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We propose a scalable ion trap architecture for universal quantum computation, which is composed
of an array of ion traps with one ion confined in each trap. The neighboring traps are designed
capable of merging into one single trap. The universal two-qubit

√
S WAP gate is realized by direct

collision of two neighboring ions in the merged trap, which induces an effective spin-spin interaction
between two ions. We find that the collision-induced spin-spin interaction decreases with the third
power of two ions’ trapping distance. Even with a 200 µm trapping distance between atomic ions in
Paul traps, it is still possible to realize a two-qubit gate operation with speed in 0.1 kHz regime. The
speed can be further increased up into 0.1 MHz regime using electrons with 10 mm trapping distance
in Penning traps.

The hyperfine electronic levels of an ion usually have
very long coherence time [1–3], which makes the ion
trap architecture a very promising platform for universal
quantum computation [4, 5]. By applying laser beams
with proper frequencies to each ion, one can initialize
qubit state [2, 6], operate single-qubit gate [2] and read-
out qubit state [2, 7] with high efficiency. The challenge
comes from coupling two ionic qubits and realizing fast
universal two-qubit gates [8, 9]. The conventional solu-
tions include mediating the interaction between two ionic
qubits by phonons[10–12] or phtotons [13, 14]. However,
it is still an outstanding challenge to scale the trapped
ions to enough numbers to outperform the classical pro-
cessors [15–18], and scale the ability to individually ad-
dress the qubits in the chain of ions [19, 20]. In this letter,
we proposed a new ion trap architecture for universal
quantum computation with advantages of both scaling
large number of ions and addressing individual ions. Dif-
ferent from mediating interaction via a common bus, we
couple the two ionic qubits via direct collision of two ions
in the trap.

In Fig. 1a, we sketch the envisioned architecture of
ion traps for universal quantum computation. The unit
component of our architecture is the linear ion trap
(Paul trap) with length L, which is basically composed of
quadrupole electrode (long rods with light color) plugged
at two ends with short segmented electrodes (rods with
dark color) [21, 22], which we call the link electrodes here
for convenience. A radio frequency (rf) potential is ap-
plied between diagonally opposite rods in the quadrupole
electrode giving rise to (harmonic) ponderomotive po-
tentials in the transverse x and y directions with con-
finement frequencies ωx and ωy respectively [22]. By
applying additional electric potentials to the link elec-
trodes beside the quadrupole electrode, a confinement
potential with characteristic frequency ωz in the longi-
tudinal z direction is provided. Usually, the transverse
confinement is symmetric (ωx = ωy ≡ ωx,y) and much

stronger than the longitudinal confinement, i.e., ωx,y ≫
ωz. In this work, we define the confinement parameter
ω⊥ ≡ ωx,y/ωz to describe the level of transverse confine-
ment. In our architecture, each trap confines only one
ion, which is convenient for individual-qubit addressing.
The ions are cooled on the bottoms of traps by Doppler
laser cooling technique [23]. Two stable hyperfine levels
of ions, e.g., the ground-state 2S 1/2 |F = 0,mF = 0〉 and
2S 1/2 |F = 1,mF = 0〉 of ion 171Yb+ with hyperfine level
splitting E0/~ ≈ 2π×12.64 GHz, are utilized to serve as the
qubit states characterized by an effective spin-up state |↑〉
and spin-down state |↓〉 corresponding to bit values 1 and
0 respectively [24]. In principle, the linear Paul traps for
atomic ions in our architecture can be replaced by (open-
endcap) Penning traps for electrons [25, 26], where the
transverse confinement is applied by a strong homoge-
neous magnetic field along the longitudinal direction and
the qubit states are the real spins of electrons.

In Fig. 1b, we sketch the basic three processes to couple
the two ions and entangle their spins by direct collisions.
In the left figure, two ions are confined on the bottoms
of two neighboring traps by applying static electric po-
tentials on the three link electrodes. The internal qubit
states of two ions are initialized to a product state with
one spin down and the other spin up, i.e., |↓↑〉. In the
middle figure, we merge the two neighboring traps into
one single large linear trap by synchronizing the poten-
tial on the middle link electrode with the rf potentials on
the quadrupole electrodes beside. Since the two ions are
no longer on the bottom of the merged trap, they start
to oscillate in the trap and collide with each other. The
key mechanism used our proposal is that the collision in-
duces an effective spin-spin interaction between two ions
[27], which we call collision spin effect. As a result, the
spins of two ions start to rotate and entangle with each
other during the collision. In the right figure, we split
the single ion trap into two traps by tuning the potential
on the middle link electrode back to the initial condi-

http://arxiv.org/abs/1801.02593v1


2

Figure 1: Ion trap architecture for universal quantum computation via collision-induced spin-spin interaction.

a, the basic structure of our ion trap architecture, which is an array of ion traps with length L. The long rods (light colors)
represent the quadrupole electrodes of linear Paul traps connected by link electrodes (dark colors). b, three processes to realize

the universal two-qubit
√

S WAP gate. The left figure shows the spin product state |↓↑〉 of two ions trapped in two separated
traps. The middle figure shows the two traps emerge into one single trap and the two ions are colliding with each other.
The right figure shows the single trap are split into two traps again and the two ions are confined in the two separated traps
when the target spin entangled state (indicated by red dashed tangled circles) is arrived. c, the confinement potentials in the
longitudinal z direction and the quantum states of two ions, i.e., real parts of wave functions in Eq. (1), corresponding to the
processes shown in figure b. The left figure shows two ground states of ions confined in two separated traps. The middle figure
sketches the colliding process of two ions in the merged large trap. The red dashed circle indicates the spins of two ions start to
interact and entangle with each other during colliding. The right figure shows the two ions are confined on the bottoms of two
separated traps again with spins entangled (indicated by red dashed tangled circles). d, the internal energy level structures of
two ions in free space without Coulomb interaction (left) and in the single merged trap during colliding (right). The collision
induces a common level shift U and a level splitting 2J between the triplet state |+〉 and singlet state |−〉. E0 is the hyperfine
level splitting single ion.

tion and confine the two ions on the bottom of each trap
again. By controlling the collision time or the number of
collisions, it is possible to arrive at a spin entangled pair
such as 1√

2
(|↑↓〉+i |↓↑〉), and realize the universal two-qubit

gate
√

S WAP gate. More complicated gate operations for
quantum computation can be operated by merging and
splitting neighboring traps sequentially in the architec-
ture.
As discussed above, the key process is the collision of

two ions in the trap. We shall discuss in detail the two-
ion dynamics during collision. In the semi-classical limit
and neglecting the Coulomb interaction between ions, the
dynamics of two ions in the merged single ion trap are
described by two oscillating coherent states. In the coor-
dinate representation, the wave functions of two coherent
states are given by























φ(z1, t) = N(t) exp
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~
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)
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(1)

Here, x(t) ≡ 1
2
L cos(ωzt) and p(t) ≡ 1

2
mωzL sin(ωzt) are

the position and momentum parameters of two ions in

the trap. N(t) ≡ π− 1
4 z
− 1

2

0
exp

[

i
L2 sin(2ωz t)

16z2
0

]

is the common

normalization factor of two coherent states with z0 ≡
√

~/mωz the characteristic length of coherent state and
m the mass of single ion. We see that the two oscillating
coherent states can be viewed as plane waves with in-
stantaneous wave vectors ±p(t)/~ and Gaussian envelop

centered at ∓x(t) with characteristic width z0 . When we
merge the two separated traps by the middle link elec-
trode, we should tune the potentials on the two side link
electrodes correspondingly to keep the longitudinal trap-
ping frequency ωz unchanged. In the quantum dynamics,
due to the indistinguishability, we should reconstruct the
normalized symmetric and antisymmetric spatial wave
functions of two ions by






















Φ+(t) = 1
√

2
(

1+e
−L/4z2

0

)

[

φ(z1, t)ϕ(z2, t) + ϕ(z1, t)φ(z2, t)
]

Φ−(t) = 1
√

2
(

1−e
−L/4z2

0

)

[

φ(z1, t)ϕ(z2, t) − ϕ(z1, t)φ(z2, t)
]

.
(2)

Meanwhile, the internal spin states of two-ion system
can be expressed by the basis of the triplet states
|↓↓〉 , |↑↑〉 , |+〉 ≡ 1√

2
(|↑↓〉 + |↓↑〉) and the singlet state

|−〉 ≡ 1√
2
(|↑↓〉 − |↓↑〉). The total states of two ions are

the product of the spatial states and the internal spin
states. For instance, if the two ions are Bosons, the total
states needs to be symmetric, which results in the sym-
metric basis describing the total states of two ions, i.e.,
{

|Φ+〉 ⊗ |↓↓〉 , |Φ+〉 ⊗ |↑↑〉 , |Φ+〉 ⊗ |+〉 , |Φ−〉 ⊗ |−〉
}

.
Now we consider the Coulomb interaction between two

ions V(r) =
Q2

4πǫ0

1
r
, where Q is the charge of single ion and

r ≡
√

(x1 − x2)2 + (y1 − y2)2 + (z1 − z2)2 is the distance of
two ions in three dimensions. In the quasi-one dimen-
sional condition ω⊥ ≫ 1, the transverse motions of two
ions are frozen in the ground states. Therefore, we av-
erage the Coulomb interaction by the ground states in
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x and y directions and arrive at the effective Coulomb
interaction of two ion in z direction

Veff(rz) =
Q2

4πǫ0z0

√

πω⊥

2
exp













ω⊥

2

r2
z

z2
0













erfc

(
√

ω⊥

2

rz

z0

)

, (3)

where rz ≡ |z1−z2| is the distance of two ions in z direction
and erfc[•] is the complementary error function. It can

be shown that Veff(rz) → Q2

4πǫ0rz
for rz ≫ z0

√
2/ω⊥, which

recovers the Coulomb’s law in one dimension. In the left
figure of Fig. 1d, we show the internal level structure of
two ions in the free space without Coulomb interaction.
In this case, the two internal states |+〉 and |−〉 are de-
generate. When the two ions are colliding each other in
the trap, the Coulomb interaction modifies the internal
energy levels of two ions as illustrated by the right figure
in the same figure. When the kinetic energy of two ions
is much larger than the Coulomb interaction potential,
we calculate the level shifts of states |+〉 and |−〉 by



















V+(L) =
ωz

2π

∫
2π
ωz

0
〈Φ+(t)|Veff(z1 − z2) |Φ+(t)〉 dt

V−(L) =
ωz

2π

∫
2π
ωz

0
〈Φ−(t)|Veff(z1 − z2) |Φ−(t)〉 dt

(4)

As a result, the degeneracy of states |+〉 and |−〉 is lifted
by a splitting 2J with J ≡ 1

2
(V+ − V−) as labelled in the

right figure of Fig. 1d, which is similar to the effective
spin-spin interaction in Heisenberg model rooting from
the exchange interaction of two neighbouring electrons.
There is also a common level shift of all internal levels
U ≡ 1

2
(V+ + V−), which is just the time-averaged direct

Coulomb interaction.
We discuss how to generate the universal two-qubit√

S WAP gate using the collision-induced spin-spin inter-
action J. From the relationships |↓↑〉 = 1√

2
(|+〉 − |−〉) and

|↑↓〉 = 1√
2
(|+〉 + |−〉), the time evolutions of initial states

|↓↑〉 and |↑↓〉 are given by 1√
2
(ei

E0+U+J

~
t |+〉−ei

E0+U−J

~
t |−〉) and

1√
2
(ei

E0+U+J

~
t |+〉 + ei

E0+U−J

~
t |−〉) respectively. The time evo-

lutions of states |↓↓〉 and |↑↑〉 are given by ei U+J
~

t |↓↓〉 and
ei

2E0+U+J

~
t |↑↑〉 respectively. After collision time tg =

3π~
4J

, the
four two-qubit basis |↓↓〉, |↓↑〉, |↑↓〉 and |↑↑〉 arrive at

|↓↓〉 7→ ei
(U+J)
~

tg |↓↓〉

|↓↑〉 7→ ei
(E0+U+J)

~
tg

1

2
[(1 + i) |↓↑〉 + (1 − i) |↑↓〉]

|↑↓〉 7→ ei
(E0+U+J)

~
tg

1

2
[(1 − i) |↓↑〉 + (1 + i) |↑↓〉]

|↑↑〉 7→ ei
(2E0+U+J)

~
tg |↑↑〉 .

This unitary time evolution defines a two-qubit quantum
gate in the basis of

{

|↓↓〉 , |↓↑〉 , |↑↓〉 , |↑↑〉
}

U(tg) ≡ ei
(E0+U+J)

~
tg
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~

tg 0 0 0

0 1
2
(1 + i) 1

2
(1 − i) 0

0 1
2
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2
(1 + i) 0

0 0 0 ei
E0
~
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. (5)

The two-qubit U(tg) gate can be decomposed into the

standard two-qubit
√

S WAP gate [28, 29] and two single-
qubit phase shift gates, i.e., U(tg) =

√
S WAP (Rθ ⊗ Rθ),

where the single-qubit phase gate is defined by Rθ ≡
diag (1, θ) with phase parameter θ = tg(2E0 + U + J)/2~.

The two-qubit
√

S WAP gate between more remote ions,
e.g., the ones at two ends of the architecture shown in
Fig. 1a, can be realized by swapping the states of their
neighboring ions sequentially using two-qubit SWAP
gate. As the two-qubit

√
S WAP gate is universal [28–

30], hence the two-qubit U(tg) gate introduced here is
also universal meaning any quantum algorithm can be
realized by the universal two-qubit gate plus single-qubit
gates. Therefore, our proposed ion trap architecture is
capable of realizing universal quantum computation.
The collision-induced spin-spin interaction determines

the speed of two-qubit gate. In the long-distance limit
L ≫ z0, the analytical expression of J can be obtained
directly from Eq. (4), i.e.,

J ∼ Q2

4πǫ0z0

ω⊥√
π

(

z0

L

)3

A(L/z0, ω⊥) (6)

with the interference term A(L/z0, ω⊥) given by

A ≡ 2L2

ω⊥z2
0

∫ ∞

0

e
ω⊥−1

2
( z

z0
)2

erfc
(

√

ω⊥

2

z

z0

)

cos
[2p(t)

~
z
]

dz. (7)

Here, 2p(t) = mωzL sin(ωzt) is the relative momentum of
two ions. The main contribution of A(L/z0, ω⊥) comes
from the quantum exchange effect during collision. Due
to the repulsive Coulomb interaction, the two ions need
enough kinetic energy to overcome the barrier of the effec-

tive Coulomb interaction potential Veff(0) =
Q2

4πǫ0z0

√

πω⊥
2
,

i.e., α ≡ 1
4
mω2

z L2

(

Q2

4πǫ0z0

√

πω⊥
2

)−1

> 1. In the long-distance

limit L≫ z0

√

ω⊥
2
, we find that A(L/z0, ω⊥)→ 2√

π
and

J ∼ Q2

4πǫ0z0

2ω⊥

π

(

z0

L

)3

=
Q2

2π2ǫ0

~ωx,y

mω2
z

1

L3
. (8)

We see that the collision-induced effective spin-spin inter-
action J decreases with the third power of the trapping
distance L, which coincides with the behavior of real spin-
spin interaction through magnetic dipole-dipole coupling
[31].
We discuss the possibilities and challenges in the state-

of-art ion trap experiments. In general, we need relatively
large J for high-speed two-qubit gate operation. For a
fixed parameter α > 1, we have the alternative expression
of Eq. (8)

J ∼
(

~

2π

)
3
2
√

ωx,y

m

2

α

1

L
. (9)

We can maximize the value of J by taking α = 1. In

this case, we have ω⊥ =
(

Q2

4πǫ0

)− 1
2
(

m~ω3
x,y

8π

)
1
4
L. We see that
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J is proportional to the inverse of trapping distance L

while ω⊥ is linear to L. In total, we have the restriction

condition ω⊥J =
(

Q2

8πǫ0

)− 1
2
(

~

2π

)
7
4
(

ω5
x,y

m

)
1
4
. In principle, we can

increase the transverse trapping frequency ωx,y to have
arbitrary large J. However, it is challengeable to make
the trapping frequency ωx,y beyond 2π × 10 MHz in the
current ion trap experiments. At the same time, we also
need strong transverse confinement ω⊥ ≫ 1 to avoid ex-
citing the transverse motion. By setting the parameter
ωx,y = 2π× 10 MHz, we have ω⊥J/~ ≈ 0.94 kHz for the ion
171Yb+ and ω⊥J/~ ≈ 1.97 kHz for the ion 9Be+. Allow-
ing ω⊥ = 5, we have J/~ ≈ 0.19 kHz for the ion 171Yb+

with trapping distance L ≈ 103 µm and J/~ ≈ 0.39 kHz

for the ion 9Be+ with with trapping distance L ≈ 215 µm.
From Eq. (9), we see that it is also possible to obtain
large J by choosing particle with small mass. There-
fore, the Penning traps could be a better choice since
the mass of electron is four orders smaller than the mass
of atomic ion and the transverse confinement frequency
ωx,y can reach up to hundreds of GHz [25, 26]. For the
transverse confinement frequency ωx,y = 2π × 100 GHz

and the typical trapping distance L = 10 mm, we have
J/~ ≈ 0.108α−1MHz. In the case of α = 1, we have the
spin-spin interaction J/~ ≈ 0.108 MHz with transverse
confinement ω⊥ ≈ 2.05 × 104. For the parameters dis-
cussed above, the two-qubit gate tim tg =

3π~
4J

is much
shorter than the time period of oscillations. The two
ions need time ∆t = π/ωz to collide once and exchange
their positions. Thus, the number of collisions is deter-
mined by Ng ≡

tg

∆t
=

3~ωz

4J
, which can be finely tuned to

be an integer by adjusting experimental parameters. Our
proposed ion trap architecture for universal computation
has scalability advantage compared to other proposals
such as coupling ions by phonons of Coulomb crystal [10–
12]. Different from confining a chain of ions in a single
trap, we only confine one ion in each trap as sketched
in Fig. 1a. Therefore, arbitrary number of ions can be
coupled without the stability problem. Instead, the tech-
nical challenge to realize our proposal comes from the
precise time sequential control of the electric potentials
on the electrodes. For instance, in the process shown in
the right figure of Fig. 1b, it is optimized to shut off the
collision when the two ions just arrive at the bottoms of
two separated traps.

We discuss the influences of the direct interaction U on
the gate operations. In the long-distance limit L ≫ z0,
we calculate the direct interaction from Eq. (4), i.e.,

U ∼ Q̃2

4πǫ0L
, where Q̃ ≡ Q

√

2π−1 ln(23/2eγ/2ω
1/2
⊥ L/z0) is the

renormalized charge with the Euler-Mascheroni constant
γ = 0.5772 · · · . In our proposal, the two-qubit gate is
realized by oscillating the two ions in the traps. Due to
the Coulomb interaction in the colliding process, there is
a position shift from the initial positions of two ions after
collisions, i.e., the two ions shown in the right figure of
Fig. 1c can not arrive at the bottoms of two traps ex-

actly. This position shift can be accumulated after many
times of collisions, which could introduce significant er-
rors to the two-qubit gate operations. To suppress this
kind of error accumulation, one possible solution is to
add a small parametric driving to the harmonic poten-
tial, i.e., the single-ion Hamiltonian is given by H0(t) =
p2

2m
+

1
2
mω2

z [1 + f cos(ω f t)]z
2 − 1

4
ζz4. Here, parameters ω f

and f are the frequency and amplitude of the paramet-
rical driving respectively. Since the real confinement po-
tential is not perfectly harmonic, we also introduce a
small nonlinearity ζ to the confining potential. In the res-
onant condition ω f = 2ωz, the ground state of the para-
metric oscillator is unstable and two oscillating states
with opposite phase become stable, which is the phe-
nomenon of bistability [32]. From the standard stability
analysis of classical parametric oscillator, the amplitude

of the stable oscillating state is given by
√

2 f mω2
z /3ζ.

To reach optimal control, the two ions are needed to be
tuned carefully just occupying the bistable states in the

experiment, i.e., L = 2

√

2 f mω2
z/3ζ or f = 3

8
ζL2/mω2

z .

The maximum position shift of two ions from the bot-
toms can be estimated linearly by the theory of phase
space interaction [27] ∆L

L
∼ 4

f mω2
z L

dU
dL
≈ 4

f mω2
z L2 U(L). For

the ion 171Yb+ with parameters discussed above, we have
the condition ∆L/L ∼ 1.4 × 10−4 f −1 ≪ 1 setting a lower
boundary for the driving power, i.e., f ≫ 1.4 × 10−4. We
can use the external parametric driving field to count the

collision number Ng =
3~ω f

8J
and improve the time sequen-

tial control of gate operations. The parametric driving
can also compensate the energy loss due to the damping
in the trap and the radiation of charge oscillations.

Finally, we justify the approximation used in Eq. (4)
where we have assumed that the perturbation of Coulomb
interaction on the harmonic oscillations of two ions is
small. From Eq. (3), the characteristic length of interac-
tion potential is z0

√
2/ω⊥. In the region of rz < z0

√
2/ω⊥,

the interaction potential can be estimated by Veff(rz) ≈
Q2

4πǫ0z0

√

πω⊥
2

(

1 −
√

2ω⊥
π

rz

z0

)

. In the case of α = 1, the veloc-

ity of two ions is given approximately by v ≈
√

Q2ω⊥rz

4πmǫ0z2
0

.

Thus, the interacting time of two ions can be estimated

by ∆τ ∼
∫ z0

√
2/ω⊥

0

drz

v
= (

Q2

4πǫ0
)−1/2m1/2z

3/2

0
( 2
ω⊥

)3/4. In the
long trapping distance limit, the interacting time is small
compared to the time period of harmonic oscillation, i.e.,
∆τωz/2π ≈ π−3/4( 2

ω⊥
)1/2( z0

L
) ≪ 1 for L ≫ z0. In the cal-

culations of J and U above, we have neglect the slowing
down effect due to the repulsive Coulomb interaction. To
further consider the slowing down of two ions during colli-
sion, we should deduct the interaction energy and replace
the relative momentum 2p(t) in Eq. (7) by a smaller value,
which results in a larger interference term A(L/z0, ω⊥) in
Eq. (6). Therefore, the measured the collision-induced
spin-spin interaction could be larger than the result given
by Eq. (8). In the opposite case α≪ 1, the two ions can-
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not touch each other and are merely classical particles.
In this case, there is no exchange interaction (J = 0) and

the direct interaction is given by U(L) =
Q̃2

4πǫ0 L
with renor-

malized charge [33] Q̃ ≡ Q

√

2π−1 ln(2πe2ǫ0mω2
z L3/Q2).

In summary, we have proposed a scalable ion trap ar-
chitecture for universal quantum computation. The uni-
versal two-qubit

√
S WAP gate is realized via the collision-

induced spin-spin interaction (collision spin effect). We
have shown that it is possible to realize two-qubit gate
with speed in 0.1 MHz regime using atomic ions with
hundreds-of-micrometer trapping distance in Paul traps.
Using electrons Penning traps, the speed can be further
increased up into 0.1 MHz regime even at centimeter trap-
ping distance .

AcknowledgementsWe thank Dr. M. Marthaler and
Prof. G. Schön for comments on this work. We thank
Dr. X. Zhang and Prof. F. Marquardt for very helpful
discussions. This work was supported by the Nachwuchs-
förderprogramm Carl Zeiss Stiftung (0563-2.8/508/2).

∗ Electronic address: lingzhen.guo@mpl.mpg.de
[1] N. Timoney et al., Nature 476, 185-188 (2011).
[2] T. P. Harty et al., Phys. Rev. Lett. 113, 220501 (2014).
[3] Y. Wang et al., Phys. Rev. Lett. 11, 646-650 (2017).
[4] N. Blatt and D. Wineland, Nature 453, 1008-1015

(2008).
[5] T. D. Ladd et al., Nature 464, 45-53 (2010).
[6] C. Wunderlich et al., J. Mod. Opt. 54, 1541-1549 (2007).
[7] R. Noek et al., Opt. Lett. 38, 4735-4738 (2013)
[8] C. Monroe et al., Phys. Rev. Lett. 75, 4714-4717 (1995).
[9] N. Akerman et al., New J. Phys. 17, 113060 (2015).

[10] J. I. Cirac and P. Zoller, Phys. Rev. Lett. 74, 4091 (1995).
[11] K. Mlmer and A. Srensen, Phys. Rev. Lett. 82, 1835

(1999).
[12] J. J. Garcia-Ripoll, P. Zoller and J. I. Cirac, Phys. Rev.

Lett. 91, 157901 (2003).
[13] D. Gottesman and I. L. Chuang, Nature 402, 390 (1999).
[14] J. I. Cirac et al., Phys. Rev. Lett. 78, 3221 (1997).
[15] J. I. Cirac and P. A. Zoller, Nature 404, 579-581 (2000).
[16] D. Kielpinski, C. Monroe and D. J. Wineland, Nature

417, 709-711 (2002).
[17] C. Monroe and J. Kim, Science 339, 1164-1169 (2013).
[18] B. Lekitsch et al., Science Advances 3, 11601540 (2017).
[19] C. Knoernschild et al., Appl. Phys. Lett. 97, 134101

(2010)
[20] C. Weitenberg et al., Nature 471, 319 (2011).
[21] W. Paul, Rev. Mod. Phys. 62, 531 (1990).
[22] D. J. Wineland et al., J. Res. Natl. Inst. Stand. Technol.

103, 259 (1998).
[23] D. Leibfried et al., Rev. Mod. Phys. 75, 281 (2003).
[24] J. J. McLoughlin et al., Phys. Rev. A 83, 013406 (2011).
[25] H. G. Dehmelt, Phys. Scr. T34, 47-51 (1991).
[26] G. Gabrielse, L. Haarsma and S. L. Rolston, Interna-

tional Journal of Mass Spectrometry and Ion Processes
88, 319-332 (1989).

[27] P. Liang, M. Marthaler and L. Guo, arXiv:1710.09716
(2017).

[28] D. Loss and D. P. DiVincenzo, Phys. Rev. A 57, 120
(1998).

[29] N. Schuch and J. Siewert, Phys. Rev. A 67, 032301
(2003).

[30] M. A. Nielsen and I. S. Chuang, Quantum Computation
and Quantum Information, (Cambridge University Press,
2010).

[31] K. W. Yung, P. B. Landecker, and D. D. Villani, Mag-
netic and Electrical Separation 9, 39-52 (1998).

[32] M. Marthaler and M. I. Dykman, Phys. Rev. A 73,
042108 (2006).

[33] L. Guo, M. Liu and M. Marthaler, Phys. Rev. A 93,
053616 (2016).

mailto:lingzhen.guo@mpl.mpg.de

