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The FUNPET—a New Hybrid Ion Funnel-Ion Carpet
Atmospheric Pressure Interface for the Simultaneous
Transmission of a Broad Mass Range
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Abstract. An atmospheric pressure interface
transports ions from ambient pressure to the
low-pressure environment of a mass spectrome-
ter. A capillary coupled to an ion funnel is widely
used. However, conventional ion funnels do little
to negate the large amount of energy picked up
by high-mass ions from the gas flow through the
capillary. There has been little work done on the
effects of gas flow on ion transmission, and the
previous studies have all been limited to low-

mass, low-charge ions. In this work, we account for the effects of gas flow, diffusion, and electric fields (static
and oscillating) on ion trajectories and use simulations to design a new hybrid ion funnel-ion carpet (FUNPET)
interface that transmits a broad mass range with a single set of instrument conditions. The design incorporates a
virtual jet disruptor where pressure buildup and counter flow dissipate the supersonic jet that results from gas flow
into the interface. This, and the small exit aperture that can be used with the FUNPET, reduces the gas flow into
the next stage of differential pumping. The virtual jet disruptor thermalizes ions with a broad range of masses
(1 kDa to 1 GDa), and once thermalized, they are transmitted into next region of the mass spectrometer with low
excess kinetic energy. The FUNPET interface is easy to fabricate from flexible printed circuit board and a support
frame made by 3D printing. The performance of the interface was evaluated using charge detection mass
spectrometry.
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Introduction

There is increasing interest in using mass spectrometry to
analyze ions in the megadalton regime, such as large

protein complexes and viruses [1–3]. Electrospray is usually
the preferred ionization method for these species as it can
sample ions directly from solution. Electrospray is an ambient
ionization technique, so an interface is required to transfer ions
from ambient pressure to the high vacuum environment re-
quired for mass spectrometry measurements. The large

pressure difference between atmospheric pressure and the first
region of the mass spectrometer (which is typically at several
hundred Pa) creates a directed gas flow that transports ions into
the instrument. However, upon entering the first region of the
mass spectrometer, the directed gas flow forms a supersonic jet
that accelerates the ions transported in the flow to supersonic
velocities [4]. A wide distribution of ion energies is undesirable
because it is difficult to focus the ions, lowering transmission.
Therefore, the usual approach is to thermalize them so that they
can be accelerated to a known energy. The ideal interface must
efficiently transmit all ions of interest, while being simple to
build, use, and maintain. The two most common interfaces
used in mass spectrometry are the ion funnel and the ion carpet
[5–7].

The ion funnel was developed by Smith and coworkers in
the 1990s and has been continually improved upon since [5, 8].
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Broadly speaking, the ion funnel consists of a series of closely
spaced ring electrodes with some having a constant inner
diameter before tapering down to a small aperture. This aper-
ture must be quite small, on the order of 1 mm, to reduce the
gas load on subsequent regions of the instrument. The ion
funnel confines and directs ions towards the exit aperture using
both RF and DC potentials. RF signals, 180° out of phase, are
applied to adjacent electrodes to confine the ions, with a DC
drift field superimposed to drive ions towards the exit aperture.
However, when the aperture diameter and the electrode spacing
are comparable, the RF field creates axial wells that can trap
ions and prevent them from being transmitted [9]. To mitigate
this effect, the size of the aperture can be increased, the elec-
trode spacing can be decreased, or the RF potentials can be
removed from the final electrodes. However, increasing the
aperture size increases the gas load on subsequent regions of
the instrument, decreasing the electrode spacing increases the
complexity and capacitance (increasing power requirements),
and removing RF from the final electrodes reduces confine-
ment and contributes to ion loss.

A notable improvement to the ion funnel was the addition of
a jet disruptor, which is a small electrode placed directly in the
path of the capillary jet. The jet disruptor is supplied with a DC
potential that is slightly larger than the DC on the surrounding
funnel electrodes. The jet disruptor acts as a physical barrier to
the capillary jet, and the small DC voltage deflects ions around
it so that they can be refocused by the ion funnel and transmit-
ted. The jet disruptor reduces the gas load on subsequent
regions of the mass spectrometer while maintaining high ion
transmission [10, 11]. Another notable improvement came
from Tridas and coworkers, who constructed a funnel using a
flexible printed circuit board (PCB) housed in a scaffold pro-
duced by 3D printing. This greatly simplified the construction
process and reduced both the capacitance and the cost [12].

An alternative interface, the ion carpet, was developed by
Wada and coworkers in 2003 [6]. The ion carpet, or RF carpet, is
essentially a compressed ion funnel; it consists of a series of
concentric ring electrodes on a rigid PCB with a small aperture
drilled through the center. Similar to the ion funnel, RF voltages
are applied 180° out of phase to adjacent electrodes, with a DC
drift field superimposed to drive ions into the exit aperture [6,
13]. The ion carpet can also provide high ion transmission in a
DC-only mode [7]. The ion carpet is usually coupled with a
separate drift region to thermalize ions before they reach the ion
carpet. One advantage of the ion carpet is that a long drift region
can be decoupled from the focusing field, and so a simple drift
region with widely spaced ring electrodes can be used. This
greatly reduces the capacitance of the overall device and sim-
plifies the construction and maintenance of the interface [7].

Ion trajectory simulations are typically performed to model
a mass spectrometer interface before construction. The most
widely used program for these simulations is SIMION [14]. In
addition to modeling the electric fields that are created in a
user-generated device, additional programs have been written
and incorporated to allow the inclusion of gas flow effects and
to model diffusion. However, the statistical diffusion

simulation (SDS) model used for intermediate pressures is
limited to modeling ion sizes up to 10,000 times the mass of
the background gas [15]. This mass restriction limits the pro-
gram to modeling ion masses of approximately 300 kDa, when
the background gas is air, and thus, it is not appropriate for
modeling the very large biomolecules of interest here.

Other custom ion trajectory codes that have been written to
model interfaces use an ion mobility model with both fast
adjusting and pseudopotential RF fields [7, 16, 17]. However,
the ion mobility model with fast adjusting RF fields also breaks
down at large ion masses [5], and the pseudopotential approach
does not accuratelymodel lowRF frequencies. This is because the
pseudopotential is inversely proportional to the square of the
frequency, and thus, lower frequencies only increase the strength
of the pseudopotential, which would increase confinement in, say,
a series of ring electrodes. However, it is possible for the frequen-
cy to oscillate too slowly to properly confine ions, and the
pseudopotential model does not reflect this.

Most trajectory simulations of ion funnel interfaces have
been limited to a static background gas. The simulations ignore
the directed gas flow that is known to result from the large
pressure difference across the capillary. There have been sev-
eral recent efforts to understand how ion trajectories are affect-
ed by gas flow; however, this work has focused on low-mass
and low-charge ions [11, 18–23]. Large ions have large colli-
sion cross sections and so they are more susceptible to the
influence of gas flow [24].

There are two main methods for simulating gas flow, the
choice depending on the gas density. For high-density flows,
the continuum assumption is appropriate because the micro-
scopic fluctuations in the fluid density are small compared to
the length scale of the region being simulated. Continuum gas
flow is well characterized by numerical solutions to the Navier-
Stokes equation [25]. The continuum assumption fails for low-
density flows where local fluctuations are significant such that
the gas must be treated as individual particles. These flows are
characterized by probabilistic solutions to the Boltzmann equa-
tion using the direct simulation Monte Carlo method (DSMC)
developed by Bird [26]. Mass spectrometer interfaces often
have intermediate densities that fall within the transitional flow
regime. The best solver for this regime can vary depending on
pumping and interface geometry.

With the increasing interest in mass spectrometry measure-
ments for large ions, it is important to characterize and optimize
interfaces for them. In this work, we simulate the motion of
kilodalton- to gigadalton-sized ions in a flowing gas for the first
time and use these findings to design an interface that maxi-
mizes transmission and minimizes excess kinetic energy for a
broad mass range. To simulate ion motion, a new ion trajectory
program was written using the velocity Verlet algorithm with
Langevin dynamics. It incorporates electric fields from
SIMION 8.1, drag from gas flow information, diffusion, and
gravity. We examined a variety of interfaces and eventually
settled on a hybrid interface that incorporates favorable aspects
of both an ion funnel and an ion carpet. This new ion funnel-ion
carpet hybrid is termed a FUNPET.
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Computational Methods

We start by describing the four interfaces considered in this study.
In all of the interfaces, the ions and gas enter the first differentially
pumped region through a heated metal capillary (10-cm long,
0.381-mm ID). Trajectory simulations start after the ions have
passed through the capillary, and it is assumed that the ions have
the same initial velocity as the background gas at that point.

Interface 1: Open Drift Region with an Ion Carpet
and Physical Jet Disruptor

In this interface, the drift region is composed of 74 ring elec-
trodes with a constant inner diameter of 2.54 cm. The elec-
trodes are 0.508 mm thick with 3.81 mm spacing between
them, for a total length of 31.57 cm. RF signals, 300 V peak
to peak (Vpp) and 180° out of phase, are applied to adjacent
electrodes. A constant drift gradient of 5 V/cm is also applied.
A 6.35-mm diameter jet disruptor is placed halfway down the
length of the drift region. The ion carpet is placed 6.35 mm
from the end of the drift region. The carpet is composed of 24
concentric ring electrodes 0.254 mm high, 0.381 mmwide, and
spaced by 0.127 mm. The exit aperture in the center of the ion
carpet is 1.016-mm diameter and 1.016-mm long. A non-linear
DC voltage gradient is applied to the ion carpet, with the
innermost electrode grounded and the outer three electrodes
held at 274 V. The voltage gradient is steeper near the exit
aperture. No RF is applied to the ion carpet.

Interface 2: Sealed Drift Region with Ion Carpet
and No Physical Jet Disruptor

In this interface, the layout of the drift region and ion carpet is
identical to interface 1 above but with the gaps between the
electrodes sealed by an insulator. In addition, the physical jet
disruptor has been removed. A non-linear voltage gradient is
applied to the drift region, with the first 15.5 cm having 40 V/
cm, the last 11 cm having 0.5 V/cm gradient, and the middle
5 cm decreasing linearly from 40 to 0.5 V/cm. In addition, the
voltage gradient applied to the ion carpet is 10% of the gradient
used above for interface 1. Finally, to reduce the radial expan-
sion of the jet, a 1-cm long diverging nozzle (0.75-mm ID to 5-
mm ID) was added to the end of the capillary inlet. Diverging
nozzles are known to increase the centerline intensity [27–29].
The end of the nozzle protrudes 2 cm into the drift region.

Interface 3: Sealed Ion Funnel with Virtual Jet
Disruptor

The third interface is an ion funnel composed of a series of square
ring electrodes, as it was anticipated that this interface would be
made out of eight rigid PCBs: four rectangular boards for the
straight drift region and four triangular boards for the funnel
region. The square ring electrodes are 0.635 mm wide with
0.635 mm spacing between adjacent electrodes, for a total

electrode pitch of 1.27 mm. The straight drift region is composed
of 204 electrodes, for a total length of 26 cm, with an inner
diameter of 7.62 cm. The final 104 electrodes taper down to a 2-
mm inner diameter exit aperture, for a full funnel length of 42 cm.
RF signals, 300 V peak to peak (Vpp) and 180° out of phase, are
applied to adjacent electrodes, as with interfaces 1 and 2 above.
However, the final four electrodes are not supplied with RF. A
constant drift gradient of 5 V/cm is applied across the entire
funnel. Finally, the diverging nozzle inlet protrudes 3 cm into
the ion funnel.

Interface 4: FUNPET with Virtual Jet Disruptor

The fourth interface is a combination of the sealed drift region-ion
carpet and ion funnel interfaces. A circular funnel with a 2.54-mm
electrode pitch tapers down to a 6.35-mm inner diameter, with a
6.35-mm diameter ion carpet placed 1.27 mm from the last
electrode of the ion funnel. A 300VppRF signal is applied, though
now all funnel electrodes are supplied with RF. A non-linear drift
gradient is again used, where the first 30.5 cm has a gradient of
5 V/cm; the final 5 cm has a gradient of 1 V/cm, and the
intervening 4 cm has a gradient that decreases linearly from 5 to
1 V/cm. In addition, the ion carpet has a voltage gradient that is
4% of the value used in interface 1—just 12 V across the entire
structure. As in the previous ion funnel simulation, the capillary-
diverging nozzle inlet protrudes 3 cm into the interface.

Gas Flow Simulations

The characterization of the gas entering the interface began
with understanding the gas flow through the heated metal
capillary. Due to the large pressure difference across the capil-
lary, it was expected that the flow exiting the capillary would
form a supersonic jet [4]. The capillary (10-cm long, 0.381-
mm ID) was the same for all four interfaces. The volume
flow through the capillary was calculated using the Wutz/
Adams turbulent model which has been shown to agree well
with experiments if the capillary length to internal diameter
(ID) ratio is sufficiently large (> 50) [30]. Gas flow simula-
tions were performed to understand the properties of the
capillary jet and how it is affected by the interface. The
results from the gas flow simulations were then imported
into the ion trajectory program to understand the effect of
gas flow on both ion transmission and the ions’ excess
kinetic energy. Two methods were used to model gas flow,
the choice depending on the gas density.

The low background pressure (93 Pa) of the open drift
region of interface 1 was best suited to analysis by the DSMC
program, DS2V, though the inlet pressure was too high to be
modeled directly. Tomake the inlet conditions accessible to the
DS2V program, modeling of the entering gas flow started after
its initial expansion from the capillary. The entrance boundary
was set at the background pressure and the diameter of the
calculated barrel shock for the jet expansion. All simulations of
the open drift region used a 2D axisymmetric model of the
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region, where the gas was treated as hard spheres with diffuse
reflection from all surfaces. The initial state of the system was
vacuum, and exit boundaries were set at the carpet aperture and
the pumping location downstream from the capillary. The
DS2V simulation of the open drift region of interface 1 was
run until the flow reached a steady state.

The DSMCmethod was originally tried with the closed drift
region (interfaces 2–4), but the pressure buildup that occurred
led to unmanageable simulation times. For efficiency, and to
more accurately model the higher density gas in the closed
interface designs, it was necessary to use a continuum-based
solver. In this work, Star-CCM+ v10.06 (CD-Adapco) was
used for all closed interface simulations. Solver settings were
chosen for compressible flow of an ideal gas [25]. Pressure
outlets were set for the region behind the capillary (93 Pa) and
at the exit aperture (10 Pa) of each interface design. The initial
pressure inside the closed drift region was set at 93 Pa (based
on the measured pressure for a similar configuration in previ-
ous instruments) [7]. Convergence was judged to have oc-
curred when the exit mass flow rate equaled the entrance mass
flow rate (± 5%).

Diffusion

Diffusion was incorporated with the Langevin dynamics model
[31], as adapted by Crooks and coworkers into a velocity
Verlet algorithm [32]. Langevin dynamics adds two additional
force terms to Newton’s second law of motion to account for a
particle’s dampened motion due to friction (i.e., drag) and a
random force representing stochastic collisions with a fictitious
background gas (i.e., diffusion). In this work, the diffusion
coefficient was calculated with the Einstein relation, and the
ion’s mobility was calculated with the Mason-Schamp equa-
tion [33, 34]. The seven-step velocity Verlet algorithm devel-
oped by Crooks and coworkers is given by [32]
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The variables r and v are the particle’s position and velocity,
n is the current time, Δt is the time step, f represents the drag
force acting on the particle, m is the particle mass, β is the
inverse of kBT (where kB is Boltzmann’s constant and T is
temperature), and a represents the dampened velocity due to
drag.N+ andN− are independent, standard normal deviates that
are used to model the stochastic motion of the particle. The
variable b is a scaling factor used to ensure the accuracy. Step 4
is an explicit Hamiltonian update. For the work presented
herein, the Hamiltonian update step was omitted, and the
scaling factor was determined to be unnecessary due to the
small time step employed in the simulation. In addition, the
dampened velocity term was omitted in favor of incorporating
the drag force (see below) directly into the force term present in
steps 2 and 6. This is because the dampened velocity term
assumes a static background gas, whereas our drag model
incorporates a flowing background gas. Simulations demon-
strated good agreement between the two drag models.

This model was tested against a simple Monte Carlo diffu-
sion simulation to determine its accuracy. The final positions of
a large group of diffusing particles for a large number of time
steps were recorded, and the distributions were compared. At
long time scales, large ionmass, and high background pressure,
both models gave the expected Gaussian distribution of final
positions. At short time scales, small ion mass, and low pres-
sure, the Langevin dynamicsmodel deviated from the Gaussian
distribution generated by the Monte Carlo method. However,
this is to be expected, as a large number of collisions are needed
to create a Gaussian distribution of final positions, and shorter
time, lighter mass, and lower pressure all result in fewer colli-
sions. The diffusion model was therefore deemed appropriate.

Ion Trajectory Simulations

The ion trajectory simulations were performed using a velocity
Verlet algorithm that incorporated a Langevin dynamics diffu-
sion model, gas flow information through a drag model, forces
from electric fields from SIMION 8.1, and gravity. This was all
incorporated into a custom Fortran program written using
OpenMP directives so that thousands of ions could be analyzed
in a timely manner. In addition to determining the fraction of
incident ions that are transmitted, the ion energy is tracked to
ensure that the ions are thermalized. A flow diagram of the
algorithm used to perform the ion trajectory simulations is
shown in Supplementary Figure S1. While we account for all
factors that influence the motion of individual ions in an
electrospray interface, we do not account for space charge
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effects that result from ion-ion interactions. These multibody
interactions are difficult to incorporate. They depend on the ion
density and ultimately limit the maximum ion current that can
be transmitted by the interface.

The first step is to write and refine a SIMION geometry file.
DC and RF potentials were applied to all electrodes, and
potential array files were printed out. Local gas pressure and
velocity information are extracted from the DS2V or Star-
CCM+ simulations, and a lookup table was created. The tra-
jectory calculation begins by initializing the ion’s position. For
interfaces with a diverging nozzle, all ions start at the same
axial position, with a random radial position. The ion’s initial
velocity is set equal to that of the surrounding gas flow, as we
expect that all ions will be moving with the gas flow towards
the end of the capillary. Once the ion position and velocity have
been set, the trajectory simulation begins.

At each time step, a bilinear interpolation for the gas flow
values and a trilinear interpolation for the electric field values are
performed for the ion’s location. The ion’s velocity is calculated
relative to that of the surrounding gas flow; this relative velocity
and the pressure of the surrounding gas are used to calculate a
drag force, which is converted to an acceleration using the ion’s
mass. The acceleration due to the electric fields is then calculat-
ed. The total acceleration is determined by summing the contri-
butions from drag, the electric fields, and gravity. The diffusion
constant is determined from the local pressure and incorporated
into the diffusion model, and a position and velocity update due
to the diffusion is obtained. The ion’s position is then updated
based on its current velocity, the total acceleration due to the
electric fields, drag, gravity, and diffusion. The ion velocity is
then updated in a similar manner, the total velocity is calculated,
and the ion energy is determined. The program then records the
ion’s position and energy and checks to see if the ion has
crashed out on an electrode and if not, the cycle is repeated.
Once all ions have either crashed out or been transmitted, the
percent transmission and the mean and standard deviation of the
final energy are calculated for each ion mass studied.

Results
For each interface, simulations were performed for masses
ranging from 1 kDa to 1 GDa, with 1000 ions for each mass.
The ions were assumed to be spherical, with a density equal to
the density of water, and the charge was calculated using the
Rayleigh limit [35]. While near-spherical ions typically charge
to only 60–80% of the Rayleigh limit when electrosprayed,
non-spherical ions usually receive a higher charge. The RF
frequency was tuned to maximize transmission for each inter-
face and for each m/z.

Interface 1: Open Drift Region with an Ion Carpet
and Physical Jet Disruptor

The low pressure in the open drift region is suitable for DSMC
simulations. The axial velocity from the DS2V simulation

(Figure 1a) shows that the jet disruptor does mostly stop the
jet. Some gas flows around the jet disruptor where it then
recombines and flows towards the pumping and carpet aper-
tures located at the end of the drift region. This appears to
contradict the observations of Tridas and coworkers, who
reported that gas did not flow around the jet disruptor [11].
However, the pressure is lower here, allowing a larger radial
expansion of the jet. The radial velocity (Figure 1b) shows a
large value just before the jet disruptor and then a negative
value as the flow recombines after the jet disruptor. Also, note
the positive radial velocity at the carpet wall showing that the
gas flow is colliding with the wall. The local pressure
(Figure 1c) shows that most of the drift region is centered
around the expected 93 Pa, with the exception of the area
immediately before the jet disruptor.

Ion trajectories for this interface are shown in Figure 1d–f.
Twenty representative trajectories are shown for 1 kDa
(Figure 1d), 1 MDa (Figure 1e), and 1 GDa (Figure 1f). The
1-kDa ions travel around the jet disruptor; they are refocused to
the central axis by the gas flow and then focused by the ion
carpet at the end. As the mass increases, the ions are no longer
thermalized and they are lost on the surface of the jet disruptor.
The diffusion coefficient is inversely proportional to the mass,
so the effect of diffusion is more apparent for smaller ions than
the larger ones.

A summary of the ion trajectory simulations is shown in
Figure 2. Figure 2a shows the ion transmission results. High
transmission (> 85%) is achieved with interface 1 for only the
two lightest ions, 1 and 10 kDa. Transmission is slightly higher

Figure 1. Gas flow and trajectories for interface 1: open drift region
with an ion carpet and physical jet disruptor. Gas flow simulations
performed using the DSMC solver DS2V. (a) Axial velocity, (b)
radial velocity, and (c) pressure. Twenty representative ion trajectories
of 1000 performed for each mass are shown for (d) 1 kDa, (e) 1 MDa,
and (f) 1 GDa. The black vertical lines are the drift region electrodes,
and the blue vertical line on the right-hand side is the ion carpet. The
central black vertical line is the jet disruptor
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for the 10-kDa ions because they are more strongly influenced
by the gas flow and the gas flow after the jet disruptor returns
them closer to the axis. Transmission drops for the heavier ions
as they are too energetic to be deflected around the jet disruptor.
Most of the 10-MDa ions crash out on the surface of the jet
disruptor, and almost all of the larger ions suffer the same fate.

Figure 2b shows the average excess kinetic energy of the
transmitted ions as a function of ion mass for all four interfaces
studied. Supplementary Figure S2 shows a similar plot of
excess kinetic energy but in units of eV/z. In both cases, the
uncertainties (± 1 standard deviation) are smaller than the
points. Due to the large electric field required on the carpet to
focus the ions, the average excess kinetic energy of the ions that
exit is quite high. The lightest ions pick up over 35 eV (15 eV/
z) from the ion carpet. The largest ions that exit leave with

nearly 1 MeV (363 eV/z). As mentioned previously, this broad
distribution of ion energies is undesirable. However, the most
important conclusion from these simulations is that the jet
disruptor is ineffective for large ions because they collide with
it. Therefore, an alternative, non-physical method of terminat-
ing the gas jet is necessary to ensure high transmission of all ion
masses of interest.

Interface 2: Sealed Drift Region with Ion Carpet
and No Physical Jet Disruptor

Since a physical jet disruptor failed for high-mass ions, we
sought to harness the gas flow itself as a virtual jet disruptor.
We surmised that by sealing the drift region, there would be a
pressure buildup at the carpet end of the drift region, and the
counter flow of gas out of the drift region would help to
dissipate the jet and thermalize the ions. Interface 2 was the
first to incorporate these ideas. By sealing the drift region, the
local pressure was expected to rise enough that the continu-
um assumption is appropriate for gas flow calculations. A
diverging nozzle was used to reduce the radial expansion of
the jet.

The axial velocity for the closed drift region (Figure 3a)
shows that the jet is stopped ~ 15 cm from the capillary inlet.
The local pressure at the carpet end rises to around 280 Pa (see
Figure 3c), and the counter flow of gas around the jet is evident
in Figure 3a. It is the combination of the counter flow and the
pressure buildup at the carpet end of the drift region that
provides the virtual jet disruptor that breaks up the jet and
allows the ions to be thermalized. The performance of the
virtual jet disruptor is enhanced by keeping the diameter of
the drift region relatively small. Without the physical jet
disruptor, the radial velocity (Figure 3b) is significantly less
than with interface 1. The only notable radial velocity features

Figure 2. Plots of percent transmission and average excess kinetic
energy as a function of ion mass (from 1 kDa to 1 GDa) for all four
interfaces investigated. (a) Percent transmission through the exit ap-
erture. (b) Average excess kinetic energy for the transmitted ions. The
FUNPET (purple points and line) has the highest ion transmission and
lowest excess kinetic energy

Figure 3. Gas flow and trajectories for interface 2: sealed drift
region with ion carpet and no physical jet disruptor. Gas flow simula-
tions performed using the Navier-Stokes solver Star-CCM+. (a) Axial
velocity, (b) radial velocity, and (c) pressure. Twenty representative
ion trajectories of 1000 performed for each mass are shown for (d)
1 kDa, (e) 1 MDa, and (f) 1 GDa. The black structure on the left is the
end of the capillary-diverging nozzle inlet. The thick gray bar along the
inner portion of the drift region electrodes indicates that the gaps
between the electrodes have been closed. The blue lines on the far
right represent the ion carpet
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are the expansion and compression of the under-expanded jet
exiting the diverging nozzle [4].

A disadvantage of the pressure buildup at the carpet end of
the drift tube is that it increases the gas load on subsequent
regions of the mass spectrometer. Because of the pressure
buildup, it was necessary to increase the drift gradient on the
first 15 cm of the drift region to 40 V/cm. Increasing the drift
field reduced the time that the ions have to diffuse, preventing
them from getting caught in the counter flow and lost. At the
carpet end of the drift region, the gas is near-static and the drift
field was reduced to 0.5 V/cm. The voltage gradient on the ion
carpet was reduced to 10% of the gradient in interface 1.
Lowering these voltage gradients should reduce the ions’ ex-
cess kinetic energy.

Figure 3d–f shows sample trajectories for 1-kDa, 1-MDa,
and 1-GDa ions. For all ion masses, a radial expansion occurs
in the latter portion of the drift region due to the change in the
potential gradient (it becomes weaker at the carpet end and so
there is a field component orthogonal to the axis) and the gas
flow (where a small radial component results because the flow
is transitioning from axial flow towards the carpet to counter
flow along the edge of the drift region).

The transmission for interface 2 is close to 100% for all ion
masses between 10 kDa and 100 MDa (see Figure 2a), a
dramatic improvement over interface 1. With the reduced
drift field at the carpet end of the drift region in interface 2,
and the absence of a significant gas flow, diffusion plays a
much greater role, particularly for the small, low-mass ions.
Diffusion causes some of the ions to be lost on the surface of
the carpet. This is responsible for the reduced transmission
efficiency of the 1-kDa ions (see Figure 2a). This was con-
firmed by re-running the ion trajectory simulations for the 1-
kDa ions without diffusion, and 100% transmission was
achieved. However, diffusion is not responsible for the poor
transmission efficiency of the 1-GDa ions. Here, the issue is
their large radial expansion and the difficulty of focusing
them with the ion carpet.

In addition to the greatly improved ion transmission, the
ions’ average excess kinetic energy is much improved. The
excess kinetic energy dropped by a factor of ~ 35 for all masses
(see Figure 2b). However, the kinetic energy of the few trans-
mitted 1-GDa ions still exceeds 10 keV, and lowering any of
the voltage gradients only further reduces transmission. While
much improved, the average ion energy is still higher than
desired.

The main problem with interface 2 is the low transmission
of high-mass ions which results because the carpet is not very
effective at focusing ions that are a long way off-axis. In an
effort to address this problem, we decided to revisit the ion
funnel interface. The ion funnel has a longer focusing region
than the carpet, which should help to transmit ions that travel a
long way off-axis. However, interface 3 will employ a virtual
jet disruptor instead of a physical one. Thus, the ion funnel
should have a relatively long and narrow drift region that is
sealed so that a virtual jet disruptor can be generated by the gas
pressure buildup and counter flow.

Interface 3: Sealed Ion Funnel with Virtual Jet
Disruptor

It is desirable to reduce the gas flow from the interface into
subsequent regions of the mass spectrometer, and so we in-
creased the inner diameter compared to interfaces 1 and 2.With
the increased diameter, the jet took longer to dissipate and so
we extended the length of the drift region as well.

The gas flow axial velocity (Figure 4a) for the ion funnel
shows the jet stopped ~ 27 cm away from the capillary inlet
(around twice as far as in interface 2). The radial velocity
(Figure 4b) shows the same radial velocity features as seen
for interface 2 (resulting from expansion and compression of
the under-expanded jet). The pressure buildup near the exit of
the funnel is close to 195 Pa (compared to 280 Pa with interface
2) (see Figure 4c). The lower pressure buildup is due to the
larger diameter and this leads to the longer jet stopping distance
noted above.

The combination of the small aperture (1-mm diameter) and
RF field creates axial wells that trapped the small ions and
lowered transmission. It was therefore necessary to both in-
crease the aperture to a 2-mm diameter and remove the RF
potential from the last four funnel electrodes to allow all ions to
be transmitted. The decreased pressure in the ion funnel should
reduce the gas load on the next region; however, the 2-mm ID
aperture results in a mass flow rate out the exit aperture (1.48 ×
10−7 kg/s) greater than that of the higher pressure drift region in
interface 2 (6.68 × 10−8 kg/s). Because of the larger inner
diameter, it was possible to use a constant 5-V/cm drift gradient

Figure 4. Gas flow and trajectories for interface 3: sealed ion funnel
with virtual jet disruptor. Gas flow simulations performed using the
Navier-Stokes solver Star-CCM+. (a) Axial velocity, (b) radial veloc-
ity, and (c) pressure. Twenty representative ion trajectories of 1000
performed for each mass are shown for (d) 1 kDa, (e) 1 MDa, and (f)
1 GDa
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along the entire funnel. Lowering this gradient any further does
not decrease the excess ion energy, as this is primarily set by
the gas flow through the exit aperture.

Sample ion trajectories are shown in Figure 4d–f. As the
ions encounter the nearly static background gas towards the
latter portion of the funnel, the ion radial distribution expands,
but the ions are now confined and focused by the funnel. Near
100% transmission was achieved for the entire mass range
studied (see Figure 2a). Figure 2b shows that low excess kinetic
energies were achieved for ion masses of 1 MDa and below.
However, for masses greater than 10 MDa, the excess kinetic
energy is higher than with interface 2. This demonstrates that it
is primarily the gas flow out of the aperture that sets the kinetic
energy with this interface [24]. Heavier ions have larger colli-
sional cross sections and thus undergo more collisions with the
gas flowing out of the aperture.

The results for interface 3 show that the problem with the
transmission of the off-axis high-mass ions has been fixed with
the funnel geometry. However, the exit aperture of the funnel
caused problems. To avoid ion traps, it was necessary to
increase the diameter of the aperture, which resulted in a large
mass flow rate that accelerated the ions and led to large excess
kinetic energies for the high-mass ions. The carpet can have a
small exit aperture, but the problem with the carpet is that it
struggles to transmit ions that are a long way off-axis. To
transmit these ions, it was necessary to use high-voltage gradi-
ents on the carpet and this contributed to the ions’ excess
kinetic energy. Thus, it occurred to us that a combination of a
funnel and carpet may capture favorable features from both
types of interface: a funnel to focus ions with a large radial
extent and a carpet with a small aperture to transmit them.

Interface 4: FUNPET with Virtual Jet Disruptor

The last 2.159 cm of the ion funnel of interface 3 was removed,
leaving behind a 6.35-mm diameter aperture. This diameter
matched the 6.35-mm diameter ion carpet which was placed
1.27 mm from the last electrode of the ion funnel. The gap is
sealed in the gas flow simulations to ensure adequate pressure
buildup. The ion carpet had the same basic parameters as the
one used in interface 2 including a 1.016-mm diameter aper-
ture. In addition, because the ion funnel aperture is much larger
than in interface 3, axial trapping is not a concern and thus the
electrode spacing requirements are relaxed. Therefore, a 2.54-
mm electrode pitch was used instead of the 1.27-mm electrode
pitch used in interface 3.

The axial (Figure 5a) and radial (Figure 5b) velocities for the
FUNPET device closely resemble that of the ion funnel device,
with the jet being stopped ~ 27 cm away from the capillary exit.
The pressure buildup in the FUNPET device is approximately
1 Pa greater than interface 3, but the smaller aperture associated
with the carpet leads to a mass flow rate exiting through the
FUNPET aperture of 1.94 × 10−8 kg/s, which is much lower
than in interfaces 2 and 3.

For interface 4, it was possible to employ a lower drift
gradient than used for interface 3. The first 31 cm of the ion

funnel had a constant 5-V/cm drift field, the last 4.5 cm had a
constant 1-V/cm drift field, and the intervening 4 cm dropped
linearly from 5 to 1 V/cm. Also, the ion carpet gradient was
decreased to just 4% of the gradient used in interface 1, while
still providing high ion transmission. The ion trajectories
shown in Figure 5d–f are similar to those for interface 3.

The transmission and excess kinetic energies shown in
Figure 2 demonstrate that this is the best performing interface
examined here. Nearly 100% transmission was achieved across
the entire mass range, with only 1% of the 1-kDa ions crashing
out on the surface of the ion carpet due to diffusion. In addition,
the FUNPET provided the lowest excess kinetic energies.
While the three lightest masses have approximately the same
excess kinetic energy as they did with interface 3, the heavier
ions have much less excess kinetic energy. This again empha-
sizes how the heavier ions are more strongly affected by the gas
flow. The FUNPET interface had the lowest mass flow rate and
the lowest excess kinetic energies. Significantly, the FUNPET
transmits 100% of ions in the range of 10 kDa to 1 GDa with
the same voltages and RF frequencies. This is a very broad
mass range to be examined simultaneously and simplifies the
optimization of the interface.

Experimental Methods
The FUNPET was built and installed on a home-built charge
detection mass spectrometer similar to that described

Figure 5. Gas flow and trajectories for interface 4: FUNPET with
virtual jet disruptor. Gas flow simulations performed using the Navier-
Stokes solver Star-CCM+. (a) Axial velocity, (b) radial velocity, and
(c) pressure. Twenty representative ion trajectories of 1000 performed
for each mass are shown for (d) 1 kDa, (e) 1 MDa, and (f) 1 GDa
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previously [36–40]. We decided the best way to construct the
FUNPET was to use a flexible printed circuit board (PCB) for
the ion funnel component (Figure 6a). The flexible PCB pro-
vides ease of assembly and maintenance, similar to that obtain-
ed with the rigid PCB ion carpet (Figure 6b). Because of the
modest vacuum requirements for the FUNPET, a 3D printed
ABS plastic structure is used to support the flexible PCB
(Figure 6c). The support structure locates on the flange that
mounts the ion carpet PCB.

Ions were generated using a chip-based nano-electrospray
source (Advion Triversa NanoMate) and entered the FUNPET
through a heated metal capillary (10-cm long, 0.381-mm ID)
equipped with a diverging nozzle identical to that used in the
simulations (1-cm long diverging from 0.75-mm ID to 5-mm
ID). After the FUNPET, ions were confined by an RF
hexapole, followed by an RF quadrupole. Ions exiting the
quadrupole were focused by an einzel lens and transmitted
through two pairs of ion beam deflectors into a dual hemispher-
ical deflection analyzer (HDA). The HDAwas set to transmit a
narrow band of kinetic energies centered on 130 eV/z. After
exiting the HDA, ions are focused into an electrostatic linear
ion trap where they oscillate back and forth through a detector
tube. All ions were trapped for 100 ms. A charge-sensitive
amplifier detects the induced charge that results from the os-
cillating ion. The resulting signal is amplified, digitized, ana-
lyzed using fast Fourier transforms. The oscillation frequency
provides the m/z and the magnitude of the Fourier transform
provides the charge. The mass of each ion is determined from
the product of the m/z and charge. Many mass measurements
are performed and the results binned to give the mass
distribution.

Measurements were performed with hepatitis B virus
(HBV) capsid, bacteriophage P22 procapsid, and amino func-
tionalized polystyrene beads (0.05 μm, Bangs Laboratories
Inc.; 0.1-μm Polybead®, Polysciences, Inc.) The HBV capsid
was assembled from truncated core protein (Cp149) in sodium
chloride (300 mM) and transferred into ammonium acetate
(100 mM) by size-exclusion chromatography (SEC) (BIO-
RAD Micro Bio-SpinTM 30). The HBV capsid is expected
to have a peak at ~ 4 MDa due to the T = 4 capsid and a small
peak at ~ 3 MDa due to the T = 3 capsid [40]. P22 procapsid
was transferred into 100 mM ammonium acetate by SEC. The
procapsid is expected to have a peak at around 20 MDa [39].
The 0.05-μm functionalized polystyrene beads were diluted
ten-fold with water, and the 0.1-μm functionalized polystyrene
beads were run as received.

Experimental Results
Testing the Performance of the Virtual Jet Disruptor

The FUNPET’s ability to transmit a broad mass range is
attributed to the disruption of the gas jet by the virtual jet
disruptor. This was realized in the simulations for a capillary
with a 0.381-mm ID. To test whether the jet was disrupted as
indicated by the simulations, we monitored the pressure in the

second differentially pumped region (i.e., the region immedi-
ately after the FUNPET) as the pressure in the first region was
increased by adding gas through a leak valve. The black points
in Figure 7 show the pressure in the second differentially
pumped region plotted against the pressure in the chamber
housing the FUNPET. The point closest to the origin is a
measurement with no gas flow added to the FUNPET chamber
(i.e., the only gas flow is through the capillary). As the pressure
in the FUNPET region is increased, the pressure in the second
differentially pumped region increases linearly. This is the
behavior expected for a disrupted jet that does not extend to
the FUNPET exit aperture.

To illustrate the behavior of a jet that is not disrupted, we
increased the ID of the capillary to 1.27mm keeping the length at
10 cm. The mass flow rate for this diameter, calculated using the
Wutz/Adams turbulent model [30], is 2.95 × 10−4 kg/s, 26 times
that of the 0.381-mm ID capillary. Simulations with this mass
flow rate indicated that the jet will not be stopped by the pressure
build-up due to the gas flow through the capillary alone. The
results for the larger capillary are represented by the red points in
Figure 6. Again, the point closest to the origin is without gas
added to the FUNPET chamber. The pressure in the second
differentially pumped region is much higher with the 1.27-mm
ID capillary than with the 0.381-mm ID capillary. This suggests
that the jet for the 1.27-mm DIA capillary is not being stopped
before the end of the FUNPET. As gas is added to the FUNPET
chamber, the pressure in the second differentially pumped region
starts to increase, but then undergoes a sudden drop between 250
and 350 Pa in the FUNPET chamber. As the pressure in the
FUNPET chamber is increased further, the pressure in the second
differentially pumped chamber increases and gradually ap-
proaches the values for the 0.381 ID capillary. The sudden drop
in pressure between 250 and 350 Pa in the FUNPET chamber is
attributed to the background gas disrupting the gas jet.

These experiments show that with a capillary at the design
value of 0.381 mm, the jet is disrupted by a virtual jet disruptor
without the addition of extra gas to increase the background
pressure. With a much larger capillary (1.27-mm ID), the drift
region is too short to disrupt the jet. The jet can be disrupted by
adding gas to the FUNPET chamber to increase the back-
ground pressure. However, with the much higher pressure in
the FUNPET, the gas flow into the second differentially
pumped region is much higher and this will cause the excess
kinetic energy of the heavier ions to increase significantly.

Measurements of the ion signal transmitted by the FUNPET
as a function of pressure in the FUNPET region are given in
Supplementary Figure S3. In these experiments, the ions were
detected by CDMS. Thus, the ionsmust not only be transmitted
through the electrospray interface, but they must have low
excess kinetic energy so that they can be transmitted through
the HDA. Results are shown for capillary IDs of 0.381 mm and
1.27 mm. At low pressure, the transmitted signal is low for the
0.381-mm capillary because the ions are not thermalized even
though the virtual jet disruptor stops the jet. According to
Figure 7, the jet is stopped for the 1.27-mm capillary with a
pressure of around 350 Pa in the FUNPET region, but the ion
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signal does not reach its maximum value until the pressure is
450 Pa because a higher pressure is needed to thermalize the
ions than to stop the jet. Above 450 Pa, the signal drops off
because a higher drift field is needed to transmit the ions before
they are caught in the counter flow. Increasing the drift field
shifts the high-pressure drop-off in the signal to higher
pressures.

CDMS Spectra Measured for Large Ions

Figure 8 shows CDMS spectra measured for four representa-
tive analytes. The CDMS spectrum for HBV (Figure 8a) shows
an intense peak at ~ 4.0 MDa due to the T = 4 capsid with 120
capsid protein dimers and a smaller peak at ~ 3.0 MDa due to
the T = 3 capsid. Some kinetically trapped late-stage assembly
intermediates are evident between the peaks due to the T = 3
and T = 4 capsids [32]. There is also a peak at low mass due to
the HBV capsid protein dimer and small oligomers. Figure 8b
shows the spectrum measured for the P22 procapsid. The main
peak is at 21.1 MDa. The mass of the P22 procapsid is not well
defined because it depends on the number of scaffolding pro-
teins that remain inside. However, 21.1 MDa is within the
expected range. The P22 procapsid spectrum contains 12,872
ions and took only one hour to collect. Information on the
average charge and average m/z for these samples is given in
Supplementary Table 1.

To test the breadth of the mass range transmitted by the
FUNPET, CDMS spectra were measured for 0.05-μm and 0.1-
μm amino functionalized polystyrene beads (see Figure 8c, d).
Both samples contained synthesis byproducts and micelles that
were removed from the spectra by filtering out low m/z values.
For the 0.05-μm polystyrene beads, all ions with m/z values <
100 kDa were omitted, and for the 0.1-μm beads, all ions with
m/z values < 200 kDa were omitted. For the 0.05-μm beads
(Figure 8c), the main peak is centered at 28 MDa which
corresponds to a diameter of 0.044 μm. This is somewhat

smaller than the expected diameter but within the expected
tolerance for bead synthesis. For the 0.1-μm polystyrene beads
(Figure 8d), the main peak is centered on around 350 MDa,
which corresponds closely to the expected diameter. Informa-
tion on the average charge and averagem/z for these samples is
given in Supplementary Table 1.

Figure 6. The FUNPET interface assembly. (a) The flexible PCB used for the ion funnel portion of the FUNPET. (b) The PCB ion carpet. (c)
The 3D printed FUNPET scaffold that houses the flexible printed circuit board and mounts to the ion carpet

Figure 7. Pressure in the second differentially pumped region plot-
ted against pressure in the FUNPET chamber. The black points were
measured with a 0.381-mm ID capillary, and a 1.27-mm ID capillary
was used for the red points. In both cases, the point closest to the origin
was recorded with just the capillary open to ambient pressure. For the
points at higher pressure in the plot, gas was added to the FUNPET
chamber through a leak valve. The dip in the pressure for the 1.27-mm
ID capillary at 250–350 Pa results from the jet being stopped by the
ambient gas flow. The absence of a similar dip for the 0.381-mm ID
capillary indicates that the virtual jet disruptor (pressure buildup and
counter flow) is stopping the jet in agreement with the predictions of
the simulations
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Compared to the electrospray interface on our prototype in-
strument, the FUNPEThas a higher transmission efficiency and it
is much more effective at transmitting high-mass ions. The best
way to compare the performance of the interface with the simu-
lations would be to measure the transmission efficiency as a
function of m/z (as shown for the simulations in Figure 2). To
determine the transmission efficiency, it is necessary to measure
the ion current entering the FUNPET and to compare it with the
ion current exiting through the carpet aperture. Ideally, this
measurement would be performed for ions with a known m/z.
However, the ion current entering the FUNPET through the
capillary includes many low m/z ions from the solvent that the
FUNPET interface will not transmit efficiently. These low m/z
ions could contribute to noise if they reached the detector and
could contribute to space charge effects in the FUNPET, and so it
is desirable to discriminate against them. Because the low m/z
ionsmake up a large fraction of the ions that enter the FUNPET, a
direct measurement of the transmission efficiency is not feasible.
Finally, it is worth mentioning that the transmission efficiency is
not the only important performance metric; it is also important
that ions leave the interface with low excess kinetic energy.

Conclusions
A new ion trajectory program that incorporates diffusion, ac-
celeration due to RF and DC fields, acceleration due to drag
resulting from gas flow, and gravity has been used to develop
an electrospray interface that transmits ions with a broad dis-
tribution of masses.

The simulations show that a physical jet disruptor success-
fully stops the gas jet from the capillary inlet. However, high-
mass ions crash out on the surface of the jet disruptor. To
overcome this problem, we developed a virtual jet disruptor
where the drift region is sealed and the resulting pressure
buildup and gas counter flow disrupt the gas jet. An ion carpet
interface was found to have low transmission for ions that are
far off-axis, reducing the transmission of high-mass ions. An
ion funnel can focus ions that are far off-axis towards the exit
aperture; however, the exit aperture needed to be relatively
large to avoid ion traps. The large exit aperture led to large
excess kinetic energies for high-mass ions. The best solution
was found by coupling the favorable features of an ion funnel
and an ion carpet. In the FUNPET, the ions that are far off-axis
are focused by the funnel, but the exit aperture of the funnel is
replaced by an ion carpet. The ion carpet focusses exiting ions
through a much smaller aperture than could be used with the
traditional ion funnel. The small aperture reduces the gas load
on the second chamber and minimizes the acceleration of high-
mass ions from the flow passing through the aperture. The
FUNPET interface was constructed easily and inexpensively
from a flexible printed circuit board supported by a 3D printed
ABS plastic frame. It has been used for a number of months
with a wide variety of samples including proteins and peptides,
virus capsids, gene therapy products, micelles, and polysty-
rene, silica, and metal nanoparticles.We have noticed that there

Figure 8.. CDMS spectra measured with the FUNPET interface.
(a) HBV capsid (0.05-MDa bins; 3825 total ions), (b) P22 procapsid
(0.1-MDa bins; 12,872 total ions), (c) 0.05-μm amino functionalized
polystyrene beads with m/z > 100,000 Da (0.5-MDa bins; 5239 total
ions), and (d) 0.1-μm amino functionalized polystyrene beads with
m/z > 200,000 Da (10-MDa bins; 348 total ions)
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is some degradation of performance after more than a month of
daily use. This was traced to the buildup of a thin film on the
carpet, and it was easily removed by gentle wiping with a
Kimwipe.
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