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This paper reports that a cloud of laser-cooled 40Ca+ is successfully trapped and manipulated in the home-built

linear ion trap constructed for quantum information processing (QIP). The frequency of the secular motion and the

space charge density of the ion cloud are measured, which help knowing the characteristic of the trapping potential and

are the prerequisite of QIP with the trapped ions.
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1. Introduction

Over the past two decades, quantum information
processing (QIP) has made great progress in both the-
ory and experiment by combining physics, informatics
and computer science.[1] There have been several can-
didate systems proposed as future quantum informa-
tion processors, where the trapped ion system is one
of the most promising candidates due to full control-
lability of the ionic qubits and long coherence time of
the ionic states.[2] So far, some QIP implementations
have been demonstrated with trapped ions[3−7] and
entanglement of up to eight ions has been achieved.[8]

Recent experiments have also shown the availability of
quantum simulation with trapped-ion QIP[9] and the
possibility of large-scale trapped-ion QIP.[10]

In this paper we study experimentally a large
number of 40Ca+ ions confined as a cloud and laser-
cooled in our home-built linear Paul trap. The linear
Paul trap was built solely for QIP study, such as en-
tanglement generation, gate operation and quantum
state transfer. It has been proposed that the cloud
of laser-cooled ions in trap could work as a quan-
tum memory[11] and be used to test some quantum

phenomena.[2] Besides, considering the ion cloud as an
ensemble of spins, one may carry out some interesting
tasks of QIP on this ensemble qubit[13] To accomplish
the above jobs, however, we have to first understand
the characteristic of the trapping potential. To this
end, we need to measure the frequency of the secular
motion of the trapped ions and also investigate the
space charge density in our trap. The frequency of
the secular motion of the trapped ions is essential to
the calculation of the geometrical factors of our linear
trap. It also determines the Doppler cooling limit and
the speed of quantum gating in the trap. Moreover,
with the measured frequency of the secular motion,
we could obtain the space charge density of the ions
in our trap, which is relevant to the capacity and the
structure of the trapping potential.

The paper is structured as follows. The next sec-
tion presents the basic theory for the ion trapping and
the space charge density of the trapped ions. Then
we demonstrate our measured results of the secular
motion frequency and the space charge density in our
ion-trap system in Section 3. Brief discussion and con-
clusion are made in Section 4.
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2. The theory of ion cloud trap-

ping

2.1.The trapping potential

As shown in Fig. 1, the linear ion trap we built
consists of four radio frequency (RF) blade-like elec-
trodes and two DC tip-like electrodes. To reduce the
stray DC field in the trap, we also have two compen-
sation electrodes. If we define our Cartesian axes such
that the z-axis is along the trap, the confinement po-
tential produced by the RF electrodes is

Φrf(x, y, t) = αacVrf
x2 − y2

r2
0

cos(Ωrft), (1)

where αac is the geometrical correction factor in the
x–y plane perpendicular to the trap axis and r0 =
0.8 mm is the distance from the trap axis to the near-
est surface of the RF electrodes. The Ωrf is the trap
driven frequency, which is produced by the RF source
with amplitude of Vrf . The axial confinement poten-
tial is generated by the tips (also called end-caps),
which is defined as

Φtip(x, y, z) =
αzUtip

L2

[
z2 − x2 + y2

2

]
, (2)

where αz is the geometrical correction factor along the
z-axis, L is the distance between the trap centre and
the DC tip, and Utip is the voltage applied on the tips.
As a result, the whole potential in the linear trap is

Φ = Φrf + Φtip. (3)

Fig. 1. Our home-built linear ion trap, where the dis-

tance between the axial (tip) electrodes is 5.0 mm and the

distance between two diagonal radial (blade) electrodes is

1.6 mm. Two compensation electrodes are installed near

two of the blades.

Consider a single calcium ion with the charge +e
and the mass M trapped in above potential. The force
on the ion is F = −e∇Φ, which, with Ωrft = 2τ , leads
to the Mathieu equation,[14]

d2u/dτ2 + [a− 2q cos(2τ)]u = 0, (4)

where u = uxêx + uyêy + uzêz is the position of the
trapped ion with the stability parameters a and q de-
fined as,

a =
−eαzUtip

ML2Ω2
rf

, (5)

q =
2eαacVrf

Mr2
0Ω

2
rf

. (6)

The components of q in three dimensions are defined
by qx = −qy = q and qz = 0. The components of a

are given by ax = ay = −az/2 = a.
In case of a, q ¿ 1, the first-order solution to Eq.

(4) is given by

ui(t) = u0 cos(ωit)
[
1 +

qi

2
cos(Ωrft)

]
, (7)

where i = x, y, z and ωi is the secular motion fre-
quency in the three dimensions. For the radial direc-
tions, we have

ωx = ωy = ωr =
Ωrf

2

√
ai +

q2
i

2
, (8)

and in the axial direction we have

ωz =

√
eαzUtip

2ML2
. (9)

In the presence of external electric stray fields, the
trapped ions would probably deviate from the original
equilibrium positions, which increases the amplitude
of the micromotion. This excess micromotion is one of
the origins of heating in the ion trap, which could be
suppressed by the compensation electrodes to which
appropriate DC voltages are applied.

2.2. Space charge effect

It is important to understand the space charge ef-
fect in our trap potential after a large number of ions
have been loaded.[15] The mean force on any of the
trapped ions from the quadrupole field averaged over
an RF cycle is

F̄q = −Mω2
xūx −Mω2

yūy −Mω2
z ūz

= −∇ψ(ūx, ūy, ūz), (10)

where ūi with i = x, y, z is the average of the ion’s
position, and ψ(ūx, ūy, ūz) is from the harmonic pseu-
dopotential of the trap

ψ =
1
2
Mω2

xu2
x +

1
2
Mω2

yu2
y +

1
2
Mω2

zu2
z. (11)
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In addition to the force from the quadrupole field,
the trapped ion also experiences the electrostatic re-
pulsion from other ions. The averaged potential due
to the ions is given by Poisson equation

∇2φ = − ρ

ε0
,

where ρ is the averaged ionic charge density and ε0

is the permittivity of vacuum. In the case of zero
temperature with no secular motion and no ion–ion
collisions, the averaged force F̄q acting on an ion from
the quadrupole field should be counterbalanced by the
repulsive force F̄i due to the other ions. So we have
F̄i + F̄q = 0, where F̄i = −e∇φ(ūx, ūy, ūz). Using Eq.
(10) and the above Poisson equation, we could obtain
the charge density

ρ =
ε0M

e
(2ω2

r + ω2
z). (12)

In the case of zero temperature, the shape of the
ion cloud is a perfect ellipsoid of constant density with
the ellipticity changing with the locations in the pseu-
dopotential. In the case beyond zero temperature, the
motional energy of each ion should be equivalent in all
three dimensions, which means the equipotential sur-
face as the boundary of the ion cloud. We may define
the ellipticity as

e =
ωr

ωz
. (13)

3. Experimental measurement

3.1. Experimental setup

As shown in Fig. 2, our linear ion trap is encap-
sulated in a vacuum chamber connected to a 40 L/s
ion pump (Varian) plus a titanium sublimation pump
(Varian).

Fig. 2. Schematic drawing of our home-built linear ion trap system, where the details are explained in the text.

The pressure lower than 10−7 Pa in the chamber

is indicated from the measurement of the ion current

smaller than 0.1 µA by the ion pump. For trapping the

ions, a home-made RF source at 19.6 MHz is applied

to the blades with the tunable power from 0.5 W to

15 W. The ions are produced in the trap centre by the

electron bombardment on an atomic beam from the

calcium oven. After loading 40Ca+ ions in the trap,
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we cool them by two diode lasers with wavelengths
397 nm (DL100 Toptica) and 866 nm (home made).
The two laser beams are overlapped and focused on
the centre of the trap, where the power and the beam
waist are 50 µW and 50 µm respectively for 397 nm
laser, and 200 µW and 100 µm respectively for 866 nm
laser. The laser scheme could be found in Fig. 3.

Fig. 3. Energy levels of 40Ca+ employed for the ion trap

QIP, where 729 nm and 854 nm lasers are not used in the

present work, but will play important roles in sideband

cooling and quantum gating.

The detection is made by both photon counting
and imaging. The photon counting system consists
of a set of microscope objective with an enlargement
factor of 7, a photo multiplier tube (PMT) (9893QSB,
EMI) plus a fast preamplifier (SR445A, Stanford re-
search systems) and a photon counter (SR400, Stan-
ford research systems). The fluorescence is collected
by the microscope objective, and then focused onto a
1.2 mm-diametre pinhole in front of the PMT. The
data are recorded by the PMT and finally stored
by a computer system. The imaging system shares
the same microscope objective with the PMT, and
demonstrates the image of the ions by an electron-
multiplying coupled-charge device (EMCCD) (Pho-
tonMax: 512B, PI) camera. The successful trapping

of the ions could be evidenced by both the PMT and
the EMCCD camera.

3.2.Observation of the ion cloud

In order to study the property of the ion clouds,
we have loaded hundreds of 40Ca+ ions and radiated
them by cooling lasers, where the 397 nm laser was
scanned from 1 GHz red detuning to the near reso-
nance and the 866 nm repumping laser was always at
the resonance. Under appropriate trapping condition,
the ions stay stably as a cloud, whose fluorescence
collected by the EMCCD presents the image shown in
Fig. 4.

Fig. 4. The image of the ion cloud on the EMCCD.

We have changed the trapping potential in the
trap by adjusting the voltages on the compensation
electrodes, the blades and the tips. Since the ion cloud
always moves toward the lowest energy point of the
potential, we could fully control the position of the
ion cloud in the trap.

Fig. 5. The outputs of the two-dimensional Gaussian fitting corresponding to the ion cloud images, where (a) the RF

power is 6 W and the tip voltage is 500 V; (b) the RF power is 6 W and the tip voltage is 50 V; (c) the RF power is

4 W and the tip voltage is 100 V; (d) the RF power is 10 W and the tip voltage is 100 V.
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To fully confine the ions, however, we have to
make sure that the ions stayed in the stability re-
gion. This means that the stability parameters a and
q should satisfy a ¿ q < 1. On the other hand, as the
shape of the ion cloud depends on the balance between
the trapping potential and the Coulomb repulsion, our
adjustment of the external voltages could determine
the size and the shape of the cloud. This is the prereq-
uisite of QIP with the trapped ions. A series of images
of such ion cloud were taken with the varied trapping
parameters. Figure 5 is the two-dimensional Gaussian
fitting for these images on the EMCCD, from which
we could know accurately the sizes of the ion clouds.

Figures 6(a) and 6(b) present the ellipticities of
the ion clouds varied with the trapping voltages. To
understand the changes, we have made some calcula-
tions to fit the experimental values, where the good
fittings imply the high-quality of the trapping poten-
tial in our setup. The small deviation is probably
due to the thermal fluctuation of the ions’ motion and
the inhomogeneous potential caused by the deposit
of the material patches from the oven beam on the
electrodes. To eliminate these imperfection, we will
further cool the ions to the Doppler cooling limit and
clean the trap as much as we can.

Fig. 6. The changes of the ellipticities with respect to the

trapping voltages on (a) the tips and (b) the blades.

Alternatively, we will replace the electron bom-
bardment by photoionization in the future for more
efficiently producing the calcium ions, which would
largely reduce the deposit of the patches on the elec-
trodes.

3.3.Measurement of the secular motion

frequency and space charge effect

Since our trap works well and the trapped ions are
fully under our control, we could measure the secular
motion frequency of the ions by the RF field resonance
method.[16,17] After loading the ions, we carefully ad-
justed the compensation voltages to push the ions to
the potential centre where the excess micromotion is
minimum and the Doppler cooling works more effi-
ciently. Then we applied a weak RF voltage to a tip
electrode or a compensation electrode for driving the
ions’ motion. By scanning the frequency of the driving
RF field (produced by Agilent 33220A), we have ob-
served the signal of the resonant fluorescence, which
implies the resonance between the weak RF driving
and the secular motion of the ions. The ions were
heated up at the resonance and thereby a drop in the
fluorescence spectrum was observed, this is demon-
strated as an example in Fig 7 for ωz.

Fig. 7. The measurement of the secular motion frequency

ωz of the trapped ions by a small RF voltage (Vp−p = 5 V)

applied to a tip electrode. The drop in the spectrum means

the resonance between the RF driving and the axial secu-

lar motion of the trapped ions.

Using the measured values of the secular motion
frequencies ωr and ωz, we may obtain the stability pa-
rameters and the geometric correction factors. Some
of our results are listed in Tables 1 and 2. Since the
geometric correction factors are almost constant, the
values obtained here will be employed in our future
experiments for QIP.
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Table 1. Axial secular motion frequencies, values of a

and the corresponding voltages Utip, where the RF power

is 3 W and the horizontal compensation voltage is −62 V.

From the data, we know the geometric correction factor

αz = 0.1454.

Utip/V (ωz/2π)/kHz a

60 420 0.0009

70 445 0.0010

80 470 0.0012

Table 2. Radial secular motion frequencies and val-

ues of q with corresponding RF power, where the tip

voltage is 30 V and the horizontal compensation volt-

age is −73 V. From the data, we know the geometric

correction factor αac = 0.1898.

RF power/W (ωr/2π)/kHz q

2 750 0.1122

3 980 0.1445

4 1130 0.1657

5 1360 0.1984

In order to calculate the value of q and αac, we
have to measure the accurate value of the rf volt-
age applied to the trap. As shown in Fig. 8, the RF
voltage is generated by a signal generator (Rohde &
Schwarz 1000 kHz. SMX) followed by an amplifier
(Mini-Circuits LZY-1). The power of the helical res-
onator as well as the reflected power are measured by
a power meter (Diamond SX-200). The helical res-
onator is installed between the power meter and the
RF electrodes, which is used for further RF amplifi-
cation and for impedance matching of the open-ended
circuit. To measure the RF voltage on the RF elec-
trodes, we applied the RF signal to the capacitance di-
vider and read the voltage values on the oscilloscope.
As shown in Fig. 9, we have measured the high voltage
up to 2000 V, and also fitted the experimental data by
a theoretical formula. The imperfection in the fitting
comes from the power loss in the RF transmission.

Fig. 8. Functional block diagram of the RF source and

the RF voltage measurement scheme .

Fig. 9. The RF voltage changed with the input

power, where the theoretical fitting for the voltage larger

than 2000 V is made by our deduced formula Vp−p =√
7.228× 105P + 1.741× 105 with P the input power.

Based on the above measurements, we have anal-
ysed in Table 3 the space charge density and the ion
number in Fig. 5, using the equations in Subsection
2.1. For each loading, the numbers of the trapped
ions are fixed. We may enlarge or decrease the ion
density by changing the trapping potential.

Table 3. The charge density of the ion cloud and the

number of ions changed with different trapping po-

tentials, where the first and second rows belong to a

different loading from the third and fourth rows.

Utip/V P/W (ρ/e)/(1015 ion/m3) N

50 6 2.1645 407

500 6 9.1133 407

100 4 2.8873 444

100 10 4.416 444

4. Discussion and conclusion

Since the ion trap could provide a clean and nearly
isolate space for confinement, the trapped ions are
good qubit carriers for QIP. There are more than 25
groups worldwide working with trapped ion for QIP,
where the most leading groups are in NIST, USA for
9Be+[3] and in Innsbruck, Austria for 40Ca+.[5] Be-
sides, some other groups are exploring other candi-
date ions, such as 111Cd+,[18], 171Yb+,[19,20] 43Ca+,[6]
138Ba+[21] and 88Sr+.[22] Moreover, the scalable QIP
with the trapped ions could be hopefully carried out
by moving the ions from one zone to another in a
multi-trap device[23] or by entangling spatially sep-
arated ions using photonic emission.[7] Since these
works are based on linear ion traps, it is believed that
the individual linear ion trap is the basic component
and includes the key technique for future large-scale
ion trap QIP.
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To have the ions doing more QIP tasks, we will
further cool the ions by sideband cooling technique
down to the vibrational ground state. Due to the
Coulomb repulsion and the RF heating, the trapped
ions collide strongly with each other in the trap. So
only when the cooling rate is much larger than the
heating rate, will the ion cloud turn to the ion crys-
tallization, which will allow us to encode and manipu-
late qubits individually in separated trapped ions for
accomplishing some interesting QIP tasks.[24−26]

In summary, a cloud of laser-cooled 40Ca+ ions
have been loaded and manipulated in our home-built
linear trap, which could be employed as an ensem-
ble to store quantum information and to accomplish
quantum gating. We have tried to optimise the trap-

ping condition using external voltages, based on which
we have measured the secular motion frequency of the
trapped ions and studied the space charge density in
our trap. These are the prerequisites for carrying out
QIP with our setup. As the ion cloud is well con-
trolled, we are confident that the QIP implementation
will soon be on the way.
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