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Elements of Quantum Computers 
•  Quantum Bits (Qubits) 

–  A two-level quantum system that represents information 
–  Must be able to initialize and measure 

•  Quantum Logic Gate Operation 
–  Single-qubit and two-qubit operations 
–  Coherent: works on superposition states 
–  Universality Theorem: Single and two-qubit gates are universal 

•  Transporting Qubits between Quantum Logic Gates 
–  Quantum wires are difficult to realize 
–  Quantum teleportation: Use of entangled states to ship qubits 

Entangled States 

B CA

Joint measurement 

ADD

Entanglement Swapping Quantum Teleportation 
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Elements of Quantum Simulators 
•  Quantum Bits (Qubits) 

–  A two-level quantum system that represents a quantum spin 
–  Must be able to initialize and measure 

•  “Hamiltonian Engineering” 
–  Ability to implement “arbitrary” interaction Hamiltonian 

among the qubits to induce adequate state evolution 
–  Coherent: works on superposition states 
–  Can be “stroboscopic” if Trotterization is used 
–  In some cases, dissipative process is helpful (“annealing”) 

•  Complexity of Interaction Geometry 
–  Underlying geometry (lattice structure) has huge influence 

on the evolution of interacting spin system 
–  Interaction typically decays as a function of distance 
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Ion Chain Quantum Register / Simulator 

Zhu, Monroe and Duan, PRL 97, 050505 (2006); Europhys. Lett.73, 485 (2006) 

•  Equally spaced long ion 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 
•  Same hardware can be used for simulation of Ising spins 

Korenblit et al., New. J. Phys. 14, 095024 (2012)  
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Ion Chain Quantum Simulator 
•  Arbitrary, fully connected Ising Hamiltonian with N spins 

•  In a linear N-spin chain, the transverse mode spectrum looks like 

•  Need laser beams with individual intensity control 

… 

NC2 ~ O(N2) degrees of freedom  O(N) degrees of freedom  O(N2) degrees of freedom  

Korenblit et al., New. J. Phys. 14, 095024 (2012)  
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2S1/2 
(600 Hz/G @ 1 G) 

νHF = 12 642 812 118 + 311B2 Hz 

|↓〉 = |0,0〉 

|↑〉 = |1,0〉 

 The 171Yb+ Hyperfine Qubit : Coherence 
•  Qubit states are two internal (clock) states of the atomic ion 
•  Carefully chosen states have long coherence times  

•  T2 ≈ 1sec “without trying much” 
•  T2 ≈ 15 min with “some effort” 

S. Olmschenk et al., PRA 76, 052314 (2007) 
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 The 171Yb+ Hyperfine Qubit: Initialization 

2P1/2 

369 nm 

(811.9THz) 

2.1 GHz 

γ/2π = 20 MHz 

2S1/2 

|↓〉 = |0,0〉 

|↑〉 = |1,0〉 

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

(600 Hz/G @ 1 G) 

νHF = 12 642 812 118 + 311B2 Hz 

S. Olmschenk et al., PRA 76, 052314 (2007) 



IQsim13 Workshop 
Brighton, UK, Dec. 17, 2013 

 The 171Yb+ Hyperfine Qubit: State Detection 

2P1/2 
2.1 GHz 

γ/2π = 20 MHz 

Single'ion 

2S1/2 

|↓〉 = |0,0〉 

|↑〉 = |1,0〉 

•  State-dependent fluorescence provides high fidelity detection 

S. Olmschenk et al., PRA 76, 052314 (2007) 

369 nm 

(811.9THz) 
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2S1/2 

2P1/2 

γ/2π = 20 MHz Single qubit 
detection fidelity: F~99.9% 

|↓〉 

|↑〉 

2.1 GHz 

 The 171Yb+ Hyperfine Qubit: State Detection 

•  Qubit state detection takes 
< 30 us for ~99.9% fidelity 
~ 10 us for ~99% fidelity 

•  State-dependent fluorescence provides high fidelity detection 

S. Olmschenk et al., PRA 76, 052314 (2007) 

369 nm 

(811.9THz) 

R. Noek et al., Opt. Lett. 38, 4735 (2013) 

Signal/background = 5000 
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2S1/2 

2P1/2 

|↓〉 

|↑〉 

The 171Yb+ Hyperfine Qubit: Single Qubit Gate 

Δ
=Ω
2

2g

2P3/2 100 THz 

Δ=33 THz 

•  High fidelity gates via Raman transition or microwave transition 
•  Single qubit fidelity over 99% using ~ µs optical/microwave pulse 
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(811.9THz) 
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The 171Yb+ Hyperfine Qubit: Multi-Qubit Gate 
•  Detuned Raman transition applies spin-dependent forces 
•  Can lead to robust spin-dependent phase shift (controlled-phase) 
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Ion Chain Quantum Register / Simulator 

Zhu, Monroe and Duan, PRL 97, 050505 (2006); Europhys. Lett.73, 485 (2006) 

•  Equally spaced long ion 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 
•  Same hardware can be used for simulation of Ising spins 

Korenblit et al., New. J. Phys. 14, 095024 (2012)  
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Height  
(µm) 

Position (µm) Ion trapped here 

Scalable Surface Ion Trap Chip 
•  Design and Fabrication of Scalable Surface Ion Trap Chips 

Surface Trap Fabrication: NIST, Georgia Tech, Sandia, MIT, Ulm, Mainz, … 
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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New Trapping Technology in MUSIQC 
•  Microfabricated Ion Traps 

Jason Amini et al., GTRI (2011) 

GTRI Traps 

Sandia Traps 

Advanced Trap Functionalities 

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

NJP 13, 075018 (2011) 
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Sandia Thunderbird Traps at Duke 

Non-evaporable getter (NEG) pump 

All assemblies are done in clean room 

•  Ion lifetime with cooling:  > 10 hr 
•  Ion lifetime without cooling:  > 20 min 
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Ion chains in the Thunderbird 

•  Chains of two ions are held for up to 2 hours. 
•  RF: 28 MHz, q: 0.24 

… … 

0.8 mm 

7 mm 

1 mm 

1 ion 2 ions 3 ions 

32-Channel PMT Array 
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Global Microwave Single Qubit Gates 
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Qubit Coherence with Microwave Gates 

•  Microwave Ramsey experiment: 
•  phase of 2nd pulse is 

incremented from 0 to 
360deg. 

•  Amount of time between 
pulses is varied 

•  Coherence time (no echo): 780 ms 

Coherence time with a single echo pulse: 1.9 sec 

0.8$s
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E. Mount et al., New J. Phys. 15 093018 (2013) 
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Raman Single Qubit Gates  
•  Global & Individual single qubit gates can be realized by Raman transition 

driven by mode-locked laser. 

Trap axis 

2P1/2 

2S1/2 νHF=12.6 GHz 

0

1

 νrep  

νAOM νHF 

N x νrep + νAOM2 – νAOM1 = νHF 

D. Hayes et al., PRL 104, 140501 (2010) 

AOM �

Co-propagating optical frequency combs 
FIX!! 
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(ν0 +δν) is locked to νrep 

Digital PI Loop 

PD 

AOM2 

 νAOM2 = νHF -166 x ν0 + νAOM1 

MIRA 

 νAOM1 = 210 MHz +166 x δν 

ADC 
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Qubit Manipulation with Raman Beams 

•  Ramsey experiment with 
frequency combs: 

•  Coherence time without echo: 
690 ms 

 
Coherence time with a single echo pulse: 1.4 sec 
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E. Mount et al, NJP 15 093018 (2013) 
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Motional Raman transitions 

E. Mount et al, NJP 15 093018 (2013) 
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Motional Raman transitions 

E. Mount et al, NJP 15 093018 (2013) 
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Ground state cooling 

navg=4.5 

navg=0.5 

E. Mount et al, NJP 15 093018 (2013) 
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Heating rate 

Heating Rate (transverse mode): 
 ~1 quantum/ms 

y = 0.81x + 0.61 
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E. Mount et al, NJP 15 093018 (2013) 
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High Optical Access (HOA) Trap 

M1
M2 M3

oxide

wafer.silicon

4 µm waist is possible 

< 2µm focus possible 
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Large NA Lens for Better Photon Collection 

Detection Beam 
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10% collection from the ion"

Total system detection efficiency: 2.2% 

Dark counts: 6Hz+32Hz/µW 

Diffraction limited field of view: 440 µm 
Maximum fiber coupling efficiency: 80% 
Lens tilt θ: ±0.027◦  
z-position: ±0.5 µm 
 

θ 

vacuum chamber 

•  High NA lens was designed for ion emission into a single mode fiber 
•  Useful for state detection!! 
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171Yb+ Hyperfine State Detection 
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Dark Pumping 
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2P1/2 

2S1/2 

|1> 

|0> 

171Yb+ Hyperfine State Detection 
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Bright Pumping 

2P1/2 

2S1/2 12.6 GHz 

2.1 GHz 
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Large NA State Detection Results 

•  High fidelity:  
99.915(7)% in 99.8 µs 
(181.6µs max) 

•  High speed:      
99.85% in 28.1 µs  
(51.4µs max) 

•  Ultra high speed:   
99% in 10.5 µs  
(17µs max) 

Noek, R; Vrijsen, G.; Gaultney, D.; Mount, E.; Kim, T.; Maunz, P.; Kim, J., Optics Letters,  
accepted October 2013. 
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Improved State Detection with High NA Optics 

Qubit type Average 
Detection Time Fidelity Method 

40Ca+ Optical* 145 µs 99.99% 
Adaptive time-resolved 

photon counting 
(distribution comparison) 

43Ca+ Hyperfine* 400 µs (shelving) + 
≥145 µs   99.77% Shelving + above 

171Yb+  Hyperfine 
(Duke) 28.1 µs  99.85(1)% 2 event discrimination 

171Yb+  Hyperfine 
(Duke) 10.5 µs 99% 2 event discrimination 

*Myerson, A. H., Szwer, D. J., Webster, S. C., Allcock, D. T. C., Curtis, M. J., Imreh, G., Sherman, J. 
A., Stacey, D. N., Steane, A. M. and Lucas, D. M. High-Fidelity readout of trapped-ion qubits. Phys. 
Rev. Lett. 100, 200502 (2008). 
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Individual Addressing Strategies 
•  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 

•  Scalable MEMS beam steering 
–  Scalable fabrication technology 
–  Low optical loss over broadband 
–  Provide Optical Multiplexing 

•  Addressing locations 
•  Beam paths 
•  Operating wavelengths 

•  MEMS challenges 
–  Speed – 103 speedup 
–  Stability, reliability and optical performance 
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2D decoupled tilt 

+ 
Double-bounce System 

MEMS 
Mirrors 

Spherical 
Mirror 

2D Tilt with MEMS Micromirrors 
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Beam Steering Capability 

Knoernschild et al.,  
Optics Express 17, 7233 (2009) 

High Quality Beams 
Gaussian down to < -30dB 

Fast Switching time: 3-5 µs 
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MEMS integration 

Yb Photon Gear Lens 

3rd Stage 

PMT 

2nd Stage 

8.6x 

100x 

200x 

MEMS 

Dichroic Filter 

CCD 
8.6x 
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Single ion addressing (preliminary results) 

No MEMS Beam 

Measured ion spacing is ~7um 
MEMS beam waist ~ 5 µm at the ion. 
Expected nearest neighbor crosstalk is ~2% 
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Individually Addressed Single Qubit Gates 
•  New experimental capability 

–  State preparation in parallel 
–  Individual state detection 
–  Individually-addressed single qubit 

 Raman gates using MEMS system 
–  Simultaneous single-qubit gates 
–  Full state/process tomography capability 

X gate on Ion #1, Arbitrary Rotation on Ion #2 H gate on Ion #1, Arbitrary Rotation on Ion #2 
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Multi-Qubit State Tomography 
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Improved Crosstalk (Preliminary) 
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Ion Chain Quantum Register 

Zhu, Monroe and Duan, PRL 97, 050505 (2006); Europhys. Lett.73, 485 (2006) 

•  Equally spaced long ion 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 



IQsim13 Workshop 
Brighton, UK, Dec. 17, 2013 

Shuttling of Ions on a Chip Trap 

Kielpinski, Monroe and Wineland 
Nature 417, 709 (2002) 

•  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 

Architecture for a large-scale ion-trap
quantum computer
D. Kielpinski*, C. Monroe† & D. J. Wineland‡

*Research Laboratory of Electronics and Center for Ultracold Atoms, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
† FOCUS Center and Department of Physics, University of Michigan, Ann Arbor, Michigan 48109-1120, USA
‡Time and Frequency Division, National Institute of Standards and Technology, Boulder, Colorado 80305, USA

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

Among the numerous types of architecture being explored for quantum computers are systems utilizing ion traps, in which
quantum bits (qubits) are formed from the electronic states of trapped ions and coupled through the Coulomb interaction. Although
the elementary requirements for quantum computation have been demonstrated in this system, there exist theoretical and
technical obstacles to scaling up the approach to large numbers of qubits. Therefore, recent efforts have been concentrated on
using quantum communication to link a number of small ion-trap quantum systems. Developing the array-based approach, we
show how to achieve massively parallel gate operation in a large-scale quantum computer, based on techniques already
demonstrated for manipulating small quantum registers. The use of decoherence-free subspaces significantly reduces
decoherence during ion transport, and removes the requirement of clock synchronization between the interaction regions.

A
quantum computer is a device that prepares and
manipulates quantum states in a controlledway, offering
significant advantages over classical computers in tasks
such as factoring large numbers1 and searching large
databases2. The power of quantum computing derives

from its scaling properties: as the size of these problems grows, the
resources required to solve them grow in amanageable way. Hence a
useful quantum computing technology must allow control of large
quantum systems, composed of thousands or millions of qubits.

The first proposal for ion-trap quantum computation involved
confining a string of ions in a single trap, using their electronic states
as qubit logic levels, and transferring quantum information between
ions through theirmutual Coulomb interaction3. All the elementary
requirements for quantum computation4—including efficient quan-
tum state preparation5–7, manipulation7–10 and read-out7,11,12—have
been demonstrated in this system. Butmanipulating a large number
of ions in a single trap presents immense technical difficulties, and
scaling arguments suggest that this scheme is limited to compu-
tations on tens of ions13–15.Oneway to escape this limitation involves
quantum communication between a number of small ion-trap
quantum registers. Recent proposals along these lines that use
photon coupling16–18 and spin-dependent Coulomb interactions19

have not yet been tested in the laboratory. The scheme presented
here, however, uses only quantum manipulation techniques that
have already been individually experimentally demonstrated.

The quantum CCD
To build up a large-scale quantum computer, we have proposed a
‘quantum charge-coupled device’ (QCCD) architecture consisting
of a large number of interconnected ion traps. By changing the
operating voltages of these traps, we can confine a few ions in each
trap or shuttle ions from trap to trap. In any particular trap, we can
manipulate a few ions using the methods already demonstrated,
while the connections between traps allow communication between
sets of ions13. Because both the speed of quantum logic gates20 and
the shuttling speed are limited by the trap strength, shuttling ions
between memory and interaction regions should consume an
acceptably small fraction of a clock cycle.

Figure 1 shows a diagram of the proposed device. Trapped ions
storing quantum information are held in the memory region. To
perform a logic gate, we move the relevant ions into an interaction
region by applying appropriate voltages to the electrode segments.
In the interaction region, the ions are held close together, enabling

the Coulomb coupling necessary for entangling gates3,21. Lasers are
focused through the interaction region to drive gates.We thenmove
the ions again to prepare for the next operation.
We can realize the trapping and transport potentials needed for

the QCCD using a combination of radio-frequency (r.f.) and
quasistatic electric fields. Figure 1 shows only the electrodes that
support the quasistatic fields. By varying the voltages on these
electrodes, we confine the ions in a particular region or transport
them along the local trap axis, which lies along the thin arrows in Fig.
1. Two more layers of electrodes lie above and below the static
electrodes, as shown in Fig. 2. Applying r.f. voltage to the outer layers
creates a quadrupole field that confines the ions transverse to the
local trap axis bymeans of the ponderomotive force22. This geometry
allows stable transport of the ions around ‘T’ and ‘X’ junctions, sowe
can build complex, multiply connected trap structures.

Figure 1 Diagram of the quantum charge-coupled device (QCCD). Ions are stored in
the memory region and moved to the interaction region for logic operations. Thin
arrows show transport and confinement along the local trap axis.

progress

NATURE |VOL 417 | 13 JUNE 2002 | www.nature.com/nature 709© 2002        Nature  Publishing Group

R. B. Blakestad, et al., 
Phys. Rev. Lett. 102, 153002 (2009) 

D. Leibfried et al. NIST 



IQsim13 Workshop 
Brighton, UK, Dec. 17, 2013 

Entangling Ions using Photons 

Duan et al., Quant. Inf. Comput.  4, 165 (2004) 
Experiments from C. Monroe group 

•  Remote Entanglement Generation 
–  Entanglement of internal atomic state and photon (e.g., color) 
–  From a pair of such systems, interfere the photons 
–  Based on measurement, entanglement is generated probabilistically 

between ions through entanglement swapping 
–  Use the entanglement for logic operation 

171Yb+ 

Gottesman and Chuang, Nature 402, 390 (1999) 

Ion-Photon (2004) 
NV-Photon (2010) 
QD-Photon (2012) 

Ion-Ion (2007) 
NV-NV (2013) 



IQsim13 Workshop 
Brighton, UK, Dec. 17, 2013 

MUSIQC: Multi-Tier Approach to Scalability 

Monroe, Kim, Duan (2009) 
Luo et al., Fortschr. Phys. 57, 1133 (2009) 

•  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 

m ~ 10-100 qubits / ELU 

Up to N ~ 1,000 ELUs in a QC 

Up to mN qubits in a QC 

qubit1 

qubit2 
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SPARQC: Quantum Repeater Platform 
•  Strategy for Quantum Repeater Realization 

–  Trapped-ion quantum information processor with two 
optical ports can function as a quantum repeater node 

Monroe and Kim, Science 399, 1164 (2013) 

Communication 
Qubits 

Nonlinear Quantum 
Wavelength Converter 

Visible/UV 
Photon 

Telecom 
Photon 

Fiber 
Coupling Pump 

Laser 
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Conclusions 

•  Importance of Integrated Systems Approach 
-  Larger system needed to answer some fundamental 
questions on quantum computing at the next level 

-  Controlling large quantum entanglement? 
-  Can quantum fault tolerance be implemented? 
-  Flexible quantum simulator 

-  Take us to frontiers of complex quantum system 

•  New Technologies for Trapped Ion Experiments 
-  Surface trap works very well (2-qubit gate TBD)! 
-  Good optics makes huge difference 
-  MEMS is adequate for individual addressing 
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