e 1 0) |
03[ (-1,0) * 1 n * + —_— — -
02 (0,-1)‘ : :. (0,+1) frep (f2—f1) fhf L8 ftrap
A0 ’ ! 3
OLNW ¢ hvmne x-fs

Frequency from carrier transutlon [MHZ]
E. Mount et al, NJP 15093018 (2013)
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Ground state cooling

Doppler Cooled

madl = 0.54 -

madd = 0.66 e |
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s ..l
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g
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E. Mount et al, NJP 15093018 (2013)
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Heating rate

1.6
14 T Recent results in Surface Traps
1 1 - Traps with lower heating rates
1.2 .
y=0.81x+0.61 (Duke, Sandia, NIST, MIT-LL, etc.)
1 T - Reduced heating at cryogenic temp.
T .
AT R 3 (MIT, NIST, Lincoln Labs, etc.)
2 - : :
= / - - Surface cleaning to reduce heating
067 (NIST, Berkeley, MIT-LL etc.)
04
. Heating issue is under control!!
D. Hite etal, PRL 109 103001 (2012)
0 N. Daniilidis et al, PRB 89 245435 (2014)
0 0.2 0400 0.8 1 1.2 R. McConnell et al, PRA92 020302 (2015)
Heating Time (ms) C. Bruzewicz et al, PRA 91 041402 (2015)
] J. Labaziewicz et al, PRL 100 013001 (2008)
Heating Rate (transverse mode):
~1 quantum/ms
E. Mount ez al, NJP 15093018 (2013)
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Lecture 2: Systems and Technology Considerations

. Qubit Gates for Trapped Ions

. Individual Addressing Strategies

. Photonic Interconnects for Scaling
. Architectural Implications
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MUSIQC: Multi-Tier Approach to Scalability

* Quantum Computation in Small Coulomb Crystals

— Linear ion chain with 20-100 ions (Elementary Logic Unit, or ELU)
— Arbitrary quantum logic operation among the qubits in the chain

 Interconnect of Multiple Coulomb Crystals via Photonic Channel

— Reconfigurable interconnect using optical crossconnect (OXC) switches
— Efficient optical interface for remote entanglement generation

N x N optical ) S
N trapped ion quantum registers crossconnect switch N/2 beam splitters

CCD Camera
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Individual Addressing Strategies

e Options for Individual Addressing of Atoms

—  Frequency discrimination: Siegen (Wunderlich), Penn State
(Weiss)

- Beam Steering: Wisconsin (Saffman, AO), Innsbruck (Blatt, EO)

—  Difficult to scale to parallel Operations

e Scalable MEMS beam steering
—  Scalable fabrication technology
—  Low optical loss over broadband
—  Provide Optical Multiplexing
e Addressing locations
e Beam paths
e Operating wavelengths

e MEMS challenges
- Speed - 103 speedup
—  Stability, reliability and optical performance
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2D Tilt with MEMS Micromirrors

0 Spherical -
g 0 Mirror
_— - - 1
| . \_/
MEMS N L, ﬁ i

Mirrors () out

ey +?

2D decoupled tilt

A@out — 2@

\%

N
DO
~~

a: MEMS mechanical tilt angle

Ab,.:: change in beam tilt angle
The ICAP 2016 Summer School
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Beam Steering Capability

pm Normalized |
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3008 | "«\ 11500

Bl :[ {1000
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Optics Express 17, 7233 (2009) D e Timegy
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MEMS integration

P
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- ————
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Crosstalk Characterization

Address lon A (t_, = 13us) Address Ion B (t__=15 ps)

Prob. to be in |1) State
Prob. to be in |1) State

* By comparing the Rabi1 frequencies of the target and

neighboring ion, crosstalk is calculated to be 1.3 x 10 on
IonBand2.9x 10*onIon A
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Switching Speed Characterization

MEMS Speed Characterization

t=0 e
(;)I tm ts 3 -
e T
i i i m J. L
L] L] L] '/_.\
= 0.6}
O |
© 04
£ |
oV [on at Voltage Set #1
o

l")

=" ey g e e ) 2
Start time of T—pulse (Us)

e t,~09us,t~2us

» Total switching time ~1.1 us
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Sequential Single Qubit Gates

e Quantum State Tomography
— Reconstruct full density matrix
— Requires measurements in 3 bases for a single qubit state

0)  5(10) + 1) I5(10) +2]1))
— Rotate to one of the three bases by:

J. Altepeter, E. Jerey, and P.
Kwiat, “Photonic state
tomography," in Advances In
Atomic, Molecular, and Optical
Physics, Advances, Vol. 52, edited
by P. Berman and C. Lin
(Academic Press, Bellingham,
2006)pp. 105-159.
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Sequential Single Qubit Gates

* Experimental Procedure: Ry ( % ) 9 R ( % )
e Cool (1.5 ms) iy (e A 52 g, 90°), Fm 0950 ey (100 A, 272 gate, 50°
* Pump to |0) (20 us)
* Raman pulse on ion A
* Raman pulse on ion B

* Analysis pulse on ion A

* Analysis pulse on ion B o~ S
Refoy ] (lon B, 272 gate, 07 F 0993 Im{og] (lon B, =72 gas, 0°
* Detect (400 us) T
g .z - — '::/.-\‘-\-"
A9 10, \1/ y,
~ "\ : -~ ',-"" y
! !__ . /// \‘v",._ x
o = £ P

i

. O> state preparation/measurement fidelity: 0.998

- |1 > state measurement fidelity: 0.991
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Compensated Pulses

* Sequences of pulses can be used to make gates less sensitive to
amplitude fluctuations.
* We use the BB1 compensation sequence here.

P Gates

- .,'n. % .. Ml 'T. .T,".T‘ - X |
3 st f“: (i "'i i s
.;.-. ! " i ! "
< 3
; § -‘
S ‘ ‘ ‘ »
2 4 ,‘“'l", 5

h't‘ldé\ e
S —e— Y ~§ —eo—
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Single Qubit Gate Fidelity

CUJH'CI]t g fﬁmﬁq%”‘?es of 223 Gates

“‘Microwave sin

qubit gate errors

12
% 101n the 10_5' i
o - : a ¢ {(Oxford, S T, Duke, etc.)
- E}— - — cogta :~ g 6t . Lo
: —f&—— 4 -2 Raman-dri qubit gate
0 9 r . -
ITOTS nge
0s ‘(ﬂ&f andia, etc.)
5 - Raman-driven two qubit gate errors
S o7l in the 10-3 range
.
(Innsbruck, Oxford, NIST, etc.)
Error: 3 x 10* per gate
06F
] avg
, - err = 2.8e-04 (2e-05)
0'51 e—— —————————— i i
0 0 100 150 200 J. Benhelm et al, Nature Phys. 4 463 (2008)
DRI RS K. Brown et al, PRA 84030303 (2011)
T. Harty ef al, PRL 113 220501 (2014)
Knill et al, PRA 77, 012307 (2008) C. Ballance et al, arXiv:1512.04600 (2015)
Mount etal., PRA 92,060301 (2015) J. Gaebler et al, arXiv:1604.00032 (2016)
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Lecture 2: Systems and Technology Considerations

. Qubit Gates for Trapped Ions

. Individual Addressing Strategies

. Photonic Interconnects for Scaling
. Architectural Implications
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MUSIQC: Multi-Tier Approach to Scalability

* Quantum Computation in Small Coulomb Crystals

— Linear ion chain with 20-100 ions (Elementary Logic Unit, or ELU)
— Arbitrary quantum logic operation among the qubits in the chain

 Interconnect of Multiple Coulomb Crystals via Photonic Channel

— Reconfigurable interconnect using optical crossconnect (OXC) switches
— Efficient optical interface for remote entanglement generation

N x N optical ) S
N trapped ion quantum registers crossconnect switch N/2 beam splitters

CCD Camera
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Remote Entanglement Generation

Heralded coincident events (p,,.=1/4):
Hy &Vyor(Vi&Hy) — [IT)—[I1)

(Hyp&e Vot (Vo & Hy ) WD D
(Hy & Hy)ortHs & Hy) i)
(V& Vp)or (Vo & Vo)t iy
optical R l R n - F- @
4 fiber <4 a9 b 4
=] SR o« o
S === R: Repetition Rate
. np: Detector Efficiency
%@ ¢ 1Y+ ion - lon% d(2. Collection Solid Angle
F: Collection Efficiency
Simon & Irvine, PRL 91, 110405 (2003) -1
L.-M. Duan,et. al., QIC 4, 165 (2004) R,, =0.001-0.025s
Y. L. Lim, et al., PRL 95,030505 (2005)
D. Moehring etal., Nature449,68 (2007)
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Current Status on Entanglement Generation

20750 20750 Heralded coincident events (p,,.=1/2):
(Hy & Vyor(Vi&Hy) — [IT)-[IT)
Hy &Vor(V, &Hy) — [[T)+[IT)
(Hy & Hypor (Hyde Hy ) s i)
(V& Vpor (Vo & Vo=l i)
1 d<2
optical — -
L L 2R("D o 4n)
- - = Current:
R=470kH?

.3

9‘ . . oo o)
171Yb+ 0on 171Yb* jon 7 dQ2

{0
p=n, F-—=(0.35)(0.14)(0.10)
47
Simon & Irvine, PRL 91, 110405 (2003)

-1
L.-M. Duan, et. al., QIC 4, 165 (2004) = 4 5 S

Y. L. Lim, et al., PRL 95,030505 (2005)
D. Moehring et al., Nature449, 68 (2007) Kim, Maunz, Kim, PRA 84, 063423 (2011)
Hucul etal, (UMD) arXiv: 1403.3696 (2014)
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Cavity Integrated Trap at Duke

e Small waist, modest length leads to good coupling Planar-concave
while lowering requirements for the mirror coatings cavity

Leaviy = Smm g=17 MHz
Z.w =50um » =123 MHz

Wion =4 nm A 10 MHz

Concave mirror

» Alignment is critical, mirror needs to be positioned to
better than 1mm 1n all directions
* >30% collection efficiency expected in a practical system

~2mm
Mirror substrate
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MUSIQC: Multi-Tier Approach to Scalability

* Quantum Computation in Small Coulomb Crystals

— Linear ion chain with 20-100 ions (Elementary Logic Unit, or ELU)
— Arbitrary quantum logic operation among the qubits in the chain

 Interconnect of Multiple Coulomb Crystals via Photonic Channel

— Reconfigurable interconnect using optical crossconnect (OXC) switches
— Efficient optical interface for remote entanglement generation

& UptoN~ 1,000 ELUs ina QC

O R RN
- T | | Up to mN qubitsin a QC

. Monroe, Kim, Duan (2009)
m ~ 10-100 qubits/ ELU Monroe and Kim, Science 339, 1164 (2013)

N x N optical ) S
N trapped ion quantum registers crossconnect switch N/2 beam splitters
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Beam Steering Optical Switches

\ “\\\\N H I‘ I/O Single-mode Fibers

s .. Imaging
Lenses

Reflector

MEMS 2-axis
Tilt Mirrors

* Only feasible Technology to scale to Large Portcount
* Proper design eliminates path length-dependent loss

Lucent, Nortel (Xyros), Glimmerglass, Calient, MEMX, Tellium, ...

©Jungsang Kim The ICAP 2016 Summer School Lucent Technologies
July 2016 July 18-22, KIAS, Seoul Korea Bell Labs Innovations




Critical Component - MEMS

e MEMS Mirrors (Surface & Bulk Micromachined)

- Electrostatic Actuation

- Operation below snapdown — Simple control mechanism
- Absolute stability required

- Control of mirror radlus of curvature

Surface Micromachined Mirror Bulk Micromachined Mirror

©Jungsang Kim The ICAP 2016 Summer School Lucent Technologies
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Loss and Loss Variations

* Loss and Loss Variations in 256x256 switch fabric

238 x 238 OSM with 2dB Max Loss

10
> 08
¢
a 06
5
T 04
-5}
........... z
S 02
. 0.0
LC Connectors : 0.0dB +/-0.4dB 2
. Transmission (dB)
Microlenses : 0.2+/-0.1dB
Optical Coatings: 0.8+/-0.1dB. Loss Distribution for 56,644 Connections
Mirror Curvature : 0.2+/-0.1dB
Beam Clipping: 0.1+/-0.1dB Aksyuk et al., ,,
Total Loss: 1.3dB +/- 0.6dB Photon. Tech. Lett. 15,587 (2003)
©Jungsang Kim The ICAP 2016 Summer School Lucent Technologies
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Large OXC Switches (1296x1296)

Rear

J. Kim et al., IEEE PTL 15,
p 1537 (2003)
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Lecture 2: Systems and Technology Considerations

. Qubit Gates for Trapped Ions

. Individual Addressing Strategies

. Photonic Interconnects for Scaling
. Architectural Implications
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Learning from Classical Computers

* Computer 1s a very complicated system!!

— All systems are designed with an architecture

d d A —
T T — out
“J:—E A :. qcc 7 rnln‘d ‘ B l }_
pr o EXTENSION N[ 8_4 .
= > _ /\\——'W Logic Gate (NAND)
Qout
Individual Tra r i
Vdd L
Q p—s
— B
A —— —Q

A Vs

Vss CMOS NAND

CMOS Inverter All images from Wikipedia.com
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Learning from Classical Computers

* Computer 1s a very complicated system!!

— All systems are designed with an architecture

Ar By Ar B

v y Y v
Cljx
4-bit
Adder
4-bi Carry Look Ahead J
RGE
B__, S Au gy Bans @ At ri'r, n A vi‘-:":n :
Cin Y v N\ A v ¢ ' 3
16-bit 16-bit 16-bit | | 16bit | .
LCU [« | LU |+ | LU M | LEU ="  64-bit
Adder Adder Adder | Adder
o l Adder
Cout =i W y v

S 83 Sz a7 S18.2

32 4 _ | So.1s}) |
Y. v Y : ¥ la Yy v
P 943 Ces PG00 Cyx2 P95 Cig Po @
Tel  64-bit Lookahead Carry Unit PG GG
— 1 ol oA

1-bit Full Adder -,

All images from Wikipedia.com
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Learning from Classical Computers

* Computer 1s a very complicated system!!

— All systems are designed with an architecture

Arithmetic Logic Unit (ALU)

instruchion
Decoder
A
LOgC
Control

Instruchon
Poime &
Read Data

ARMIProcessor-A+rchitectyre——
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Learning from Classical Computers

* Computer 1s a very complicated system!!

— All systems are designed with an architecture

* Implication for QIP

— A practical QIP will be very complicated!!

— Faul
— Arc

t-tolerance will be central 1ssue 1in architecture
nitectural optimization will be necessary

— Eval

uation of architectural performance will be

crucial (tools will be required)

©®Jungsang Kim
July 2016
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Technology: Transistor to Processor

 Integrated Circuits Technology (Kilby & Noyce, 1958)
- Scalable technology platform for creating functional circuits

- Reduced the cost and increased the functionality of
electronic functlons by a factor Of a million in last 30 years

The First Transistor Intel® Mlcroprocessor
AT&T Bell Lavs (http://www.britannica.com) http://education.discovery.com/

Technology to integrate ALL components needed for computation
Ability to control each and every transistor in the processor at will!!
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Interconnect Network in Classical IP

« Interconnectis a large portion of IC design

— 1 layer of transistors, 9-12 layers of metal
— Interconnect complexity increases dramatically for large scale ICs

— Quantum wires are non-trivial!!

Tit | Spot Det |FWD| -
4 TLD-S | 4.855
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Example: Shor Algorithm

Register 1 ‘O> AR FT+
t qubits T
Register 2 :
i 1) —Lmoa}—
Modular Exponentiation O(n?)
| ‘O> H —e— (0)+¢ c )1>)/\/§
First Register | O> H S N O> 1> /\/E
t qubits
0) — H ’ —— {0) )2
10 —f— (o) ))/2
s@gamlk@gﬁey{leru}ﬁmm KB S = - e 'E |u) -
i HHr - {7 HE, 0)+e* 1)
‘Jz>. l— H e AR LR O>+e2 ’O”'"j”‘l>
Jur) ‘ l {a Hr F——0)+e ™ "]1)
]n> . o . l O>+€2 i0.j ‘1>
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Circuit for Modular Exponentiation

=-f R

(a)
Half Adder ® 1 _bit Full Adder

I

I

‘ CARRY \
I

HAAAN

ol ol
. |

n-bit Full Adder (Carry ripple)
Vedral, Barenco & Ekert, PRA (1996)
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Circuit for Modular Exponentiation

1 =
Qa+ [' b _ ar ’; :
‘imod N ’I] mod

n-bit Adder modulo N

a

ARIK!

Controlled Multiplication
modulo N

= =
. 2
-
‘l \
L)) :. ..I\
|
~

(1O -HAC
=
-

Ut 1 d L |
Vedral, Barenco & Ekert, PRA (1996)

The ICAP 2016 Summer School
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Circuit for Modular Exponentiation

] (]
. - ol ;
‘ r l : "“ Controlled modulo-N
r ' ’ i exponentiation

I P “ == N = _-l.--w-\l\
(! = » . 0

? 3. Vedral, Barenco & Ekert, PRA (1996)
. Further Archltectural Optimizations to

— Introduction of concurrency

— Effective implementation of adders by improved
“connectedness”

— Reducing overhead for modulo operation

Van Meter and Itoh, PRA 71. 052320 (2005)
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The Factoring Problem

. Best known classical algorithm: Number Field Sieve

. RSA-640 (193 digits) factored with 30 2.2GHz-Opteron CPU years (5 calendar
months) http://www.rsa.com/rsalabs/node.asp ?id=2093

. Implementation architecture makes a big difference!!

T T T T T |?| =
-1 billion years 0V Quantum
AL 57
N e oS = Enhancement
& rimilionyears SV W A= — 1
5 - = .
Z - cOP Architectural
% 1 thousand years ) N B
¢ [O00years & K. A0S Enhancement
§ -10 yearsﬂ o "G ar.ch'-"""'_ o
S |Snegee — = — o
S (sAemonis : Clock speed
L ~y .
o [oneda Enhancement
o -one hour 7
~ 100 seﬂc_:.gnds""" - R. Van Meter et al.,
Y | quant-ph/0507023
one second (2005)
100 1000 10000 100000
n (bits) Moore’s Law
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Example of Architectural Advantage

3-bit Vedral, Barenco & Ekert (VBE) Carry-Ripple Adder (PRA 54, 147, 1996)

R

1 234 567 89101112131415161718192021222324252627282930313233343536373839404142434445

NTC Architecture, 45 steps
(7 = (4001 400n° + 751 )Ty

AC Architecture, 15 steps

(€ =60’ 75n” +15n)T,,,,,

+(40n° 701> +15n)T,,
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More Efficient Architectures

ao T
ba =
( Se,
a1 v I Y
|
by - e - F—S1
1!
as . . .
"1 1 T
2 - J—1 - P—S2
0 e )
0 ™ ¢
= ! 1
ba & . O I D D—S3
0—3 = o
a4
| L I ) .
n = Tt — F—S4
0 +
ax ¥ I T
[
by = Tt =
(0
(IS
R 1 1
bg- & D ‘:L - D——D—Sg
0 q g
0 - I
RS 1 1
by & . O I & $—Sv
I3 = €
as o » °
bl 1 1
3 D S EaENS
(
0—F
g 1
ba = -
(—ah S10

10-bit Carry Lookahead Adder

AC Architecture

Logarithmic Depth (21 steps for 10 bits)
Very efficient adder

Draper et al., quant-ph/0406142

—10 |
-
(0] =0=QCLA-MUSIQC
g9 | :
v, ={=QCLA-QLA
€ 8 |—{*QRCA-NN A
=
o 7
x
wl
o
26
3 . <
< W
S5 F—_—_ﬂ
&
4 +—B— ~ , ' :
1 2 4
(@) 0 3 5 6

log,,(Problem Size n) [bits]

Monroe, Raussendorf, Ruthven, Brown, Maunz,
Duan and Kim, PRA 89, 022317 (2014)
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Platform for Scalable Quantum Computation

Microfabricated Traps

Sandia, GTRI Maryland, Washington == 0
Duke, etc. Duke, Georgia Tech g+ ==
Sandia, GTRI
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Platform for Scalable Quantum Computation

ELU Implementation MUSIQC Integration

laser coolin‘gre-e
laser ‘
cooling | 00" °
‘Zslﬁ - j L cooling ions
o ° o8 ° ut £

ation
N x N optical ,
N trapped ion quantum registers crossconnect Switch N/2 beam splitters

CCD Camera

Protocols: Cooling, gates, error evasion, measurement, state/process verification, etc.

laser °°°"““9§ex
N R e

S

“Hardware”
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Platform for Scalable Quantum Computation

. Controller Hardware

Beam Delivery Control Electronics:
Systems Custom & Oft-the- shelf

P s

Laser Systems

..............

e 1
o - b a3 =+
Iaser cooling
Iaser
¥...
o ® ion
/o e © |°L coOl ing !

ns

“Hardware”

:'l
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Platform for Scalable Quantum Computation

S

FPGAs Digital Controller Boxes Digital Controller Architecture

* pua 7 4 — —. S—
. o . N | mimer |
2 e e N B \. R TS : Op-code
X \ ‘ 1 . < 3 KA C -~
AAAAAAA A g v - -’ o o -F Interpreter | pigital IF
........... ; ¢ e o >
3 et {4 > = 4
' ) : °1 - & . Ti

merreter | o

[ opcoue | 1 I
“Firmware”

....................

“Hardware”
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Platform for Scalable Quantum Computation

SZub 1t Hardware

Enabling Technolo gy

©®Jungsang Kim The ICAP 2016 Summer School
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Algorithm Compiler: Generate sequence of logical operations
: N Minimize number of resource-intensive gates
Logical Circuit pm T e e e
) ) |
Physical Operations |
|
|
Controller :
- Architecture
Controller Hardware E N | | S I Q‘
| N
|
|
|
|
|
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Towards “QC-in-a-Box”

* Constructing a stand-alone, programmable QC

— QC 1s no longer scientific experiment, but a generic tool
— “Users” will dictate the applications and demand
— Critical requirement 1n technology transformation

* So, what does 1t take?
— Enabling technology

Microfabricated traps and reliable operation

Compact and stable lasers and efficient optical routing
Creating reliable vacuum environment

Scalable, fully coherent controllers

“Operating system” for software-firmware interface

— Architectural design for general-purpose QC
— Multidisciplinary team of talented people!!
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