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Abstract
We report on a new electrodynamic ion funnel that operates at a pressure of 30 Torr with no loss of
ion transmission. The enhanced performance compared to previous ion funnel designs optimized for
pressures of <5 Torr was achieved by reducing the ion funnel capacitance and increasing the RF
drive frequency (1.7 MHz) and amplitude (100-170 V peak-to-peak). No degradation of ion
transmission was observed for pressures from 2 - 30 Torr. The ability to operate at higher pressure
enabled a new tandem ion funnel mass spectrometer (MS) interface design that can accommodate a
greater gas load. When combined with a multicapillary inlet, the interface provided more efficient
introduction of ions, resulting in a significant enhancement in MS sensitivity and detection limits.

Introduction
A higher efficiency electrospray ionization/mass spectrometry (ESI-MS) interface has the
potential to provide both increased sensitivity and lower detection limits, which in turn can
decrease sample size requirements, increase analytical throughput and enable new biological
applications [1-3]. While ESI sensitivity can be increased by electrospraying at lower flow
rates (i.e., nanoelectrospray [4]), this approach is ultimately limited by the flow rate at which
ESI efficiency reaches 100% (generally in the low nL/min regime) [2] and the fact that on-line
separations (e.g. using liquid chromatography; LC) typically operate at much greater flow rates.
Additionally, all else being equal, the total ESI current actually decreases as flow rate is
decreased [5]. A key factor that limits overall ion utilization is the efficiency of ion transport
from atmospheric pressure to the first differentially pumped region (typically operating at a
pressure of 1-3 Torr). In this region, a “skimmer cone” or other sampling aperture functions
as a conductance limit that allows a small fraction of the ions (and gas) that enter to be
transported to the low pressure regions of the MS analyzer.

Over the last 15 years significant effort has been focused on optimizing the efficiency of ion
transmission from the ESI emitter into the MS and into the lower pressure regions of the mass
spectrometer [6-14]. These efforts have resulted in significant gains in sensitivity, but design
optimization efforts have generally reached the point of diminishing returns; e.g., our
experience indicates that the ESI interfaces on instruments obtained from different vendors
provide similar levels of performance. This situation persists despite aggressive efforts aimed
at increasing ion transmission from the ESI emitter to the capillary inlet, e.g., by means that
include a Venturi device [7-9] and electrostatic lenses [12-15]. An electrodynamic ion funnel
interface [16-18] developed earlier by our laboratory was designed to overcome ion losses due
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to the small aperture of the skimmer [6] by allowing all ions that exit the inlet capillary to be
efficiently captured and transmitted into the next vacuum stage. This ion funnel, which is
presently used with nearly all of our mass spectrometers and by others, [19-22] has been shown
to provide over an order of magnitude enhancement in sensitivity compared to the standard
capillary/skimmer configurations [16,18].

A significant further improvement in ESI-MS sensitivity and/or dynamic range will require
production of more ions at atmospheric pressure. We have previously shown that it is feasible
to create larger numbers of ions at atmospheric pressure by using multiple ESI sprayers [23].
An array of nanoelectrosprays at a given flow rate can potentially generate much greater ion
currents than those generated by a single electrospray emitter operating at the same flow rate.
Efficient introduction, focusing, and transmission of these ions to the lower pressure regions
of the MS also have to be taken into account. In this regard, we note that a multicapillary inlet
combined with an ion funnel has been shown to significantly improve ESI sensitivity [10,11].

A key limitation of any of these approaches is the maximum allowable gas load that can be
introduced from the atmospheric pressure ESI source into the MS. The gas load is constrained
by a combination of factors that include practical limitations on pumping speed (due to both
conductance limitations and mechanical pump size to achieve the desired pressure), the
maximum aperture size to the lower pressure regions of the MS, and the pressure regime at
which ion optics provide efficient ion transmission. These constraints limit e.g. the
implementation of a multicapillary inlet-ion funnel interface, as either the number or the inner
diameter (i.d.) of the capillaries must be limited to maintain proper operating pressure.

A way of overcoming the limitations associated with ESI performance would be to use an ESI
interface that can both accommodate a larger gas load (and more ions!) from the ESI source
and efficiently transmit these ions to the MS analyzer. An ion funnel capable of efficiently
focusing ions at higher pressures would be ideal if implemented such that a larger aperture size
(and thus a maximum ion current) could be used to transmit ions into the MS analyzer. Herein,
we present a new high pressure ion funnel interface. Unlike previous designs optimized for
pressures of ∼1-5 Torr, the new ion funnel operates at a pressure of ∼30 Torr and significantly
improves sensitivity when implemented in a multicapillary and tandem ion funnel interface
configuration.

Experimental Section
The experimental arrangement (Figure 1) consisted of an ESI source, a heated capillary inlet,
a tandem ion funnel interface that included a high-pressure ion funnel with a 2.3 mm
conductance limit orifice and a conventional ion funnel with a 2.0 mm conductance limit
orifice, and a time-of-flight (TOF) mass spectrometer (Agilent Technologies, Santa Clara, CA,
USA).

Heated capillary inlet
Three different types of heated capillary inlets were made from 63.9 mm long stainless steel
capillaries. The first inlet consisted of a single capillary with a 430-μm i.d. The second inlet
was a multicapillary inlet that consisted of 18 capillaries, each with 430-μm i.d. The third inlet
was also a multicapillary inlet, but had only 7 capillaries, each with 430-μm i.d. The distance
between the ESI emitter and the capillary inlet was adjusted for each inlet configuration to
optimize sensitivity. During operation, the heated-capillary/multicapillary inlet was heated to
110°C and maintained ∼10 V above the first high-pressure ion funnel electrode voltage.
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Tandem ion funnel interface
The standard ESI interface of an Agilent TOF MS was replaced with a tandem ion funnel
interface. This interface consisted of a high-pressure ion funnel and a conventional ion funnel
that were separated by a 2.3 mm conductance limiting orifice. This interface allowed for high-
pressure operation without affecting the ion transmission in the lower pressure regions of the
mass spectrometer or increasing the pumping speed in the conventional ion funnel chamber.

The conventional ion funnel in the second vacuum chamber has been described in detail
elsewhere [11,16-18,24]. Briefly, the ion funnel is made of 100 brass plates, each 0.5 mm thick
and separated by 0.5 mm-thick Teflon sheets. The inner diameters of the first 54 plates remain
constant at 25.4 mm, while the inner diameters of the rear 44 plates decrease linearly from 25.4
mm to 2.0 mm. An 180° out-of-phase RF field is applied to adjacent electrodes to create an
effective potential well that confines the ions while a DC gradient of 16 V/cm pushes the ions
through the ion funnel. The conventional funnel was operated at an RF frequency of 560 kHz
and amplitude of 70 Vp-p (peak-to-peak) for all experiments reported herein. Following the
last plate of the ion funnel is a 2.0 mm conductance-limit orifice plate. This conventional funnel
also incorporates a jet-disrupter disk (6.5 mm) located ∼20 mm from the ion funnel entrance
along the funnel axis. The jet disrupter reduces the gas load down stream of the ion funnel,
thereby reducing the vacuum requirement in the next stage, and maintains optimum ion
transmission [11]. The jet disrupter and the conductance limit orifice plate were electrically
isolated from the regular ion funnel electrodes and independent DC power supplies were used
to adjust their voltages. The electrical connections to the ion funnel were made through two
ZIF (zero insertion force) connectors (Tactic Electronics, Plano, TX, USA) that extended ∼15
mm above the entrance electrode of the ion funnel. To reduce the distance between the exit of
the high-pressure ion funnel and the entrance of the conventional ion funnel, 6 extra plates
(25.4 mm i.d.), separated by 2.5 mm thick Teflon spacers were used to extend the entrance of
the ion funnel. These extra plates were connected to RF and DC chains that supplied the ion
funnel.

The high-pressure ion funnel design was mechanically similar to the conventional ion funnel
with the exception that the excess material on each funnel electrode was trimmed to reduce the
total capacitance. To operate efficiently at high pressure, both the RF amplitude and frequency
were increased. The RF for the high-pressure ion funnel was applied by a custom made high-
Q head driven by a waveform generator (Agilent Model #33120A) and RF power amplifier
(Model Ultra 2021, T&C Power Conversion, Inc.). Since operation of the conventional ion
funnel using high RF frequency increases the electrical current flowing through the ion funnel
and leads to high power consumption and significant heating, the capacitance needed to be
reduced. The removal of excess material from each electrode lowered the capacitance from 6
nF to 1.6 nF. This reduction allowed the RF frequency to be increased to 2.5 MHz and the
amplitude to 300 Vp-p. The RF parameters for the high-pressure funnel were 1.74 MHz and
40-170 Vp-p (depending on pressure). The DC gradient for the high-pressure ion funnel was
16 V/cm, similar to the conventional ion funnel. The DC voltage between the conductance
limit of the high-pressure ion funnel and the first electrode of the conventional ion funnel was
optimized at 1-5 V.

Two separate mechanical pumps were used to pump the ion funnel chambers. The pressure in
each funnel chamber was controlled by a leak valve, which allowed a controlled flow of N2
into the chamber, and by a choke valve installed in the pumping line to control the pumping
speed. The pressure in the high pressure ion funnel was monitored by an MKS Baratron 626A
capacitance manometer (±0.25% accuracy). The first chamber was pumped by a BOC Edwards
E2M30 rotary pump that brought the pressure down to 1.30 Torr when a single heated capillary
was used. Increasing the pressure in the first vacuum chamber eventually increased the pressure
in the second vacuum chamber, which was maintained below 2.0 Torr by an Agilent TOF MS
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fore line pump (BOC Edwards E2M28) and a leak valve. The pressure in the second vacuum-
chamber was maintained constant to evaluate the ion transmission in the high-pressure ion
funnel. The maximum pressure tested in the high pressure ion funnel region was 30 Torr, which
was limited by the pumping capacity of the fore line pump, which also served as a backing
pump for the Agilent MS Turbo pumps, and by the diameter of the conductance limit aperture
that separated the two ion funnels.

Samples and electrospray operating conditions
Solutions used to test instrument performance consisted of 1 μM each of Leucine Enkephalin,
Reserpine, Ubiquitin and 0.25 μM Bradykinin (in 50% methanol:50% water solvent acidified
with 1% acetic acid). All samples were ionized by positive mode ESI and infused at a flow
rate of 0.5 μl/min through an ESI emitter that had been prepared by pulling the end of a 50-
μm i.d./190-μm o.d. fused-silica capillary. The electrospray voltage was in the range of 1.5-2.8
kV.

Results and Discussion
Pressure effect on ion transmission

The ion funnel operates by confining ions within a pseudopotential well formed by RF applied
to each electrode of the ion funnel. The effectiveness of this confinement depends on the
dampening of the ion motion by collision with neutral gas molecules, the RF frequency and
amplitude, and charge-charge Coulombic repulsion (i.e., space charge effects). The ion position
inside the electrode is a result of the net effect of the outward force from the Coulomb repulsion
and the inward force created by the effective potential. The transmission of the current
conventional ion funnel is close to 100% for a broad range of m/z in the 1-5 Torr pressure
range.

The pressure effect on ion transmission was studied using a single capillary inlet coupled to
the tandem funnel. The conventional ion funnel was operating at 560 kHz and 70 Vp-p and the
pressure in this vacuum chamber was maintained at 1.3 Torr in this experiment. Figure 2 shows
the trend in ion transmission for the high-pressure ion funnel operating at 560 kHz and 70 Vp-
p (which is the same as the conventional ion funnel) at various pressures. The transmission is
high at low pressure, and drops off at higher pressures. Note, the slope of the decline in
transmission is steeper for singly charged Leucine Enkephalin and Reserpine ions than for
multiply charged Bradykinin and Ubiquitin ions. Nevertheless, transmission for all ions drops
to <10% at 18 Torr. A detailed theoretical treatment of this behavior will be the subject of a
separate publication; however, what is apparent from Figure 2 is that at increased pressures
the focusing becomes less effective, [25] which leads to increased ion losses. The effectiveness
of ion confinement with pressure γ(p), can be estimated according to the following dependence
[25]:

γ(p) = ω2τ(p)2

1 + ω2τ(p)2
(1)

Here, γ(p) is the ratio of the effective RF field in the presence of gas collisions to that in vacuum,
and ω = 2πf is the angular frequency that corresponds to the RF frequency (f). The relaxation
time (τ) is inversely proportional to pressure and can be approximated as follows [25]:

τ(p) = τ1
p1
p , τ1 ≈ 0.7 × 10−6s, p1 = 1Torr (2)

For a pressure of 18 Torr and f = 0.56 MHz, γ ∼ 0.02 (i.e., γ ∼2% of that in vacuum), which
is consistent with the decline in ion transmission apparent in Figure 2.
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The difference between transmissions observed for singly and multiply charged ions is
consistent with the fact that the effective potential is higher for multiply charged ions. This
observation can be explained by using the following equation that defines the effective potential
in vacuum [26,27].

V∗(r, x) =
q2ERF

2 (r, x)

4mω2 ∼
z2VRF

f2
(3)

Here, V*(r, x) represents the effective potential at point (r, x) in cylindrical coordinates; q =
ze is the ion charge; ERF(r, x) is the amplitude of the RF electric field that is proportional to
the RF voltage VRF applied to the ion funnel; m is the ion mass, and z is the ion charge state.
The effective potential is proportional to the ion charge state squared, which explains the charge
state-related trend in Figure 2. The effective focusing at elevated pressures can be improved
by increasing both γ and the effective potential V*. The γ coefficient can be increased by using
higher frequencies (Equation 1). To offset the resulting decrease in effective potential, the RF
amplitude needs to be increased accordingly.

High-pressure ion funnel
We designed the high-pressure ion funnel to allow increased RF frequencies and amplitude.
To recover the transmission loss at pressures >10 Torr (Figure 2) the high-pressure ion funnel
was operated at 1.74 MHz and 40-170 Vp-p. The pressure in the conventional ion funnel
vacuum chamber was maintained at 2.0 Torr and the funnel RF was maintained at 560 kHz
and 70 Vp-p. The transmission curves shown in Figure 3 for Leucine Enkephalin, Reserpine,
the 2+ charge state of Bradykinin, and the 12+ charge state of Ubiquitin as a function of pressure
were obtained by leaking additional gas into the high-pressure funnel chamber. Note that other
charge states of Bradykinin and Ubiquitin exhibited similar trends in transmission that appear
fairly constant up to the maximum pressure studied, i.e., 28-30 Torr. The transmission
performance of the high pressure ion funnel at low pressure was comparable to conditions used
for the lower pressure regime (i.e. 560 kHz and 70 Vp-p), as shown in Figure 3b for reserpine.
This indicates no loss in ion transmission due to the higher RF frequency at low pressure.

Figure 4 shows the change in RF amplitude (Vp-p), which was adjusted at each pressure to
maintain maximum transmission, as a function of pressure tested. A linear increase in RF
amplitude (slope of ∼ 5 V/Torr) was required to maintain transmission of Leucine Enkephalin
and Reserpine at higher pressures. At 28 Torr, the Vp-p is 160-170 V for Leucine Enkephalin
and Reserpine, while only a small increase in Vp-p was required for Bradykinin and Ubiquitin
(Vp-p = 100-110 V at 28 Torr). This observation is consistent with equation (3) and Figure 2,
that both indicate multiply charged molecules result in higher effective potential and as a result,
better confinement for multiply charged ions. We did not observe detectable fragmentation of
these ions due to RF heating.

Implementation of high-pressure funnel with a heated multicapillary inlet
The success in operating the ion funnel at high pressures opens new avenues for increasing
ESI-MS sensitivity, such as implementation with a heated multicapillary inlet. ESI is known
to produce a cloud of ions that moves toward the mass spectrometer interface [28,29]. The
efficiency of transferring the ESI ions through the inlet capillary depends approximately on
the area ratio of the capillary to the spray cross section. The larger the liquid ESI flow rate, the
larger the droplet size in electrospray. ESI requires droplet desolvation, and larger flow rates
generally require larger gaps between the ESI emitter and the capillary inlet. The electrospray
plume expands rapidly in this gap, and as a result, the area of the inlet capillary is much smaller
than the area over which ions are dispersed, which lowers the overall ion transmission
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efficiency [6,30]. Increasing the diameter of a single capillary becomes inefficient beyond a
certain point due to decreased desolvation efficiency.

Multicapillary inlets allow introduction of more ions, particularly from higher flow rate
electrosprays while maintaining effective desolvation. The use of a multicapillary inlet
increases the gas load, and in turn the pressure, in the ion funnel chamber; however, the
increased load reduces the ion transmission efficiency of the conventional ion funnel (Figure
2). The new ion funnel can handle a significantly higher pressure than the conventional funnel
without sacrificing ion transmission. The new design includes the use of a jet disrupter, as well
as the use of insulating Teflon washers instead of Teflon sheets between electrodes, which
reduces the capacitance of the ion funnel since the dielectric constant of air (1.0) is lower than
that of Teflon (2.1) [31], and increases the pumping efficiency.

We evaluated a multicapillary inlet composed of 18 capillaries, each with a 430 μm i.d. The
gas load through the 18-capillary inlet resulted in a pressure of ∼21 Torr (measured outside
the funnel) in the high-pressure funnel vacuum chamber. The actual pressure might be even
higher because of gas dynamics. Ion transmission with the new multicapillary inlet was studied
as a function of the number of open capillaries and compared to the single capillary inlet. For
both inlet configurations (single and multicapillary) the high pressure funnel was operating at
1.80 MHz while the RF amplitude was adjusted (for optimum transmission) between 90 and
150 Vp-p depending on the pressure. The number of open capillaries was varied by blocking
the capillaries with aluminum foil.

Figure 5a shows that the ion transmission of the high-pressure ion funnel/single capillary
interface is constant across the pressure range studied (4-22 Torr). The ion transmission for
the multicapillary inlet initially increases as a function of the number of open capillaries,
plateaus in the region of 5-11 capillaries and decreases slightly at 18 capillaries. The
improvement in sensitivity is 5-fold compared to that obtained by using the single capillary
inlet. The plateau observed in Figure 5a is consistent with maximized sampling of
electrosprayed ions for ≥5 capillaries. This assumption was tested by moving the electrospray
emitter far from the multicapillary inlet (∼18 mm), which increased the electrospray jet cross
section. By sampling the ions at a wider jet cross section area, the number of ions sampled per
capillary was also lowered. Accordingly, the sensitivity increased as shown in Figure 5b, almost
linearly, as the number of capillaries (up to ∼ 15) increased. This finding directly implies that
the sampling efficiency of the multicapillary inlet increases linearly if not limited by the
available electrospray current. In other words, if the ESI emitter can produce more current than
that presently sampled by only 5 capillaries, then the multicapillary inlet is expected to show
>5-fold improvement. The decline in sensitivity shown in Figure 5a for 18 capillaries may be
ascribed to the onset of adverse effects due to the intense gas flow out of the multicapillary
inlet. This undesirable effect was also reflected on the DC voltage applied to the jet disrupter
disk that had to be increased by 30-50V when the multicapillary inlet was used compared with
the single capillary inlet.

We then implemented a 7 capillary inlet (430 μm-i.d., capillaries) (Figure 1) to further evaluate
the method we used to vary the number of open capillaries (i.e., plugging with aluminum foil)
which may not have provided an accurate estimate for the pressure in the funnel (e.g., possible
gas leak). This 7-capillary inlet resulted in a pressure of ∼8 Torr in the ion funnel chamber and
a 5-fold enhancement in sensitivity for the standard Reserpine sample compared to the single
capillary inlet (Figure 6). Results for Leucine Enkephalin and Bradykinin also showed a 4-fold
enhancement, as well as a 2-fold enhancement for Ubiquitin. A <7-fold enhancement in
sensitivity is consistent with the observation that the ion density across the electrospray plume
is not homogeneous [14,32].
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Conclusion
We developed an ion funnel that maintains a high ion transmission at significantly higher
pressures than previous designs. This new funnel operates at 30 Torr, achieved by using an RF
frequency of ∼1.7 MHz and amplitude of 100-170 V (peak-to-peak), and can be extended to
even higher pressures. Operation at such a high frequency required the removal of excess
materials from the ion funnel electrodes, which reduced the total capacitance of the funnel to
∼1.6 nF. A novel tandem ion funnel interface allowed for high pressure operation without
compromising ion transmission in the mass spectrometer due to the elevated pressure.

The initial implementation of the high-pressure ion funnel in which the heated single capillary
inlet was replaced with a heated multicapillary inlet resulted in a 2 to 5-fold improvement in
signal intensity compared to the single capillary/high pressure ion funnel configuration. In turn,
the increased signal intensity improved the detection limit and sensitivity of the mass
spectrometer. We also showed that by using the multicapillary inlet, the sensitivity can be
increased even further if not limited by the available ESI current.

We plan to couple the new ion funnel to an ion mobility spectrometer to increase the operating
pressure so as to increase drift tube ion transmission efficiency to ∼100% [19]. In doing so,
the resolution of the ion mobility spectrometer can be increased by operating at higher drift
voltages. The increased throughput and resolution afforded by this platform holds potential for
enabling new biological applications.
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Figure 1.
The experimental setup used for the high-pressure ion funnel. Note some details are omitted
for clarity.
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Figure 2.
The transmission of Leucine Enkephalin, Reserpine, Bradykinin and Ubiquitin ions as a
function of pressure. The data for Bradykinin represent the sum of 2+ and 3+ charge states,
while the data for Ubiquitin represent the sum of 7+ to 13+ charge states. Each data set is
normalized to its own high intensity point. Both ion funnels were operated at 560 kHz and 70
Vp-p.
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Figure 3.
a) Transmission curves for Leucine Enkephalin, Reserpine, Bradykinin and Ubiquitin ions as
a function of pressure, using RF of 1.74 MHz and 40-170 Vp-p. Other charge states of
Bradykinin and Ubiquitin showed similar transmission. The pressure in the 2nd ion funnel
region was maintained at 2.0 Torr. Each data set is normalized to its individual highest intensity
point. b) The transmission of high-pressure funnel when operated at 560 kHz, 70 Vp-p and
1.74 MHz, 50-80 Vp-p (adjusted for maximum transmission at each pressure). The pressure
in the second ion funnel region was 1.3 Torr. The sample was standard Reserpine. Leucine
Enkephalin, Bradykinin and Ubiquitin showed similar results.
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Figure 4.
The change in the RF peak-to-peak voltage (Vp-p) as a function of pressure tested. The RF
frequency was 1.74 MHz in the high pressure ion funnel.
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Figure 5.
a) A comparison of the peak intensity of standard 1 [.mu]m Reserpine (m/z = 609) obtained
using single capillary (filled square) and multicapillary (filled triangle) inlets. Note that the
numbers next to the triangle points represents the number of open capillaries in the
multicapillary inlet. b) Peak intensity of m/z 609 (Reserpine) as a function of the number of
capillaries open. The electrospray emitter was pulled further from the multicapillary inlet such
that the number of ions per mm2 is less than that in a). The numbers next to the triangle points
represents the number of open capillaries in the multicapillary inlet. The conventional funnel
was operating at 560 kHz, 70 Vp-p, and 1.6 Torr while the high-pressure funnel was operating
at 1.80 MHz and between 90 and 150 Vp-p, depending on pressure.
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Figure 6.
A comparison of the mass spectra obtained using heated single capillary and multicapillary
(seven capillaries) inlets for a) 1μM of Leucine Enkephalin on the single capillary, b) 1μM of
Leucine Enkephalin on the multicapillary, c) 1μM Reserpine on the single capillary, d) 1μM
Reserpine on the multicapillary, e) 0.25 μM of Bradykinin on the single capillary, f) 0.25 μM
of Bradykinin on the multicapillary, g) 1μM Ubiquitin on the single capillary and h) 1μM
Ubiquitin on the multicapillary. All other experimental parameters were kept similar except
that the emitter tip position and electrospray voltage were optimized in each mass spectrum to
give optimum stable signal.
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