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Motions of ions in a nanoscale Paul trap from molecular dynamics
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Molecular dynamics simulations were used to study the motion of ions trapped inside a Paul trap of nanometre size. It is
found that a single ion can be successfully trapped within nanoseconds if the applied electric voltages are in the range of
hundreds of mV and the AC field has a frequency of GHz. The equilibration time and the oscillation amplitudes of the
trapped ion depend on both the system temperature and applied voltages. Clusters are formed in the trap when both
negatively and positively charged ions are introduced in the system, while only clusters that contain a net charge (non-
neutralised clusters) can be trapped. Application of a supplemental DC driving field can effectively drive the ion off the trap
centre and out of the trap. Existence of water solvent in the system helps to stabilise the trapping process.
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1. Introduction

The Paul trap or radiofrequency trap, which has been
widely fabricated in laboratories in recent decades, is able
to ‘catch’ and ‘store’ free, charged particles through
ponderomotive forces generated by inhomogeneous
oscillating fields [1]. It opens an effective pathway for
measuring the physical properties of a single charged
particle on a molecular level. Currently a large number of
research groups are capable of confining ions in Paul traps
and numerous investigations have been performed on the
functions of the device [2]. The applications of interest
span from quantum information processing [3], coherent
quantum-state manipulation of trapped atomic ions [4],
functional studies with fluorescent proteins [5], laser
sideband cooling of the motion [6], to formation of ordered
structures of trapped ions [7—11], etc.

Recently, it has been proposed that a nanometre-scale
version of Paul type trap be used as a device for fast
sequencing of nucleotides [12—14]. The idea is based on the
concept that negatively charged DNA segments can be
trapped in the device while it is driven through the trap by an
electric field. Due to the strong trapping effect, each
nucleotide could be maintained with specific orientations
and a stable average geometry in a dynamic way.
A ‘nanoversion’ of the Paul trap is required to reduce the
conformational and orientational variations arising when the
ionic bio-molecules — DNA is driving through the trap and to
enhance the repeatable measurements of the base specific
signature of each nucleotide. The latter was found to be
critically dependent on the relative geometry of the bases to
the nanopores during the DNA sequencing [15,16].

Concerns about the feasibility of a Paul trap arise as it
is reduced to nanometre scale. Typical dimensions of the
macroscopic Paul traps fabricated so far range from pwm to
cm. Great uncertainty over the effectiveness of the trap
may arise when the device is scaled down to nanometre
size. Possible effects could emerge from the van der Waals
force from the trap walls to the particle trapped,
polarisation of the medium and walls by the ion,
suppression of the ion motion due to the finite size of the
trap, etc. These effects can be safely neglected in a
macroscopic Paul trap but may become dominant when the
dimension of the trap is comparable to the molecule size,
thus making the common analytic approaches ineffective
in the prediction of the ion motion. Experimental studies
of these concerns could be challenging and expensive.
A reasonable alternative approach is molecular dynamics
(MD) simulation, which can take into account the majority
of the dimension and medium impacts on the feasibility of
a nanoscale trap on a molecular level.

The goal of the present work is to show by MD
simulations that, if fabricated, the nanoscale Paul-type trap
could be an effective tool for trapping and filtering of
single atomic and molecular ions. We show through a
series of simulations the impact of system temperature,
magnitude and frequency of applied fields, and existence
of solvent, on the trapping behaviour of the device. We
choose to model a conventional Paul trap model of
electrodes following a hyperbolic shape to provide a proof
of principle for the functionality of the nanotrap. Such a
choice allows the application of analytical expressions for
the resulting quadrupole electric field in the modelling,
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which significantly simplifies the algorithms involved for
numerically intensive MD simulations, without loss of
generality. Analogous MD simulations can be performed
for traps of other shapes using numerically calculated
electric fields upon knowing the parameters of a fabricated
nanotrap.

2. Theory and simulation methods

The geometry of a quadrupole trap leads to an electric
potential F(x,y, z, f) of approximately quadrupolar spatial
shape in its centre [2]. For a charged particle, trapping is
realised through a binding force that increases linearly
with the distance between the particle and the trap centre.
Cylindrically symmetric electrical potential is assumed in
the form of

Dy

(ax? + By + yz?). (1

The condition that this potential has to fulfil the
Laplace equation V2@ = 0 at every instant of time leads to
a constraint a + 3+ y = 0 of the three geometric factors,
which can be achieved in various ways, thus defining
various possible geometries and types of quadrupole traps
[1]. It is obvious from this constraint that the charged
particle can only be trapped in a dynamical way. The
frequency and voltage of the applied fields can be chosen
in such a way that the time-dependent potential will give
rise to a stable, approximately harmonic motion of the
trapped particles, in all or chosen directions. This is in
analogy to the motion of a ball rolling in a rotating saddle
surface. Dynamical stability can only be achieved when
the saddle is in continuous rotation.

The conventional Paul trap modelled in this study is
the 3D radio frequency trap, with a= =1 y= -2
[1,2]. This trap is composed of one ring-shaped metal
electrode and two cap-shaped metal electrodes, whose
internal surfaces are defined as hyperbolic surfaces.
A schematic of such traps is given in Figure 1. The inner
surfaces of the trap coincide with equipotential surfaces.

z 2=z2+r/2

|
1

] =

Figure 1. Schematic of a Paul trap (section of z—r plane).
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The hyperbolic ring electrode is halfway between the other
two electrodes, reflected by the relationship 73 = 2z3.
When appropriate electric field including both AC and DC
parts is applied to the system, ions can be trapped in the
space between these three electrodes. For trap with
dimensions from 100 pm to 1 cm, typical voltages applied
are in the range of 100-300V for V,. and 0-50V for V.
with the AC frequency f = (/27 in the range of
100kHz—-100 MHz. In our simulations, the trap size is
reduced to nanometre dimensions under both vacuum and
aqueous filling environment.

When an electric bias of @y = Vg, — V,ccos Ot is
applied to the system in Figure 1, the resulting azimuthally
symmetric electric field is given by its components [1]

Ve — Vaccos Ot Vie — V. 0]
o
75 275

The equations of motion of a particle with mass M and
charge Q in this field are given by Mathieu differential
equations [1],

d’u

4+ (a — 2gcos(2m)u = 0, 3)
dr?
where u stands for either r or z coordinate, 7= (2¢/2 and

4QVdC 1 2’Qvac 1
a: —_— —_— = _— —_—
M 7 02 a4 M 0

“

Here, a, = —2a,, q.= 2q,. The stability of the
solutions to the equations, which is defined by a stable
region on the a—gq plane [17], is dependent on the AC and
DC voltages applied, on the angular frequency (2, on the
trap dimensions, as well as on the ion charge Q and its
mass M. Note that the magnitude of the voltages and the
AC frequency are coupled. Therefore, the frequency of
the AC voltage has to be regulated with the magnitude
of the voltages in order to keep the system in the stable a—
q region.

In our simulations we considered Paul-type traps
(Figure 1) of two different dimensions, a small trap with
2rp =5 nm and 2zp = 5/+/2 nm, and a larger trap with
2rp =50 nm 2zp=150/+/2 nm. The small trap is
computationally less demanding in simulation but more
challenging to fabricate in experiments. The larger trap is
prone to be more feasible in experiments given the current
etching technology, while it is more difficult to simulate
due to the massive number of atoms involved.
We performed most of simulations using the small trap
and only performed one extensive simulation using the
large trap filled with water to demonstrate the feasibility of
the concept. We focus most of the analysis on the small
trap because the fundamental physics for a larger trap is
better understood than the nanotrap that has a dimension
comparable to molecular particles.
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Before each simulation, one needs to estimate the
magnitude and frequency of the voltages to be applied.
These can be calculated using Equation (4) by choosing
appropriate values for the parameters a and ¢ that are in the
stable region [17]. Here, we used a = 0.25 and ¢ = 0.4.
Note that in certain occasions the calculated voltages using
such schemes can be in the range of several volts.
In applications of nanoscale Paul trap, such high voltages
may cause electric breakdown to the system, depending on
the trap dimensions. This additional constraint is reflected
in our choice of fields. In most of our simulations the
applied voltages are in the range of mV. However, this
usually requires a lower AC frequency (Equation (4)) and
thus a longer simulation time in order to observe a stable
trapping process.

The nanoscale Paul traps used in simulations were
built from a cuboid FCC gold lattice with a dimensions of
7.9 X 7.7 X 5.6nm’ in case of the small trap (5nm trap
hereafter) and 60 X 60 X 42nm® for the large trap (50 nm
trap hereafter). The internal part of the lattice was removed
to create hyperbolic surfaces, consistent with the surfaces
in Figure 1. A nanopore of 2nm in diameter is created in
each cap to mimic the holes that allow particles to enter the
trap. One or multiple ions were placed randomly inside the
trap at the beginning of each simulation, with random
initial momentum conforming to a chosen system
temperature. For simulations with solvent, the trap is
wrapped in a box of explicit water molecules. Periodic
boundary conditions are applied in all three directions.

The ions were modelled by the AMBER force field
1999 version [18]. The gold atoms composing the trap
electrodes were modelled by the universal force field
potentials [19]. Water molecules were modelled by the
TIP3P potential [20] based on previous successful
modelling of bio-molecules and ions using this model
[21]. The polarisation interaction between ion/water and
the gold atoms were calculated by the electrode charge
dynamics (ECD) [22]. The ECD accounts for the
polarisation effects of finite size metal surfaces and gives
areasonable representation of ion—metal interactions [23].
The Lennard-Jones interaction between different species
were calculated by the standard Lorentz—Berthelot mixing
rules with a 0.9 nm spherical cut-off without long range
corrections. The particle-mesh Ewald method [24] with a
fourth order interpolation and direct space summation
tolerance of 10> was applied to evaluate the electrostatic
interactions.

The MD simulations in vacuum were performed within
the NVT (constant number of particles, constant volume
and constant temperature) ensemble. For simulations
including solvent, preliminary simulation under NPT
(constant number of particles, constant pressure and
constant temperature) ensemble with pressure of 1 bar was
performed to equilibrate the solvent before NVT
simulations. The temperature and pressure were kept

constant wherever necessary using one of the widely
employed kinetic thermostats [25]. Recently, it has been
found that the newly proposed configuration thermostats
[26,27] should be a more realistic choice for the non-
equilibrium MD simulations of systems involving current
and conductivity [28—31]. It would be interesting to probe
such options for temperature control in modelling the ion-
trap systems in the future.

The NAMD [32] software package was employed to
integrate the equations of motion. The gold atoms were
kept ‘frozen’ thus neglecting metal-atoms’ vibrations and
thermal fluctuations during the simulation. This assumes
that amplitude of the vibrational oscillations of the atoms
in the electrode is much smaller than the typical dimension
of the trap, at the considered system temperatures
(3-300K). A typical simulation run at 300K includes
20,000 steps of energy minimisation using a conjugate
gradient algorithm, followed by gradual heating from O to
300K in 3 ps, 40 ps of MD solvent equilibration, where
appropriate, and 3—12 ns of production. The time step used
to integrate the equations of motion was 2 fs. The electric
fields used to trap the ions were turned on at the beginning
of production run. In simulations with explicit solvent
molecules, a 400 ps equilibration was performed after the
electric fields were turned on and before the production
began. The SHAKE [33] algorithm was applied to
constrain the bonds involving hydrogen bonds for
simulations involving water molecules. The structural
configurations were collected every ps for subsequent
analysis. Finally, visualisation and trajectory analysis were
performed using the VMD software package [34].

3. Results and discussion

3.1 Trapping a single ion in a vacuum trap

We begin by studying the trapping of a single ion in the
5 nm trap under vacuum condition. Simulations of ions and
nanotrap in vacuum are numerically less demanding than
the solvated cases while providing much of the essential
concept of the system. In addition, the simulation
parameters preset using Equations (2)—(4) are supposed
to work more reliably for a vacuum system than the
solvated one due to the fact that existence of solvent
molecules may confound the applicability of Equations
(2)—(4). Therefore, simulation of single ion system in
vacuum serves as a good test to the methodology and
provides the basics for the feasibility of the concept.

One representative example result for trapping of a
single chlorine ion in the 5 nm trap is given in Figure 2 at
temperature of 3 K (corresponding to the ion energy of
25 % 107% eV), shown as the evolution of the ion
trajectory as a function of simulation time. The initial
coordinates of the ion were (— 12, 15, 24) A relative to the
geometric centre of the trap, which were randomly set at
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Figure 2. Simulation of a chlorine ion in the 5nm trap at
T=3K in vacuum. The trapping voltages are Vy. = 200mV,
Vae = 600 mV with frequency of 318 GHz.

the beginning of simulation. The initial momentum of the
ion was randomised following a Gaussian distribution but
conformed to the system temperature. The needed stable
trapping voltages calculated from Equation (4) is
Vie = 200 mV and V,. = 600 mV, with a chosen frequency
of the AC voltage being 318 GHz. For a typical simulation
run, the movement of the ion was monitored for 3—12ns,
depending on the time needed for a full stabilisation. Taking
the results in Figure 2 as an example, it is seen that the
chlorine ion is driven quickly to the centre of the trap and
rotates in a circular motion. The stabilised circulating radius
of the ion to the trap centre, r, is about 1.5 A. The time of
about 1.0 ns is elapsed before the stabilisation is reached.

This simulation was performed for at least five times
by changing the initial random number seeds that were
used to generate the initial position and momenta of the
ion to test the repeatability of the calculation. We found
that repeated runs lead to the same quantitative
conclusions as the one shown.

To study the impact of the applied trapping fields on the
trapping properties, we have performed a series of
simulations by varying the voltages from (V4. = 50mV,
Ve = 150mV)to (V4. = 200mV, V,. = 600 mV), and with
frequencies ranging from 160 to 318 GHz. We notice
that the AC voltage with a frequency in tens-to-hundreds of
GHz range is required in order to observe a successful
trapping of charged ions within a timescale of nanoseconds.
In experiments, it is challenging to realise ion traps with
driving fields of hundreds of GHz. But it is practically
feasible to build ion traps with driving frequency of
~10GHz (Reed, private communication (2007)). In our
simulations, the increase in the frequency, which also
implies an increase in the magnitude of the voltage
according to Equation (4) for a given set of stable a and ¢

Molecular Simulation 815
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Figure 3. Dependence of stabilisation time on the magnitude of
applied voltages and the frequency of AC voltages at 50 K. The
simulation parameters for each line are (1) V4. = 50mV,
Vie = 150mV, f= 159MHz; (2) V4. =72mV, V,. =216mV,
f= 191 MHz; (3) V4. = 98 mV, V,. = 294 mV, f = 223 MHz; (4)
Vie = 128 mV, V,. = 384 mV, f= 255MHz; (5) V4. = 162mV,
Vie =486mV, f=286MHz; and (6) Vg =200mV,
Vae = 600mV, f= 318 MHz, respectively.

values, results in a faster establishment of stabilisation. This
is illustrated in Figure 3, which shows the simulation results
using different trapping voltages and frequencies under
constant temperature of 50 K. Higher trapping voltages
(implying higher AC frequencies from Equation (4))
lead to a smaller circulating radius of trapped ion, and a
short stabilisation time. For example, the orbiting radius of
the ion decreased from about 12 to 6 A when the AC
frequency goes from 159 up to 318 GHz, accordingly the
stabilisation time 7, decreased from 4.5 ns to << 1 ns. Itis also
found that the fluctuations in r decreases as the AC
frequency f increases. In Figure 4 we present the
stabilisation time and the orbiting radius of the trapped ion
as a function of the AC frequency. Fitting of r;, ~ fand r ~ f
suggests that the inverse of 7, is linearly dependent on f, while
ris linearly dependent on f ~!, as shown by the fitted curves
in the figure. Therefore, 7, goes up dramatically as fdecreases
(Figure 4(a)), which suggests that there exists a lower limitin
the AC frequency below which one can no longer observe
stable trapping for the given system. This trend is coupled
with the fact that a decreasing AC frequency will result in a
levelling off  around 15 A (Figure 3).

Intuitively, the stabilisation time is dependent on the
temperature, i.e. on the initial ion kinetic energy. Series of
simulations at different initial temperatures were per-
formed to study such dependence. In Figure 5 we show the
stabilisation time #, versus the temperature. The variation
of the initial kinetic energy of the ion corresponds to a
temperature range of 3-300K. The simulations were
performed for the 5nm trap with the trapping voltages
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Figure 4. Dependence of stabilisation time 7, (a) and the
orbiting radius r (b) of trapped ion, on the AC voltage frequency
() at 50K. Symbols are from individual simulations, and the
lines are fitted using the relationship 7, ! = 0.0079f — 1.02 and
r = 1933.2f ! 4+ 0.027. Note that the magnitude of the voltage is
positively correlated to the frequency in order to obtain a
stabilised trapping phenomena (defined by Equation (4)).

of Vg =200mV, V,. = 600mV and f= 318 GHz. Inter-
estingly, it is found that an optimal temperature that yields
the fastest stabilisation exists. For a chlorine ion under the
above conditions, the shortest stabilising time occurs
around 50-100K, differing by almost a factor of
2 compared with the ¢, values observed at 3 and 300K
(see Figure 6(a)). As the temperature drops to near zero
(below 3 K), the ion is ‘frozen’ at its initial position and
will not be able to migrate inside the trap unless a very
' Hl‘ HMH W' M”i”\"y"v”r"t'\'\“' i IR
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Figure 5. The stabilisation time and circulation radius of a
chlorine ion inside the 5 nm trap at various temperatures. All the
simulations were performed at V4. = 200 mV, V,. = 600 mV, and
the frequency of AC voltage is 318 GHz. The simulation
temperatures for each line (from top to bottom) are 300, 243, 192,
147, 108, 75, 48, 27, 12 and 3 K, respectively.
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Figure 6. Temperature dependence of the stabilising time 7 (a)
and orbiting radius r (b) for a chlorine ion trapped inside the 5 nm
trap. The applied trapping voltages are V4. = 200mV,
Vae = 600mV and f= 318 GHz. Symbols are from individual
simulations and the curve is a fitting by r = 0.867 /2.

strong trapping field is applied. On the other hand, when
the temperature is increased to above 300 K, a long time is
needed for the trapping field to suppress the kinetic
fluctuations of the ion.

Furthermore, the circulating radius of the trapped ion
inside the trap is strongly dependent on the temperature.
Ion circulates with a larger radius as the temperature
increases, as expected. For example, at 300K the ion is
orbiting with a radius of 15 A whereas at 3K the orbiting
radius is only about 1.5 A (Figure 6(b)). We also noticed
that the fluctuation of r decreases as temperature drops,
which is also reasonable. Careful examination of the r—T
plot indicates r2ocT. Indeed, we found that the
relationship of r and T can be described excellently by a
formula r2 = CT, where C is a constant. The only
exception is the point at 7= 300K (see Figure 6(b)),
where r is significantly smaller than value predicted by the
formula. This is simply due to the fact that the ion is
confined by the 5nm trap. That is, the ion cannot travel
beyond the trap cap along the z direction. Therefore, the
effective circulating orbit of the ion at 300 K is depressed.
In the 300K case, we also observed that the orbiting
trajectory of trapped ion is changed slightly to adapt to the
inner shape of the trap, although the circular nature of
the orbit was not changed. This suggests that the motion of
the ion will depend on the trap size when the trap is
reduced down to nanometre scale. This phenomenon will
not be present for a macroscopic Paul trap but becomes
significant when the trap size is reduced to be comparable
to the size of typical molecules. We deem this as one of the
main limitations of a nanoscale trap in confining a charged
particle. On the other hand, this effect also implies that
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larger trap will tolerate an input ion with a higher energy,
therefore higher temperature, without disturbing its
orbiting motion in the z direction.

3.2 Application of additional driving field

In practical application of the nanotrap proposed in this
study, an extra driving field can be applied along the z-axis
(Figure 1) to guide the ion into the trap. For this reason, we
performed simulations to study the system under such an
additional influence. We again used the chlorine ion in the
5nm trap as an example, with additional DC field ranging
from 10 to 150 mV/nm applied along the z direction.
Initially the ion was placed at the entrance of one of the
cap holes in the trap with its coordinate as (—7, 5, 22) A
relative to the trap centre, with the initial momentum of the
ion conforming to the system temperature. The z-direction
driving field and the trapping fields were turned on
simultaneously when the simulation starts, and the
trajectory of the ion was monitored. One result from
such simulations is presented in Figure 7. Here, we used a
temperature of 3K to suppress the fluctuations in the
coordinates, due to the reason stated in previous sections,
to obtain a clear picture on how the ion will react to the
additional z-field in each direction. It is seen that the ion
migrates rapidly through the central region from one
entrance along the z-direction, while orbiting around the
trap centre in the x—y plane. For the results shown in
Figure 7, the additional DC field along the z-axis was
25mV/nm. Under the z-field of this magnitude, the ion
was finally stabilised at a position of about (0, 0, — 8) A.
The corresponding orbiting radius of the ion was about
0.8nm. That is, the ion is trapped similarly like being
trapped without the z-direction DC field but its position is
now significantly shifted along the z axis.

0.5 1 1.5 2
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Figure 7. Trapping of a chlorine ion inside the 5 nm trap with a
biased voltage along the axis through the two holes in the caps.
The simulation was performed at 3K, with V4. =200mV,
Vae = 600 mV and f = 318 GHz. The driving field along the z axis
is 25 mV/nm.

Molecular Simulation 817

We have carried out series of simulations using z-fields
of various strengths and found that the expected shift of the
ion orbit along the z-axis increases with the increase of
strength of the z-field. However, the ion was driven all the
way through the trap as soon as a threshold z-field is
reached. For the 5nm trap with trapping voltages of
Vie = 200mV, V,. = 600 mV and f = 318 GHz, we found
that the ion is stably trapped when the z field is below
110 mV/nm, while a field of 125 mV/nm would drive the
ion through the trap in <1ns, without ever reaching a
stabilised trapping. This suggests that for the 5Snm trap
under the current trapping conditions, the threshold z-field
for driving the ion through the whole trap lies in
110-125mV/nm. It is expected from this observation
that it is possible to drive the ion back and forth along the
z-axis through the trap, if an alternating field is applied in
the z-axis, similar to that found in a previous study of DNA
translocation in nanopores [35].

3.3 Trapping multiple ions

With the knowledge from simulations of trapping a single
ion, next we are interested in investigating the trapping of
multiple ions in a nanotrap under vacuum condition.
We start our simulation by placing five pairs of chlorine
and sodium ions in the S5nm trap, with the initial
coordinates of each pair of CI /Na* set randomly inside
the trap. We note that by ‘pair’ here we refer to the fact that
each chlorine ion placed in the trap is associated by a
sodium ion, with their centre of mass distance being about
3-5A. This is a natural set-up commonly used by many
standard MD simulation packages such as AMBER [36].
We also performed simulations with chlorine and sodium
ions placed randomly at the beginning of the simulation and
found that they will form pairs within hundreds of simulation
time steps because of the strong long range electrostatic
interaction between any particles with opposite charges.
We found that scattered ion pairs will form ion clusters
as the simulation proceeds. The number of cluster
decreases rapidly as a function of simulation time.
Therefore, it is necessary and convenient to monitor the
motion of the clusters as well as the trajectory of each
individual ion. Here, we employed the technique
developed by Sevick et al. [37] to obtain the cluster
statistics during the simulation. A cluster is defined as any
particles that form a 3D aggregate with the pairwise
distance between any two ions being <5 A, which is about
the Lennard-Jones distance between a Cl /Na* pair.
A connectivity matrix can be calculated at every MD time
step and the number of clusters (which equals to the rank
of the connectivity matrix) in the system can be recorded
as a function of simulation time. A detailed description of
the algorithm can be found in the original literature [37].
In Figure 8 we present the simulation results for
five pairs of chlorine and sodium ions in the 5nm trap.
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Figure 8. Trapping of five pairs of Cl /Na' ions inside a
vacuum trap at 300 K. The trapping voltages are V4. = 200mV,
Vae = 600V and f= 318 GHz. (a) The evolution of number of
clusters in the system and (b) the coordinates of the centre of
mass of ions as a function of time.

The evolution of the number of clusters in the system is
depicted in Figure 8(a), and the trajectory of the centre of
mass of all 10 ions is shown in Figure 8(b). It can be seen
that the initial number of clusters is 5, which indicates that
the five ion pairs are scattered in the trap. As the simulation
proceeds, the ion pairs quickly aggregate with each other
to form bigger clusters. Correspondingly the number of
clusters drops. By t = 0.4 ns, a single cluster was formed and
stabilised. The stepwise nature of the line in Figure 8(a)
indicates that the formed single cluster is energetically very
favourable compared with scattered clusters.

However, we found that the ion cluster formed by the
five chlorine and five sodium ions was never trapped stably
in the nanotrap. This is clearly seen from the trajectory
shown in Figure 8(b). The random fluctuation of the
coordinates along each direction indicates that the
movement of the ion clusters is Brownian in nature
instead of a stable orbiting behaviour like those observed
previously for a stably trapped particle. Actually the ion
cluster was moving everywhere in space given the fact that
the system was periodic in all three directions. This is not
surprising considering the neutral nature of the cluster

formed by even number of chlorine and sodium ions. It is
noticed that the geometric shape of the cluster is changing
dynamically during the simulation, although the cluster is
quite intact by itself. Such a shape deformation will
obviously result in instantaneous polarity in the cluster.
But it is also clear that such polarity is not sufficient to
make the cluster being trapped under the current
simulation conditions.

With this in mind, naturally our next target is to
simulate the trapping of uneven number of chlorine and
sodium ions in the trap. Different from the last simulation,
this time three chlorine ions and two sodium ions were
introduced, to make the system non-neutral. As expected,
such a setup results in a successful trapping. As seen in
Figure 9, initially we have three clusters in the system, two
Cl™/Na™ pairs and one single chlorine ion. Very quickly
the ions form a single cluster, as shown in Figure 9(a). But
different from the previous simulation, the ion cluster was
trapped at the centre of the nanotrap in less than 0.3 ns
once the final single cluster is formed, apparently due to the

—~
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Number of clusters

t, ns

t, ns

Figure 9. Trapping of three CI~ and two Na™ ions inside a
vacuum trap at 300 K. The trapping voltages are Vg, = 200 mV,
Vae = 600V and f= 318 GHz. (a) The evolution of number of
clusters in the system and (b) the coordinates of the centre of
mass of ions as a function of time.
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net negative charge in the cluster. This observation is
depicted by the trajectory in Figure 9(b). Like before, the
trapped ion cluster circulates around the trap centre, with
the circulating radius being about 10.5 A.

3.4 Trapping an ion in a solvated trap

Simulation results obtained so far suggest that a nanoscale
Paul trap is capable of trapping ions at least under vacuum
condition. It is also evident that the Mathieu equation
(Equation (3)) is valid in predicting the stable trapping
parameters of the system under vacuum condition.
However, these predictions are not as certain in the
presence of explicit solvent background, due to the
damping force from the viscosity of the solvent molecules
[38,39]. If the viscosity force can be modelled by
F = —Dv, where v is the instantaneous velocity of the ion
in the trap, and D is an unknown constant dependent on the
viscosity constant and ion-water interaction, the Mathieu
equation will be modified as

2 2
(L—;V n [a - (%) qCOS(Z’T)‘| w=0, )

where w = ue*". The damping force will shift and change
the size of the stable region on the a—g plane. The
collisions between the solvent and the ion will influence
the trajectory of the ion by increasing or decreasing its
energy depending on the relative mass of the ion and
solvent molecule. In our study, the ion of interest, chlorine,
is about twice heavier than the water molecule. Therefore,
we expect a stabilising effect on the oscillation movement
of the ion from the background solvent.

There are at least two different approaches to include
the solvent effect in the modelling of an aqueous
environment. We can either use implicit solvent models
or use explicit water molecules. The implicit models could
be a useful choice for analysis of macroscopic traps filled
with water, but is not suitable for modelling a trap of
nanometre size due to the significant dielectric inhomo-
geneities through the nano trap volume. In our study, we
model the solvent as explicit water molecules.

As testing cases, we performed several trial simu-
lations using the 5nm trap filled with water. All the
simulations were performed at 300K since the water
potential employed can only give reasonable results at this
temperature range. The trapping voltages are estimated
from Equation (4) re-scaled to the dielectric constant of
water. This allows us to use a higher voltage and lower
frequency compared with the vacuum cases. For example,
we tried simulations using Vg =4V, V,.=8YV,
f= 80GHz. We observed stable trapping phenomena for
most of these trials, which were reported in a previous
work [14], although usually a longer simulation time
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is needed to reach full stabilisation. On the other hand, it is
found that the ion experiences much less fluctuations in the
movement during the stabilising process along any of the
directions, with the much smaller final oscillation amplitude
of the ion in comparison with that for the same ion trapped in
a vacuum trap under the same temperature.

We also observe that the presence of explicit solvent
helps to stabilise the trapping process. We have performed
a series of simulations using various combinations of
trapping voltages and frequencies, such as Vg4 =2V,
Ve =6V, f=20GHz; V4. =1V, V,. =3V, f=20GHz.
Some of these parameters do not satisfy strictly the stable
region defined by Equation (4) (with or without correction
to the water dielectric constant). Interestingly, in all these
cases we could observe stable trapping. It is evident that
the range of stabilisation defined by parameters a and ¢ is
significantly enlarged in the presence of the damping with
water, as discussed above. It would be useful to estimate the
new stable region on the a—q plane using the modified
Equation (5). However, constants such as D need to be fitted,
either by analytical approach or systematic simulations.

Finally, we consider an example with the solvated
50nm trap, aiming to model a system that is realistic to
experimental devices proposed. This simulation is
numerically much more extensive than the ones with the
5nm trap, due to a significant number of explicit water
molecules included. However, the increased dimensions of
the trap allow for lower (and more realistic) trapping AC
field frequencies, here chosen to be 20 GHz, and larger
electric biases before a possible breakdown occurs. One
chlorine ion was initially positioned at (110, 100, 88) A
inside the trap and the initial kinetic energy of the ion
and water conforms to a system temperature of 300 K.
The trapping voltages were Vg. = 200mV, V,. = 600 mV
with frequency of 20 GHz, which were turned on at 1 = 0.

X, nm
,

y, nm
o

Z, nm
S W
(

Figure 10. Trapping of a chlorine ion inside the 50 nm Paul trap
filled with water at 300K. The trapping voltages are
Vie = 200mV, V,. = 600 mV and f = 20 GHz.
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We note that the trapping fields in this run were not
estimated from Equation (4) but based on empirical values
from the 5 nm solvated trap simulations. The results from
this simulation are given in Figure 10. It can be seen that
the ion was trapped at the centre of the trap after about
1ns, with the orbital radius of about 14 A. Again, the
fluctuations in the coordinates of ion in each direction are
much smaller compared with those observed in vacuum
condition. However, the oscillation of ion around the trap
centre lacks the periodicity of that for an ion in vacuum,
possibly due to the thermo effects in the solvent.

4. Conclusions

We carried out extensive MD simulation to study the
properties of a nanoscale Paul trap in trapping single or
multiple ions. We found that trapping of low-energy
charged ions in Paul traps of nanometre size is feasible
both under vacuum and solvated conditions. The typical
trapping time is in a timescale of nanoseconds if an AC
field of tens to hundreds of GHz is applied. The trapped ion
circulates around the centre of the vacuum trap, with the
circulating radius depending on the trapping fields applied
and system temperature. Higher AC frequencies result in a
smaller circular radius and a faster stabilisation time. On
the other hand, there appears to exist an optimal
temperature for a fast-trapping process.

The position of an trapped ion inside the nanotrap can
be easily controlled by applying extra DC fields to the
system. This was demonstrated by applying an additional
driving field along the z-direction of the trap. The trapped
ion is effectively shifted to one side along the z-axis if the
extra field is not strong enough to drive the ion all the way
through the trap. Multiple ions with opposite charges can
form stable clusters inside the trap. But only ion cluster
with non-neutralised net charges can be successfully
trapped. Our simulations also indicate that ions can be
trapped in a solvated nanotrap. The damping force from
the solvent helps to stabilise the trapping process and
effectively increases the choices in the trapping fields for a
stable trapping. In addition, the movements of ions in a
solvated trap experience less fluctuations compared with
those observed in a vacuum trap, although the stabilisation
time in a solvated trap is usually longer.
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