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A new inlet has been designed to control the kinetic energy distributions of ions into a
large-radius, frequency-adjusted, linear quadrupole ion trap. The work presented here
demonstrates trapping singly-charged, intact proteins in the 10 to 200 kDa range injected from
the atmosphere. The trapped ions were held while collisions with a buffer gas removed the
remaining amounts of expansion-induced kinetic energy. The ions were then ejected from the
trap on-demand into an awaiting detector. There is no low mass limit for ion injection and
trapping. The upper limit presented in this study was defined by the limit of the conversion
dynode-based detector at �1.5 MDa. Trapping larger masses should be achievable. The
transmission and capture efficiency across the entire mass range should be very high because
the entire flow from the inlet empties directly into the trap. The kinetic energy distribution of
massive ions is the primary reason for the working range limitation of mass spectrometers.
Trapping ions with collisional cooling before mass analysis permits the motion of the ions to
be completely defined by the applied fields. For this reason, this new inlet and trapping system
represents a large step toward sensitive, high-resolution mass spectrometry into the megada-
lton range and beyond. (J Am Soc Mass Spectrom 2010, 21, 242–248) © 2010 American Society
for Mass Spectrometry

Arguably, the greatest advances in mass spec-
trometry of large molecules came with the
introduction and development of electrospray

ionization (ESI) [1] and matrix-assisted laser desorption
ionization (MALDI) [2]. The creation of massive ions in
vacuum was the start of a revolution in biological
analysis using mass spectrometry. Unfortunately, the
molecular weight range of mass specific biological
species, such as proteins, RNA, DNA, and even viruses
was much larger than the mass range of the mass
spectrometer from which useful information could be
obtained. Yet, the information was so valuable that a
multitude of techniques and an entire industry was
developed over the past 20-plus years so that these
biological species could be analyzed using mass spec-
trometry. The essential thrust of the advances (beyond
ionization) that have permitted the use of mass spec-
trometry for biological analysis has been in areas of
sample preparation and analysis techniques, which
allow analytes that are larger than the range of the mass
spectrometer to be characterized with it anyway.

The thrust of our efforts has been to increase the
range of mass spectrometers where they achieve good
resolution, mass accuracy, and sensitivity. Our analysis
suggested that the overarching reason for the limitation
of mass spectrometers in general was the expansion-
induced kinetic energy distribution of the ions as they
are injected in the mass spectrometer. The average and
spread of the kinetic energy distribution of the ions
expanding into vacuum monotonically increases with
increasing mass. It is not difficult to compensate for the
average increase for a particular type of ion; however, it
is extremely difficult to compensate for the increase in
the spread of kinetic energies.
Indeed, it is the spread of the initial kinetic energy

distribution that degrades resolution and sensitivity
as a function of increasing mass for all forms of mass
spectrometry. This is most obvious for MALDI time-
of-flight (TOF) mass spectrometry, where the widths
of the mass peaks are observed to increase with
increasing mass [3]. It can also be observed in ESI of
complexes where much more massive complex ions
exhibit much broader peak widths than a correspond-
ing monomer with the equivalent mass-to-charge
ratio and isotope spread [4]. In both cases, the expansion-
induced kinetic energy distribution is defined by the mass
of the ion, not the mass-to-charge ratio. The spread of this
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distribution greatly contributes to the spread of flight
times and, hence, the loss of resolution.
The only way that we have found to resolve this

issue is to eliminate the expansion-induced kinetic
energy. Trapping the ions and letting them translation-
ally cool in the presence of a buffer gas presents a
possible path forward—if they can be trapped. For
example, Chernushevich and Thomson [5] collisionally
cooled and trapped 692 kDa proteosome 20S ions in a
linear trap at elevated pressure (�38 mTorr). Their
work showed that even particulate ions (i.e., massive
ions) can be trapped and mass-analyzed. We point out
that their experiments were carried out on multiply-
charged ions with a maximum mass-to-charge ratio of
�34 kDa. If they had carried out their experiments with
singly-charged ions of the same mass, they would have
to compensate for the increased mass-to-charge ratio by
reducing the frequency of their quadrupole, thereby
limiting the lower end of their trapping range.
Since the advent of the digital ion trap [6], our group

has proposed using aerodynamics to slow the forward
momentum of massive ions so that they could be
electrodynamically trapped. We knew that singly-
charged massive ions could be trapped if the final
expansion into vacuum could be controlled so that the
kinetic energy of the injected ions would not be signif-
icantly greater than and preferably less than the pseudo-
potential well depth of the trap [7]. The development of
the hardware that permits the digital generation of
trapping potentials whose frequencies can be rapidly
changed [6] provided a method to optimize the well
depth as a function of m/z for any ion mass.
Because of the complexity of the complete effort, it was

decided that the project for producing high-resolution
mass spectra in the ultra high mass range (�20 kDa)
would be broken into separate segments. The first two
segments involved the proof of principle for trapping
massive singly charged ions. From our work with
aerodynamic lens inlet systems [8], we knew that the
kinetic energy induced through a mere 2-Torr super-
sonic expansion into a vacuum in the mTorr pressure
range or lower was shown to be significant and capable
of thwarting trapping of ions in the 100 kDa mass range.
Consequently, the pressure of the final supersonic ex-
pansion into vacuum should be less than 2 Torr and
adjustable if possible.
However, controlling the final expansion into vac-

uum would create a dispersive flux of injected ions. For
this reason, our group designed a large-radius, frequency-
adjusted linear quadrupole ion trap [8] (LR-LQIT) that
is capable of accepting dispersive injection of ions. The
basic idea was to markedly increase the radius of a
linear ion trap to increase the trapping efficiency of ions
with relatively large off-axis velocity components. We
used the LR-LQIT to capture singly-charged bovine
serum albumin (BSA) ions (m/z � 66,000). In that
publication, we also used the trapping frequency to
demonstrate that only singly charged BSA� ions were
trapped. To increase the trapping range of our trap, we

had to decrease the kinetic energy of the ions injected
into to it.
In this publication, a method for controlling the final

expansion into our frequency-adjusted, large-radius lin-
ear quadrupole ion trap is revealed. Trapping of singly-
charged proteins up to myosin at m/z � 205 kDa is
demonstrated. Larger particulate ions up to 1.5 MDa
have been studied with this inlet. Unfortunately, our
current detection system set the upper limit and pro-
hibited the determination of the true trapping limit for
the combination of our inlet and trap. For now, we can
only conclude that the combination can trap ions up to
m/z � 1.5 MDa.

Design of an Inlet for Controlling the
Kinetic Energies of Injected Ions

Our inlet permits particulate ions at atmospheric pres-
sure to be introduced into vacuum and trapped in a
gas-filled linear quadrupole ion trap for subsequent
on-demand injection into a mass spectrometer. This
inlet is based on the principle of using an opposing jet
to reduce the forward momentum of the expanding
particles. A schematic of the inlet is shown in Figure 1a.
Particulate ions are expanded through the flow-limiting
inlet orifice where they are entrained in a laminar flow
of carrier gas (air) at reduced pressure. They flow into a
plenum chamber, where they eventually exit through a
final expansion into a gas-filled linear ion trap. The final
expansion is a key piece of technology that is based on
using a counter-propagating jet of gas to slow the
particulate ions after expansion-induced acceleration.
The final expansion nozzle is shown in Figure 1b. It
consists of a 1.5 cm diameter cylinder positioned in
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Figure 1. (a) Schematic of the inlet for controlling the final
expansion into vacuum. (b) Depiction of the flow contours of the
particulate ions during the final expansion. (c) Plot of the plenum
chamber pressure as a function of cylinder/expansion orifice
distance (slit width). These results are for a 10 mm expansion
orifice and a 15 mm cylinder.
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front of an orifice. There were three options for the
orifice diameter, 5, 7.5, and 10 mm. There is a pressure
drop between the plenum chamber and the quadrupole
chamber. The reduced pressure aerosol in the plenum
chamber flows through the chamber and eventually
expands between the cylinder and the orifice plate. The
expansion occurs inwardly with axial symmetry. Even-
tually, the dynamics of the expansion will cause the
particulate ions to expand in the axial direction into the
gas-filled quadrupole chamber (see Figure 1b). Because
momentum transfer is dependent on the difference in
velocity between the gas and the particles, particulate
ions expanding from one side of the inward expansion
cannot pass back into the plenum chamber and must
either plate out on the walls or move out into the
quadrupole chamber. The particulate ion velocity dis-
tribution into the gas-filled linear quadrupole ion trap
depends primarily on the pressure differential between
the plenum and quadrupole chambers and the orifice
diameter. The pressure differential will change with the
distance between the cylinder and the orifice. In our
design, the cylinder is mounted on a micrometer so that
this distance can be changed while under vacuum. The
pressure in the plenum chamber can be incrementally
adjusted from 70 mTorr to essentially atmospheric
pressure for the 10 mm diameter orifice. A plot of the
plenum chamber pressure as a function of slit width for
a 10-mm orifice is shown in Figure 1c. This proves that
the pressure of the final expansion into the quadrupole
chamber can be controlled. By controlling the pressure
of the expansion, we can adjust the probability of
stopping and capturing the particulate ions in the
gas-filled linear quadrupole ion trap.

Experimental

The particulate ions used in this study were generated
by a variety of methods. Two commercial aerosol
generators were used. An electrospray aerosol genera-
tor (TSI, Inc., Shoreview, MN, USA, model 3480) was
used to produce singly-charged aerosols from the pro-
teins used in this study. Nanoparticles of urea were
created by nebulizing and drying a urea solution. The
solvent was 1:1 ratio of methanol to water. The urea
aerosol was size selected with an electrostatic classifier
(TSI, Inc., model 3085N). The output of the electrostatic
classifier is monodisperse (having a narrow size distribu-
tion) and primarily singly-charged. Attempts were also
made at increasing the charged ion output using de-
sorption electrospray ionization (DESI). In this proce-
dure, protein solutions were electrosprayed at a flat
surface near the entrance orifice. The multiply-charged
droplets impacted the surface and bounced off transfer-
ring most of their charge, leaving primarily singly-
charged protein ions. The rapid loss of charge on the
droplet results from the electrical/chemical potential
between the charged droplet and the grounded metal
surface. The final charge distribution was found to be
very dependent on the angle of incidence. Grazing

incidence angles produced higher average charge dis-
tributions.
The output of the inlet was examined with two

different digitally operated quadrupoles. In the first
experiments, the inlet output was examined with a
quadrupole with 0.635 cm diameter, 34.5 cm long rods.
The quadrupole radius was 0.277 cm. This quadrupole
was operated as a mass filter by varying the duty cycle
of the square waveform [9]. The duty cycle was varied
from 0.5 to 0.4 to obtain the best resolution while
maintaining sufficient throughput to clearly observe a
spectrum [10]. The low voltage waveforms were gener-
ated with a digital to analog converter (DAC) (Na-
tional Instruments, Austin, TX, USA, PCI-6120). The
low voltage square waveforms were then input into
high voltage DC pulsers (DEI, Vista, CA, USA, PVX-
4150). The voltage of the waveforms was varied from
250 to 500 V0-p.
The second quadrupole configuration used to exam-

ine the inlet was a quadrupole with a 5.42 cm radius [8].
This design uses a circularly concave electrode structure
to minimize the cross section of the device while
maximizing the radius. The concept of using this struc-
ture was first demonstrated by Hayashi and Sakudo
[11] and later illustrated in Dawson’s text [10]. This
configuration was used to create a large-radius linear
quadrupole ion trap (LR-LQIT). The operation of the
LR-LQIT was demonstrated in an earlier publication
[8]. In these experiments, the ions were collected, held
in a 5-mTorr buffer gas (air), and then ejected on-
demand into a conversion dynode/channeltron detec-
tor. This quadrupole was not used as a mass filter;
therefore the duty cycle of the waveforms was always
set to 0.5. The square waveforms were generated with a
function generator (Stanford Research Systems, Sunny-
vale, CA, USA, DS335 3 MHz) and high voltage pulsers
(DEI, PVX-4150). The voltage of the waveforms was
varied from 250 to 700 V0-p. In both experiments, the
conversion dynode was operated between 10 and 20 KV.

Results and Discussion

We first examined the inlet by using a linear quadru-
pole with 0.635 cm diameter rods (see Figure 2). We
operated the quadrupole as a mass filter by varying
the duty cycle of the applied waveform. Changing the
duty cycle is the equivalent of adding a DC compo-
nent to the waveform [12]. Though the resolution was
poor and the transmission was low, we were able to
resolve the spectra of large molecules and particles up
to �1.5 MDa. The resolved spectra of immunoglobulin
G (IgG) and urea particles are shown in Figure 3. The
assignment of the particle mass-to-charge ratio was
confirmed by sampling the electrosprayed IgG into a
TSI Inc. model 3085N atmospheric pressure differential
mobility analyzer with a condensation nuclei counter to
detect the electrostatically classified particles. The ion
mobility measurements showed that the majority of IgG
ions produced were singly charged. The range of fre-
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quencies that the IgG ions were transmitted through the
quadrupole also defined the mass-to-charge ratio from
the following equation:

m

z
�
1000eANV0�p

qx�y r0
2� 2f 2

(1)

where e is the protons charge, AN is Avogadro’s num-
ber, V0-p is the AC voltage zero to peak, r0 is the distance
between the central quadrupole axis and the rod sur-
face, f is the frequency of the potential and qx-y is the
Mathieu parameter for a linear quadrupole. Because we
use digitally-created square waves to drive the quadru-
pole, the apex of the stability diagram occurs near a
Mathieu parameter of 0.6 rather than a value near 0.8
for a sinusoidal potential. The peak transmission of the
IgG ions occurred near 65 kHz. They were not multiply
charged. The mass range analyzed was limited to less
than 1.5 MDa by the conversion dynode/channeltron
detector. Larger particulate ions were easily generated
with the electrostatic classifier; however, they did not
yield a signal.
Consider singly-charged immunoglobulin G ions

coming out of a 2-Torr supersonic expansion into vac-
uum. The velocity of the ions in vacuum would be
roughly 400 m/s, yielding 90 eV of kinetic energy [13].
If the quadrupole mass filter was operating at 80 kHz,
the unslowed ions would experience 60 cycles of the

trap. According to Dawson [10], the limiting resolution
is defined by:

(m ⁄m)�Nn ⁄ K

where the N is the number of cycles of the rf field and
K � 20 and n � 2 (experimentally determined parame-
ters). Consequently, the best resolution that would be
achieved under those conditions would be (m/�m) �
180. Our result with IgG yields a resolution of roughly
(m/�m)� 20. The pressure of the expansion where IgG
ions were mass analyzed was more than an order of
magnitude less than the 2-Torr supersonic expansion
from which the ion velocities were calculated. Our
measured IgG ions were moving much slower through
the quadrupole and therefore experiencing more than
60 cycles. We therefore believe that our measurements
are valid even though they were performed in a gas-
filled quadrupole. Furthermore, we felt confident that
our inlet and trap were working well together to deliver
slow moving massive ions to the detector because
biasing the exit endcap electrode by 10–20 V over the
entire range stopped the flow of ions to the detector.
Unfortunately, we were still unable to trap any large
ions in the quadrupole for subsequent ejection. Appar-
ently, the ions escaped before they could be ejected into
the detector.
Trapping the large masses for subsequent mass anal-

ysis had always been the goal of our work. It was for
this reason that we set out to build a better ion trap. We
assumed that the inability to trap the massive ions
resulted because the fringe fields from the end of the
electrodes penetrated too far into the quadrupole so
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Figure 3. Mass analysis of immunoglobulin G and urea particles
with the kinetic energy reducing inlet and operation of the
quadrupole as a mass filter.
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Figure 2. Test apparatus for the kinetic energy-reducing inlet. A
quadrupole with 1/4 in. diameter rods was digitally operated to
control the flow of ions to the detector.
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that the massive ions had a path out of the trap as they
settled in the quadrupole. We also knew that the
expansion of the ions into the quadrupole was disper-
sive so the probability of entraining the big ions into the
narrow quadrupole aperture was small. For these rea-
sons, we thought that a quadrupole with a larger radius
would work better and we set out to increase the
quadrupole radius by at least a factor of 10. The
illustration of circular concave electrodes to create hy-
perbolic fields found in Dawson’s text inspired our
large radius design. The LR-LQIT was first demon-
strated in a previous publication using singly-charged
bovine serum albumin ions and an aerodynamic lens
inlet system [8].
A schematic of the new inlet integrated with our

large radius trapping system is shown in Figure 4. The
entire atmospheric input to the inlet empties directly
into the LR-LQIT. The pressure inside the large radius
trap is maintained at �5 mTorr (air) while the chamber
was pumped with a 255 L/s turbo pump (Edwards
Vacuum, Tewksbury, MA, USA). The system was ori-
ented in the vertical direction as depicted in the sche-
matic so that the force of gravity acted along the axis of
the quadrupole trap.
The inlet and LR-LQIT were initially tested with

bovine serum albumin (BSA) at 66 kDa. The electrospray-
generated aerosol was directed into 100-�m diameter
flow limiting orifice. Ions were detected without ad-
ded buffer gas in the chamber or energizing the LR-
LQIT. The pressure in the quadrupole chamber was 5

mTorr. Energizing the LR-LQIT (700 V0-p, 8 kHz) with
grounded endcap electrodes stopped the flow of ions to
the detector at any plenum chamber pressure. At this
point, it was recognized that the inlet was probably
working too well. The kinetic energy of the singly-
charged BSA ions was not high enough to penetrate the
potential barrier created by the penetration of the
quadrupole fields through the hole in the entrance
endcap electrode.
The orifice diameter was then changed to 5 mm to

increase the kinetic energy of the BSA ions and the
experiment was tried again. This time, when the LR-
LQIT was energized, the ion yield increased. Applying
a 25 V or greater bias to the entrance endcap electrode
stopped the flow of ions into the LR-LQIT suggesting
that the kinetic energy of the BSA ions was less than
25 eV. Twenty and 100 V biases were applied to the
entrance and exit endcap electrodes, respectively, to
trap the ions. Singly-charged protein ions and mixtures
in the range between 10 and 205 kDa were trapped and
detected with this test set up. The mass-to-charge ratios
of the trapped ions were confirmed by adjusting the
frequency of the trap so that multiply-charged (�2 or
higher) or low mass ions could not be trapped by using
eq 1. Changing the frequency does not permit definition
of the mass-to-charge ratios with great accuracy, but it
is easy to roughly define m/z. Precise definition of the
mass came from knowing the analyte injected. While it
is true that we cannot tell with absolute certainty that
small fragments of the proteins were not lost in the
injection and trapping process, we do know that masses
trapped had some preset minimum. For example, we
set the minimum trapping mass in the BSA experiments
to 51 kDa by adjusting the square waveform to 8 kHz at
700 V0-p (eq 1). Under these conditions, smaller ions
than m/z-51,000 have Mathieu parameters (qz) greater
than 0.7125 and they are therefore not stable in the trap.
Similar checks were conducted for each mass trapped.
Therefore, we are absolutely certain that we were
injecting and trapping singly-charged massive ions
over the entire range.
Examples of the detector profiles for singly-charged

proteins and protein mixtures are shown in Figure 5.
The onset of detection changed modestly with mass
after the endcap electrode potential was dropped. How-
ever, the overall temporal profile did not change signif-
icantly as a function of mass for this test setup. Previ-
ously, we reported observation of changes in the arrival
time of the trapped ions at the detector as a function of
analyte mass when they were ejected from the LR-LQIT
[8]. That was not observed in this case because the
entire flow from the inlet exits directly into the LR-
LQIT, whereas in the previous study the aerodynamic
lens system inlet was differentially pumped to remove
the carrier gas. In these experiments the net flow of
carrier gas through the LR-LQIT keeps the ions from
separating as a function of ion mobility when they are
ejected as they did in our previous publication [8]. This
inlet has also been used for analyzing nanoparticles of

Figure 4. Schematic of the new inward-expansion inlet and
large-radius, linear quadrupole ions trap test apparatus.
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urea. They yield ejection profiles that were essentially
indistinguishable from the profiles shown in Figure 5.
Because they all looked roughly the same, we have not
included ejection profiles of each analyte trapped. How-
ever, we applied the low enough trapping frequencies
for each analyte to be certain that multiply-charged
analyte and small ions did not remain trapped.
Our observed trapping limit was not due to limitations

in the ability of the inlet and LR-LQIT to trap the massive
singly-charged ions rather it was due to the limitations
of the detector. The upper limit of the detector was
previously established using an aerodynamic lens
based inlet without the LR-LQIT energized. We also
observed the detector limit using the small quadrupole
as a mass filter.
The work presented here conclusively shows that

singly-charged proteins and protein complexes can be
trapped and held so that all of the expansion-induced
kinetic energy is removed from the ions. The trapped
ions could then be ejected on-demand from the LR-
LQIT into an awaiting mass analyzer. The kinetic en-
ergy distribution of the ions injected into a mass ana-
lyzer from our inlet and trapping system would only be
defined by the applied fields.
The sensitivity of our inlet and trapping system

should also be extraordinary. The particle transmission
efficiency through the plenum chamber should be
roughly as good as the transmission efficiency through
an aerodynamic lens system given the similar flow
patterns (see Figure 1b and reference [13] for a compar-
ison). The transmission efficiency for aerodynamic lens
systems is generally said to be 100% for the range of
sizes for which it was designed [14]. There will be an
upper mass limit for plenum transmission just as there
is for transmission through an aerodynamic lens system
[14] that is based on the stopping distance of the

particles [8, 15]. For a 1-�m diameter particle traveling
at 500 m/s through a 2 Torr gas, the stopping distance
is �13 cm. Therefore, 13 cm of travel is required to
entrain 1 �m particles in the laminar flow in the
chamber. This is a maximum stopping distance because
the more massive the particles, the greater the differ-
ence in velocity between the expanding gas and the
particle. Smaller particles will be entrained in shorter
distances. 200 nm (�109 Da) particles should make
through the plenum chamber with ease under a wide
range of pressures. The greatest losses to sensitivity
should occur during the first expansion and passage
through the plenum chamber and result from neutral-
ization of the charged particles mainly by interaction
with a surface. The most likely place for this to occur is
during the final expansion into the LR-LQIT. It is our
contention that the surface interaction during the final
expansion should be much less than that which occurs
by passage through a capillary for example. Therefore,
sensitivity loss by neutralization should be at least as
good or better than any other type of atmospheric inlet.
Finally, the entire flow from the flow limiting atmo-
spheric inlet orifice passes directly through the entrance
endcap into the LR-LQIT. The forward momentum of
the injected ions is stopped by collisions with the buffer
gas inside the quadrupole before they can reach the exit
plane of the trap. Consequently, ions can be captured by
the LR-LQIT even when the well depth is modest. The
ions are separated from the carrier gas inside the
LR-LQIT after they are already trapped. Our design
eliminates ion loss during the rough pumping stage and
limits surface-induced neutralization. We expect that
our greatest ion loss will occur during the transfer
process between the LR-LQIT and the mass analyzer.
Therefore, we expect to eventually obtain much better
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Figure 5. Examples of the detector time response of trapped ions ejected from the LR-LQIT after
dropping the exit end cap potential. (a) Ejection profile of a mixture of singly-charged proteins at 14.2,
20.1, 24.0, 29.0, 36.0, 45.0, and 66.0 kDa (Dalton Mark, Sigma Aldrich). (b) Ejection profile of
singly-charged Myosin (205 kDa).
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sensitivity than currently available atmospheric inlet-
based mass spectrometers.
The upper mass limit of the inlet and trapping

system has yet to be determined. Larger particulate ions
will require higher plenum chamber pressures for effi-
cient expansion into the LR-LQIT. At 250 mTorr, a 200
nm (109 Da) particle requires a maximum stopping
distance of �20 cm. Doubling the pressure halves the
stopping distance. Higher plenum chamber pressures
can still yield low enough kinetic energy distributions
because of the design of the final expansion. The
expansion from the plenum chamber into the quadru-
pole chamber is axially symmetric. Gases and particu-
late ions initially expand toward the symmetry axis
where they meet, mix and then undergo a secondary
expansion in the perpendicular direction along the
symmetry axis out into the quadrupole. The secondary
expansion has an even lower pressure drop that yields
slow moving ions that can then be trapped in the
LR-LQIT. The secondary and final expansion into the
quadrupole chamber can be optimized with the size of
the final expansion orifice and the slit width. It is our
contention that even particulate ions in the gigadalton
range can be delivered into the LR-LQIT and trapped
with great efficiency with the proper selection of the
orifice and slit width dimensions.
Trapping of the large particulate ions over the entire

range below 1.5 MDa was accomplished with the 5-mm
orifice and a plenum chamber pressure at �250 mTorr.
We did not work to optimize the trapping efficiency.
We propose that optimization of the trapping efficiency
of our system will be best done when a detector is in
place that can extend the mass range or with fluid
dynamics calculations. Our work suggests that unprec-
edented sensitivity may be achieved. We propose that
our current version of the inlet and trapping system
should enable sensitive atmospheric pressure MALDI
at essentially any mass below 1 MDa.
Finally, trapping ions before mass analysis allows

their motion to be completely defined by the applied
fields. We suggest that this work represents the first
step toward high-resolution mass analysis between 20
kDa and 1.5 MDa or higher. Our future work will
involve coupling our new technology to mass analyzers
that will provide sensitive, high-resolution mass analy-
sis in the ultrahigh mass range.

Conclusions

We have demonstrated that the combination of our new
inlet and trapping system can trap and hold massive
ions up to 1.5 MDa in mass. These ions can be delivered
on-demand to an awaiting mass analyzer with a kinetic
energy distribution that is defined by the applied fields.
Trapping massive ions is an important step toward
high-resolution mass analysis in the ultrahigh mass
range above 20 kDa.

The upper mass limit of our device is currently
defined by the limit of our conversion dynode-based
detector system (�1.5 MDa). Our inlet and trapping
system has no lower mass limit and as yet an undefined
upper mass limit greater than 1.5 MDa. Future experi-
ments are planned to define this limit.
All of the work done here has been performed with

the goal of extending the working range of mass spec-
trometers up into the gigadalton range. The next step in
the proposed evolution is to begin resolved mass mea-
surements up into the megadalton range. There are two
types of mass spectrometers that can accommodate
singly-charged massive ions while providing high-
resolution, time-of-flight and digital ion traps. We plan
to use our trapping system as an ion source for these
types of spectrometers to provide high-resolution mea-
surements of intact singly-charged proteins and protein
complexes soon.
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