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Potential distribution is an important characteristic for evaluating the performance of an ion trap. Here, we analyze
and optimize the potential distribution of an endcap ion trap for single-ion trapping.We obtain an optimal endcap radius of
225 µm–250 µm, endcap-shield gap of ∼ 250 µm, and inter-endcap distance of 540 µm–590 µm. The simulation method
for analysis can also be applied to other ion traps, which is useful for improving the design and assembly of ion traps.
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1. Introduction
Ions trapped and laser-cooled in the radio-frequency (RF)

field have been widely used in some areas, such as op-
tical frequency standards (OFSs),[1–7] quantum information
processing,[8–13] and quantum simulations.[14–17] In these ap-
plications, the structure of the ion trap is an important determi-
nant of the ion trapping performance. For OFS applications,
micro-motion is one of the main sources of system shifts,
and it mainly depends on the trap parameters and assembly.
Thus, it is very important to choose a suitable trap structure
and parameters.[18] The endcap Paul trap is very suitable for
single-ion trapping, because it has an open structure that en-
ables laser access, its microscopic geometric structure is quite
elaborate, and the fabrication process is relatively simple.

In the present work, we choose the endcap trap that was
first proposed by Schrama et al.[19] with different geometric
variants of the conventional quadrupole potential. We build a
model of the endcap trap by using the commercial software
COMSOL Multiphysics, simulate the potential distribution by
using the finite element method, and derive optimal parame-
ters. The main parameters of the physical model are adjusted
to achieve the optimal manipulation of single ions. The trajec-
tory of Sr+ ions is then simulated, from which the secular mo-
tion and micro-motion frequency are predicted. The simulated
results are compared with the experimental results obtained at
the National Physical Laboratory (NPL).[20] Finally, the mo-
tion of a single Ca+ ion, trapped in our vacuum chamber at a
pressure of ∼ 10−8 Pa, can be simulated using our endcap trap

model. The simulation results are used as a reference to study
a directly laser-cooled Al+ optical clock, which we are plan-
ning to build in the very near future; the current endcap trap
model is envisioned to be a critical component of that future
system.

2. Working principle and parameter optimiza-
tion of the proposed ion trap

2.1. Working principle of the proposed ion trap

In an ion trap, the motion of a charged particle is lim-
ited by electric and magnetic fields. Ion traps can be divided
into two main types, depending on the nature of the trapping
field. One type is the Penning trap, which traps ions by us-
ing static electric and magnetic fields.[21] The other is the Paul
trap, which traps ions by using RF alternating current (AC)
electric potential fields at a level of a few megahertz.[22] The
function of the Paul trap is determined by its structure. In
this work, we focus on the endcap trap that is used primar-
ily for trapping single ions, which is suitable for our experi-
ments on the direct cooling of aluminum ions. As shown in
Fig. 1, the tiny formation near the central area is an endcap
made of molybdenum wires under an applied RF potential,
and the shield electrode located over the endcap wires is made
of tantalum tubes. Alumina tubes were inserted between the
shield and endcap electrodes to provide electrical insulation
and mechanical centering. To reduce the interaction between
ions and background gases, the trap must operate in an ultra-
high vacuum (UHV).
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Earnshaw’s theorem states that a collection of point
charges cannot be maintained in a stable stationary equilib-
rium configuration solely by electrostatic interactions between
the charges.[23] Thus, it is necessary to add an AC electric field
on the electrodes:

φ0 =U +V cosΩ t, (1)

where φ0 is the excitation voltage on trap electrodes, U is the
direct current (DC) voltage applied to the trap, and V is the
zero-to-peak amplitude of the RF potential with an angular
frequency of Ω = 2π f , where f is the drive frequency of the
signal generator. Ideally, the potential distribution in Fig. 1(b)
can be achieved when U is set to be zero.
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Fig. 1. (color online) (a) Photograph of the endcap used in our labora-
tory, and (b) potential distribution around the center of endcap.

The trap has rotational symmetry about the z axis, thus,
the potential does not rely on angle ϕ .

When expressed in polar coordinates, the potential at the
point (r,z) is given by[14]

φ (ρ,θ ,ϕ) = φ0

∞

∑
n=0

An
ρn

rn
0

Pn(cosθ). (2)

where r0 is a scaling factor, the values of An are weighting fac-
tors, and the expressions Pn are Legendre polynomials of order
n.

Taking n values of 2 to 6, we obtain

φr,z = φ0
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For the r direction, when z = 0, the potential is

φr =C0r +C2rr2 +C4rr4 +C6rr6 + · · · (4)

Otherwise, along the z axis, the potential is given by

φz = C0z +C1zz1 +C2zz2 +C3zz3

+C4zz4 +C5zz5 +C6zz6 + · · · (5)

Taking symmetry into consideration, the potential along the z
axis can be written as

φz =C0z +C2zz2 +C4zz4 +C6zz6 + · · · . (6)

For simplicity, we denote the second term of the potential by
b while its third term is represented by c. For example, br rep-
resents C2r in Eq. (4), and cz represents C4z in Eq. (5). We
use here the same method as the one used by Cao et al.[24] to
determine the trap quality; the parameter b is used to evaluate
the depth of the pseudopotential, and the ratio c/b is used to
estimate the trap anharmonic potential. The potential distribu-
tion is calculated to obtain a set of data. Then, equations (4)
and (6) are fitted by using the data to derive the corresponding
coefficients for determining the trap quality.

As we mentioned above, the endcap trap possesses rota-
tional symmetry about the z axis. The ion has the same motion
trajectory at any arbitrary plane along the z axis. The ion mo-
tion can be confined roughly in a two-dimensional (2D) plane.
At this point, the simulation can be simplified without affect-
ing the results. After building the geometric model, a corre-
sponding voltage is applied to the resulting trap model.

z1
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r1

Fig. 2. (color online) Geometric structure of the endcap trap. r1: end-
cap radius; r2: shield radius; z1: distance from the surface of the endcap
to the geometric center; z2: distance from the top to the center. r1,
r2, z1, and z2 can be modified by the parameter sweep function in the
COMSOL program.

063701-2



Chin. Phys. B Vol. 27, No. 6 (2018) 063701

The geometric structure of the endcap trap is shown in
Fig. 2. We chose 25 µm as the sweeping step on the basis of
the mesh. With respect to machining, 25 µm is a relatively
small value in comparison with the trap’s size, which is about
500 µm.

2.2. Parameter optimization of endcap ion trap

Before simulating the trap’s potential, a test simulation
was conducted to probe the performance of the software. A
parallel capacitor was considered by using the software as
shown in Fig. 3. The two electrodes were separated by 0.4 m
in the parallel capacitor; the voltage on one of the electrodes
was 50 V while the voltage on the other one was 0 V. A pos-
itive ion with the elementary charge and mass of 40 atomic
mass units (Ca+) was positioned at the center of the capacitor
and was given an initial velocity of 104 m/s toward the 50 V
electrode. We used the software to calculate the time from the
moment of the ion release until the moment when its velocity
reached 0 m/s. The calculated time is consistent with the the-
oretical value, up to a nanosecond. This model is simple but
necessary. It is useful for checking whether the AC model per-
forms satisfactorily at a given mesh resolution. It also helps
to prove that the particle trajectory model is coupled well with
the AC model.
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Fig. 3. (color online) Graphical presentation of the simulation of the
Ca+ ion’s motion in planar plate capacitor.

The most important part of the simulation is mesh divi-
sion, the quality of which is limited by our computing capabil-
ity. Using COMSOL and MATLAB, we can also precisely
control each mesh node and assess the details of the mesh
quality distribution. The average statistical mesh quality was
0.97, initially at 0.85. We also built some mesh-controlled
virtual geometry near the saddle point, where ions generally
remained, to increase the resolution of the mesh. This proce-
dure is advantageous for mesh division and does not affect the
results of simulation.

Next, the parameters were optimized.
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Fig. 4. (color online) Plots of ((a) and (b)) trap depth versus radius and ((c) and (d)) anharmonic coefficient versus radius. The black, red, and blue
lines represent the endcap radius, shield radius, and both radii, respectively.

063701-3



Chin. Phys. B Vol. 27, No. 6 (2018) 063701

First, the radius of the device was varied. We changed r1

alone, r2 alone, and r1 and r2 simultaneously. The initial radius
of the endcap, r1, was set to be 250 µm, and the initial radius
of the shield surrounding the endcap, r2, was set to be 500 µm.
We varied r1 from 125 µm to 375 µm in steps of 25 µm, and
we varied r2 from 350 µm to 700 µm; further, 1000 µm was
set as a far point, for examining a relatively extreme situation.
In Fig. 4, the x axis represents a change in the radius, and the
y axis represents b or c/b. Figure 4 reveals that only changing
the shield radius has little effect on the trap potential depth or
trap potential anharmonicity. On the other hand, the potential
depth and potential anharmonicity fluctuate obviously when
only r1 changes. This may explain why the blue and black
curves overlap. From these four plots, we concluded that the
optimal endcap radius is in the range of 225 µm–250 µm. Fur-
ther, the shield radius or the gap between the endcap and shield
was found to have little effect on the potential distribution.

Second, the distances from the trap center to the endcap
tip and from the trap center to the shield tip were varied. Three
situations were considered: 1) moving only the endcap, 2)
moving only the shield, and 3) moving the endcap and the
shield simultaneously. By analyzing the results, the range of
distances by which the two components of the trap should be
separated was determined.
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Fig. 5. (color online) Plots of (a) trap depth and (b) anharmonic coeffi-
cient versus distance upper endcap moves for various endcap locations.

Figure 5 shows the results for varying the upper endcap.
In Fig. 5(a), the coefficient b increases as the upper endcap
moves closer to the lower endcap. This phenomenon is easy to

understand. The voltage on the endcap is fixed; when the end-
caps approach to each other, the electric field increases, and
so does the potential depth. There is an obvious relationship
between r and z, which shows that the value of b in the r di-
rection is about half the value in the z direction. In Fig. 5(b),
the inflection points appear in both the r and z directions when
the upper endcap moves upward. These points indicate the
optimal position of the upper endcap and show that the upper
endcap should be 0 µm–50 µm far from the lower endcap.

Figure 6 shows the results obtained when both endcaps
moved simultaneously. The horizontal axis represents the dis-
tance the endcap moves; positive values indicate that the end-
caps moves apart, and negative values refer to the endcaps
moving in the opposite direction. Figure 6(a) shows that the
potential depth does not increase indefinitely as the two end-
caps approach to each other. In fact, the potential depth can
be adjusted manually by changing the endcap voltage. Fur-
ther, we prefer a longer distance between the two endcaps for
easier access to the laser. Thus, the ratio c/b is of higher con-
cern than b. Figure 6(b) shows that both endcaps should move
0 µm–25 µm apart from the center for optimal results. This
result is in agreement with the result obtained by moving only
one endcap, which shows that one of the endcaps should move
50 µm. The difference is caused by the loss of symmetry in
the former case.
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Fig. 6. (color online) Curves of (a) trap depth and (b) anharmonic coef-
ficient versus distance endcap moves from center.

We obtained optimized trap parameters from the simula-
tion. Based on the simulation, for optimal performance the ra-
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dius of the endcap should be in the range of 225 µm–250 µm.
Further, the gap between the endcap and the shield should be
kept at ∼ 250 µm. In addition, the distance between the two
endcaps should be in the range of 540 µm–590 µm.

Imperfections were also considered, such as the rotation
of the endcaps at a specific angle with respect to the z direc-
tion, a shift of the endcap away from the trap axis, and the
replacement of the mirror surface of the endcaps with a tri-
angular wave, hollow semicircle, or nipple. The result for an
imperfect endcap trap shows that the ratio c/b changes little
compared with that for the flawless trap, but the effect is not
negligible.

For comparison, experimental data from NPL were used
in the ion trajectory simulation. The RF voltage was set to be
199 V (rms), and the frequency was set to be 15.955 MHz.
The DC voltage applied to the shield was 2.12 V. The end-
caps each with a radius of 250 µm were separated by 560 µm.
The shields were separated by 1 mm and angled at 45◦ with
respect to the trap axis. An 88Sr+ ion was loaded with an
initial kinetic energy of 0.05 eV from the center of the trap,
with its velocity direction chosen randomly. The COMSOL
has a particular particle trajectory node that is used to simulate
the motion of charged particles in magnetic and electric fields.
Another three-dimensional (3D) model was built in COMSOL
by using the above parameters for a particle trajectory node.
The motion data were exported and organized to calculate the
secular frequencies. The secular frequencies were calculated
to be 1.406 MHz in the r direction and 2.907 MHz in the z
direction respectively, which were in good agreement with the
NPL experimental results.[20]

3. Conclusion and perspective
In this work, an AC model has been used to simulate the

endcap in the Paul trap, and the optimal trap parameters have
been obtained. According to our results, the radius of the end-
cap should be in the range of 225 µm–250 µm, and the gap
between the endcap and the shield should be ∼ 250 µm. Fur-
ther, the distance between the two endcaps should be in the
range of 540 µm–590 µm. These theoretical results can be
used to guide experiments; for example, for designing the Ca+

ion optical clock that we are currently developing, and for de-
signing a directly laser-cooled Al+ optical clock that we are
to build in the near future. Further, the module can be used
to determine the scale of the voltage applied to the compen-
sation electrode to provide the ions with better trapping con-
ditions. As COMSOL can also simulate the laser, it will be
feasible in the next step to simulate the Doppler cooling of
ions in the trap if we can build a two-level energy state model

of the trapped ion. This function is not yet supported by the
COMSOL module; however, we can formulate its associated
partial differential equation by using COMSOL or MATLAB
script. Furthermore, a heat module can be added to the model
to obtain a more realistic situation. The heat module can be
used to simulate the temperature of the trap and the surround-
ings to evaluate the blackbody radiation frequency shift in the
OFS.
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