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A new method of compensating for the excess micromotion along two directions in three-dimensional Coulomb
crystals is reported in this paper; this method is based on shape control and optical imaging of a Coulomb crystal in a
sectioned linear ion trap. The characteristic parameters, such as the ion numbers, temperatures, and geometric factors of
different ion crystals are extracted from the images and secular motion excitation spectra. The method of controlling the
shape of the ion crystals can be used in cold ion experiments, such as sympathetically cooling, structural phase transitions,
and selective-control of ions, etc.
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1. Introduction
Ion Coulomb crystals exhibit a series of solid-state prop-

erties originating from strongly coupled and confined non-
neutral ion ensembles with the same type of charge. They are
formed in ion traps when the nearest neighboring Coulomb
potential energy is 170 times larger than the average kinetic
energy of the ions.[1] Up to now, almost all the large ion
Coulomb crystals have been cooled to a few millikelvin by
laser cooling in linear traps.[1–5] Such ion crystals are promis-
ing physical systems for studying phase transitions,[6–8] quan-
tum computer,[9,10] quantum logic spectroscopy,[11,12] pre-
cision spectroscopy,[13–17] etc. The rapid motions, which
trapped ions undergo in a time-dependent radio-frequency
(RF) potential, are called micromotion. Usually, a resid-
ual static voltage existing in an ion trap displaces the ions
from the nodal line of the RF field and results in excess
micromotion.[18] The excess micromotion heats the ions, and
causes the broadening and shift of the spectroscopic transi-
tions. Therefore, the high-precision compensation for the ion
excess micromotion plays an important role. For a single ion
or a few ions in a linear ion crystal, the excess micromotion
can be reduced by monitoring the photon-correlation spec-
trum. The weak modulation of the ion fluorescence correlates
with the phase of the RF trapping voltage. A detailed descrip-
tion of the method can be found in Ref. [18]. In Coulomb
crystals with a three-dimensional or zigzag structure, as a ma-
jor portion of the ions stay away from the trap center, the RF-
induced micromotions have opposed phases, and their modu-

lated fluorescence signals cancel each other; thus, the photon-
correlation spectrum becomes insensitive to the excess micro-
motion.

In this paper, the experimental method of compensating
for the micromotion and controlling the shape control of large
Coulomb crystals with micrometer-precision in a sectioned
linear Paul trap is described. By varying the trapping parame-
ters, the characteristic parameters of different ion crystals are
achieved.

2. Experimental setup

The linear Paul trap used in our experiments, shown in
Fig. 1(a), consists of four parallel three-sectioned stainless-
steel cylindrical electrode rods in a quadrupole configu-
ration. The lengths of the center and end electrodes are
2z0 = 5.90 mm and 2ze = 24.00 mm, respectively. The elec-
trode rod diameter and the minimum distance between the trap
axis and the electrodes are d = 8.00 mm and r0 = 3.50 mm,
respectively. The confinement of the ions in the radial plane
is obtained by applying an RF field 1/2Urf cos(Ωrft) to the
diagonal A1, B1, C1, and A3, B3, C3 electrode rods, and, at the
same time, an RF field with opposite phase −1/2Urf cos(Ωrft)
to the diagonal A2, B2, C2, and A4, B4, C4 electrode rods.
The RF voltage is generated by a frequency generator, then
amplified and transferred to a pair of power triodes via two
magnetism resonant circuits. A set of direct-current (DC) volt-
ages are applied to all 12 electrodes by using six individual DC
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Fig. 1. (color online) (a) Sketch of the linear Paul trap; (b) block diagram of the trap power electronics.

powers. The diagram of the applied electronic circuits is
shown in Fig. 1(b). The RF frequency can be varied from
3.50 MHz to 4.50 MHz, and the output amplitude 1/2Urf can
be adjusted from 40 V to 200 V. Three DC powers (DC1, DC2,
and DC3) are used to supply the voltages to the eight end rod
electrodes (A1, A2, A3, A4, and C1, C2, C3, C4) in a range of
0.010 V–20.000 V to confine the ions in the axial direction.
The DC4 is used to remove unwanted ions. The DC5 and DC6
are used to change the positions of the ions along the x and y
directions, respectively.

As shown in Fig. 2(a), the ions are loaded by two-photon

photoionization.[19] An atomic beam is produced by evapo-
rating natural abundant calcium atoms and intersected with
a 423-nm laser and a 389-nm light emitting diode (LED) in
the center of the trap. Figure 2(b) shows the relevant energy
level scheme for Doppler cooling of 40Ca+ with wavelengths
and partial decay rates for the dipole allowed transitions. The
40Ca+ ions are subsequently Doppler laser cooled[20–22] to a
crystalline state with a temperature of a few millikelvin by
using a 397-nm cooling laser and a 866-nm repumping laser
to excite the 42S1/2–42P1/2 and 3d2D3/2–4p2P1/2 transitions
along the trap center (z) axis, respectively. The radial kinetic
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Fig. 2. (color online) Reduced level scheme for 40Ca atoms (a) and for Doppler cooling of 40Ca+ with wavelengths and partial decay rates for the dipole
allowed transitions (b). Schematics of the laser, light emitting diode, and linear Paul trap setup (c).
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energy of the ions is reduced indirectly through the Coulomb
interaction between the radial and axial degrees of freedom.
Figure 2(c) shows an overview of the experimental setup.
The detection of the ions is performed by an imaging sys-
tem with 13–15 times magnification, which collects sponta-
neously emitted light at 397 nm during the laser cooling cycles
to a photo-multiplier tube (PMT) and an electron-multiplying
coupled-charge device camera (EMCCD). Both of them are
placed perpendicularly to the trap z axis, monitoring the fluo-
rescence intensity and position of the ions projected onto the
yz planes, respectively. Only the ions close to the yz plane
of the Coulomb crystal are imaged without micromotion, as
their micromotion direction is parallel to the view orientation
of the detection system. The three-dimensional structure of the
Coulomb crystal could be obtained from the rotational symme-
try structure of the Coulomb crystal boundary around the trap
axis. A 245-µm diameter optical fiber is inserted in the trap
center and imaged for an absolute calibration of the magnifi-
cation of the microscopy lens at 13.31.

3. Compensation for excess micromotion and re-
alization of single-component crystal of 404040Ca+
ions
The motion of a single confined ion near the center of the

trap can be described by the motion in a harmonic pseudo-
potential[23,24]

Qφ(x̃, ỹ,z, t) = Φps(r,z) =
1
2

M(ω2
r r2 +ω

2
z z2), (1)

where the stability trapping parameter q is considerably
smaller than 1.[25] The axial frequency ωz and radial frequency
ωr (r = x̃, ỹ) are given by

ω
2
z = 2

ηQUend

Mz2
0

, (2)

ω
2
r = ω

2
rf −
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2
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2
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Q2U2
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2M2r4
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rf
− ηQUend

Mz2
0

, (3)

where Ωrf is the frequency of the applied RF potential (with
amplitude 1/2Urf), η is a constant related to the trap geome-
try, 2z0 is the length of the axial trapping electrodes, r0 is the
minimum distance between the trap axis and the electrodes. Q
and M are the charge and mass of the ion, respectively.

The effective trap potential changes from a cylindrical
symmetry to an elliptical symmetry by applying an additional
quadrupole potential UDC4. The radial trap frequency ωr splits
into two different transverse frequencies, ωx̃ and ωỹ, which are
given by

ω
2
x̃,ỹ=

Q2U2
rf

2M2r4
0Ω 2

rf
− ηQUend

Mz2
0

± QUDC4

Mr2
0

. (4)

In the experiments, impurities with mass values larger than
that of 40Ca+ can be removed from the trap by controlling ωx̃

and ωỹ.

In the generation and laser cooling process of the 40Ca+

ions, a few impurity molecular ions, such as 40CaOH+ and
40CaH+, are formed by chemical reactions between 40Ca+

ions and the residual gases of H2O and H2 in the vacuum
chamber.[26] They are identified from the laser-induced flu-
orescence secular motion frequency spectrum as shown in
Fig. 3. The resonant frequencies of 135.6 kHz and 207.3 kHz
are the center-of-mass (COM) mode motion frequencies of
40Ca+ in the axial and radial directions, respectively. The reso-
nant frequencies of 113.8 kHz and 138.6 kHz, and the resonant
frequencies of 133.6 kHz and 201.7 kHz are the COM mode
motion frequencies of 40CaOH+ and 40CaH+ in the axial and
radial directions, respectively. All the resonant frequencies
are in good agreement with the results calculated according to
Eqs. (2) and (3). Impurity ions appearing in the outer regions
of the inner 40Ca+ cylindrical crystals, as their mass values are
heavier than those of the 40Ca+ ions.[27] As the cooling and
repumping lasers are isotope-selective to the 40Ca+ ions, only
the fluorescence of 40Ca+ ions can be detected by the PMT
and EMCCD. The impurity ions are sympathetically cooled
by the 40Ca+ ions and identified as defects or dark parts in the
images of the crystals as shown in Figs. 4(a)–4(e). Initially, the
dark ions are not distributed evenly in the periphery of the ion
crystals without the compensation for the DC potential; this
may suggest that the center (z) axial line of the Coulomb crys-
tal is not strictly in line with the minimum of the RF potential
because of the patch potential produced by the calcium atoms
attached on the trap rods, the finiteness machining precision of
the trap, and the imperfect match of the amplitude of the sinu-
soidal oscillating voltage on the adjacent rods, supplied by the
home-made RF circuit.

In the experiments, the positions of the ions can be deter-
mined with an accuracy of 0.6 µm from the resolution images
of the EMCCD. The ions are moved with an accuracy of
0.13 µm by changing the electric potential of the compensa-
tion rods. The imperfections of the RF amplitude and phase
can be corrected by adding a capacitance in parallel or series to
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Fig. 3. (color online) Comparison of the motion resonant spectrum be-
tween mixed ions (blue-sollid line) and pure calcium ions (black-dash
line).
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Coulomb crystal moves linearly with the change of the compensation volt-
age UDC6 as shown in panels (a)–(f).

the electrodes. The RF signal applied to the trap has a strictly
opposite phase, but an initial 4% error in amplitude. This dif-
ference is reduced to 0.5% by adding a load capacitance in
parallel to the electrodes, which have a relatively large poten-
tial value. Under the above conditions, a clear image of the
crystal is obtained as shown in Fig. 4(a), with the dark ions
visible on the lower part of the ion crystals. As the effective
potential of the heavy ions in an RF-trap is lower than that
of the light 40Ca+ ions, the heavy ions are farther away from
the minimum line of the RF potential, appearing as outer layer
dark parts. The best compensation for the Coulomb crystal
along the x and y directions is obtained when the dark ions
are evenly distributed on both sides of the ion crystals by ad-
justing DC6 and maximized on both sides of the ion crystals
with DC5. The symmetrical dark regions appearing around
the 40Ca+ ions are shown in Fig. 4(c), which reveals that the
location of the Coulomb crystal has been adjusted in the center
of the radial direction with micrometer accuracy.

A series of images of the ion crystals at different po-
sitions of compensation relative to the nodal line of the RF
field at Urf = 240 V is measured and shown in Figs. 4(a)–4(e).
An approximately linear relationship between the position of
the Coulomb crystal and compensation voltage UDC6 is found
through detailed statistics at two different amplitudes of RF as
shown in Fig. 4(f). This phenomenon can be explained by con-
sidering the fact that the center (z) axial line of the ion crystal

is close to the center of the harmonic potential. The harmonic
potential can be converted into an approximately linear poten-
tial at the minimum of the RF potential by using a first order
Taylor expansion. The Coulomb crystal moves with a slope of
128.3 (9) µm/V at Urf = 240 V and a slope of 90.5 (7) µm/V
at Urf = 320 V. The slope of this relationship decreases with
increasing Urf. This result can be attributed to the fact that a
deeper potential by a larger Urf leads to a tighter confinement
of ions. A larger compensation voltage is needed to drive the
ions traveling the same distance in a deeper potential.

With an additional static quadrupole potential (UDC4) on
a pair of diagonal electrodes (A2, A4, B2, B4, and C2, C4), the
Coulomb crystals with different principal axes in the x̃ and ỹ
directions exhibit two different radial trap frequencies, ωx̃ and
ωỹ shown in Eq. (4). Owing to the increased anisotropy of the
effective trap potential, the heavier ions in the outer regions
of the 40Ca+ crystal as shown in Fig. 5(a) move to an insta-
bility area and left the trap. By reducing the UDC4 to 0, the
remaining ions form a single-component crystal of 40Ca+ ions
with cylindrical symmetry as shown in Fig. 5(c). The purifi-
cation process of the mixed ion Coulomb crystal is shown in
Fig. 5(b).

276.25 mm 306 (8) Ca+ & 22(2) CaOH+

266.13 mm
306 (8) Ca+

(a)

(b)

(c)
y

z

x

Fig. 5. (color online) Images of the cleaning process of the impurity in-
gredients. (a) Heavier ions are located in the outer regions of the 40Ca+

crystal because of the mass dependence of the radial trapping potential. (b)
Heavier ions are removed from the trap by applying an additional voltage
to A2, A4, B2, B4, and C2, C4. (c) A single-component crystal of the 40Ca+

ions is obtained after the cleaning process.

4. Distribution of ion numbers versus tempera-
ture
The Coulomb crystal exhibits an ellipsoidal structure with

a cylindrical symmetry whose shape could be altered as shown
in Figs. 6(a)–6(e), by varying Uend from 1.000 V to 13.500 V,
under the conditions of Urf = 240 V and constant number of
ions. For the Coulomb crystals (Figs. 6(a) and 6(e)), the mean
secular temperature[27] and mean total temperature distribu-
tion of the ions are obtained from molecular dynamics simu-
lations (Figs. 6(f) and 6(g)). As shown in Fig. 6(f), the mean
secular temperature distribution of the ions remain almost un-
changed for the different shapes of the Coulomb crystals; the
difference in the mean secular temperature is as small as 2 mK.
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However, the number of ions with a high total temperature in-
creases rapidly with the increase of the radial distribution of
the Coulomb crystal as shown in Figs. 6(a)–6(e). The mean
total temperature distribution of the ions is also discrete be-
cause of the layered structure of the ion crystals. To minimize
the excess micromotion, the Coulomb crystals should be dis-
tributed symmetrically around the nodal line of the trapping
potential. The outer ions experience a stronger RF field and
have higher micromotion. Therefore, a precise control of the
location of the Coulomb crystals with the larger radial distri-
bution is necessary to ensure the lowest excess micromotion
of the Coulomb crystals.
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perature distribution, respectively.

5. Extracting of trap parameters
The geometric factor η is an important parameter of the

Paul trap and it can be obtained from the simulation or anal-
ysis of the trap structure by using analysis methods such as
Maxwell or SIMION models. However, it may show a de-
viation from the actual value because of the finite precision
in the mechanical machining and assembling process. On the
other hand, η can also be obtained from the measurement of
the secular motion frequency in the axial direction of the laser-
cooled 40Ca+ ions in the experiment. A large deviation from
the measurements of both the RF-amplitude and secular mo-
tion exciting frequency limits the precision of η .

Experimentally, a series of axial secular motion frequen-
cies ωz and a series of radial secular motion frequencies ωr

are obtained as a function of Uend for Urf = 240 V as shown
in Fig. 7(a), and as a function of Urf for Uend = 5.000 V as
shown in Fig. 7(b). To this end, a weak AC electric field and
potential are introduced for the external excitation of the axial
and radial motion of the 40Ca+ ion crystals in the harmonic
trap potential. The drop of the fluorescence signal is detected
from the laser cooled 40Ca+ ions when the AC electric field
and potential frequencies resonate with the secular motion
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Fig. 7. (color online) Measured and calculated detailed secular motion
frequencies of 40Ca+ ion crystals at different values of Uend (a) and Urf
(b).
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frequencies of the ions. The measured secular frequencies of
the ions are fitted into Eqs. (2) and (3), giving a geometric fac-
tor of η = 0.26513 (7). This geometric factor is directly used
in molecular dynamics simulations.

6. Conclusions and outlook
In the present paper, a simple and effective method to

compensate for the excess micromotion and control the shape
of a three-dimensional Coulomb crystal with micrometer pre-
cision in a sectioned linear ion trap is demonstrated. The ge-
ometric factor η = 0.26513 (7) is obtained from the measure-
ments of a secular motion excitation frequency of the ions for
different trapping potentials. The ability to control the various
shapes of the ion crystals with micrometer precision ushers
in several fields for further study of cold ion crystals, such as
dynamically excited ion Coulomb crystals, sub-regional laser
cooling, sympathetically cooling, and high resolution spec-
troscopy detection.
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