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a  b  s  t  r  a  c t

A  charge  detection  mass  spectrometer  (CDMS)  with  a limit  of  detection  of  30 elementary  charges  (e)  for a
single  ion  is  described.  The  new  CDMS  consists  of  an  electrospray  source  coupled  to a  dual  hemispherical
deflection  analyzer  (HDA)  followed  by a modified  cone  trap  incorporating  an  image  charge  detector.  Ions
are energy  selected  by the  dual  HDA  prior  to  entering  the  trap. The  fundamental  oscillation  frequency
of  the  trapped  ion  is  extracted  by  a fast  Fourier  transform  (FFT).  The  oscillation  frequency  and  kinetic
eywords:
harge detection mass spectrometry

nstrumentation

energy  provide  the  m/z. The  magnitude  of  the  FFT  at  the  fundamental  frequency  is proportional  to  the
charge.  Simulations  indicate  that  the  charge  is  measured  with  an  average  uncertainty  of  3.2  e.  The  mass
of each  ion  is obtained  from  the  m/z  and  the  charge.  Mass  distributions  have  been  measured  for  bovine
serum  albumin  (BSA).  The  BSA  ions  were  trapped  for  up  to 1139  cycles.  BSA  monomer  and  multimer  ions
are evident  in  the  measured  mass  distribution.  The  width of  the  monomer  mass  distribution  (14  kDa)  is

cted  
consistent  with  the  predi

. Introduction

Charge detection mass spectrometry has garnered interest in the
ast two decades as a method for deconvoluting the complex mass
pectra of macroions. Large ions, like protein complexes, can access

 large number of charge states and frequently show a distribution
f masses due to inherent heterogeneity, incomplete dehydration,
r residual salt ions. These factors often lead to a spectrum con-
isting of a broad envelope of unresolved charge states spanning

 wide range of m/z values, because most mass analyzers lack the
esolution necessary to separate the closely spaced peaks. If the
harge states cannot be resolved, the charge cannot be established,
nd the mass of the ion cannot be determined.

Charge detection mass spectrometry circumvents these prob-
ems by directly measuring the charge on an individual ion. As a
harged particle passes through a metal cylinder, an image charge
f equal magnitude is induced on the cylinder. Concurrent veloc-
ty measurements for ions with a known kinetic energy yield the

/z values, enabling the mass of each ion to be calculated. Early
ork focused on the charging and sizing of micron-sized parti-

les for micro-meteroid experiments [1,2] and studying charged
il droplets [3].
Benner and Fuerstenau and their collaborators [4–8] were the
rst to combine an image charge detector tube with an elec-
rospray source to investigate charge detection capabilities with
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uncertainty  in the charge.
© 2012 Elsevier B.V. All rights reserved.

macromolecules. Subsequently, Benner used an ion trap with a
charge detector in the center to improve the precision of the charge
measurement. The trap allows for multiple charge measurements
with a single ion. If n equals the number of measurements aver-
aged, the noise is decreased by a factor of n1/2 [6]. Benner’s noise
level was 50 elementary charges (e) RMS  after passing through
a semi-Gaussian filter, which should decrease to 2.3 e RMS with
the maximum number of oscillations reported (450). However,
measurements were limited to charges larger than 250 electrons.
In subsequent work, whole viruses were analyzed [7,8], although
inaccurate charge measurements led to a significant error (±15%)
in the mass determination.

Another approach to obtaining multiple charge measurements
for a single ion is a linear array of charge detectors. Gamero-Castaño
[9,10] has described a system of two  interdigitated channels with
three detector tubes in each. The overall noise level was  ∼100 e. A
differential retarding potential energy analyzer was  used to prese-
lect the energy of the ions transmitted through the detector array.
Recently our group has reported studies with a linear array of 22
detectors separated into two  channels which are operated at dif-
ferent voltages [11]. Using this approach the energy and velocity
of each ion can be measured in the detector array, so it is not nec-
essary to preselect the energy. Poly(ethylene oxide) ions (300 kDa)
with as few as 100 charges were detected using this design with an
uncertainty of around 10 e.
Previous CDMS work in our group has focused on investigating
the properties of charged water droplets generated by electrospray
and their aerodynamic break-up in a capillary interface [12–14].
Antoine and Dugourd and their collaborators [15] have used CDMS

dx.doi.org/10.1016/j.ijms.2012.07.010
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:mfj@indiana.edu
dx.doi.org/10.1016/j.ijms.2012.07.010
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ig. 1. Overview of the experimental apparatus. I, II, III, and IV show the four diffe
exapoles; (4) focusing lens; (5) orthogonal TOF-MS; (6) HDA; (7) modified cone tr

o probe the maximum charge that can be held by different sizes
f large poly(ethylene oxide) molecules (1–7 MDa). They have also
sed a CDMS trap for photodissociation studies of large molecules
16].

In work related to that described here, Zajfman and collabora-
ors have reported several studies using an electrostatic ion trap
ith a charge detector to trap packets of ions [17]. They demon-

trated that under some conditions the ion packet undergoes phase
ynchronization (i.e., the packets do not spread-out with time)
18,19]. Mass spectra were obtained from Fourier transform of the
ignal from the oscillating ion packets [20,21].

In the work reported in this paper our objective is to improve
he accuracy and limits of detection of charge detection mass spec-
rometry for single macroions. In the new instrument described
ere we interface an ion trap, based on the “cone trap” design of
chmidt et al. [22], with a high resolution energy analyzer. A fast
ourier transform (FFT) is used to extract the oscillation frequency
f the trapped ions. The magnitude of the FFT is proportional to the
harge on the macroion (as well as to the trapping time).

The oscillation frequency is related to the m/z of the ion, but
lso depends on the ion’s kinetic energy. To reduce the uncer-
ainty in the m/z determination, a dual hemispherical deflection
nalyzer (HDA) was employed to select a narrow window of ion
inetic energies to introduce into the trap. The HDA consists of two
oncentric hemispherical electrodes, held at different potentials,
hich produce an electric field proportional to 1/r2. The electrode
otentials determine which kinetic energies are passed. Carefully
hoosing these potentials, as well the location and diameter of the
ntrance and exit apertures, improves the energy resolution of the
DA [23,24]. Once the charge, oscillation frequency, and kinetic
nergy are known, it is a trivial matter to calculate the m/z and
ass of each ion.
The performance of the new instrument is investigated by mea-

uring mass distributions for bovine serum albumin (BSA) ions and
SA multimer ions. BSA is relatively small (66.4 kDa). It was  selected
s a test case because larger ions, the usual target for CDMS, often
how a distribution of masses due to residual solvent and counter
ons. This distribution makes it difficult to evaluate the performance
mass resolving power) of the new CDMS instrument.

. Overview of the experimental apparatus
A schematic diagram of the experimental apparatus is shown
n Fig. 1. Ions are created via electrospray ionization (ESI) using
ero dead-volume nanospray fittings connected to a polyimide
lly pumped regions of the apparatus. (1) Electrospray emitter; (2) ion funnel; (3)
h image charge detector.

coated fused silica capillary (Polymicro) with an initial 75 �m inner
diameter (ID), heated and pulled to yield a smaller ID. The emitter
tip was coupled to a syringe pump (Cole-Parmer, EW-74900-00)
which provided a constant flow rate of 30 �L/h. The ESI tip was
held at a potential of 2–4 kV. Ions enter the vacuum chamber
through a 0.5 mm  diameter stainless steel aperture. A counter flow
of hot, dry air helps to desolvate the ions. Bovine serum albumin
(Sigma–Aldrich) was  prepared at a concentration of 2 mg/mL in a
90:10 (v/v) water–acetonitrile mixture with 2% (v/v) acetic acid
added.

The instrument is divided into four differentially pumped
regions (see Fig. 1). The first region contains an ion funnel [25]
composed of 96 plates spaced 1.25 mm apart, with a final aper-
ture diameter of 2.54 mm.  A 5.4 V/cm potential gradient is applied
along the length of the ion funnel. A 600 kHz 40 V peak to peak RF
potential, obtained from a home-built RF generator, is applied to
the ion funnel to provide the pseudopotential that focuses the ions.

Two sets of hexapoles guide the ions through the next two  dif-
ferentially pumped regions. The 100 V DC potential applied to the
first hexapole determines the nominal ion kinetic energy. The entry
to the fourth and final differentially pumped region is marked by
the presence of a focusing lens system. Several groups have pub-
lished results showing improved ion beam focusing with minimal
aberrations using an asymmetric einzel lens [26–28]. The design
here, consisting of seven copper lenses with polyether ether ketone
(PEEK) used for spacing and alignment, is modeled after that of Saito
et al. [27].

Within the main chamber there are two  possible paths available.
Ions can either be analyzed by an orthogonal reflectron [29] time-
of-flight mass spectrometer (TOF-MS) or continue on toward the
dual hemispherical deflection analyzer and ion trap. To measure a
TOF mass spectrum the potentials on the focusing lens are chosen
such that the ion beam is focused at the extraction region of the
TOF-MS. The extraction region consists of three plates, a central
grounded plate and two  pulsed plates which extract a group of ions
and accelerate them vertically into the field free region of the TOF.
The reflectron causes the ions to follow a parabolic path where
they are detected by a pair of microchannel plates in a chevron
configuration. The TOF is used as a diagnostic of the electrospray
source.

If the TOF extraction plates are grounded, the ion beam passes

into the entrance of the dual hemispherical deflection analyzer
(HDA). As shown in Fig. 2, the two HDAs are placed in an S-shaped
tandem arrangement, allowing the ion beam to maintain its orig-
inal direction. Each HDA consists of two concentric hemispheres
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ig. 2. Diagram of the dual HDA, showing the radii of the inner hemisphere, R1,
uter hemisphere, R2, and central radius, R0.

ith radii R1 = 19.05 mm and R2 = 31.75 mm for the inner and outer
emispheres, respectively. The central radius is defined by:

0 = R1 + R2

2
(1)

nd the potentials on the inner (V1) and outer (V2) hemispheres are
iven by [30]:

i = 2V0

(
R0

Ri
− 1

)
(2)

ith i = 1 and 2. V0 in Eq. (2) is the potential at radius R0 and it is
lso the kinetic energy of the ions to be selected.

The cone trap [22] consists of two conical end caps located
5.25 mm apart with a 6.35 mm diameter aperture. A charge detec-
or tube (25.4 mm long, 6.35 mm ID) was held along the central
xis by an insulator mounted within a shielded cylinder. When
n ion passes through the detector tube, an image charge of equal
agnitude but opposite sign is induced. A lead connects the detec-

or tube to a JFET which is in turn attached to a charge-sensitive
re-amplifier (Amptek A250). The A250 and JFET are housed in a
rounded case mounted on the shield. The signal from the A250 is
rocessed outside the vacuum chamber by a home-built analog to
igital converter, which passes the signal into a computer where it

s stored.

. Energy selection

The energy distribution of the ions extracted from the hexapole
as measured with a retarding potential energy analyzer. With a
ominal ion energy of 100 eV, the baseline width of the energy
istribution was around 10 eV. This width is mainly due to ions
ith energies lower than the nominal value and presumably results
rom collisions with the gas in the hexapole as the ions are being
xtracted. The dual HDA is employed to select a narrow band of
nergies for trapping in the cone trap. The HDA provides signifi-
ant advantages over cylindrical analyzers in that it focuses ions
Mass Spectrometry 345– 347 (2013) 153– 159 155

in two directions and offers better energy resolution [31,32]. The
resolution of the HDA is determined by three things: the size of the
apertures, the maximum incident angular deviation (�˛), and cor-
rection of the fringing fields. All three apertures (entrance, middle,
and exit) are circular holes, 2.54 mm diameter. The entrance aper-
ture size is the most easily controllable parameter for improving
resolution as it also directly affects �˛. The sizes for the middle and
exit apertures were selected to match the size of the entrance aper-
ture to ensure high energy resolution at the desired pass energy,
E0 = V0. As the kinetic energy of an ion deviates from V0, the trajec-
tory it follows through the HDA diverges from R0. A small aperture
lowers the transmission efficiency but also guarantees that only a
small window of kinetic energies is passed. The baseline energy
resolution of a single HDA has been described by [33]

�E

E0
= w

2R0
+ 1

2
(�˛)2 (3)

where w is the aperture diameter.
An einzel lens is located just before the entrance of the first

HDA in order to control the entrance angle and the location of
the focal point. Simion 7.0 simulations were used to optimize the
performance of the lens and dual HDA. The best performance was
obtained with the lens potentials set to cause the focal point of the
ion beam to be within the HDA, instead of at the entrance aper-
ture. The distribution of entrance angles through the HDA aperture
was then ±0.0717 radians. Using this value for �˛,  the optimal
resolution for the first HDA was  calculated using Eq. (3) to be 5.3%
(baseline) when the focal point was located within the HDA. If the
focal point was  located at the entrance aperture of the HDA, as
is conventionally done, the acceptance angle increased to ±0.4643
radians (with a 2.54 mm diameter, 5.08 mm thick aperture) and the
resolution was calculated to be 15.8% (baseline). Thus, a threefold
improvement in resolution is achieved by simply adjusting the focal
point of the einzel lens to fall within the HDA. The choice of focal
point also helped to negate the fringing field effect, as discussed
further below. According to the Simion simulations, the optimum
resolution obtained for the einzel lens and dual HDA combination
was 3.5% (baseline) with a pass energy spread of 98.5–102.0 eV.

The energy resolution can be improved by decelerating the
ions prior to entry into the HDA, and then re-accelerating them to
their original kinetic energy after they have been energy analyzed.
Although the relative HDA resolution stays approximately the same
when the ions are decelerated, the overall resolution improves
because the energy analysis occurs at a lower kinetic energy. For
example, deceleration to 10% of the initial kinetic energy, followed
by energy selection in the HDA and re-acceleration, leads to around
an order of magnitude improvement in the energy resolution. The
base energy resolution improves to 0.45%, with an effective pass
energy spread of 99.75–100.20 eV. This improvement in the reso-
lution has a cost as it causes the transmitted signal to decrease by
around an order of magnitude.

Incorporating the einzel lens before the first HDA improved
the energy resolution in three ways: (1) it gave control over the
entry angle (�˛), (2) allowed the ions to be decelerated, and
(3) helped with the fringing field correction. Fringing fields arise
near the entrance and exit of an HDA. Ideally, all of the potential
field lines in the HDA would be perfect hemispheres, concentric
with R0. However, the fields become distorted near the entrance
and exit apertures where the hemispherical electrodes are in
close proximity to the central grounded plate, which contains the
entrance and exit apertures. Fringing field distortion causes the
ions to not behave in an ideal fashion and can negatively affect

the performance of the HDA. Numerous correction techniques have
been formulated and tested to deal with this problem [30,34–39].
Many of these methods focus on improving the shape of the field
lines to better approximate an ideal field. Most of the problems
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Fig. 3. Schematic diagram showing the pulse sequence used to trap an ion. A com-
plete sequence is represented by times t1 to t4. At t1 the trapping voltage (135 V) is
applied to the back cone and the front cone is switched to zero volts to allow ions
to  enter the trap. Around 10 �s later (t2) the voltage on the front cone is raised to
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35  V to trap any ions in the trap. After 29 ms (t3) the voltage on the back cone is
owered to evacuate the trap. After another 1 ms  (t4) the trap is reset and another
rapping event begins.

ssociated with fringing fields and their correction techniques
ssume that the ion beam focal point is located at the entrance of
he HDA, where the fields are at their least ideal. Another option is
o focus the ions beyond the entrance aperture such that the focal
oint is located well past the fringing fields. We  have combined
his focusing technique with the fringing field corrector of Herzog
38,40], which involves spacing the HDA hemispheres a set distance
here, 3.175 mm)  away from the central ground plate and aper-
ures. This caused the fringing fields to follow a path which is more
oncentric with R0 instead of converging at the point where the
emispheres are in close proximity to the central plate. The effects
f the fringing fields were mitigated by this correction technique,
hough not completely negated.

Simion simulations have shown that having the focal point
ocated inside the HDA leads to a distortion of the ion trajectory,

ith ions of a given energy tending not to follow the path of R0. To
ccount for this paracentric trajectory and ensure transmission of
he desired kinetic energy, the middle aperture was placed 1.91 mm
ff of R0. This in turn affected the focusing of the second HDA as the
ons did not enter at R0. Paracentric entry has been used by Zouros
nd co-workers [30,38,39,41] as a fringing field correction tech-
ique that improved the energy resolution, so this may  also add to
he resolution improvement here. Due to paracentric entry in the
econd HDA, ions with the desired kinetic energy did not exit at R0.
he final exit aperture was  placed 3.05 mm off of R0 to account for
his.

. Data collection and signal processing

As shown in Fig. 1, there are through holes in the end caps of the
odified cone trap so that ions can enter and exit. The sequence of

oltages placed on the end caps for trapping ions is shown in Fig. 3.
he sequence begins at t1 where the voltage on the back cone is
aised to 135 V to reflect ions and the voltage on the front cone is
ropped to zero volts so that ions can enter the trap. After around
0 �s (t2) the voltage on the front cone is raised to 135 V to trap any

ons that are in the trap. When the ion nears the end of the trap, the
lectric field generated by the end cap repels the ion and reverses
ts trajectory. This process is repeated as the ion passes through

he trap in the opposite direction. As an ion passes back and forth
hrough the charge detector tube, the image charge is recorded.
fter 29 ms  (t3) the voltage on the back cone is dropped to zero to
mpty the trap. After another 1 ms  (t4) the trap is reset and another
Mass Spectrometry 345– 347 (2013) 153– 159

trapping sequence begins. The number of ions that enter the trap
is kept low enough that the probability of trapping more than one
ion is small. In previous work, Benner [6] used the signal from the
ion detector to trigger the closure of his trap. This approach leads
to a high limit of detection (>250 e). Here we  randomly close the
trap, which allows us to look for much smaller signals but leads to
a lower trapping efficiency (around 1%).

The periodic waveform which arises from the trapped ion is
well suited to analysis with a fast Fourier transform. The resulting
frequency domain spectrum contains the fundamental frequency
of the oscillatory motion and the associated harmonics. The FFT
magnitude is proportional to the image charge. The relationship
between the m/z and the fundamental frequency, f, is given by:

m

z
= C

2E0f 2
(4)

where C is a constant that depends on the geometry of the cone
trap and the applied voltages. The kinetic energy (E0) is selected by
the dual HDA.

Simion simulations of the ion trap were performed in order
to determine the constant C and hence calibrate the relation-
ship between the fundamental frequency and the m/z at a given
kinetic energy. First, the minimum and maximum incident angles
were determined trigonometrically from different radial starting
positions, and then a series of possible ion trajectory paths were
generated. Simion updates the ion trajectory using a Runge–Kutta
method, performed at discrete time steps which are not always uni-
formly spaced. In order to better approximate the true ion signal, a
user program was written which set the time step to be either 1%
or 0.1% of the actual sampling period of the data acquisition boards
(∼533 ns). This allowed better resolution of the ion’s trajectory and
improved sampling for analyzing the simulated signal. However,
there were periods in the ion flight path when the time steps sug-
gested by the Runge–Kutta routine in Simion were smaller than
defined within the user program. In these cases, the Runge–Kutta
time step was used. After such an event, the next time step was
adjusted so that the total time was  once again a multiple of the
user defined time step. The total time-of-flight and xyz position
were recorded at each multiple of the user defined time step.

This simulated signal was  transferred to a waveform genera-
tor for use in calibration of the charge detector. Calibration was
performed by applying a voltage across a known capacitance into
the gate of the JFET. This was  done with several different voltages
and frequencies. The resulting signal was analyzed with a Fortran
program to yield the charge calibration.

5. Determination of the charge measurement error

Simulations were performed in order to determine the charge
measurement error and the limit of detection expected from the
experiments. Noise files were recorded by applying all the voltages
to the experiment, except that no ions were introduced into the
vacuum chamber. Simulated ion signals for charge states from 20
to 100 electrons were added to the noise files and the resulting sig-
nals were analyzed by the program used to analyze the real data.
Each simulated ion was  given a random oscillation frequency, trap-
ping time, and starting time. The frequencies were limited to those
corresponding to m/z values between 500 and 3000, the minimum
trapping time was  set to be equivalent to 400 cycles, and the max-
imum trapping time was  30 ms.  For ions with charges of 30 e and
greater, all of the simulated signals were found by the data analysis
program. However, for charges less than 30 e, some of the simu-

lated signals were not picked up. For a charge of 20 e, only 16 out of
42 simulated signals were found. The upper half of Fig. 4 shows the
average charge found by the data analysis program plotted against
the input charge. The plot is linear down to around below 30 e,
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Fig. 4. The top panel shows the output response (red circles) of the data analysis
program as a function of known input charge. The black line represents the ideal
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Fig. 5. The top panel shows a portion of a raw signal containing a BSA +56 ion which
was  trapped for 25 ms  (1135 cycles). The signal shown here was passed through a
esponse. The bottom panel shows the standard deviation of the response as a func-
ion  of charge. (For interpretation of the references to color in this figure legend, the
eader is referred to the web  version of the article.)

here the program begins to lose some of the signals. The devia-
ions below 30 e may  result from selective detection of signals that
re reinforced by the noise. The lower half of Fig. 4 shows the stan-
ard deviation plotted against input charge. The standard deviation

s independent of input charge, and has an average value of 3.2 e.
his represents the measurement error expected for the charge.
ased on these results, we can expect to detect nearly all ions with
harges of 30 e and above with an average measurement error of
.2 e.

. Experimental results

The upper half of Fig. 5 shows an example of a raw time domain
ignal for a trapped ion. The Fourier transform of this signal is
hown in the lower half of Fig. 5. The peak at around 46 kHz is
he fundamental frequency, which corresponds to an m/z of ∼1200
a/e. The first harmonic can be seen at around 92 kHz. The magni-

ude of the fundamental indicates that the ion has a charge of 56
.

Results from an experiment where 3300 BSA ions were trapped
equentially and their signals recorded are shown in Fig. 6. In this
ata set the ions were trapped for an average of 325 cycles. The
aximum number of cycles was 1139, corresponding to a trapping

ime of ∼25 ms.  The upper plot in Fig. 6 shows the m/z distribu-
ion determined from the measured oscillation frequencies. The
istribution peaks at around 1250 Da/e. The middle plot in Fig. 6
hows the measured charge distribution. Ions with a charge as

ow as 17 e were detected, but any ion with a charge less than
0 e was discarded because the uncertainty in the charge begins
o diverge for charges smaller than 30 e. The charge distribution
s bimodal. The major peak occurs at around 50 e, and there is a
10  kHz FFT high pass filter. The bottom panel shows the Fourier transform of the
signal from the top panel. The ion has a fundamental frequency of ∼46 kHz, corre-
sponding to an m/z of ∼1200 Da/e. The first harmonic can also be seen at ∼92 kHz.

minor peak at around 100 e. The mass distribution is shown in the
lower plot in Fig. 6. The mass distribution is also bimodal with the
major peak at around 65 kDa and the minor peak at around 130 kDa.
We attribute these peaks to the monomer and dimer of BSA. The
nominal mass of BSA is 66.4 kDa, so both peaks occur at a mass
that is slightly lower than expected. The discrepancy between the
measured masses and the expected values probably results from a
small error in the charge calibration. Although not visible on these
plots, it is worth noting that a number of ions were detected with
masses corresponding to the trimer of BSA. In other experiments
we have observed ions with masses corresponding to the tetramer
and pentamer of BSA.

We  performed simulations of the BSA m/z, charge, and mass
distributions to compare with the measured data. The simulations
were performed using the scheme outlined above where artificial
signals are added to noise files, and then analyzed. Simulations
were performed for around 1500 BSA ions and twice the num-
ber of dimer ions (since more charge states are available for the
dimer). For the BSA monomer we used ions with 28–52 charges, and
for the BSA dimer we  used ions with 56–104 charges. To facilitate
comparison with the measured spectra, after the simulations were
performed the relative abundances of the monomer and dimer ions
were adjusted so that they roughly match the experimental values.
The results are shown in Fig. 7.

The upper plot in Fig. 7 shows the m/z distribution. The bin width
used here is narrow enough to reveal the charge state distribu-
tion. The FFT determines the oscillation frequency of the simulated
signals with sufficient accuracy to resolve the charge states. The

frequency determined from the FFT analysis deviates from the
input value by less than 0.1%. The charge distribution obtained
from this analysis of the simulated signals is shown in the mid-
dle plot of Fig. 7. The individual charge states are not resolved here
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Fig. 7. Simulation results for BSA. The top panel shows the m/z distribution obtained
by analyzing simulated BSA signals (see text) with the data analysis program. The
ig. 6. Experimental results for BSA. The top panel shows the m/z  distribution, the
iddle panel shows the charge state distribution, and the bottom panel shows the
ass distribution.

ecause the charge is only determined with an accuracy of 3.2 e. The
harge distribution is bimodal, reflecting the different charges on
he monomer and dimer. The simulated mass distribution is shown
n the lower plot in Fig. 7. There are two peaks corresponding to the

asses of the monomer and dimer.

. Discussion

The monomer peak in the simulated mass distribution (lower
lot in Fig. 7) is around 13.2 kDa wide at the half height. This
idth results almost entirely from the uncertainty in the charge
etermination (3.2 e). The peak in the measured mass distribu-
ion is slightly broader, around 17.0 kDa wide at half height. A large
raction of the difference between widths of the measured and sim-
lated distributions can be attributed to the finite energy spread of

he ions entering the trap. In the simulations it is assumed that
he width of the energy distribution is vanishingly small while the

easurements shown in Fig. 6 were performed under medium res-
lution condition with a nominal energy spread of 3.5 eV. Under
middle panel shows the charge distribution, and the bottom panel shows the mass
distribution.

high energy resolution conditions (i.e., with the ions decelerated
before transmission through the energy analyzer) the width of the
mass distribution narrows to around 14.0 kDa at the half height.
With the high energy resolution, the measured width of the mass
distribution should correspond closely to the simulated width. The
fact that there is still a small discrepancy (14.0 kDa versus 13.2 kDa)
suggests that another factor contributes a small amount to the
width.

In the simulations it is assumed that the ions’ masses correspond
exactly to the mass of the BSA monomer or dimer ions. Any broad-
ening of the m/z peaks in the experiments due to counter ions or
adduct formation will contribute to the width of the mass distribu-
tion. In the m/z distribution measured with the time-of-flight mass
spectrometer the peaks are not baseline resolved indicating that
the finite width of the m/z peaks could be a factor, and contribute

a small amount to the width of the mass distribution.

The fact that the measured mass distribution is only slightly
broader than the simulated one confirms the reliability of the
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verage uncertainty in the charge determination obtained from the
imulations (3.2 e).

. Conclusions

We  have described a new charge detection mass spectrometer
mploying an ion trap to recirculate the ions. The main innova-
ions described here are: (1) use of a dual hemispherical deflection
nalyzer to preselect the ion energy before the ions enter the trap;
2) use of modified cone trap to provide more oscillations; and (3)
se of an FFT to analyze the results. With these innovations we
ave reduced the limit of detection to 30 e, which is a significant

mprovement over the previous best of 100 e achieved with a detec-
or array [11]. The charge is measured with an average accuracy of
.2 e.

The mass resolution achieved here with BSA (14 kDa) is mainly
imited by the uncertainty in the charge measurement. Further
mprovements in charge detection mass spectrometry will hinge
n further improving the accuracy of the charge determination.
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