
Ion Trap
Quantum Computer

Selected Topics

Ruben Andrist &
Thomas Uehlinger

1

Ion Traps

Ruben Andrist
Thomas Uehlinger

Deutsch-Josza

Problem

Algorithm

Implementation

Scalability

Problem

Move ions

Microtraps

Photons

Charges

Roundup

Outline

Part I
Deutsch-Josza algorithm

Part II
Scalability of ion trap 
quantum computers

Part III
Roundup & Outlook

2



Part I
Quantum Algorithms

!"#$%"&'#$#()*+* ,+-.* %/. 0+,/%'#$*1.0 #2%.0 #'*+$,(. &.#*"0.&.$%3

!!"#!$%&'()*#+"#,-'./*#01-("#+"#2-("#3-45-4#6789*#::8#;<99=>

!?"#@A$B'$4*#C"#D)%/4E*#FD#/45#FC*#D/GH1A5E$#;=III>

!"

!

"

!

"#$#%&!'

()*

(+*

!!"

"!!"

"!!"

!!"

!"!"
!

!"#$ !" "#$%&'&"#(%

!" "#$%&! "#(%

!"!"
#

!"#$%

!"!" !!#$

!" "#$%&'&"#(%&&&&&&!"#$%&'$&(!"
#

!"#

!!!" !" "#$%&! "#'%&&& !"#$#%&'()

!"#$%&'()*+%, -#,.$#/ &01&#0$

!"!#$%&'(#)*+,($

-&$(&'.")*+,($

3

Ion Traps

Ruben Andrist
Thomas Uehlinger

Deutsch-Josza

Problem

Algorithm

Implementation

Scalability

Problem

Move ions

Microtraps

Photons

Charges

Roundup

Implementation of the Deutsch-Josza 
algorithm using trapped ions

! show suitability of ion traps

! relatively simple algorithm

! using only one trapped ion

Paper: Nature 421, 48-50 (2 January 2003), doi:10.1038/nature01336;

! Institut für Experimentalphysik, Universität Innsbruck

! MIT Media Laboratory, Cambridge, Massachusetts
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The two problems

The Deutsch-Josza Problem:

! Bob uses constant or balanced function

! Alice has to determine which kind

The Deutsch Problem:

! Bob uses a fair or forged coin

! Alice has to determine which kind
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Four different types of coins

The third line shows addition modulo 2:
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!             ion in a Linear Paul Trap

! Relabel the states of the motional degree of freedom

! Doppler / Sideband cooling prepares groundstate

Implementation using trapped ions
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Qubits

Two qubits are involved:

! electronic quantum state of the ion

! phonon number of the axial vibrational mode

! states can be swapped (by a pulse sequence)
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Manipulation of the trapped ion

! Resonant pulses perform single-qubit rotations

! Detuned pulses perform two-qubit rotations

! Manipulation by a sequence of pulses
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Main sources of errors

! phases introduced by light shifts of the 

lasers

! system may leave the computational 

subspace
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Introduction

currently: Ion Trap Quantum 
Computer with ~10 ions.

useful application:
factorization of a 200-digit numer:

requires 3’500 qubits (100’000 with the 
implementation of error correction)

a) are the current approaches scalable?
b)what other approaches do we need?

from I. Cirac and P. Zoller, Nature 404, 579 (2000)
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Scalability of linear ion traps

! addressing

! generation of 
entangled states 
with many ions 
(H. Häffner et al., Nature 438, 639 
(2005)

! error correction 
(J. Chiaverini et al., Nature 432, 
602 (2004)

elementary requirements for quantum 
computation have been demonstrated, 

but...
experimental and theoretical problems limit 

the scalability

! control over the 
interaction of the 
qubits

" !
(should be o.k.) (problem)
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Problem

! with adding more and more ions the chain gets heavier

but on the other hand the coupling strength 
decreases as 

need more time for gate operations

! harder to cool all ions to the ground state

! harder to cool all ions to the ground state

! ions get closer to each other

addressing more difficult

! driving transitions between single modes gets more 
difficult (more stray excitations)

~ some 10 ions at a maximum
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Solutions

"   Move the atoms between traps

#   Array of microtraps

$   Coupling via photons

%   Coupling via image charges

General idea:

use multiple ion traps with few ions
+ couple these traps together

Implementations:
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"  Move the ions around
D. Kielpinksi, C. Monroe & D. J. Wineland, Nature 417, 709 (2002)
three layer T-junction trap: W. K. Hensinger et al., Appl. Phys. Lett. 88, 034101 (2006)

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. But manipulating 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

proposal: quantum-charge-coupled-deivce (QCCD) 
= ion chip

T-junction trap demonstrated in 2006

two more layers of rf 
electrodes above and below 
the static electrodes shown

idea: move the ions between 
memory and interaction 
region by changing the fields 
on the electrodes
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Fig. 1. The dual linear ion trap (drawings not to scale). a. The idealized four-rod geometry. b.
The wafer-stack implementation. The two trap wafers are spaced with two 360 µm thick alumina
pieces (not shown) that are placed between them along the short edges. The pairs of control
electrodes are numbered 1 through 5 for reference. The two trap locations, #2 and #4, shown in
the figure are labeled by the electrode on which they are centered. The axial length of electrode
1 (2,3,4,5) is 1100 µm (400 µm, 800 µm, 400 µm, 1100 µm). For 8.0 V applied to electrodes 1,
3, and 5 and 0.0 V applied to electrodes 2 and 4 the axial trap frequency in each trap was 2.9
MHz for a single 9Be+ ion. The peak amplitude of the applied RF voltage was about 500 V. The
RF drive frequency was 230 MHz. c. Cross-section of the trap electrodes (looking along the trap
axis). d. Side view assembly diagram of the trap structure.

Transport of quantum states and 
separation of ions in a dual rf trap
M. A. Rowe et al., Quantum Info. Comput. 2, 257 (2002)

trap distance: 1.2 mm

transfer of the ion by continuously changing the potentials 
on the five pairs of control electrodes

transfer time T=54 #s: gain of 0.01±0.03 motional quanta

robust: same ion transferred 106 times
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separation of ions in a dual rf trap (2)

et al. 7

Table 2. The number of axial quanta gained, ∆nz, as a result of transferring the ion from trap
#2 to trap #4 and back with a one-way transfer time interval T . The axial trap frequency, νz =
2.9 MHz.

T (µs) ∆nz

16 nonadiabatic
28 0.6±0.2
43 0.04±0.03
54 0.01±0.03
200 0.07±0.06
300 0.00±0.07
590 0.1±0.1

our trap geometry, trap potentials were designed so that during the translation, νx, νy, and
νz would be held constant; for the experiments reported here, νz = 2.9 MHz. Starting at time
t = 0 in trap #2 (z0 = 0) the axial trap position was smoothly translated according to

z0(t) = sin2

(

πt

2T

)

· 1.2 mm (1)

until time t = T , after which the axial trap remained at 1.2 mm, the position of trap #4.
After a hold period approximately equal to T in trap #4 the transfer process was reversed.
Following the transfer back to trap #2 we measured the 〈nz〉 as described above.

To determine the motional heating due to the transfer we also measured the motional
state of the ion held in trap #2 after the same total time delay. Table 2 gives the results for
the ion’s motional heating due to transfer back and forth (the heating in the non-transfer case
subtracted from the heating in the dynamic case). For T = 16 µs, the measured motional
sidebands were the same size. This implies that very little population remained in the motional
ground state after transfer [27, 30] and that the transfer was no longer adiabatic. For T = 28 µs
about half a quantum on average was gained due to transfer. From a numerical integration
of the classical equations of motion we expected that the ion should gain the amount of
energy equal to one motional quantum for a 30 µs transfer duration. This estimate indicates
approximately when the transfers are no longer adiabatic and agrees reasonably well with our
observations. Overall, this transfer process is robust in that we have not observed any ion
loss due to transfer. As an example, in a series of experiments for T = 54 µs we transferred
the same ion over 106 times. In addition, we measured the heating of the two radial motional
modes (frequencies between 4 and 5 MHz) due to transfer. For T = 54 µs the heating for
both of these modes was less than 1 quantum.

6. Coherence Test

A critical requirement for the viability of the multiplexed system envisioned here is that
the internal coherence of the ions is maintained as they are moved. We verified this with a
Ramsey-type interference experiment. After laser cooling to the |↓〉|nz = 0〉 state in trap #2,
we carried out the transformation

|↓〉 →
1√
2

(|↓〉 + |↑〉) (2)

M. A. Rowe, et al. 8
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Fig. 2. Coherence transfer experiment. a. The experimental timing. b. The probability for the
final state to be |↑〉, P|↑〉, as a function of the phase, φ, of the final π/2 pulse. Each graphed
point is the result of 200 individual experiments. The probability, P|↑〉, is the fraction of these
experiments with 3 or fewer photons detected during the detection period. (When the ion was in
the | ↓〉 state, the mean number of detected photons was 12.)

by applying a π/2 pulse using the 0◦ geometry for the Raman laser beams. We then transferred
the ion from trap #2 to trap #4 in T ! 55 µs. The coherence of the internal state remaining
after transfer was measured with a final Raman π/2 pulse (0◦ geometry) in trap #4 with a
controllable phase φ relative to the first pulse [8], which was varied. The ion was then moved
back to trap #2 for state measurement. The probability P|↑〉 of finding the final state of the
ion to be |↑〉 is

P|↑〉 =
1

2
(1 + C cos(φ + φ′)) (3)

where φ′ is a constant laser phase difference between traps #2 and #4. The fringe contrast C
is a measure of the coherence [36]. Figure 2a shows the timing of the overall experiment. The
length of the π/2 pulses was 1 to 2 µs. The interval between π/2 pulses was 100 µs. Figure 2b
shows the oscillation in P|↑〉 as φ was varied. The fringe contrast was 95.8± 0.8 %, indicating
the preservation of coherence. This experiment was line-triggered (60 Hz) to minimize the
loss of contrast due to magnetic fields fluctuating at 60 Hz and harmonics of 60 Hz. The data
for Figure 2b were taken with 37,000 consecutive round-trip transfers of the same ion.

In another experiment we used a spin-echo technique to minimize the effect of fluctuating
magnetic fields so we could trigger the experiment without 60 Hz synchronization. The qubit
transition frequency depends on magnetic field (! 2.1×1010 Hz-T−1), so the internal state of
the ion accumulates an uncontrolled phase between |↑〉 and |↓〉 during the free-evolution period
between π/2 pulses due to a time-varying ambient magnetic field. This uncontrolled phase
causes the Ramsey fringes to partially wash out after averaging over many experiments, but
since the magnetic field changes negligibly during the time of a single experiment we are able
to correct for it. By inserting a π pulse between the two Ramsey pulses the phase accumulated
during the first half of the Ramsey period is cancelled by that accumulated during the second
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by applying a π/2 pulse using the 0◦ geometry for the Raman laser beams. We then transferred
the ion from trap #2 to trap #4 in T ! 55 µs. The coherence of the internal state remaining
after transfer was measured with a final Raman π/2 pulse (0◦ geometry) in trap #4 with a
controllable phase φ relative to the first pulse [8], which was varied. The ion was then moved
back to trap #2 for state measurement. The probability P|↑〉 of finding the final state of the
ion to be |↑〉 is

P|↑〉 =
1

2
(1 + C cos(φ + φ′)) (3)

where φ′ is a constant laser phase difference between traps #2 and #4. The fringe contrast C
is a measure of the coherence [36]. Figure 2a shows the timing of the overall experiment. The
length of the π/2 pulses was 1 to 2 µs. The interval between π/2 pulses was 100 µs. Figure 2b
shows the oscillation in P|↑〉 as φ was varied. The fringe contrast was 95.8± 0.8 %, indicating
the preservation of coherence. This experiment was line-triggered (60 Hz) to minimize the
loss of contrast due to magnetic fields fluctuating at 60 Hz and harmonics of 60 Hz. The data
for Figure 2b were taken with 37,000 consecutive round-trip transfers of the same ion.

In another experiment we used a spin-echo technique to minimize the effect of fluctuating
magnetic fields so we could trigger the experiment without 60 Hz synchronization. The qubit
transition frequency depends on magnetic field (! 2.1×1010 Hz-T−1), so the internal state of
the ion accumulates an uncontrolled phase between |↑〉 and |↓〉 during the free-evolution period
between π/2 pulses due to a time-varying ambient magnetic field. This uncontrolled phase
causes the Ramsey fringes to partially wash out after averaging over many experiments, but
since the magnetic field changes negligibly during the time of a single experiment we are able
to correct for it. By inserting a π pulse between the two Ramsey pulses the phase accumulated
during the first half of the Ramsey period is cancelled by that accumulated during the second

Measure coherence: Ramsey-type experiment

fringe contrast C measured as 95.8 ± 0.8%

1. preparation ($/2 pulse)

2. transfer (T=55 #s)

3. $/2 pulse with phase % to first

4. transfer back

5. measure state
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Transport of quantum states and 
separation of ions in a dual rf trap (3)

Separation of two ions

in 95 ± 1% of the experiments one ion correctly transferred, 
4 ± 1% both ions transferred, 

less than 1% no ion transferred

M. A. Rowe, et al. 11
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Fig. 4. Histogram of the number of photons detected in a 200 µs time interval for 5050 separation
experiments. The distributions of the photon counts for 0, 1, and 2 ions detected are shown as
well. The 0-ion distribution extends to 3030 for the 0-photon bin.

the two ions into trap #2 and trap #4 we drove Raman carrier transitions on the ion in trap
#2. The final state population of the ion in trap #2 was measured with a standard detection
pulse. Figure 5 shows the oscillation in detected photon counts (proportional to the final state
population) as a function of the Raman pulse duration. The populations of different |nz〉-
states oscillate at different rates [8, 37] so the state population for the “hot” separated ion (a
state with a distribution of many |nz〉-states for an ensemble of experiments) made about half
an oscillation before the different |nz〉 state oscillation periods averaged to the midway level
(half |↑〉 and half |↓〉). Also shown in Figure 5 are data from a single ion prepared in |↓〉 and
cooled to near the ground state in trap #2. By comparing the time of the first midway level
crossing in the figure for the separated-ion data to that for the “cold” ion data we estimated
the average value of nz for the separated ion. Assuming a thermal distribution of nz levels
we found the average 〈nz〉 for the separated ion to be 140 ± 70 quanta.

The 10 ms separation time minimized the observed heating during separation. At the
present time, we do not understand why this time could not be shorter. However, we did
observe that most of the energy increase occurred when the center-of-mass frequency was
smallest. This was verified by allowing the separation process to evolve only to a certain point,
reversing it, and then measuring the ions’ temperature. In this way we have an approximate
measure of the heating integrated up to the time of reversal. This measurement revealed
that the energy increased sharply near the point where the center-of-mass frequency was
smallest. This increase in heating at lower frequencies can be expected for two reasons. First,
the heating (in terms of quanta per unit of time) increases as ν−1

z even for a uniform noise
spectrum. Moreover, Johnson noise from the RC filters and any noise injected externally
on the control electrodes will increase substantially at lower frequencies due to the reduced
efficiency of the filters. This was supported by experiments where we measured the single-ion
heating at axial frequencies below 1 MHz, observing that the heating increased more strongly
than ν−3

z . Future studies will have to address the causes of heating at lower frequencies and
its dependence on νz.
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LETTERS

GaAs

AlGaAs

Au

a

b

d
c

2.3 µm
4 µm
2.3 µm
4 µm

~200 µm

a

b

c

Figure 1 The fabrication process for a semiconductor ion trap. a, The structure
grown by molecular beam epitaxy consists of alternating GaAs/AlGaAs membrane
layers on a GaAs substrate. b, The backside etch removes substrate material for
clear optical access through the chip. c, The inductively coupled plasma etch
through the membrane creates access to submerged GaAs layers, and
gold/germanium bond pads are deposited for electrical contacts to the trap
electrodes. d, A further inductively coupled plasma etch through the membrane
defines and isolates the cantilevered electrodes, and a hydroflouric acid etch
undercuts the AlGaAs insulator material between electrodes.

repetition rate) into the trapping region that are tuned near the
neutral cadmium 1S0 → 1P1 transition at 228.5 nm with about
1 mW of average power focused down to a ∼20 µm waist. We
selectively load and Doppler laser cool 111Cd+ isotopes by adding
a continuous-wave laser red-tuned within one natural linewidth
of the 111Cd+ 2S1/2 → 2P3/2 transition near 214.5 nm (all other
Cd+ isotopes are Doppler heated). The Doppler-cooling laser has
up to 1 mW of power focused down to a ∼15 µm waist. With
both beams aligned, a single 111Cd+ ion can be loaded after a few
seconds, after which time the photoionization laser is blocked. The
ion is imaged with a charge-coupled-device camera to a nearly
diffraction-limited spot with f /2.1 optics, where f is the focal
length, as displayed in Fig. 3. Storage lifetimes in excess of 1 h are

100 µm

Figure 2 A scanning electron microscope image of a monolithic GaAs
semiconductor linear ion trap.Top: Ion-trap chip with seven axial segments
(28 electrodes) cantilevered over a rectangular through-hole (black). The 28 gold
bonding pads are visible as bright squares, along with a single bond pad at the left
connecting to the substrate beneath. In the experiment, we trap ions in a similar
structure with four segments instead of seven. The tip-to-tip separation of
electrodes across the gap is s= 60 µm. Bottom: Closeup of a single ion-trap
segment, clearly showing the upper and lower GaAs layers separated byh= 4 µm.
The microscope used was a JEOL 6500.

observed, and a histogram of many loads shows an exponentially
distributed confinement time with a mean lifetime of 10 min when
the ion is continuously Doppler cooled.

We directly measure the frequency of small oscillations of the
trapped ion by applying a weak, variable frequency potential to
one of the electrodes and observing changes in the ion fluorescence
owing to the resonant force while it is continuously laser cooled23.
For an applied radiofrequency potential amplitude of V0 = 8.0 V
at a drive frequency of ΩT/2π= 15.9 MHz (see Methods section),
and static potentials of 1.00 V on the end-cap electrodes and
−0.33 V on the centre electrodes, we measure the axial secular
frequency to be ωz/2π = 1.0 MHz. The measured transverse
secular frequencies are ωx/2π= 3.3 MHz and ωy/2π= 4.3 MHz,
indicating a radiofrequency trap stability factor19 of q =0.62. These
measurements are consistent with a three-dimensional numerical
simulation of the trapping potential, which further indicates that
one of the transverse principal axes of the trap is rotated ∼40◦ out
of the plane of the chip20.

Microscale ion traps are expected to be particularly sensitive to
noisy potentials from the electrodes24,25. Uncontrolled static-offset
electric fields from accumulated charge on insulating surfaces or
contact potentials can give rise to radiofrequency micromotion22

and they can even destabilize the trap. We suppress micromotion
along the direction of the Doppler-cooling beam by applying
static offset potentials to electrodes that minimize both the
broadening of the atomic fluorescence spectrum (half-width of
∼50 MHz, to be compared with the natural half-width of 30 MHz)
and the time correlation of the atomic fluorescence with the
radiofrequency trap drive frequency26. We measure heating of
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Ion trap in a semiconductor chip
D. Stick, W. K. Hensinger, S. Olmschenk, M. J.  Madsen, K. Schwab and C. Monroe, Nature Physics 2, 36 (2006)

4 layers of alternating AlGaAs and 
GaAs epitaxially grown on a GaAs 
substrate

trap segment width: 130 #m / 
trap height: 60 #m
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Ion trap in a semiconductor chip (2)

single Cd+ ion in 
the trap

the chip being wired up
size is a about that of a 

postage stamp

! trap depth 0.08 eV

! storage time 10 min

! could not load more than one ion
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Surface-Electrode Ion Trap
S. Seidelin et al., PRL 96, 253003 (2006)

Microfabricated Surface-Electrode Ion Trap for Scalable Quantum Information Processing

S. Seidelin,* J. Chiaverini,† R. Reichle,‡ J. J. Bollinger, D. Leibfried, J. Britton, J. H. Wesenberg, R. B. Blakestad,
R. J. Epstein, D. B. Hume, W. M. Itano, J. D. Jost, C. Langer, R. Ozeri, N. Shiga, and D. J. Wineland

Time and Frequency Division, NIST, Boulder, Colorado 80305, USA
(Received 9 February 2006; published 30 June 2006)

Individual laser-cooled 24Mg! ions are confined in a linear Paul trap with a novel geometry where gold
electrodes are located in a single plane and the ions are trapped 40 !m above this plane. The relatively
simple trap design and fabrication procedure are important for large-scale quantum information process-
ing (QIP) using ions. Measured ion motional frequencies are compared to simulations. Measurements of
ion recooling after cooling is temporarily suspended yield a heating rate of approximately 5 motional
quanta per millisecond for a trap frequency of 2.83 MHz, sufficiently low to be useful for QIP.

DOI: 10.1103/PhysRevLett.96.253003 PACS numbers: 32.80.Pj, 03.67."a

Recent interest in coherent quantum state control and
methods to realize practical quantum information process-
ing (QIP) has led to impressive developments in quantum
processing using several different physical systems [1].
Single quantum bit (qubit) rotations, two-qubit gates, and
simple quantum algorithms have been implemented. How-
ever, perhaps the most significant challenge for any pos-
sible physical implementation of a quantum processor is to
devise methods that scale to very large numbers of quan-
tum information carriers.

The system of trapped ions is an interesting candidate
for QIP because the basic requirements [2] have been
demonstrated in separate experiments [1], and several
schemes for scaling this system to large numbers of qubits
have been proposed [1,3–7]. One approach is based on a
network of interconnected processing and memory zones
where ion qubits are selectively shuttled between zones
[3,6]. Within this approach, miniature linear trap arrays [8–
11] and a three layer T-junction trap [10] have been
demonstrated. Since the speed of most multi-ion qubit
gates is proportional to the ions’ motional frequencies
and these frequencies are inversely proportional to the
square of the trap dimensions, we would like to decrease
the size of these dimensions. To do this robustly, micro-
fabrication techniques are required. Three-dimensional
traps have been demonstrated with boron-doped silicon
[12] and monolithically fabricated gallium-arsenide elec-
trodes [11]. A significant simplification in fabrication
could be achieved if all trap electrodes reside on a single
surface and the ions are trapped above this surface [13]. In
this case, the trapping electric fields would be the analog of
magnetic fields used in ‘‘chip’’ traps for neutral atoms (see
[14] and references therein). Surface-electrode ion traps
have the potential added benefit for scaling that micro-
electronics for electrode potential control can be fabricated
below the plane of the electrodes [15].

Recently, macroscopic charged particles have been con-
fined in a surface-electrode trap [16]. Storage of atomic
ions, however, requires substantially different experimen-

tal parameters. In this Letter we report the first demonstra-
tion of stable confinement of atomic ions in a surface-
electrode trap. The trap is constructed with standard and
scalable microfabrication processes. We load 24Mg! into
this trap, measure the motional frequencies of the ions, and
find reasonable agreement with those determined from
simulations. We also determine a motional heating rate
of the ion(s) that is low enough to allow for high fidelity
logic operations.

The standard linear radio-frequency (rf) Paul trap [17]
consists of four parallel rods whose centers are located on
the vertices of a square [Fig. 1(a)]. An rf potential is
applied to two opposing rods with the other two (control
electrode) rods held at rf ground. This configuration creates
a nearly harmonic ponderomotive pseudopotential in the
x̂-ŷ plane. Longitudinal confinement for a single trapping
zone is obtained by segmenting the control electrodes
along their length and applying appropriate static poten-
tials to the different segments. Several variations on this
design have been demonstrated [8–12], but it is very
desirable to simplify their construction. A straightforward
way to modify the 3D design of Fig. 1(a) is to place the four
rods in a common plane, with alternating rf and control
electrodes [13]; one version of this geometry is shown in
Fig. 1(b). In this design, the rods are replaced with flat
electrodes, as shown in Fig. 2.

rf

Ions

Control

Control

rf
a) b)

xz

y

FIG. 1. (a) Standard linear rf Paul trap; (b) surface-electrode
geometry where all electrodes reside in a single plane, with the
ions trapped above this plane.
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We can fabricate this electrode structure by means of
photolithography and metal deposition using evaporation
and electrodeposition. For the substrate we use polished
fused quartz, a material with low rf loss. A 0:030 !m
titanium adhesion layer and a 0:100 !m copper seed layer
are first evaporatively deposited onto the substrate. This
deposition is uniform except for small areas for resistors
where the quartz is left exposed. Resistors ( ! 1 k!) and
leads are fabricated through a liftoff process that entails
patterning them with standard photolithography and
evaporation of a 0:013 !m titanium adhesion layer fol-
lowed by 0:300 !m of gold. Resistors are fabricated di-
rectly on the quartz substrate; leads are fabricated on top of
the copper seed layer. The gold electrodes near the trapping
region are electroplated onto the copper seed layer after a
second photolithographic patterning step. Afterward, the
exposed initial seed and adhesion layers are etched away to
isolate electrodes and leads. The trap electrodes are plated
to a thickness of !6 !m so that the ratio of height to
interelectrode spacing is relatively high (the interelectrode
spacing is !8 !m). This should reduce alteration of the
trapping potential due to stray charges that may collect on
the exposed insulator between electrodes.

We create ions in the trap by photoionizing thermally
evaporated neutral magnesium atoms. The magnesium
source is realized by resistively heating a stainless steel
tube containing solid magnesium, which is sealed at both
ends and has a small slit from which evaporated magne-
sium atoms emerge. With a planar electrode geometry,
there is a risk of shorting electrodes to each other due to
magnesium deposited onto the trap structure. To reduce
this risk, in a last processing step we perform a controlled

hydrofluoric acid (HF) etch of the central trap region. The
HF etches away a small part of the titanium adhesion layer
and the substrate, without affecting the electrodes. The
result is an !2 !m horizontal undercut of the electrodes
to help prevent shorting due to deposition from the mag-
nesium source. As a further precaution, we direct the
magnesium flux nearly parallel to the surface and avoid
as much as possible having the channels between elec-
trodes be parallel to the flux (Fig. 2).

We use five independent control electrodes to provide
sufficient degrees of freedom to be able to overlap the
electric field null point of the static potential and the rf
pseudopotential minimum. We create a low impedance
path for the rf to ground on the control electrodes with
capacitors (820 pF) that are surface mounted directly onto
the chip (in the future, capacitors could be included as part
of the fabrication process). Gold ribbons for applying the
electrode potentials are gap welded to contact pads.

The trap structure is mounted in a copper tube that also
serves as part of an rf transformer [18] and the entire
structure is surrounded by a quartz envelope. The system
is baked under vacuum prior to operation to reach a base
pressure below 10"8 Pa with the use of an ion getter pump
combined with a titanium sublimation pump.

As we describe below, the trap well depth UT for a
surface-electrode trap is fairly shallow [13], not much
above the mean kinetic energy of the neutral atoms before
they are ionized. Nevertheless, we can load 24Mg# ions
efficiently by resonant two-photon photoionization (PI) at
285 nm [19]. The PI laser, resonant with the 3s2 1S0 $
3s3p 1P1 electric dipole transition in neutral magnesium,
copropagates with a Doppler-cooling beam tuned approxi-
mately 400 MHz below the 3s 2S1=2 $ 3p 2P1=2 electric
dipole transition in 24Mg# at 280 nm. The laser beams are
parallel to the trap surface, and at an angle of approxi-
mately 45$ with respect to the trap ẑ axis as shown in
Fig. 2(a).

Since the laser beam direction has significant overlap
with all principal trap axes, cooling will be efficient in all
directions [13]. During loading, both the Doppler-cooling
and PI beams have 2 mW power and waists of !40 !m.
The atomic flux of magnesium intersects the laser beams at
the trap [Fig. 2(a)]. The cooling beam is applied continu-
ously, while the PI beam needs to be applied for only a few
seconds to create ions in the trap. Ions are loaded with the
first configuration of trap potentials of Table I, which has
the largest trap depth. Ions are detected by observing
3p 2P1=2 $ 3s 2S1=2 fluorescence along a direction perpen-
dicular to the trap surface with a CCD camera as in the
view of Fig. 2(b). Despite the fact that the center of the
laser beam is only 40 !m above the surface, which in-
creases the risk of scatter from light striking the trap
electrodes, the signal-to-background ratio for scattered
light from the ions is greater than 100 when the Doppler-
cooling laser is tuned for minimum temperature, approxi-

200µm

rf electrode

Trapping region

Microfabricated
filter resistor

1

2345

Atom flux

Laser beams

Trap center

z
x

Filter
Capacitor

b

a

c

2 mm

Control electrodes

FIG. 2. Pictures of the surface-electrode trap. (a) The complete
trap structure, including lead-out wires (ribbons) and filter
capacitors. The directions of the laser beams (cooling and photo-
ionization) and atom flux are indicated. (b) Expanded view of the
trap region (center marked by %). The control electrodes are
numbered for reference in the text. (c) On-board meander line
resistor.
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trap constructed with standard an scalable microfabrication 
processes, substrate: fused quartz, copper seed layer, gold
stable confinement demonstrated

all electrodes reside in a single plane
ions are trapped 40 #m above this plane

! up to 12 ions

! trap depth 0.17 eV

! storage for several hours
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#  Array of microtraps
I. Cirac and P. Zoller, Nature 404, 579 (2000)

!"#$%&#'#(&')#*!+

!" #$%&' ()*+,"+-.//0%1+2&3(%0+4541+678+9:555;

! "#$%&#'()*&+,- $%.(%$%)/&0,1%)2)345(-,$2$6+2+&4

Target
Pushing laser

Motion

Head

but... technical problems for this approach unsolved at current time

model that combines scalability (from solid state systems) with 
the advantages of quantum optical systems (good control and 
coherence times)

! two-dimensional array of trapped ions (electric or laser fields)

! different ion (Head) that can be moved above the plane

! perform two qubit gate with pushing laser

! can swap the states of Head and Target

! entanglement operations between distant ions
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$  Coupling via photons

photonic channel

qubit 2

qubit 1

cavity

Protocol: J. I. Cirac, P. Zoller, H. J. Kimble, and H. Mabuchi, PRL 78, 3221 (1997)
Part of an implementation: A. Kuhn, M. Hennrich, and G. Rempe, Deterministic Single-Photon Source for Distributed Quantum Networking, 
PRL 89, 067901 (2002)
(related e.g. D.L. Moehring, P. Maunz, S. Olmschenk et. al, Entanglement of single-atom quantum bits at a distance, Nature 449, 68 (2007))

VOLUME 78, NUMBER 16 P HY S I CA L REV I EW LE T T ER S 21 APRIL 1997

Quantum State Transfer and Entanglement Distribution among Distant Nodes
in a Quantum Network

J. I. Cirac,1,2 P. Zoller,1,2 H. J. Kimble,1,3 and H. Mabuchi1,3

1Institute for Theoretical Physics, University of California at Santa Barbara, Santa Barbara, California 93106-4030
2Institut für Theoretische Physik, Universität Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria

3Norman Bridge Laboratory of Physics 12-33, California Institute of Technology, Pasadena, California 91125
(Received 12 November 1996)

We propose a scheme to utilize photons for ideal quantum transmission between atoms located at
spatially separated nodes of a quantum network. The transmission protocol employs special laser
pulses that excite an atom inside an optical cavity at the sending node so that its state is mapped into
a time-symmetric photon wave packet that will enter a cavity at the receiving node and be absorbed by
an atom there with unit probability. Implementation of our scheme would enable reliable transfer or
sharing of entanglement among spatially distant atoms. [S0031-9007(97)02983-9]

PACS numbers: 89.70.+c, 03.65.Bz, 42.50.Lc

We consider a quantum network consisting of spatially
separated nodes connected by quantum communication
channels. Each node is a quantum system that stores quan-
tum information in quantum bits and processes this in-
formation locally using quantum gates [1]. Exchange of
information between the nodes of the network is accom-
plished via quantum channels. A physical implementa-
tion of such a network could consist, e.g., of clusters of
trapped atoms or ions representing the nodes, with opti-
cal fibers or similar photon “conduits” providing the quan-
tum channels. Atoms and ions are particularly well suited
for storing qubits in long-lived internal states, and recently
proposed schemes for performing quantum gates between
trapped atoms or ions provide an attractive method for lo-
cal processing within an atom!ion node [2–4]. On the
other hand, photons clearly represent the best qubit carrier
for fast and reliable communication over long distances
[5,6], since fast and internal-state-preserving transportation
of atoms or ions seems to be technically intractable.
To date, no process has actually been identified for

using photons (or any other means) to achieve efficient
quantum transmission between spatially distant atoms [7].
In this Letter we outline a scheme to implement this basic
building block of communication in a distributed quantum
network. Our scheme allows quantum transmission with
(in principle) unit efficiency between distant atoms 1 and
2 (see Fig. 1). The possibility of combining local quan-
tum processing with quantum transmission between the
nodes of the network opens the possibility for a variety
of novel applications ranging from entangled-state cryp-
tography [8], teleportation [9], and purification [10], and
is interesting from the perspective of distributed quantum
computation [11].
The basic idea of our scheme is to utilize strong coupling

between a high-Q optical cavity and the atoms [5] forming
a given node of the quantum network. By applying laser
beams, one first transfers the internal state of an atom
at the first node to the optical state of the cavity mode.
The generated photons leak out of the cavity, propagate

as a wave packet along the transmission line, and enter
an optical cavity at the second node. Finally, the optical
state of the second cavity is transferred to the internal state
of an atom. Multiple-qubit transmissions can be achieved
by sequentially addressing pairs of atoms (one at each
node), as entanglements between arbitrarily located atoms
are preserved by the state-mapping process.
The distinguishing feature of our protocol is that by

controlling the atom-cavity interaction, one can absolutely
avoid the reflection of the wave packets from the second
cavity, effectively switching off the dominant loss channel
that would be responsible for decoherence in the commu-
nication process. For a physical picture of how this can
be accomplished, let us consider that a photon leaks out of
an optical cavity and propagates away as a wave packet.
Imagine that we were able to “time reverse” this wave
packet and send it back into the cavity; then this would
restore the original (unknown) superposition state of the
atom, provided we would also reverse the timing of the
laser pulses. If, on the other hand, we are able to drive
the atom in a transmitting cavity in such a way that the
outgoing pulse were already symmetric in time, the wave
packet entering a receiving cavity would “mimic” this time
reversed process, thus “restoring” the state of the first atom
in the second one.
The simplest possible configuration of quantum trans-

mission between two nodes consists of two atoms 1 and
2 which are strongly coupled to their respective cavity
modes (see Fig. 1). The Hamiltonian describing the inter-
action of each atom with the corresponding cavity mode

FIG. 1. Schematic representation of unidirectional quantum
transmission between two atoms in optical cavities connected
by a quantized transmission line (see text for explanation).

0031-9007!97!78(16)!3221(4)$10.00 © 1997 The American Physical Society 3221

use STIRAP (Stimulated Raman Adiabatic Passage)
coupling can be chosen by STIRAP detuning
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%  Coupling via image charges

the solid-state charge qubit,

Hq !
Ez
2
!q
z "

Ex
2
!q
x; (2)

and the interaction term

Hint ! !h"#t$x̂x!q
z : (3)

The first term in Hs describes the 1D motion of a
charged particle (ion) in the harmonic trapping potential
with x̂x as the coordinate, p̂px as the momentum, and !# as
the trapping frequency. A pseudospin notation with Pauli
operators !s

i describes the atomic qubit. Physically, the
qubit is represented by two atomic ground state levels
which are coupled by a laser induced Raman transition
with Rabi frequency !R#t$ and detuning $0. Transitions
between the states are associated with a momentum kick
$kl due to photon absorption and emission, which couples
the qubit to the motion at the Rabi frequency !R#t$ [9].

The Hamiltonian for the solid-state charge qubit Hq
has the generic form for the quantum two level system
with !q

i being the Pauli operators and Ex;z tunable. A
Hamiltonian of this form is obtained, for example, for
a superconducting charge qubit, i.e., a superconducting
island connected to a high resistance tunnel junction [see
Fig. 1]. With the phase ’ of the superconductor and its
conjugate n̂n, the number of Cooper pairs on the island, the
Hamiltonian is Hq ! Ec#n̂n" CgVg=2e$2 % EJ cos’ [4],
where EJ is the Josephson energy and Ec is the capacitive
energy with Ec & EJ. The gate voltage Vg controls the
qubit through the gate capacitor Cg. When Vg ' #2m"
1$e=Cg (m is an integer), the qubit forms an effective two
level system with charge states j0i !j ni and j1i !
jn" 1i, and in Eq. (2), Ez ! Ec#CgVg=2e$ and Ex !
EJ. Adjusting Vg or EJ provides arbitrary single-qubit

gates. Typically, Ec is about 100 GHz and EJ is about
10 GHz. Other solid-state systems such as a double
quantum dot qubit can be considered within a similar
framework.

Finally, the interaction [Eq. (3)] has the universal form
of the electrostatic coupling between a motional dipole
and a charge which is linear in the coordinate x̂x and the
charge operator !q

z . Note this coupling is of the order of
epi=4%&0r20 for a given distance r0 with dipole pi and
charge e and is a factor of er0=pi stronger than the
familiar dipole-dipole couplings encountered in quantum
optics. Instead of a direct coupling of the dipole to the
charge, we introduce an interaction via short supercon-
ducting cavity. This provides a mutual shielding of the
qubits, e.g., from stray photon exciting quasiparticles
which might impair the coherence of the charge qubit.

Coupling via a superconducting cavity.—The electro-
magnetic modes of a superconducting cavity made of two
parallel cylindrical rods are described by the phase vari-
able  #z; t$ [10], with the Lagrangian

L ! Cr
2L

Z L

0
dz _  2 % L

2Lr

Z L

0
dz
!
@ 
@z

"
2
; (4)

with Cr the capacitance of the cavity, Lr the inductance,
and L the length. With a distance d0 between the rods and
the rod radii b0, Lr ! '0 ln#d0=b0$L=%3 and Cr !
4%&0L=4 ln#d0=b0$. For example, for d0 ! 20 'm, b0 !
1 'm, L ! 100 'm, Cr ! 1 fF, Lr ! 10 pH; the fre-
quency of the first eigenmode of the cavity !r=2% !
1:5 THz. Application of a millimeter transmission line
superconducting cavity in the microwave regime has been
proposed for the interaction of charge qubits where the
cavity mode is in resonance with the qubit [11].

The coupling scheme is shown in Fig. 1. The left end of
the cavity capacitively couples with the ion as (Vi %
_  #0; t$)ex̂x=di, where di is the distance between the ion

and the cavity and Vi is the voltage on the trap electrode.
The cavity couples with one of the trap electrodes by the
capacitor Ci. The right end of the cavity couples with the
charge qubit via a contact capacitor Cm as Cm( _  #L; t$ %
_’’)2=2. In our scheme, the cavity length is much shorter

than the wavelength of a microwave field which charac-
terizes the energy of a charge qubit, so that the cavity can
be represented by phase variables  1;2 at the ends of the
cavity. Each node is connected with the ground by a
capacitor Cr=2, and the two nodes are connected by the
inductor Lr, as is shown in Fig. 1. The conjugates of the
phases obey the charge conservation relation p1 " p2 !
0, where p1;2 are the total charge on each node. With
the new variable ~  !  1 %  2 and its conjugate ~pp !
#p1 % p2$=2, the interaction is H#0$

int ! Hcav "H1 with

Hcav !
~pp2
 

2#Cr=4$
"

~  2

2Lr
;

H1 ! ~pp 
ex̂x=di " CiVi
Ci " Cr=2

% ~pp 
Cm
Ct

e!q
z " CgVg

Cm " Cr=2
;

(5)

FIG. 1 (color online). Schematic coupling circuit of the
charge qubit and trapped ion. Top: the coupling via a cavity.
The voltage at the electrode is balanced by a filtering circuit.
Bottom left: coherent states of the motional mode. Bottom
right: energy of charge qubit vs gate voltage.
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L. Tian, P. Rabl, R. Blatt, and P. Zoller, PRL 92, 247902 (2004)
L. Tian, R. Blatt, and P. Zoller, Eur. Phys. J. D 32, 201 (2005)

idea: couple quantum-optical 
and solid-state qubits

! memory: ion trap

! processor: 
superconducting charge 
qubit (logic gates in the ns 
time scale)

! coupling controlled by a 
switch

! fast swap gate
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Summary

criterion
physical 

implementation status

scalable qubits
linear traps, arrays, 

coupled traps

several promising possibilities: ion 
chips, coupling to different types 
of qubits via photonic or charge 

channels (hybrid systems)

initialization laser pulses arbitrary state preparation

long coherence 
times

narrow transitions coherence times up minutes

universal quantum 
gates

Cirac-Zoller CNOT
high fidelity, 

but slow (#s time scale)

qubit measurement
quantum jump 

detection
individual ion fluorescence 

(almost 100%)

convert qubits to 
flying qubits

coupling of ions with 
cavity

promising progress in CQED, 
recent advances (Deterministic 

Single-Photon Source)

faithfully transmit 
flying qubits

connect cavities with 
fibers

DiVincenzo criteria

30


