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Abstract. Weighing single ions with charge de-
tection mass spectrometry (CDMS) makes it pos-
sible to obtain the masses of molecules of essen-
tially unlimited size even in highly heterogeneous
samples, but producing a mass histogram that is
representative of all of the components in a mix-
ture requires substantial measurement time. Mul-
tiple ions can be trapped to reduce analysis time
but ion signals can overlap. To determine the
maximum gains in analysis speed possible with

current instrumentation with multiple ion trapping, simulations calculating the frequency and overlap rate of ions
with different mass, charge, and energy ranges were performed. For an analyte with a broad mass distribution,
such as long chain polyethylene glycol (PEG, 8 MDa), gains in analysis speed of up to 160 times that of prior
CDMS experiments are possible. For signals from homogeneous samples, ions with the same m/z have
frequencies that overlap and interfere, reducing the effectiveness of multiplexing in experiments where ions
have the same energy per charge.We show that by maximizing the decoupling of ionm/z from frequency using a
broad range of ion energies, the rate of signal overlap is significantly reducedmaking it possible to trapmore ions.
Under optimum decoupling conditions, a measurement speed nearly 50 times greater than that of prior CDMS
experiments is possible for RuBisCO (517 kDa). The reduction in overlap due to decoupling also results in more
accurate quantitation in samples that contain multiple analytes with different concentrations.
Keywords: CDMS, Charge detection mass spectrometry, Multiplexing, Fourier transform, Megadalton, Ion
energy, Ion frequency, High-throughput, Decoupling, Native MS
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Introduction

Native mass spectrometry, in which ions of biomolecular
molecules and associated macromolecular complexes are

produced by electrospray ionization from aqueous solutions
containing 100+mM concentrations of salts [1, 2], is widely
used to obtain structural information about molecular ions
formed from environments in which they have native structures
and reactivities [3]. Information about the stoichiometries and

structures of complexes can be obtained from tandem mass
spectrometry experiments in which mass-selected precursor
ions are activated, either through collisions with gaseous mol-
ecules or with surfaces, and the resulting fragment ions, typi-
cally consisting of intact monomer subunits or sub-assemblies,
are mass analyzed [4, 5]. A key challenge in extending themass
range of analytes amendable to such measurements is the need
to resolve individual charge states in order to obtain molecular
weight information from larger species, such as intact viruses
[6]. This is particularly challenging for complex samples, such
as synthetic polymers [7, 8] or intrinsically heterogeneous
macromolecular complexes, where charge-state distributions
of the individual components in the mixture are unresolved
[9]. Signals for each component in an ensemble measurement
can overlap and can lead to loss of resolved signal. In these
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cases, tandem mass spectrometry performed on a narrow range
of m/z precursors can spread out the fragment ion signal over a
wider range of m/z and enable some mass information to be
obtained [9, 10].

One method to overcome the problem of heterogeneity is to
mass analyze individual ions so that the measurement of one
ion does not interfere with the measurement of another. Single-
molecule mass measurements have been demonstrated using a
variety of different methods, including nanoelectromechanical
systems [11, 12] and with various types of mass spectrometers,
including Fourier-transform ion cyclotron resonance (FTICR)
[13, 14], Orbitrap [15, 16], ion trap [17–21], cryodetector time-
of-flight [22, 23], and charge detection mass spectrometry
(CDMS) [24–30]. Several of these mass spectrometry methods
can provide high mass measuring accuracy but this typically
comes at the expense of analysis time. Kafader et al. demon-
strated a resolving power of 677,000 from single-ion measure-
ments in an Orbitrap mass spectrometer for the protein carbonic
anhydrase using ~ 250 ms measurement times, but found that
there was significant ion decay for species over 40 kDa which
resulted in “hours of total acquisition time to produce a com-
posite mass spectrum with statistically meaningful isotopic
distributions” [16].

In order to obtain useful information about the composition
of heterogeneous samples, the masses of many individual ions
must be measured [26]. Thus, analysis speed is essential for
practical single-ion measurements. Single-ion Fourier trans-
form charge detection mass spectrometry (FT-CDMS), in
which individual ions are confined in an electrostatic ion trap
and them/z of each ion is obtained from its oscillation frequen-
cy, can provide useful mass measurements from molecules of
essentially unlimited size, ranging from small proteins up to
particles with masses well above 100 MDa [26, 27, 31–39].
Detection and mass accuracy depend on a number of factors,
including the ion charge and trap time, but useful measure-
ments can be made in about 100 ms [31, 32, 34, 40], although
longer trapping times are often used to improve mass measure-
ments [41] or to obtain single-ion collisional cross sections [38,
39] or MSn information [37] in combination with the measure-
ments of individual ion masses. Because large macromolecules
and macromolecular complexes typically have a large number
of non-volatile salts and often solvent molecules attached, the
masses of large complexes that can be measured in conven-
tional mass spectrometers are often higher than those of the
computed masses. Robinson and co-workers have reported a
widely used method, which relates the peak width of a charge
state to the extent of adduction to provide a “corrected”mass of
the unadducted complex [9]. The mass attributed to adduction
can account for more than ~ 1% of the overall measured mass
for large protein assemblies weighing 385–800 kDa [9]. The
extent to which large molecules and complexes are adducted
limits the overall need for high mass measuring accuracy
because the ultimate mass accuracy is limited by any correction
method for larger ions [6, 9]. Thus, a mass accuracy of less than
0.1%, readily achievable in CDMS with 100 ms trap times and
samples of 1000+ ions [26, 42, 43], should not limit the overall

mass accuracy with which large complexes, polymers, or vi-
ruses can be weighed.

Even with a 100ms trap time, the number of ions that can be
measured per second is limited by weighing just one ion at a
time. Until recently, it was believed that single-ion trapping
events were required in FT-CDMS. Jarrold and co-workers
state: “…multiple ion trapping events cannot be analyzed be-
cause two highly charged ions trapped together interact and
perturb the oscillation frequencies. Hence, only single ion
trapping events are useful” [26]. In order to achieve the opti-
mum single-ion trapping conditions, the ion current has to be
carefully regulated so that a single ion is trapped in only 37% of
the measurements [26, 44]. Lower currents lead to fewer
single-ion trapping events and higher currents lead to more
trapping of multiple ions at the expense of single-ion events.
Thus, under optimum single-ion conditions, fewer than four
ions can be weighed per second using 100 ms trap times and
nearly 2/3 of the measurements, which contain no or multiple
ions, are discarded [26, 44].

We recently demonstrated that multiple trapped ions can be
individually weighed in FT-CDMS and that ion-ion interac-
tions with up to 21 ions trapped do not affect the mass mea-
suring accuracy or ion trapping for times up to 1 s [43]. A key
issue, however, is when two or more ions of the same or similar
m/z are introduced into the trap and the resulting signals over-
lap in frequency. This greatly complicates individual ion mass
measurement and is most likely for homogenous samples
where the number of charge states in a charge-state distribution
is limited. This problem of ion overlap can be significantly
reduced by decoupling the ion frequency from the ionm/z [43].
This decoupling is accomplished by introducing a relatively
broad distribution of ion energies per charge (hereafter referred
to simply as “ion energies” or “energies”) into the ion trap and
measuring the energy of each ion in situ. A greater than 10-fold
gain in speed was demonstrated with multiple single-ion mea-
surements using this frequency tom/z decoupling scheme [43].
Here, we explore the limits of multiple ion trapping experi-
ments and how various instrument and analysis parameters
affect the potential signal increases in these measurements.
These results indicate that this scheme should make possible
rapid acquisition of masses of constituent molecules and that
this method will be particularly useful for samples that are not
amenable to analysis using conventional mass spectrometry
measurements.

Theory
Decoupling Ion Frequency and m/z in CDMS

In conventional mass spectrometry, a single observable is
directly coupled to the m/z of an analyte ion. For example, in
the most widely used high-performance Fourier-transform
mass spectrometry instruments, such as Fourier-transform ion
cyclotron resonance (FTICR) or Orbitrap instruments, ion m/z
is generally determined by calibrating the measured ion fre-
quencies to a m/z scale using reference standards with known
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mass [45]. While other factors, such as magnetic field strength
(FTICR), injection distance from the axial minimum potential
(Orbitrap), and trap geometry (both), also affect the observed
ion frequencies, they are held constant with a high degree of
precision, leaving ion m/z as the sole variable which makes
possible direct calibration of ion frequency to ion m/z. In FT-
CDMS, where ions are trapped and oscillate with a period
frequency, the relationship between ion frequency, f, and m/z,
given in Eq. (1):

m

z
¼ C Eð Þ

f 2
ð1Þ

C(E) is a function of ion energy, the trapping voltage, and
the trap geometry. This value is determined from ion trajectory
simulations [38, 39]. Thus, the ion frequency depends on ion
energy, through C(E), as well as ion m/z. In most FT-CDMS
trapping experiments to date, C(E) is kept constant with a
narrow bandwidth of energies selected by using energy selec-
tive ion optics, such as a dual hemispherical deflection analyzer
[46] or a turning quadrupole [29]. The narrowest spread of ion
energies reported in single-ion CDMS is a standard deviation
of 0.3% of the nominal energy, which makes possible the
charge-state resolution of analytes as large as 465 kDa [42].

The necessity for energy selective ion optics can be elimi-
nated if the ion energy is determined directly from individual
ion signals. Because the duty cycle of the time domain ion
signal in FT-CDMS depends on the ion energy, the amplitudes
of the fundamental and harmonic frequencies also depend on
ion energy [39]. Thus, the ratio of the fundamental and second
harmonic frequencies can be used to dynamically determine the
ion energy throughout the entire trapping period [39]. This
measurement of ion energy does not depend on the ion
frequency.

Dynamically measuring ion energies makes it possible to
take advantage of the ion m/z and frequency decoupling that
occurs as result of non-uniform ion energies in CDMS. Figure 1
demonstrates the advantages that can be gained by intentionally
decoupling ion m/z and frequency. The m/z spectrum of
RuBisCO (517 kDa) acquired using a commercial quadrupole
time-of-flight mass spectrometer [43] is shown in Figure 1a.
The most abundant or base peak corresponds to the + 51 charge
state at m/z ~ 10,140. The theoretical frequency line spectrum
of the same RuBisCO ions that would be measured in a
conventional FT-based instrument or a CDMS spectrum where
the ion energy is a singular value, i.e., C(E) in Eq. (1) is a
constant, is shown in Figure 1b. If a broad range of ion energies
are introduced into the trap, them/z and frequency are no longer
directly coupled. This is illustrated in Figure 1c in which an ion
with a given m/z can be observed anywhere within a range of
frequencies that is determined by the width of the ion energy
distribution.

The decoupling of ion frequency and m/z is important to
increasing the number of ions that can be simultaneously
analyzed in a single CDMS trapping event. Because FT-

CDMS is based on individual ion frequency and amplitude
measurements, two or more ions with interfering frequencies
and convolved amplitudes provide no mass information. For
example, if two ions with the same m/z and energy are trapped
simultaneously, analogous to a single peak in the spectrum in
Figure 1b, their signals would interfere and the mass of neither
ion could be readily determined. This is almost certain to occur
as the number of trapped ions approaches the number of peaks
in the charge-state distribution of a relatively pure sample of a
large molecule, significantly limiting the possibility of multiple
ion measurements in cases where mass measuring accuracy is
on the order of the peak width. By maximizing the frequency
range in which ions of a givenm/z can be observed (Figure 1c),
the probability of interferences is greatly reduced. This makes it
possible to introduce and simultaneously measure a greater
number of ions in a single trapping event, decreasing the time
required to measure a representative mass spectrum. Detection
and analysis of simultaneously trapped individual ions have
been recently demonstrated in CDMS [43]. Data from ion
trapping events containing multiple RuBisCO ions with a
moderately broad distribution of ion energies (standard devia-
tion of ~ 3% of nominal centroid energy) resulted in more than
an order of magnitude decrease in data acquisition times over
optimal measurements of just single trapped ions [43].

In other FTMS methods, including FTICR, Orbitrap, and
CDMS for ensemble measurements of low charge-state ions,
ion motion must be coherent in order to measure ion mass.
Space-charge effects can be observed when the number of

Figure 1. Illustration of decoupling ionm/z from ion frequency.
Them/z spectrum of RuBisCO (517 kDa, with structure PDB ID:
8RUC shown in the left corner) obtained using a commercial Q-
TOF instrument (a) has a limited number of peaks in the charge
state distribution. An equivalent theoretical frequency domain
spectrum that might be measured using a conventional FT-
based instrument or a CDMS instrument where the range of
ion energies is narrow is shown in (b). By introducing a broad
range of ion energies into a CDMS instrument,m/z and frequen-
cy are decoupled. Thus, ions that have the same m/z can
appear at different frequencies, as shown in (c). If multiple ions
are trapped, the probability of ion interference in (b) is high, but
low in (c)
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charges of trapped ions with similarm/z exceed a certain value.
For example, effects on FTICR frequencies have been mea-
sured when ~ 10,000 charges are present in the trap [45, 47].
This can result in signal coalescence, a loss of resolution, and
other errors [45, 47]. Another advantage of single-ion CDMS is
that ion motion does not have to be coherent in order to
measure ion masses. In fact, for optimum multiplexed ion
measurements, ion coherence is highly undesirable because
coherent ions with the same or nearly the same m/z and fre-
quency will experience more ion-ion interactions. Incoherent
ions interact for only brief periods of time, making it possible to
simultaneously trap a greater number of ions without signifi-
cant space-charge effects. Decoupling ion frequency from m/z
decreases ion coherence as ions with the same m/z are not
constrained to a single oscillation frequency. Incoherence can
be also achieved by using ion injection times that are longer
than the oscillation period of the lowest velocity ions, effec-
tively randomizing the initial phase of ion oscillation.

Methods
Simulating CDMS Ion Frequencies

In order to find the maximum possible decrease in data acqui-
sition times using existing CDMS instrumentation [37], simu-
lations of multiple ion trapping events were performed using a
program written in Python (Supporting Information). The ef-
fects of many different variables, including the number of ions
within a single trapping event, ion charge, charge-state distri-
bution width, ion mass, ion mass distribution width, nominal
ion energy, ion energy distribution width, and FT peak width,
were investigated. For each number of ions within a single
trapping event, hereafter referred to as the “ion count”, 1000
trapping events were simulated to insure statistically meaning-
ful results. Each ion in the simulation was assigned with mass,
charge, and energy values randomly generated from Gaussian
probability distributions where the mean and standard devia-
tion for each property are given as parameters in the simulation.
For ion mass and charge, parameters are chosen to match a real
analog as closely as possible. Ion energy distributions are
chosen to match instrumental conditions that enable different
extents of frequency andm/z decoupling. The electrostatic cone
trap used in previous CDMS experiments can stably trap a
relatively broad range of ion energies (±~ 12% of trap centroid
energy) [37, 39]. However, when very broad ion energy distri-
butions are introduced to the trap, some ions fall outside of this
range of stability. Initially generated ion energies outside of the
stable trapping range are reevaluated until the energy generated
falls within the stable range, yielding a Gaussian distribution of
energies that is truncated at low and high energy.

The ion simulation process is shown schematically in Fig-
ure 2. For the charge-state distribution, the randomly generated
values are rounded to the nearest integer value, shown in
Figure 2 (top) as the black curve and corresponding black stick
plot. The ion energies and the additional parameter of the ion
trap voltage are then used to calculate the values of C(E) in Eq.

(1) for each ion [39], which, along with the individual ion
masses and charges, are used to calculate the frequency of each
simulated ion. For each charge state, the distributions of possi-
ble frequencies originating from mass (red) and energy (blue)
distributions are shown in Figure 2 (top). In Figure 2, the
ranges of possible frequencies due to a broad spread of ion
energies cut off abruptly due to trap stability constraints, but are
still much larger than those due to the narrow spread of ion
masses. This result is typical of the relatively homogeneous
samples that are often analyzed with native mass spectrometry.
After the frequencies are calculated for ions within a single
trapping event, the final step of the simulation evaluates over-
lap between ion frequencies. In a real CDMS trapping event, if
the frequencies of two or more ions are closer than the charac-
teristic FT peak width, they interfere with each other, making it
difficult to properly measure the exact frequency and charge of
the ions. Thus, in these simulations, ions in the same trapping
event that have frequencies closer than the FT peak width are
discarded. Figure 2 (bottom) shows an example of simulated
trapping event where the ion count is 10 and two ions with
overlapping frequencies near the center of the overall distribu-
tion are discarded. Such overlapping ion signals in CDMS
measurements are readily identified owing to minor differences
in ion frequency evolution with time [43]. Simulated ions that
survive this culling criterion could be accurately measured in a
real CDMS experiment. The surviving ions from all trapping
events at each ion count are summed and divided by the
number of trapping events to yield the average number of
usable ions at each ion count. To determine the overall gain
in ion throughput relative to single ion-only CDMS analysis,

Figure 2. Scheme of the ion frequency simulation of a trapping
event with an ion count of 10. Gaussian-weighted, randomly
generated values for the ion charge (represented by the black
distribution, rounded to the nearest integer), ion mass (red), and
ion energy (blue, truncated due to instrumentation constraints)
values all affect the ion frequency. Broader distributions, such
as ion energy (blue) in this scheme, affect the range of ion
frequenciesmore than parameters that are narrowly distributed,
such as mass (red). If any of the generated ion frequencies
overlap (bottom plot, red X), they are discarded from the
simulation
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the average number of usable ions is divided by 0.37, corre-
sponding to the maximum percentage of ion events that are
usable when data from only single-ion trapping events are used
[26, 44].

As the only simulated parameter that is completely deter-
mined by the data analysis method used, the characteristic FT
peak width corresponding to the length of time domain seg-
ment used is a vital parameter in determining the maximum
gain in CDMS acquisition rates. Narrower peak widths enable
more unique ion frequencies to “fit” in a single trapping event
without overlap within the frequency space established by the
ion mass, charge, and energy distributions, resulting in faster
overall ion acquisition. In Figure 3, the ideal relationship
between FT length and peak base width for unapodized signal
with a constant frequency is shown in red. Apodization of FT
signals results in broader FT peaks regardless of the
apodization function and is therefore undesirable in the context
of multiple ion analysis in CDMS. For example, the commonly
used Hanning apodization doubles the peak base width for a
given FT length, as shown in gray in Figure 3. For model ion
signals that do not vary in frequency over time, an FT of the
entire trapping period results in the narrowest possible peaks, as
peak widths vary as the inverse of FT length. However, mul-
tiple studies have shown that ion frequencies in CDMS do not
remain constant for the duration of the trapping period [37–39,
43, 48, 49]. Collisions with background gas, neutral mass
losses, and fragmentation all effect CDMS oscillation frequen-
cies. If the ion signal frequency changes over the length of the

FT, the peak width is broadened leading to signal amplitude
that is distributed over multiple frequencies. This reduces the
signal peak amplitude, resulting in a lower measured value of
ion charge. As a result, short-time Fourier transforms (STFT)
have been implemented to overcome this effect by
transforming short segments in which the change in ion fre-
quency is negligible [33, 38]. The amplitude data from each
short segment is then averaged to calculate the charge, yielding
the same precision typically obtained by using a single long FT
on stationary signals.

For multi-ion CDMS, the best choice of STFT segment
length is the longest period that does not result in broadened
peak widths and lowered amplitudes. This can be determined
by analyzing the peak widths of the analyte of interest as a
function of FT length. For example, Figure 3 shows the average
base peak widths for the experimental data of 125 RuBisCO
ions analyzed with different FT lengths incremented by 5 ms
(black points). The RuBisCO peak width data begin to diverge
from the ideal width (red) between ~ 40 and 50 ms, due to
frequency shifting as a consequence of energy lost to collisions
with background gas. This divergence is more apparent in the
percentage of deviation from the ideal width (blue points,
secondary axis in Figure 3). The FT length at which widths
diverge from the ideal can vary significantly depending on
instrumental conditions, such as the pressure in the trapping
region and the trap design. Traps in which ion motion is more
harmonic will lead to lower energy dependence on the oscilla-
tion frequency [42]. In this work, a virtual FT segment length
of 50 ms corresponding to a 40 Hz base peak width was used in
all simulations to make the results readily comparable to pre-
vious work. However, using this method to determine the ideal
FT segment length in a multi-ion CDMS experiment is an
important step in optimizing usable ion throughput.

Results and Discussion
Maximum Gains in Analysis Speed for Different
Analytes

Using the simulation scheme described above, the optimum ion
count and the gain in overall ion acquisition speed were deter-
mined for two analytes under different instrumental conditions.
Analyte A has a nominal mass of 8 MDa and very broad mass
and charge distributions, analogous to a sample of 8 MDa
polyethylene glycol (PEG) studied in other CDMS work [29].
Analyte B has a nominal mass of 517 kDa and relatively
narrow mass and charge distributions, analogous to the sample
of RuBisCO in Figure 1a [43]. All of these analyte-specific
parameters used in the simulations are provided in Table 1.
Both analytes were simulated using three different sets of ion
energy parameters, corresponding to different instrumental
conditions. A narrow energy distribution (0.3% standard devi-
ation), where frequency and m/z are closely coupled, corre-
sponds to previous CDMS work where energy selective ion
optics were employed [42]. An intermediate energy distribu-
tion (3% standard deviation), where there is significant

Figure 3. Effects of FT segment length and on ion frequency
peak widths for experimentally measured RuBisCO ion signal.
Ideal non-apodized (red) and Hanning-apodized (gray) peak
widths are compared with the average measured width for
125, non-apodized experimental signals of RuBisCO ions
(black) at different FT segment lengths. The RuBisCO data
begin to slightly diverge from the ideal non-apodized signal
around 40–50 ms owing to a gradual shift in frequency with
time that occurs as a result of collisional energy loss and other
factors. This divergence is more clearly observed in a plot of the
% deviation from the ideal value, pictured here on a secondary
axis (blue)
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decoupling, corresponds to recent multi-ion CDMS work [43].
Finally, a very broad energy distribution width (7.3% standard
deviation) was simulated. This width was chosen such that ions
within 1.5 standard deviations (~ 90% of all ions) would fall
within the stability constraints imposed by current instrumen-
tation [37]. The trap voltage is set to its current maximum of
500 V so that the absolute width of stable ion energies is as
large as possible [39]. All parameters for these simulated
energy distributions are provided in Table 2. Instrumentation
capable of higher trap voltages and higher energy ion confine-
ment could increase the absolute width of usable ion energies
even further. Other decoupling gains might also be made via an
improved trap design that stably confines ions with a wider
energy distribution. However, these improvements were not
studied here due to the trap design-specific parameters required
to calculate ion energies and C(E) in Eq. (1) [37–39].

Decoupling the frequency and m/z in CDMS greatly in-
creases the number of ions which can be simultaneously ana-
lyzed, particularly for homogeneous samples. The gain in ion
analysis speed as a function of the ion count is shown in
Figure 4. For analyte A (circles), the gain in analysis speed is
nearly linear with ion count for each different energy distribu-
tion. This is because the extremely broad mass and charge-state
distributions of A result in a very broad range of possible
frequencies regardless of the ion energy distribution and ion
overlap events are rare even at higher ion counts. While greater
decoupling does not yield large relative gains in ion throughput
in this case, these results suggest that very large gains are
possible for heterogeneous samples by measuring many ions
using CDMS. Further simulations of A at ion counts up to 100
result in ion throughput gains of up to ~ 160×. This is lower
than the ideal value of 270× because even for a very heteroge-
neous sample, the frequency space is still finite so the proba-
bility of overlap becomes more significant with a large number
of trapped ions. In these cases, gains in usable signal can still be
obtained by using the energy decoupling scheme. Ions pro-
duced from samples like A will be highly charged so it is
possible that ion-ion interactions will ultimately limit the num-
ber of ions that can be simultaneously analyzed in an actual

CDMS experiment. The extent to which ion-ion interactions
are limiting can be determined from experimental measure-
ments of ion mass as a function of the number of ions trapped
[39] or potentially from ion trajectory simulations.

In the case of relatively homogeneous samples, such as
analyte B (squares), ion frequency and m/z decoupling have a
much more significant effect on the ion throughput gains, as
shown in Figure 4. The three plots corresponding to the narrow
(blue), intermediate (black), and broad (red) energy distribu-
tions of analyte B all have the same characteristic shape. The
initial linear increase in gain is due to the low probability of ion
overlap at low ion counts. The plots then level off as overlap
events become more probable, eventually reaching a maxi-
mum. The maximum represents the ion count at which an ion
added to the trapping event has equal probabilities of overlap-
ping or not overlapping with another ion. After reaching the
maximum, the slow decline in gain occurs as the high proba-
bility of ion overlap results in fewer usable ions. The maximum
gain in analysis speed and corresponding ion count vary sig-
nificantly depending on the extent of decoupling. Analyte B
ions with a narrow distribution of ion energies (blue) reaches a
maximum gain of ~ 19× at an ion count of ~ 20, whereas B ions
with the broadest energy distribution (red) reach a maximum
gain of ~ 48× at an ion count of ~ 45, meaning that greater
extent of decoupling has the potential to more than double the
overall analysis speed for analyte B ions using optimum ion
currents. In both cases, the maximum gain in analysis speed is
significantly higher than the ~ 10× improvement demonstrated
in previous multi-ion CDMS work [43] because the average
ion count/current was lower than the optimum value. To further
corroborate this conclusion, the results from the intermediate
energy distribution (black) match well with experimental re-
sults under closely comparable conditions. When an average of
~ 6 RuBisCO ions were trapped, there was a frequency overlap
rate of ~ 15% [43]; for an ion count of 6 in this simulation, 1093
out of 6000 ions (18.2%) were discarded as a result of overlap.
This close correlation between our simulations and previous
experimental results suggests that these simulations serve as
reasonably accurate predictors of CDMS data, strengthening
our conclusions that further gains in CDMS ion analysis speed
through ion multiplexing and decoupling frequency from m/z
are possible. Another important conclusion from these data is
that while the absolute gains in analysis speed depend on the
ion count and analyte identity, it is always advantageous to
maximize the extent of decoupling to obtain more usable ion
signal. Ion-ion effects are not included in these simulations and
these interactions may ultimately limit the extent of
multiplexing that is experimentally achievable.

Table 1. Simulated Ion Parameters for Analytes A [43] and B [29]

Parameter Analyte A Analyte B

Mass (Da) 517,000 8,000,000
Mass standard deviation (Da) 1551 2,000,000
Charge (e) 51 800
Charge standard deviation (e) 1.8 100

Table 2. Parameters for Simulated Ion Energy Distributions

Energy distribution Mean energy per charge (eV/z) Energy per charge standard deviation (eV/z) Trapping voltage (V) Stable trapping range (eV/z)

Narrow 230 0.7 330 195–245
Intermediate 230 7 330 195–245
Broad 342.5 25 500 305–380
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Improved Quantitation and Dynamic Range Via
Decoupling

In addition to gains in analysis speed, decoupling ion frequency
and m/z in CDMS can also yield greater dynamic range and
provide more accurate quantitation in experiments where mul-
tiple ions are trapped. This is illustrated in Figure 5, where the
simulated frequency histograms for 1000 trapping events for
analyte B are shown at narrow, intermediate, and maximized
ion energy distribution widths (rows) for ion counts of 1, 10,
and 25 (columns). For an ion count of 1 (left column), the

narrow ion energy distribution (top row) produces a resolved
charge-state distribution in the frequency histogram where the
abundance of each charge state is accurately reproduced. How-
ever, as the ion count increases to 10 (center column), the
number of ions making up each peak in the charge-state distri-
bution no longer accurately reflect the true values. Ions within
the most abundant charge states are more likely to overlap in
frequency and be discarded, resulting in a histogram skewed
towards low abundance ions. This effect becomes very appar-
ent at an ion count of 25 (right column). Resolution also
decreases as a function of ion count. Outlier ions with frequen-
cies that fall in between charge states are less likely to experi-
ence overlap and are retained disproportionally. For the inter-
mediate ion energy distribution (middle row), the skew towards
outliers is significantly decreased and is only visible as a small
dip in the histogram for an ion count of 25. The charge-state
resolution in the frequency histogram is lost, but because the
m/z of each ion is obtained from both the frequency and ion
energymeasurements, the charge-state distribution inm/z space
is resolved. For the broadest ion energy distribution (bottom
row), the skew towards outliers is almost entirely mitigated at
all ion counts. The irregular shape of the frequency distribu-
tions for the broadest energy distribution is due to a limited
range of ion energies that can be trapped and a non-linear
relationship between ion energy and frequency. The frequency
is higher because the mean ion energy and corresponding trap
voltage in the simulation are higher. While the charge-state
distributions cannot be resolved in the frequency histogram for
broader energy distributions, the m/z histograms generated
from these frequency data still contain resolved charge-state
distributions. Thus, no mass information is lost as a result of
this frequency decoupling method as long as the energy and

Figure 4. Simulated gains in analysis speed for analytes (a)
and (b). For analyte A, the ion energy distribution width makes
only a minor difference in the observed gain. For analyte B,
increasing the ion energy spread results in significantly higher
gains in analysis speed

Figure 5. Simulated frequency histograms with different ion counts (1, 10, and 25) and different ion energy distribution widths
(standard deviations of 0.3%, 3%, and 7.5%, rows, top to bottom). At low ion count, the narrowest energy distribution yields a
charge state resolved, quantitative histogram. As ion count increases, quantitation is lost, as themost probable ions are suppressed
by frequent overlap events. This quantitation error is mitigated in the lower histograms because overlap is less likely when the ion
energy distributions are broad
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charge of each ion is measured individually, as demonstrated
elsewhere [37, 39, 43].

While the skewing effect observed in the narrow and inter-
mediate energy distributions of Figure 5 does not affect the
mass measurement of individual ions, it can affect the accuracy
of quantitation and dynamic range of a sample containing two
or more analytes. For example, if the abundance ratio of two
analytes contained in a sample is 25:1, a trapping event with an
ion count of 26 will contain, on average, 25 ions of the more
abundant species and only one ion of the low abundance
species. Using the narrow energy distribution described above,
an ion count of 25 for the high abundance component results in
~ 6.8 usable ions after overlapping ions are discarded. If the
low abundance ion occupies a different m/z and frequency
space than that of the high abundance ion, it will very rarely
experience overlap due to its low ion count. This results in an
apparent abundance ratio of 6.8:1, nearly 4× lower than the true
value. Decoupling ion m/z and frequency via a broader energy
distribution can help mitigate this effect. For the same 25:1 true
abundance ratio, the broadest energy distribution described
above yields an apparent ratio of 14.7:1, 58.9% of the true
value. In both cases, the high abundance component is under
sampled because only multi-ion events with zero overlap will
provide exact quantitation.

In multi-ion CDMS experiments, a more accurate measure
of the true abundance ratios can be obtained by selecting
trapping events that have the lowest number (ideally zero) of
overlap events to use in the abundance calculation. Using lower
than the optimum multiplexing ion current may also help to
mitigate this effect in exchange for relatively small losses in
analysis speed, i.e., using lower ion counts in the region where
changes in the gain of analysis speed are minimal (Figure 4).
Regardless of the methods used, abundances measured using a
broad energy distribution will have significantly reduced quan-
titation error due to the significantly lower probability of over-
lap at all ion counts. This advantage, in addition to the larger
gains in analysis speed, makes the maximum decoupling of ion
frequency and m/z highly advantageous for multi-ion CDMS.

Conclusions
Simulations of ion signals for existing CDMS instrumentation
demonstrate that the time necessary to acquire single-ion
CDMS mass histograms can be greatly reduced by analyzing
many simultaneously trapped ions. This gain in analysis speed
can be increased further by decoupling ion m/z from the mea-
sured ion frequency. Decoupling is achieved by introducing
ions with a broad range of energies into the CDMS ion trap. No
mass information is lost as a result of decoupling because ion
energies are measured dynamically for each individual ion.
Compared to prior CDMS experiments where only trapping
events containing a single ion were analyzed [26], these simu-
lations show that up to a ~ 48× increase in analysis speed is
achievable for homogeneous samples of large molecules such
as large protein complexes, viruses, and other biological

macromolecules that CDMS is well-suited to analyze. Using
only trapping events containing a single ion, CDMS experi-
ments using 100 ms trapping events and optimum ion currents
require ~ 30–60 min to measure a usable mass histogram for a
relatively homogeneous analyte [42, 44]. Using the methods
described here, the acquisition time of a similar histogram can
potentially be reduced to less than 1 min. For heterogeneous
samples of large molecules such as polymers, analysis speed
increases of up to ~ 160× are predicted, although actual exper-
imental gains may be limited by ion-ion interactions inside of
the trap.

CDMS has a nearly unlimited mass range, does not require
homogeneous samples, and dynamic measurements that can
also provide information about collisional cross sections [38,
39] and fragmentation pathways [37, 50] of individual ions.
This makes CDMS an ideal choice for the native MS analysis
of large, biologically relevant macromolecules and heteroge-
neous mixtures of large molecules that are too large or too
heterogeneous to be analyzed with conventional mass spec-
trometers. Continued advances in CDMS technology have
increased the sensitivity and accuracy of the method to the
point where the intrinsic heterogeneity in the mass of large
molecules of interest is nearly equal to or exceeds the experi-
mental error in mass determination [26, 42, 43]. Similar to
other single-ion measurements, such as those performed using
FTICR [13] and Orbitrap [16] instruments, a principal limita-
tion in CDMS has been the time required to acquire a statisti-
cally meaningful set of individual ion data. Using multi-ion
CDMS, this throughput limitation has largely been surmounted
and further gains in acquisition speed seem reasonably attain-
able with improvements in instrument design.
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