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Abstract. An orbital ion trap mass analyzer employing hybrid magnetic-electric field
was designed and simulated. The trap has a rotational symmetrical structure and the
hybrid trapping field was created in a toroidal space between 12 pairs of sector
detection electrodes. Ion injection and ion orbital motion inside the trap were simu-
lated using SIMION 8.1 with a user Lua program, and the required electric and
magnetic field were investigated. The image charge signal can be picked up by the
12 pairs of detection electrodes and the mass resolution was evaluated using FFT.
The simulated resolving power for the optimized configuration over 79,000 FWHM
was obtained at the magnetic induction intensity of 0.5 Tesla in the simulation.
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Introduction

Mass spectrometers based on ion motion in magnetic field
have been widely used in chemistry, physics, geo-sci-

ence, and biological research. From the traditional magnetic
sector mass spectrometer to the Fourier transform ion cyclotron
resonance mass spectrometer (FT-ICRMS), the sample ion
motion in the magnetic field was used to analyze their mass
to charge ratio, by measuring either the radius of trajectory or
the frequency of the cyclotron motion in the magnetic field.
Relying on high intensity and highly homogeneous magnetic
field, the FT-ICRMS has unsurpassed mass measurement ac-
curacy and resolution [1–4]. Briefly, the theoretical mass re-
solving power of FT-ICRMS for a fixed measuring time de-
pends on the ion cyclotron motion frequency, and the frequen-
cy depends on the intensity of magnetic field. Therefore, in-
creasing the intensity of magnetic field becomes one of the
main goals of the instrumentation of FT-ICRMS, where the
most advanced instrument is equipped with a superconducting
magnet delivering the magnetic field in trapping area up to 21
Tesla [5, 6].

However, the majority of FT-ICRMS instruments with high
intensity superconductor magnet are bulky, heavy, and costly.
In order to reduce the weight and cost of superconductor
magnets, Loreen C. Zeller in 1993 built a FT-ICRMS based
on a 0.4 Tesla permanent magnet, and the device achieved a
resolving power of 53,000 for very low mass ion (m/z 69)
attributable to its limited magnetic induction intensity [7]. In
recent years, substantial efforts have been made in the devel-
opment of new magnetic materials that can give higher levels
of stored magnetic energy. As a result, many reports on ICR
device using permanent rear earth magnets appeared because
they are small, inexpensive, and easy to maintain. In 2002, J.J.
Jones and W.V. Rimkus in Siemens Applied Automation pre-
sented the first commercial FT-ICRMS with a 1 Tesla perma-
nent magnet [8, 9]. In 2004, M. Heninger presented a Mobile
Ion Cyclotron Resonance Analyzer (MICRA) based on a 1.24
Tesla permanent magnet weighing 40 kg, which remains com-
patible with genuine FT-ICRMS performance and a mass
resolving power of 73,000 at mass 132 [10]. Nevertheless the
practical utility of this instrument was limited by using internal
ion sources or matrix-assisted laser desorption ionization
(MALDI). In 2007, M.V. Gorshkov presented a FT-ICRMS
based on a 0.97 Tesla permanent magnet weighing 37 kg. The
device had an axial field that can utilize atmospheric pressure
ionization methods such as electrospray ionization, and
achieved a resolving power of 80,000 for the H3O+ ion and
25,000with isotopically resolvedmass spectra of peptides [11].
Although these instruments using permanent magnets showed
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reasonably good performances in terms of mass resolution, the
ions they used are at lowmass, and these devices are still heavy
and bulky because large magnets were required to generate a
uniform magnetic field in the full space of the ICR cell.

On the other hand, there is growing interests in design of
FTMS using electrostatic field, such as the case of Orbitrap
[12], where ions orbit around the central longitudinal electrode
while the trajectories oscillate along the axis of the longitudinal
electrode. By implementing the quadro-logarithmic field in the
trap, the axial oscillation is harmonic and its frequency depends
only on the mass to charge ratio but not orbital energy. Ions are
injected from an external C trap to the Orbitrap and start the
orbital and axial motion without further excitation in the
Orbitrap. There are other types of electrostatic ion trap like
linear electrostatic ion trap (LEIT) [13, 14] and pancake type
electrostatic ion trap [15], which originated from the multiple
reflection time-of-flight system to enlarge the space charge
capacity. These trap devices also measure the image charge
signal immediately after ions are injected into the trap without
in-trap excitation.

Therefore, it is not necessary to provide homogenies mag-
netic field in the whole FT-ICR cell if ions are not resonantly
excited from the center of the cell. If ions can be pre-accelerated
outside the trap, homogenies magnetic field is only needed in
the ion orbital region, so there is a possibility to downsize the
magnets and reduce the size and weight of the total instrument.

In this paper, we propose a new type of orbital trap mass
analyzer in which ions are confined by hybrid magnetic and
electric field. The hybrid magnetic-electric field orbital trap
(MEOT) is different from conventional FT-ICRMS in that ions
are injected directly into the annular orbital space by a pulsed
high voltage without exploiting excitation of ions from center
to larger radius by cyclotron resonance excitation. Because no
cyclotron resonance excitation is used, the uniform magnetic
field is only required in an annular space and the size of the
magnet can be smaller than previously reported. The trap
analyzer performs mass analysis using imagining charge/
current pickups and FFT method. This paper presents the
concept of the design and using simulation proves the working
principle, and optimizes some key parameters of the device.

Configuration of the Hybrid
Magnetic-Electric Field Orbital Trap
The structural diagram of MEOT is shown in Figure 1.
Figure 1a shows the complete structure, including mass ana-
lyzer and ion injection system, and Figure 1b shows the mass
analyzer with proposedmagnet structure in exploded view. The
cross-section of the designed assembly diagram with the per-
manent magnets is shown in Figure 1c. The magnet is com-
posed of a center cylindrical piece and top and a bottom discs,
forming an annular field gap between the top and bottom discs.
The annular space in the gap provides a strongmagnetic field to
trap ions flying with the circular orbit, with the magnetic flux
perpendicular to the ions’ circular orbits.

Surrounding the annular orbiting space, there are two sets of
sector focusing electrodes on each side of the orbiting space,
and one outer ring electrode and one inner ring electrode to
provide electrostatic focusing field. The confinement by the
magnetic field in radial direction and focusing by the electro-
static field in both radial and axial directions keep the ion
orbiting inside the annular space without escaping in either
direction. The outer ring electrode has an inner diameter of
39 mm, and the voltage is set 0 V. The inner ring electrode has
an outer diameter of 31 mm, and is applied with a low negative
voltage, which will be discussed in detail in the following part.

There are 24 identical sector plates in each set in Figure 1,
but they can be other even numbers and subject to optimization.
The distance between the two opposite identical sector plates is
10 mm in z direction. All odd-numbered sector plates (in both
top and bottom sets) are connected and supplied with voltage
+V, whereas all even-numbered sectors are connected and
supplied with voltage –V. These sector electrodes also act as
image charge pickup electrodes so all charge gathered by even-
numbered sectors and by odd-numbered sectors are differen-
tially coupled to the signal amplifier, as shown in Figure 2.

The outer ring electrode has a 4 mm × 10 mm slit for
receiving injected ions. The ion injection system, as shown in
Figure 1a, is mainly composed of a small linear ion trap (in
rectlinear ion trap [16] configuration with its axis in y direction)
and an ion transferring optical system, which includes three
pairs of focusing plates applied with different DC voltages for
focusing of ions during injection. With proper voltage arrange-
ment to the optical system, the sample ions that were generated
outside of the magnetic field region can be injected tangentially
into the annular orbital flight path.

As shown in Figure 1, the key difference of the magnet
setup between MEOT and traditional FT-ICR is that only
uniform magnetic field in the annular orbital space is formed,
and thus the total magnetic flux is reduced and a smaller/lighter
permanent magnet can be used.

The sample ions created in any ion source were first trans-
mitted through an intermediate vacuum ion guide (not shown
in Figure 1) to the rectlinear ion trap where ions can be
accumulated and cooled. The linear trap has a rectangular
cross-section of 10 × 10 mm. After a while, a pulsed high
voltage of ion injection is applied to one of the x plates, which
is marked as the injection plate in Figure 1, and all ions are
pushed into a differentially pumped region, which has three
pieces of focusing plates by the pulsed voltage. Therefore, ions
can be accelerated to a certain momentum before entering the
annular orbital region.

The ions start the cyclotron motion once they enter the
magnetic field in the annular trapping region. As shown in
Figure 2, the imaging charge/current is produced while ions
pass through each pair of sector electrodes during their
cyclotron motion. These oscillating image charge signals
will be coupled to the amplifier via DC isolation capacitors
and be amplified and recorded. Using fast Fourier transfor-
mation (FFT), the signal is then converted and displayed as
a mass spectrum.
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Working Principle in Details
Injection Condition

Instead of utilizing resonance excitation typically used in the
ICR cell, ions should be pre-accelerated and injected into the
annular orbital space from an ion source. During the ion motion
in the MEOT, the tangential velocity v of ion satisfies the
centripetal force balance:

F ¼ qvB ¼ mv2

R0
ð1Þ

Here, B is the magnetic induction intensity, m and q are
mass and charge of the ion, respectively, and R0 is the radius of
the ion orbital motion; therefore we have

mv ¼ qBR0 ð2Þ

Equation 2 shows that the momentum of different ions with
the same charge entering the orbit with certain radius a constant

for a constant magnetic field B. Assuming that all ions in the
ion source (or an ion storage device) have initial zero or
negligible kinetic energy, the injection process must consist
of acceleration with a constant impulse to the injected ions.
Such acceleration may be achieved by a short pulsed but high
intensity electric field. The field intensity Eac and its duration
Δt must satisfy

Eac Δt ¼ BR0 ð3Þ

This injection method is different from those used in other
mass spectrometers, such as in time-of-flight (TOF) mass spec-
trometer or electrostatic Orbitrap mass analyzer, where con-
stant energy acceleration is employed. During injection, ions
will be inevitably deflected by the magnetic field diffused in the
injection path. Therefore, an additional temporary magnetic
field generated by a coil in opposite polarity will be
superimposed to the permanent magnetic field to substan-
tially neutralize the magnetic field in the space of injec-
tion path. The technology for generating short pulsed

Figure 1. Schematic presentation of theMEOTmass analyzer: (a) shows the complete structure includingmass analyzer and its ion
injection system, (b) shows the main part of MEOT mass analyzer with magnetic field in exploded view: two identical sector
electrodes, one outer ring electrode, one inner ring electrode, and the annular permanent magnets for ion cyclotronmotion, (c) is the
cross-section of the designed assembly diagram with the permanent magnets

Figure 2. Every other one of the 24 sector plates were electrically connected together to form two groups of electrodes. One group
was applied with +V, and another group was applied with –V. Imaging charge/current will be producedwhen ions pass through each
pair of sector electrodes and capacitively coupled to the low noise amplifier before recorded and converted by FFT
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strong magnetic is available [17, 18] but detailed design
is not presented in this paper.

Frequency Compensation

When initial lateral kinetic energy (in direction z, in Figure 1a)
is controlled to be very small, a very small voltage +/–V on the
sector electrodes to keep ions stable within the annular orbital
space contributes to only minor modification to the cyclotron
frequency. The angular frequency of the ion motion is approx-
imately the cyclotron frequency:

ω≈B
m

q

� �−1

ð4Þ

However, the electric focusing field is necessary to
keep the ion in the annular orbit and it does affect the
angular frequency of ion motion to a certain extent. The
extent of influence may vary depending on the location
of the ion, so the isochronous performance of ion motion
should be studied carefully. In the current design, the
focusing electric field is formed by the sector electrodes
of alternately changed polarities along the ion’s orbit.
Ions, after being tangentially injected into the circular
orbit with radius R0, subject a varying focusing electric
field, which focuses them to the center orbit (radius ρ =
R0, z = 0). This electric field consists of mainly quadru-
pole field component while other high order field com-
ponents also exist. As an approximation, the force from
the varying quadrupole field is used to estimate the
influence in radial direction, and the effective radial
force can be expressed as

Fρ ¼ eEeff ¼ −αeV ρ−R0ð Þ ð5Þ

Where where Eeff is the effective dynamic focusing
field caused by the alternating DC voltage V on the
sector electrodes (for example V= V2= –V4 = 2 V in
following the discussion), and has approximately linear
relation with the relative radial displacement ρ − R0. The
force is centripetal when ρ > R0 but centrifugal when ρ
< R0. Here, the coefficient α is a function of the ion’s
linear velocity and inscribes radius r0 of the quadrupole
field in the annular space. The detailed investigation of
the dynamic focusing and the derivation of coefficient α
will be published separately.

When ion moves on a circular orbit defined by both
Lorentzian force and electrical force,

mω2ρ ¼ Beωρ−eEeff ¼ Beωρþ αeV ρ−R0ð Þ ð6Þ

mω2−Beω−αeV þ αeVR0

ρ
¼ 0 ð7Þ

If without last term, the equation becomes independent of ρ,
so the solution is,

ω ¼ Beþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
B2e2 þ 4meαV

p
2m

ð8Þ

It is independent of radius ρ, or flying energy. When the last
term of Equation 7 is considered, it reduces the centripetal
force; hence its existence causes a ρ-dependent reduction of
the frequency. The larger the ρ, the smaller the reduction
(higher ω), so the desired isochronous is lost. The problem
can be solved by adding a constant centripetal force in Equation
6 to cancel the last term. In order to achieve this, we apply a
negative voltage V1 on the inner ring electrode while keeping
the outer ring electrode at 0 V. Such an inward dipole field only
slightly shifts up the angular velocity of the ion. As shown in
the following section, a –0.01 V on the inner ring electrode
gives the trap good isochronous performance and increases the
rotation frequency only by 2 Hz (from 52 kHz).

Ion Imaging Charge/Current Pickup

To increase the resolving power in the FT-ICRMS, multiple
electrode detection systems for enhancing high harmonics in
signal was first implemented by Nikolaev [19]. In MEOT, the
imaging charge/current will be produced when the ion passes
by neighboring electrodes, as shown in Figure 2. When there
are 24 pairs of sector electrodes, one ion cyclotron motion will
produce 12 waves of imaging charge/current signal. The fre-
quency of the image charge signal of MEOT is therefore 12
times the frequency of the ion’s cyclotron motion. In a normal
FT-ICRMS, one cyclotron motion will produce only one wave
of imaging charge/current signal, so the newly designedMEOT
can achieve 12 times higher signal frequency for a certain mass
of ion compared with a conventional FT-ICR mass analyzer at
the samemagnetic induction intensity. This in turn can improve
the ultimate mass resolving power or reduce the data acquisi-
tion time. The larger the number of sector electrodes used, the
larger the boost to the signal frequency. However, when the
interval between the two neighboring sector electrodes be-
comes too small (equal or smaller than the distance between
of two end sets), the intensity of the image charge signal picked
up by the electrodes will reduce. This sets the upper limit for
the number of sector electrode used.

Simulations
Platforms

Owing to the limit of computer memory, the field regions of
MEOT and ion introduction system are simulated separately,
so there were two work benches used in the simulations, both
using SIMION 8.1 [20]. One contained a cylindrical magnetic
field region and a 3D planar electric field region for simulating
the annular magnetic and electric trapping as shown in
Figure 1b. The 800 × 800 × 100 units potential array only
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covers the space in first octant of the annular space with the
resolution of 0.05 mm per grid unit. This array was mirrored in
x, y, z directions to produce the work bench covering the entire
annular space with maximum diameter of 80 mm and thickness
of 10 mm. Another one contained a 3D field region for simu-
lating ion introduction. The potential array resolution was
0.05 mm per grid unit and the size was 1600 × 350 × 200.
The fields in all these field regions were calculated using
SIMION 8.1 and the results were saved as adjustable PA files.
Because both the MEOT and its ion introduction system used
flat surface electrodes, the finite differential method with cubi-
cal grid for field calculation in SIMION 8.1 can give accurate
result, as long as all conductor surfaces run through the grid
nods. A user program was prepared in BLua^ to control the
parameter exchange and ray tracing and to record the image
charge signal during the simulation.

Ion Injection

In the simulations of ion injection, sample ions were generated
outside the magnetic field region, and readily stored in the
linear ion trap driven by digital high frequency signal. The
digital waveform is easier to be implemented in simulation
program, and the associated switching circuit is also practically
compatible to the circuit making pulsed injection signal at one

Table 1. Ions of 400 Th and 1000 Th initial phase space parameters before injected into the orbital trap

m/z Phase space coordinates x(mm) y(mm) z(mm) Ex (eV) Ey (eV) Ez (eV)

400 Mean value 43.98 35.02 0.017 0.13 0.086 0.11
Std Dev 0.053 0.039 0.024 0.091 0.025 0.042

1000 Mean value 44.07 35.02 0.020 0.07 0.069 0.09
Std Dev 0.017 0.021 0.029 0.059 0.019 0.021

Figure 3. Simion screen captures (a) in the XY plane, (b) in the XZ plane, during simulation of ion injection through the focusing
plates and the slit in the outer ring electrode. Ions of 400 Th are in blue and 1000 Th are in red). The dashed frame shows the
additional temporary magnetic field region to substantially neutralize the magnetic field in the space of injection path. Some
electrodes and the slit on outer ring electrode are hidden to show the ion trajectories clearly

Figure 4. Time sequences of ion injection using the additional
temporary magnetic field
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of the x plates. Previously people have studied the distribution
of the cooled ion cloud in the favorite wave phase in the linear
quadrupole ion guide driven by digital square wave [21]. In the
current simulation, we assumed that a group of ions of different
mass to charge ratio were first thermalized in a linear ion trap
with a buffer gas of room temperature and pressure of 0.13 Pa.
The linear ion trap was driven with a 990 KHz, 0-p 390 V high
frequency square wave voltage. The voltage on two end caps of
the linear ion trap was set at 150 V. Phase space distributions in
x, y, and z directions can be obtained after the simulating with
cooling time of 9 ms, sampled at middle phase of positive half
of the square wave. Ions cooled to the middle of the linear ion
trap achieved pre-injection conditions listed in the Table 1.

In Equation 2 and Equation 3, the momentum of different
ions is a constant for a constant magnetic induction intensity,
and the injection process must consist of acceleration with a
constant impulse to the injected ions. During the ion injection
period, the square wave stopped and a short pulse of 0.1 μs and
1.66 kV was applied on the injection plate (Electrode 1) of the
linear ion trap as shown in Figure 3a. As previously mentioned
and shown in Figure 3, the dashed frame shows the additional
temporary neutralization magnetic field region, which was
implemented for ion injection. The time sequences in this study
are shown in Figure 4. Through the focusing plates, 40 ions of
400 Th and 40 ions of 1000 Th were injected tangentially into
the annular orbital flight path. In the simulation, the voltages of
the focusing plates (Electrode 2, Electrode 3, and Electrode 4)
were set at +0.6 V, +0.4 V, +0.6 V, respectively, from top to
bottom. The velocity and position information of ions was
recorded by user program when they arrived at the X = 0 plane
of the orbital space, achieving the phase space parameters listed
in the Table 2. Figure 3 shows the ion trajectories after injection
in XY and XZ planes. Note that the momentum in x diretion for
two ions of different mass mv ¼ ffiffiffiffiffiffiffiffiffiffiffi

2Exm
p

remain the same.

Ion Trapping

This work bench contained a cylindrical magnetic field region
and the magnetic induction intensity was 0.5 to 1 Tesla. In this
work bench, the inner ring electrode was made solid (filled

with electrode in SIMION) in order to save time of refining
procedure.

In the first simulation, 40 ions of 400 Th and 40 ions
of 400.1 Th were injected into the orbital space. The
values of ion motion parameters were copied from the
file recorded by the user program in the first work
bench. In order to achieve a circular orbital trajectory,
the initial Ex values of ions of 400 Th for different
magnetic induction intensity are listed in Table 3.

From the simulation, it was found that for 0.5 Tesla
the optimized voltage on the inner ring electrode was –
0.01 V and the outer ring electrode was 0 V. There are
sector electrodes on each side surrounding the flight path
to restrict the ion motion in the axial direction. The
voltages on the sector electrodes were set at +/– 2 V
alternately between two adjacent sectors.

The motion of ions induced image charges on the sector
pickup electrodes and changed their potentials. The change in
potentials on sector electrodes was recorded by our user pro-
gram and it is considered as an image charge signal. Figure 5
shows the ion trajectories in XY plane and XZ plane. The ions
of 400 Th, which are marked in green, fly faster than ions of
400.1 Th because ions of lower mass have higher orbital
frequency in the hybrid magnetic-electric field. Moreover, ions
can be trapped in axial direction because of the alternating
arranged DC voltages on the sector electrodes.

When ions fly in the annular flight path surrounded by
the +/– 2 V sector plates, they Bsee^ an equivalent trapping
Brf^ field in both axial and radial directions. It is worth
mentioning that the effective potential well depth is rela-
tively small with only +/– 2 V setting but the reason the
ions can be trapped may be attributable to the high order
field. The ions’ circular orbits can be approximated as a
quadrupole field if ion is close to the axis of fly path (r
= R0, z = 0), but when ion flies away from the axis, there is
a significant amount of high order field component, which
gives much higher focusing force than a quadrupole field.
Figure 5b shows that as the ion trajectory reaches the edge
of the tunnel, being quite close to the sector electrodes,
provides sufficient accumulated return force to the ions.

Table 2. Ions of 400 Th and 1000 Th phase space parameters after injected into the orbital trap when stopped at the X = 0 plane of orbital space

m/z Phase space coordinates x(mm) y(mm) z(mm) Ex (eV) Ey (eV) Ez (eV)

400 Mean value –0.022 35.08 0.32 35.04 0.019 0.035
Std Dev 0.012 0.37 0.48 0.63 0.016 0.023

1000 Mean value –0.017 34.99 –0.49 14.02 0.027 0.026
Std Dev 0.014 0.42 0.33 0.42 0.014 0.013

Table 3. The required Ex for ions of 400Th under different magnetic induction intensity at the X = 0 plane of orbital space

Magnetic induction intensity (Tesla) 0.5 0.6 0.7 0.8 0.9 1.0

Ex (eV) 35.04 52.98 71.81 94.16 119.08 147.03
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Results and Discussions
Ion Cloud Dephasing and BComet^ Structure
Formation

In the FT-ICRMS with spatially homogeneous magnetic
field, ions synchronized during cyclotron excitation

continue to be in synchronous motion indefinitely in
the absence of collisions with neutrals and ion–ion inter-
actions [22, 23]. The existence of superimposed electric
field causes magnetron motion and the inhomogeneity of
the field results in ion cloud dephasing and Bcomet^
structure formation.

Figure 5. Ion trajectories and ion cloud distribution for ions of 400 Th (green color) and 400.1 Th (red color) in (a) XY plane and in (b)
XZ plane, the magnetic induction intensity is 0.5 Tesla

Figure 6. Destruction of an ion cloud in the MEOT from the view of XY plane. (a) Shows the effect of different time of motion (m/z is
400, magnetic induction intensity is 0.5 Tesla, 5 ms versus 100 ms); (b) shows the effect of differentm/z (time is 120 ms, magnetic
induction intensity is 0.5 Tesla); (c) shows the effect of different magnetic induction intensitym/z is 400, time of motion is 150 ms, 1
Tesla versus 0.5 Tesla)
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Figure 7. Image charge signals of 200 ms acquired in simulation from the 12 pairs of sector electrodes. (the magnetic induction
intensity is 0.5 Tesla)

Figure 8. FFT spectrum for the image charge signal from the 12 pairs of sector electrodes, with insertions showing the zoom-in
spectra localized around 1st, 3rd, and 4th harmonic peak group. Hannwindow has been used (themagnetic induction intensity is 0.5
Tesla and the flight time is 200 ms)
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In the simulation of the MEOT, ion cloud dephasing
was also observed as a result of different z-oscillation
amplitudes. Figure 6a shows the same type of ions of
400 Th for a constant magnetic induction intensity of 0.5
Tesla. Simulation shows that a longer time of motion
leads to larger ion cloud destruction. In Figure 6b, dif-
ferent ions of 400 and 1000 Th orbit in the same mag-
netic induction intensity of 0.5 Tesla. After a certain
time of simulation, the rates of ion cloud destruction in
tangential direction are the same for clouds of different -
m/z. Figure 6c shows the ion of 400 Th in different
magnetic induction intensity from 0.5 to 1 Tesla. After
a certain time of simulation, the rate of ion cloud de-
struction is lower for the higher magnetic induction in-
tensity. It can be concluded that an increase in the
magnetic field would increase the resolving power.

The Image Charge Signals

The image charge of all ions flying in the MEOT can be
recorded utilizing the user program in SIMION 8.1. In the
simulation, 12 pairs of sector focusing electrodes also play
the role of picking up image charge. Figure 7 shows the
transient signals acquired in two separate simulations for
200 ms. The decay of the signal to 73% was attributable to
the ion cloud spreading out rather than the ion loss by
hitting the electrodes. Figure 7a has 40 ions of 400 Th and
40 ions of 400.1 Th, Figure 7b has 40 ions of 400 Th and
40 ions of 401 Th, Figure 7c has 40 ions of 400 Th and 40
ions of 500 Th, and Figure 7d has 40 ions of 400 Th and
40 ions of 1000 Th.

Simulated Mass Resolution

The Fourier transform to the image charge signals is displayed
in Figure 8. There is more than one harmonic frequency com-
ponent existing in the spectrum, but the amplitude is relatively
low. Therefore Figure 8 just shows the harmonic components
H1 to H4. Note that the fundamental frequency (H1) is already
12 times the ion orbital frequency in the MEOT. As shown by
the insertions, each of the harmonic components (from H1 to
H4) is capable of separation of the two ions with m/z 400 Th
and 400.1 Th after 200 ms, although the higher harmonic
components produce better mass resolution. The FWHM of
H1, H3, and H4 peaks are calculated and mass resolving powers
of 37, 60, and 79 k were achieved, respectively, at the 0.5 Tesla
magnetic induction intensity.

Moreover, the magnetic induction intensity was changed in
this simulation study from 0.5 to 1 Tesla. In the FT-ICRMS, it
is accepted that resolving power is

RP ¼ m=Δm ¼ ω=Δω ð9Þ

In this equation, Δω denotes the width of the peak in
the frequency domain spectra and Δm denotes the width
of the peak in the mass spectrum. In Equation 9, because
ω is proportional to magnetic field B and Δω is inversely
proportional to observation time, R should linearly in-
crease with B. Supplementary Figure S1 shows the sim-
ulated resolving power at different magnetic induction
intensities. The simulated mass resolving power up to
72 k was achieved and it does linearly increase with
the magnetic field used.

In Equation 5, Eeff is the effective dynamic focusing
field as ions alternately experience the reversed DC
potential created by the sector electrodes. In the simula-
tion, different values of DC voltage V were applied on
the sector electrodes and the change of resolving power
was observed. According to the Equation 7 and Equation
8, a negative voltage V1 on the inner ring electrode
should be applied to counteract the last term in Equation
7 and retain good isochronous performance. Supplemen-
tary Figure S2 shows the simulated resolving power at
different alternating DC voltages on the sector electrodes
along with its optimized V1. In the simulation, we set
the value of V2 and changed different values of V1 to
get the best mass resolution. The values of V1 for dif-
ferent values of V2 are listed in Table 4. The DC voltage
changed from 1.0 to 4.4 V, and the resolving power
peaked at 2 V.

Conclusions
The hybrid orbital trap mass analyzer applied with both mag-
netic and electric field (MEOT) can be designed with a rota-
tional symmetrical structure. While it shares the rotational
symmetrical feature with the FT-ICR, it differs from the ar-
rangement of magnet and image charge signal pickups. Ions
will be injected directly into the annular space of the analyzer
without being excited from center to a larger radius by cyclo-
tron resonance excitation, so it provides a way to downsize the
magnets and reduce the size and weight of the total instrument.
Because there are 24 electrodes and each pair of neighboring

Table 4. The optimized V1 for different values of V2

V2 (V) 1.0* 1.2 1.6 1.8 2.0

V1 (V) –0.0036 –0.0047 –0.0049 –0.0049 –0.0050
V2 (V) 2.2 2.4 2.8 3.6 4.4
V1 (V) –0.0051 –0.0052 –0.0054 –0.0063 –0.0088

*When the value of V2 is set less than 1.2 V, there are ion losses by hitting the sector focusing electrode. Therefore the mass resolving power is not accurate when the
value of V2 is 1.0 V.
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electrodes will give one image charge/current Bpulse^ when
ion cloud passes through, 12 pulses are generated in one
circular motion of ions; therefore the newly designed hybrid
orbital trap can deliver 12 times higher signal frequency for a
certain mass of ion compared to a conventional FT-ICR mass
analyzer with the same magnetic intensity. Thus it can improve
the ultimate mass resolving power or reduce the data acquisi-
tion time.

Mass resolution (FWHM) of more than 79,000 at magnetic
induction intensity of 0.5 Tesla has been obtained in the sim-
ulation after optimization. The simulated mass resolving power
linearly increases with the intensity of magnetic field and the
alternating DC voltage on the sector electrodes also affects the
resolving power.

The ion injection is based on the constant momentum ac-
celeration in tangential direction and a temporary neutralization
magnet is proposed to increase the injection efficiency. Further
simulation to refine the structure and design a more practical
injection system will be carried out.

It is worth stating that the current simulation has not taken
into account any ion collision with the residual gas molecules.
For the orbital time up to 200 ms and a vacuum degree better
than 1 × 10-8 mbar, such an assumption is valid. For a poorer
vacuum or longer orbiting time, the behavior of ion cloud
would be different from those in a ICR cell, as ions may suffer
a Bsudden death^ after an ion-molecule collision and hit the
inner ring electrode. Such special aspects will be our future
topics of study. Of course we also plan to set up experiments to
prove the result of simulation.
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