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An Atmospheric Pressure Ion Lens
that Improves Nebulizer Assisted

Electrospray Ion Sources

Bradley B. Schneider, D. J. Douglas, and David D. Y. Chen

Department of Chemistry, University of British Columbia, Vancouver, British Columbia, Canada

An atmospheric pressure ion lens improves the performance and ease of use of a nebulizer
assisted electrospray (ion spray) ion source. The lens is comprised of an oblong-shaped
stainless steel ring attached to an external high voltage power supply. The lens is located near
the tip of the conductive sprayer, and is maintained at a potential less than that of the sprayer.
The ion lens improves the shape of the equipotential lines in the vicinity of the sprayer tip. This
lens gives approximately a 2-fold reduction in the signal RSD, a 2-fold increase in the ion
signal, an increase in the number of multiply charged ions, and a much broader range of usable

sprayer positions.
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by Fenn and co-workers [1], is a versatile tech-

nique for the formation of gas phase ions for mass
spectrometry. In these early studies, the sprayer was
stainless steel syringe tubing with an internal diameter
of 100 wm, and the solution flow rates were a few
uL/min or greater. Since then, ESI has been used exten-
sively for many applications including analysis of drugs
[2], proteins [3], and oligonucleotides [4], to name a few. A
key concern in many of these types of analyses is maxi-
mizing the magnitude and stability of the ion signal.

Electrospray ion sources can be operated over a wide
range of solution flow rates, including high flow rate
(=1 pL/min), reduced flow rate (80 nL/min-1 pL/
min), and very low flow rate (<80 nL/min). Wilm and
Mann described the first ESI source for operation at
very low liquid flow rates (=20 nL/min) [5]. Stabiliza-
tion of electrospray at this flow rate required the use of
tapered capillary tips, with internal diameters of 1-2
pm. A thin layer of gold was deposited on the glass
capillary tips for application of the electrospray poten-
tial. This technique was termed nanoelectrospray ion-
ization. Sampling efficiency was increased, however
operation with the tapered tips was more difficult than
electrospray at higher flow rates.

The first description of electrospray operating as a
reduced flow rate ion source was by Smith and co-
workers [6], in which a capillary electrophoresis system
was coupled with a mass spectrometer. Shortly thereafter,

Electrospray ionization (ESI), first demonstrated
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Emmett et al. described a packed electrospray needle for
interfacing chromatography with mass spectrometry at
low flow rates (300 nL/min and above) [7]. Following
these initial experiments, there have been many studies
with electrospray operating in this flow regime for appli-
cations involving direct infusion [8, 9], or the coupling of
CE [10, 11] and LC [12, 13] with ESI-MS. Typically these
reduced flow rate ESI sources provide improved signal
stability and sampling efficiency when compared to
higher flow rate ESI sources. However they require the
use of tapered capillaries with a metal coating [5], in-
capillary electrode [14], or some other type of junction [8,
15, 16] for applying the electrospray potential.

High flow rate electrospray ion sources are easy to
operate, but typically suffer from a lower sampling
efficiency and poorer signal stability when compared
with reduced flow rate electrospray ion sources. This
problem is accentuated when spraying samples with
high aqueous content. A nebulizer can be used to help
break up droplets formed at the sprayer tip [17]. This
technique of nebulizer assisted electrospray ionization,
or “ion spray” helps to stabilize the ESI process for flow
rates up to approximately 1 mL/min.

Recently we described a device for stabilizing and
increasing the ion signals from reduced flow rate elec-
trospray ion sources [18]. The signal improvement was
obtained by placing an ion lens around the tapered tip
of the electrospray capillary, leading to an improve-
ment in the shape of the equipotentials near the sprayer
tip. Note this method improves sensitivity by focusing
ions at atmospheric pressure rather than in one of the
differentially pumped vacuum stages [19, 20]. A re-
viewer has brought it to our attention that Micromass
has used a lens to enhance the performance of ion

Received December 10, 2001
Revised March 13, 2002
Accepted March 13, 2002



J Am Soc Mass Spectrom 2002, 13, 906-913

transmission in their Z-SPRAY API source (Micromass,
Manchester, UK). This is a deflection lens located down-
stream from the electrospray capillary, rather than a
focusing lens located behind the tip of the electrospray
capillary. The work presented in this paper is an
extension of the ion lens technology to the 1-5 uL/min
flow rate regime. The lens is found to improve the stability
of the ion signals substantially, while also increasing the
magnitude of the signal of an ion spray source with flow
rates of 1-5 uL/min. In addition, the ion spray source is
much easier to operate when the lens is in place because
the changes in the ion signal with different sprayer posi-
tions are greatly reduced. The lens is also found to
increase the ratio of multiply charged to singly charged
ions. The performance enhancements generated by the ion
lens should be applicable to even higher flow rates, such
as those compatible with HPLC-MS.

Experimental

The acetate salt of bradykinin of 99% purity and B-cy-
clodextrin of 98% purity were from Sigma (St. Louis,
MO). Various concentrations of B-cyclodextrin were
prepared by dissolution of the sugar in water with 0.01
M certified ACS grade ammonium acetate from BDH
Chemicals (Toronto, ON, Canada). HPLC grade meth-
anol and glacial acetic acid were from Fisher Scientific
Ltd. (Nepean, ON, Canada). Bradykinin was prepared
by dissolution of the peptide salt in a solution of 59.5%
water, 39.5% methanol, and 1% acetic acid at concen-
trations ranging from 10~* to 107¢ M.

The instrument used in this study was a prototype
triple quadrupole mass spectrometer from SCIEX (Con-
cord, ON, Canada). The ion sampling interface and ion
optics are similar to those of the SCIEX API 300 system.
The ion spray needle and mount shown in Figure la
were built in-house. Sample was delivered to the
sprayer through a fused silica capillary (Polymicro
Technologies, Phoenix, AZ) with a 150 um o.d. and a 50
pm i.d. The fused silica capillary was inserted into two
concentric stainless steel tubes (Small Parts Inc., Miami
Lakes, FL) with standard wall thickness for 19 and 27
gauge, respectively (referred to as ion spray configura-
tion 1). For some experiments, the 19 gauge tube was
replaced with a smaller diameter 21 gauge stainless
steel tube (referred to as ion spray configuration 2). A
stainless steel tee (Valco Instruments, Houston, TX) was
used to hold the sprayer in place, and allow attachment
of the nebulizer gas flow line. The nebulizer gas was
compressed air (Praxair, Mississauga, ON, Canada,
medical grade). The electrospray potential was applied
through the mounting bracket to the stainless steel tee.
The ion lens was composed of an oblong-shaped aper-
ture cut into a rectangular piece of stainless steel with 1
mm thickness. An arm on the mounting bracket was
used to adjust the position of the ion lens (Figure 1b)
relative to the sprayer. For these experiments, the lens
was set back 2 mm from the tip of the sprayer. The lens
was oriented perpendicular to the axis of the stainless
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Figure 1. (a) Schematic of the ion spray source. The ion spray

mount (1) is attached to the mass spectrometer with a stud
inserted through the mounting hole (2). The electrospray potential
is applied to a stainless steel tee (3) through the conductive mount
(1). Two concentric stainless steel capillaries (4) are used for the
sample and the nebulizer gas flowing through the nebulizer gas
line (5). The sample is introduced through a fused silica capillary
(6) to the inner stainless steel tube (7). The ion lens (8) is located
near the tip of the inner stainless steel tube (7). The ion lens has a
mounting bracket (9) and an adjustable arm (10). Pivots (11 and
12) allow the lens to be positioned in a range of different locations.
The length of protrusion of the inner stainless steel tube from the
outer tube is labeled “X”. (b) Front view of the ion lens (8)
demonstrating the location of the stainless steel sprayer tube (7)
within the lens. The vertical (A) and horizontal (B) dimensions of
the aperture in the lens (8) are shown.

steel sprayer as shown in Figure 1a. Different lens sizes
were constructed by varying the aperture diameter in
the vertical dimension (A) and the horizontal dimen-
sion (B). A Spellman CZE 1000R (Hauppauge, NY)
power supply provided the voltage to the lens. Ultra-
high-purity nitrogen from Praxair (Mississauga, ON,
Canada, manufacturer’s stated purity 99.9995%) was
used as the curtain gas for the triple quadrupole system,
and the solution flow rate was controlled by a syringe
infusion pump (Model 22, Harvard Apparatus, South
Natick, MA).

Results and Discussion

The mechanism of formation of ions from charged
droplets in ESI is unresolved. Two mechanisms have
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Figure 2. Schematics of the equipotential lines generated for a standard ion spray source (a) and an
ion spray source with the ion lens (b). Potentials are listed in the figure. The contour interval is

approximately 500 V.

been proposed. The first, proposed by Iribarne and
Thomson, involves ion evaporation from small micro-
droplets with radii less than 1 um [21]. The microdro-
plets may be formed by Coulumbic fissions of larger
droplets with an excess of charge above the Rayleigh
limit of instability [21]. The second mechanism, pro-
posed by Rollgen and co-workers, involves the release
of single ions from very small droplets (diameter ~1
nm) by solvent evaporation [22]. Other research groups
have also attempted to describe the mechanisms in-
volved in the formation of ions by electrospray [23-26].
Although the proposed mechanisms have slight differ-
ences, the one similarity is that a mixture of ions and
charged droplets is generated in the atmospheric pres-
sure region between the ESI sprayer and the entrance
aperture to the mass spectrometer.

In the absence of any gas flow, ions and small
charged droplets at atmospheric pressure have trajecto-
ries orthogonal to the electric equipotential lines. The
ion drift velocity (v) is given by:

» = kE 1)

where E is the electric field and k is the mobility [27].
The use of a nebulizer to aid in break-up of the charged
droplets produced by an ion spray source generates an
additional velocity vector to complicate the description
of the motion of small droplets. Figure 2a shows the
equipotential lines for a typical nebulizer assisted elec-
trospray ion source. The curtain plate, orifice plate, and
housing serve as counter electrodes for the ESI source.
The region between the curtain plate and the orifice
plate is at atmospheric pressure and is flushed with
nitrogen gas. The rest of the interior of the housing is
also at atmospheric pressure. The orifice plate separates
the atmospheric pressure region in the housing from
the first stage of the vacuum system of the mass
spectrometer. The potentials in this figure are 5000 V,

1000 V, 190 V, and 0 V for the sprayer, curtain plate,
orifice plate, and housing, respectively. Qualitative ion
trajectories (drawn by hand) illustrate that a wide
plume of ions is generated, resulting in a low efficiency
of transfer of ions to the mass spectrometer. Figure 2b
demonstrates the improvement in the shape of the
equipotential lines near the tip of the ion spray source
when an atmospheric pressure ion lens is incorporated.
The potentials in this figure are 5000 V, 5000 V, 1000 V,
190 V, and 0V, for the sprayer, ion lens, curtain plate,
orifice plate, and housing, respectively. The equipoten-
tial lines near the tip of the ion spray source are
flattened, reducing the ion defocusing effect. Qualita-
tive ion trajectories (drawn by hand) demonstrate that a
greater number of ions is directed toward the inlet
aperture of the mass spectrometer.

Prior to testing of the ion lens, the configuration of
the ion spray tip was optimized for the two different
sprayers by adjustment of the length with which the
innermost stainless steel tube protrudes from the outer
tube (“X” in Figure 1a). This parameter was found to be
most important for signal stability and magnitude with
ion spray configuration 2 (21 gauge middle tube). The
length, X, was varied from 1 to 5 mm, and the sprayer,
lens, and curtain plate voltages, as well as the nebulizer
gas flow were optimized to produce the maximum ion
signal for the doubly charged peak of the peptide
bradykinin with both ion spray configurations. The
results are shown in Figure 3. Ion spray configuration 1
was found to yield a stronger and more stable ion signal
than configuration 2. The signal for configuration 1 was
independent of X over the range 1-5 mm with a
nebulizer pressure of 5 psi. For configuration 2, the
maximum ion signal was obtained with X adjusted to
the range between 2 and 3 mm with a nebulizer
pressure of 45 psi. Shorter or longer values resulted in
attenuation of the ion signal by a factor of approxi-
mately 2. For the data presented in this paper, X values
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Figure 3. The signal for doubly protonated bradykinin versus

the length of the inner stainless steel tube protruding from the

outer tubing.

of 3 and 2 mm were used to optimize the signal
magnitude for configurations 1 and 2, respectively.

Various lens dimensions were used in these studies.
The best results were achieved with oblong-shaped ion
lenses. Lens dimensions utilized in these studies are
listed in Table 1. It is important to note that lenses with
dimensions smaller than lens 1 were susceptible to
arcing between the lens and the sprayer. The lenses
were positioned perpendicular to the sprayer. For in-
corporation of lenses 1 through 3 into the ion source, the
sprayer was oriented at approximately a 45° angle to
the curtain plate. For lenses 4 and 5, the sprayer had to
be turned on a 90° angle (perpendicular to the face of
the curtain plate) to prevent arcing between the edge of
the ion lens and the curtain plate during optimization of
the sprayer position. Similar signal magnitudes and
stabilities were obtained with all of the oblong-shaped
lenses.

The optimum position for the lens with both ion
spray configurations was approximately 2 mm behind
the sprayer tip. As the lens was moved closer to the
sprayer tip, there was an attenuation of the ion signal,
most likely due to a decrease in the magnitude of the
electric field near the sprayer tip. This is similar to what
was previously observed with a reduced flow rate
electrospray ion source, except that in this case the
nebulizer gas blows the solution away from the sprayer
tip regardless of the magnitude of the electric field [18].
The effects of the lens were also attenuated as it was
moved farther back from the sprayer tip, even when the

Table 1. Dimensions of the oblong-shaped ion lenses used in
these studies

Lens A (mm) B (mm)
1 8.90 12.40
2 10.20 14.10
3 11.10 14.92
4 13.00 17.60
5 15.00 19.30
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lens potentials were reoptimized. For the results pre-
sented in this paper, the lens was positioned 2 mm
behind the sprayer tip with both ion spray configura-
tions.

The ion lens provides a substantial improvement in
the stability of the ion signal for an ion spray source.
Data collected for repeat measurements of the magni-
tude of the singly charged peak for a sample of 10~* M
B-cyclodextrin were compared. The potential applied to
the detector was adjusted to obtain similar signal mag-
nitudes with and without the ion lens. The RSD of
either 6 or 20 individual measurements was calculated.
Each measurement of the signal was determined by the
addition of 10 scans with a 10 ms dwell time, and the
peak height was used. The signal RSD was approxi-
mately 1.4 and 3.0% for the ion spray source with and
without the lens, respectively. For comparison, the RSD
expected from count statistics was 0.5%. The signal RSD
was reduced by a factor of approximately 2 with the
addition of the ion lens. The signal stability improve-
ment with the ion lens can be important for analyses
such as determination of isotopic peak ratios for ions.

The ion lens increases the magnitude of the ion
signal detected within a mass spectrometer. Typical
signal increases range from a minimum of approxi-
mately 1.5 times up to a maximum of approximately 4
times. To achieve these results, it was found that
elevated curtain plate potentials were important. Typi-
cal potentials applied to the curtain plate were 1600-
2000 V. There was no indication of arcing in the front
end of the mass spectrometer with these elevated cur-
tain plate potentials.

The sensitivity gains with the ion lens are accentu-
ated for higher charge states. Figure 4 shows the results
for analysis of a 10~° M sample of bradykinin. The mass
spectrum in Figure 4a shows the signal obtained for
doubly (m/z = 531) and triply protonated (m/z = 354)
peptide with 6627 V, 1000 V, 1790 V, and 140 V applied
to the sprayer, ion lens, curtain plate, and orifice,
respectively. The mass spectrum in Figure 4b was
obtained with the same sample, and the same potentials
except that 3500 V was applied to the ion lens. The
increase in lens potential resulted in an increase in the
magnitude of all of the doubly and triply charged
peptide peaks observed in the mass spectrum, however,
the background noise was unaffected. In some cases,
the background signal from singly charged ions de-
creased with higher lens potentials. This charge state
effect can be useful for analysis of low concentrations of
analytes that produce multiply charged ions, such as
peptides.

The variation of signal for doubly and triply proton-
ated bradykinin with increasing lens potential is pre-
sented in Figure 5 for a 10~* M sample of the peptide.
The maximum ion signal obtained with ion spray was
approximately 1.00 X 10° cps for the doubly protonated
ion and 1.82 X 10° cps for the triply charged ion. The
addition of the ion lens increased the number of doubly
and triply protonated ions detected in the mass spec-
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in the magnitude of the multiply charged peaks as the ion lens
potential is increased from 1000 V (a) to 3500 V (b). The magnitude
of the multiply charged analyte peaks is increased, but the
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trometer. The increase to the doubly charged ion is only
a factor of 1.4, but the increase to the triply charged ion
is a factor of approximately 7. As the lens potential is
increased, the doubly and triply charged ion signals
have maxima at different potentials. Ions of higher
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Figure 5. The ion signal for doubly (o) and triply (+) protonated
bradykinin versus the ion lens potential.
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Figure 6. The magnitude of the ion signal for doubly protonated
bradykinin as the sprayer is moved away from the optimum
location for ion spray with (+) and without (o) the ion lens. The
sprayer is moved in the vertical direction from the optimum
location at a height even with the aperture in the curtain plate.

charge states are optimized with an increased lens
potential. It is interesting to note that the significant
increase in the magnitude of the signal for the triply
charged ion is observed with only a minor decrease in
the magnitude of the signal for the doubly charged ion.
This shows that more ions are focused into the entrance
aperture of the mass spectrometer, most likely due to
the improved shape of the equipotential lines. It is also
possible the potential from the lens somehow changes
the spray process so that more highly charged ions are
formed. At very high lens potentials (above or close to
the potential applied to the sprayer) the signal from all
ions can be completely eliminated.

The ion signal exhibits a reduced dependence on
sprayer position with the lens in place. The dependence
of the signal magnitude on the vertical position of the
sprayer is demonstrated in Figure 6 for ion spray with
and without the atmospheric pressure ion lens. Success-
ful operation of this ion spray source requires careful
positioning of the probe in the vertical direction. For the
data of this figure, the sprayer was optimized approx-
imately 1.5 cm from the curtain plate, and 1 mm off to
the right hand side of the aperture in the curtain plate
with a 107* M sample of bradykinin. The voltages for
the sprayer, ion lens, and curtain plate were 6000 V,
2400 V, and 1970 V, respectively. For the runs without
the ion lens, the voltages for the sprayer and curtain
plate were 6000 V and 1100 V, respectively. A vertical
position of 0 mm is defined as the point where the
sprayer tip is the same height as the middle of the
aperture in the curtain plate. The signal with and
without the lens is normalized to 100 at this point.
Positions above the optimum location are defined as
positive, and positions below the optimum location are
defined as negative. The maximum range of adjustment
available with this housing was —5.5 mm to +15.5 mm.
Movement of the sprayer 3 mm up or down from the
optimum position attenuated the ion signal by a factor
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Figure 7. The magnitude of the ion signal for doubly protonated
bradykinin as the sprayer is moved away from the optimum
location for ion spray with (+) and without (o) the ion lens. The
sprayer is moved to the right hand side of the aperture in the
curtain plate, and the source potentials are not reoptimized at each
position.

of slightly greater than 2 in the absence of the ion lens.
Elevation of the sprayer by 6 mm completely eliminated
the signal for doubly protonated bradykinin using the
ion spray source. The installation of the ion lens leads to
a dramatic decrease in the dependence of the ion signal
on vertical position. The ion signal is attenuated by a
factor of 2 only after the probe is raised 14 mm from the
optimum position. Greater than 35% of the initial ion
signal is maintained at a sprayer position 15.5 mm
above the optimal location. If a lens is present on a mass
spectrometer, an ion signal can be observed regardless
of whether the sprayer position is optimized or not.
Moving the sprayer a few millimeters in the horizon-
tal direction from the optimum location can also make
a substantial difference in the magnitude of the ob-
served ion signal with this ion spray source. The use of
the ion lens near the tip of the sprayer diminishes this
effect. A broader range of sprayer positions is available
for maintaining strong ion signals. Figure 7 demon-
strates this phenomenon for movement of the sprayer
off to the right hand side of the aperture in the curtain
plate with a sample of 10~* M B-cyclodextrin in water
with 5 mM ammonium acetate. The voltage parameters
were the same as those utilized for the data in Figure 6.
The point defined as 0 mm is the edge of the curtain
plate to the right of the aperture. The signals with and
without the lens are normalized to 100 at this point. The
sprayer was moved in 1 mm increments to the right of
the aperture in the curtain plate. The sprayer was
positioned approximately 1.5 cm from the curtain plate.
Initially, with the sprayer in the optimum location,
there is approximately 1.5 times more signal obtained
for the singly protonated cyclodextrin molecule with
the ion lens in place. When the sprayer is moved off to
the right hand side, the signal decreases both with and
without the lens. The signal has completely disap-
peared for the ion spray source when it is moved 8 mm
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Figure 8. The ion signal as the ion spray source with the ion lens
is moved away from the optimum location. The sprayer is moved
to the right hand side of the aperture in the curtain plate, and the
source potentials are reoptimized at each position.

from the optimum location. For the sprayer with the ion
lens, signal is maintained for distances up to 14 mm
from the optimum location. It is important to note that
the signal with the lens in place is greater than the
maximum ion spray signal up to approximately 4 mm
from its optimum location. As the sprayer is positioned
closer to the curtain plate, the effect becomes even more
dramatic. The ion signals increase as the sprayer is
positioned closer to the entrance aperture of the instru-
ment. However, with the ion spray source, the loss of
signal is much more dramatic as the sprayer is moved
to the right hand side. The decreased dependence of ion
signal on the sprayer position has important implica-
tions in the areas of high throughput analysis and
separations integrated with mass spectrometry. Sprayer
position can be difficult to optimize in situations where
capillary electrophoresis or liquid chromatography are
interfaced to ESI-MS. Currently, success in these types
of analyses is dependent upon the proper location of the
sprayer. The lens provides an inexpensive performance
enhancement for any electrospray source, and may be
particularly useful in reducing the sprayer positional
requirements for analyses involving separation tech-
niques interfaced to ESI-MS.

The data in Figures 6 and 7 demonstrate that the ion
lens provides a much wider range of useful positions
for generating strong ion signals with an ion spray
source, however, this data was gathered without trying
to reoptimize the source lens potentials at each of the
positions. Figure 8 demonstrates the signal obtained for
the ion spray source with an ion lens as the sprayer is
moved off to the right hand side of the aperture in the
curtain plate for doubly protonated ions from a 10~* M
sample of bradykinin. In this experiment, the source
potentials were reoptimized at each position. Greater
than 90% of the initial ion signal was maintained as the
sprayer was moved 8 mm from the optimum location,
compared to slightly less than 50% of the original ion
signal in Figure 7 without reoptimization of the source
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Figure 9. The optimized potentials applied to the sprayer and
the ion lens for the data presented in Figure 8.

potentials. When the source potentials were reopti-
mized at each position, greater than 50% of the initial
ion signal was maintained even though the sprayer was
moved 13 mm from the optimum position. Optimiza-
tion of the source potentials involved increasing the
sprayer and ion lens potential as the sprayer was
moved farther from its initial location. The curtain plate
potential was approximately constant. Figure 9 shows
the optimized sprayer and ion lens potential for each of
the sprayer positions with respect to the aperture in the
curtain plate. It is important to note that at sprayer
potentials above 8200 V, arcing was observed in the
source region. This limitation led to the dramatic de-
crease in the ion signal as shown in Figure 8 at a
position 14 mm to the right of the aperture in the
curtain plate.

Conclusion

It is shown that the incorporation of an ion lens located
near the tip of a nebulizer assisted electrospray ion
source improves its performance substantially. The lens
increases and stabilizes the ion signals, particularly for
ions of higher charge states. In addition, the lens makes
an ion spray source easier to use by reducing the
positional dependence of the ion signal. A strong ion
signal can still be observed with the sprayer positioned
at surprisingly large distances (>1 cm) from the opti-
mum location. The reduced sprayer positional depen-
dence may be useful for stabilization of multiple
sprayer electrospray ion sources. In addition, the ability
to turn off a sprayer with high lens potential (Figure 5)
may permit electronic control of multiple sprayers.
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