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Abstract 

Short-time Fourier transforms with short segment lengths are typically used to analyze 

single ion charge detection mass spectrometry (CDMS) data either to overcome effects of 

frequency shifts that may occur during the trapping period or to more precisely determine the 

time at which an ion changes mass, charge or enters an unstable orbit. The short segment lengths 

can lead to scalloping loss unless a large number of zero-fills are used, making computational 

time a significant factor in real time analysis of data. Apodization specific fitting leads to a 9-

fold reduction in computation time compared to zero-filling to a similar extent of accuracy. This 

makes possible real-time data analysis using a standard desktop computer. Rectangular 

apodization leads to higher resolution than the more commonly used Gaussian or Hann 

apodization and makes it possible to separate ions with similar frequencies, a significant 

advantage for experiments in which the masses of many individual ions are measured 

simultaneously. Equally important is a >20% increase in S/N obtained with rectangular 

apodization compared to Gaussian or Hann, which directly translates to a corresponding 

improvement in accuracy of both charge measurements and ion energy measurements that rely 

on the amplitudes of the fundamental and harmonic frequencies. Combined with computing the 

fast Fourier transform in a lower level language, this fitting procedure eliminates computational 

barriers and should enable real time processing of CDMS data on a laptop computer.  
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INTRODUCTION 

Native mass spectrometry (MS) is widely used to obtain information about the structures, 

stoichiometries and interactions of molecules and molecular complexes directly from aqueous 

solution.1–6 In conventional MS, ensembles of ions are measured to yield m/z spectra, where 

analyte charge and subsequently, mass, is determined either from the charge-state distributions of 

individual constituents or from the spacing of isotopic peaks in a single charge state. Analyte 

mass can become difficult to deduce with increasing molecular size and with increasing sample 

heterogeneity owing to the inability to resolve individual charge states.7,8 Mass information has 

been obtained from highly purified virus capsids with masses ~18 MDa,9 but often no 

information can be obtained even for much smaller molecular complexes that are more 

heterogeneous.  

One solution to the problem of sample heterogeneity is to weigh ions individually so that 

there are no interferences with other components in the sample. Single ion mass measurements 

have been demonstrated with a number of different types of mass spectrometers, including 

Fourier-transform ion cyclotron resonance,10,11 quadrupole ion trap,12–16 Orbitrap,17,18 and charge 

detection mass spectrometers that employ simple electrostatic traps.19–24 In each of these 

methods, the frequency of ion motion is related to ion m/z. The charge can be determined either 

by stripping or adding a single charge10,11,25 or it can be determined directly from the amplitude 

of the signal on charge sensitive detectors.18,23,26–29 Single ion detection has also been 

demonstrated with time-of-flight mass spectrometry with energy-sensitive superconducting 

tunnel junction cryodetectors30 and with nanomechanical resonators.31,32 

In charge detection mass spectrometry (CDMS) with electrostatic ion traps, the signal 

amplitude and hence charge of an ion can be determined more accurately by increasing 
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measurement time to improve signal-to-noise (S/N) ratios. This improved accuracy comes at a 

cost of analysis time. To date, the lowest charge uncertainty that has been reported is 0.174 e and 

was achieved with a transient length of 3 s using a cryogenically cooled charge sensitive 

preamplifier to reduce noise.33 Because ion frequencies can evolve with time, short time Fourier-

transforms (STFT) are used to analyze CDMS data using step sizes that are sufficiently small so 

that changes in ion frequency are negligible.29,34 The FT of an individual time-domain segment 

results in bins in the frequency domain data that have widths that are inversely related to the 

length of the transformed data. Shorter time-domain sections can lead to a loss of frequency 

resolution in the frequency domain and errors in peak amplitude known as scalloping loss. 

Scalloping loss occurs when there are an insufficient number of points to be able to adequately 

identify a peak maximum using peak picking routines that represent the centroid of a peak by the 

highest value point. This leads to an error in peak frequency and a systematic underestimation of 

peak amplitude. This is especially problematic for CDMS measurements where peak amplitudes 

are used to determine ion charge26–28,35 and can also be used to determine ion energy.26  

Scalloping loss can be reduced by zero-filling, where time domain data is extended by 

adding values of zero. This increases the number of points in the frequency domain but does not 

affect peak resolution. Although scalloping loss can be essentially eliminated with a sufficient 

number of zero-fills, the longer time-domain data sets can increase the computational time 

significantly. Fitting time-domain data with functions, including quadratics, has also been used 

to obtain improved estimates of both peak frequency and amplitude in Fourier-transform ion 

cyclotron resonance MS.36 Because of the lengthy computation time required in CDMS, data is 

either processed off-line or has been processed in real time with a 48-core parallelized server.37,38  
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Here, an apodization specific peak fitting method is described which significantly reduces 

the number of zero-fills necessary to eliminate scalloping losses, making the data analysis 

significantly more efficient. This also results in improved accuracy in both frequency and 

amplitude determination and can be done in real time using a modest desktop computer. The 

application of this method to improve amplitude-based charge state determination and individual 

ion energy measurements is described. 

EXPERIMENTAL	SECTION 

Instrumentation and Data Processing. Experiments were performed using an in-house 

built charge detection mass spectrometer that has been described in detail previously.22,23 In 

short, ions are generated using electrospray ionization with borosilicate glass capillaries that are 

held at a potential of 1-3 kV relative to the entrance cone of the mass spectrometer (250 V) at a 

distance of ~3 mm. Ions pass through a modified Z-spray source (Waters Corporation, Milford, 

MA, USA), a quadrupole ion guide and are trapped and thermalized for up to 1 s in a linear 

quadrupole (Ardara Technologies, Ardara, PA, USA) at a potential ~200 V. Ions are pulsed out 

of the trapping quadrupole and pass through a 90 degree turning quadrupole, which admits ions 

with a limited spread of kinetic energies into an electrostatic ion trap. The front of the trap is held 

at 0 V to allow ions to enter the trap and the potential is quickly raised to 330 V to trap and store 

ions. Measurements are made for trap times of either 1 s or 7.5 s. The charge-induced signals of 

trapped ions are amplified by a room temperature CoolFET charge-sensitive preamplifier 

(Amptek, Bedford, MA, USA) and a linear voltage amplifier. The output of the preamplifier is 

passed through a custom-built Butterworth bandpass filter with low and high cutoff frequencies 

of 10 kHz, and 300 kHz respectively. The signal is digitized at 1 MHz using an ATS9350 

digitizer board (AlazarTech, Pointe Claire, Quebec, CA). 
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Adeno-associated viruses (AAVs) are used as gene delivery agents to treat rare genetic 

disorders39,40 and assemblies of the circularly permuted tobacco mosaic viral capsid protein 

(cpTMVs) are used as models of photosynthetic light harvesting complexes.41,42 These samples 

produce ions in the 0.6 – 4.7 MDa range making them well suited to evaluate the performance of 

data processing methods for single ion CDMS. The preparation of AAV9 samples used in this 

work is described elsewhere;41,43–45 a brief description is provided in Supporting Information. A 

previously unreported mutant of cpTMV containing a non-canonical acid, 3-nitrotyrosine (3NY), 

at position S65 (cpTMV-S65-3NY) was used in this work due to its assembly homogeneity. 

Details of the preparation and characterization of cpTMV-S65-3NY are provided in the 

Supporting Information (Figure S1).   

The time-domain data is analyzed using a STFT, where transients are divided into 

segments of time, the segments are apodized using either a rectangular (i.e., unapodized), Hann 

or Gaussian (s = 8 ms) function, the segments are zero-filled, and subsequently Fourier 

transformed. In this work, a segment size of 50 ms (50,000 data points) was used, corresponding 

to 20 Hz bin sizes in frequency space. Zero-filling, where zeros are added to the end of each 

segment in multiples of the original segment length, is used to reduce the size of frequency 

domain bins. Herein, adding n equivalents of the window length in zeroes is described as adding 

n zero-fills, i.e., if a 50 ms segment has two zero-fills, then the zero-filled segment will contain 

50 ms of real data, and 100 ms of zeroes (50,000 real data points and 100,000 zeros). Subsequent 

segments are stepped across the time domain in 5 ms intervals, i.e., 0-50 ms, 5-55 ms, etc., which 

enables the tracing of ion signals in the frequency domain as ion frequency evolves in time. All 

data analysis is performed using the Python programming language, version 3.10, on a desktop 
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computer equipped with a 12 core, 24 thread Ryzen 5900 processor (AMD, Santa Clara, CA, 

USA), 128 gigabytes of DDR4 RAM (G Skill, Taipei, Taiwan). 

 The Fourier transform of a rectangular window of arbitrary length yields a sinc function 

given in equation 1. The sinc function is fit to magnitude Fourier transform data by taking the 

absolute value, and for signals occurring at any amplitude, width, center frequency and baseline 

by adding the parameters A, w, fc, and B, respectively (Equation 2). This process can be repeated 

for Hann and Gaussian windows to yield an analytical description of their frequency domain 

peak shapes, but this derivation is not included nor used in this work.  

Eq. 1 𝑆𝑖𝑛𝑐(𝑥) = !"#(%&)
%&

 

Eq. 2 𝑆𝑖𝑛𝑐(𝑓, 𝐴, 𝑤, 𝑓( , 𝐵) = 𝐴 .!"#(%)(*+*!))
%)(*+*!)

. + 𝐵 

Ion signals are fit to Eq. 2 using non-linear least squares fitting utilizing the Levenberg-

Marquardt algorithm and requires initial conditions that are given by the peak height and center 

frequency from the Fourier transform, a width that is given by the window length in seconds, and 

a baseline that is initially set to zero. Peak fitting in this analysis is unconstrained, and the final 

fitted peak height is the sum of parameters A and B after optimization. In the experiments 

described here, this process of fitting rectangularly apodized frequency domain peaks is referred 

to as sinc fitting. The process of picking out the highest amplitude and corresponding frequency 

along a peak in the frequency domain without using the optimized fit equation is referred to as 

peak picking. 
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RESULTS AND DISCUSSION 

Effects of Data Analysis on Scalloping Loss. In FT-based methods, the resolution or 

ability to distinguish signals of ions that have similar frequencies depends on several factors, 

including the length of the time-domain signal. In CDMS, the frequencies of ions evolve with 

time as a result of small changes in ion trajectories as well as collisions with background gas that 

reduce ion energy. The latter effect on frequency can be minimized but not entirely eliminated 

with traps that have harmonic-like potentials.24 Because ion frequencies can evolve with time, a 

STFT analysis in which shorter time segments during which ion frequency does not change 

significantly are used to analyze the time-domain data. A short time window is also 

advantageous for high time resolution, for example, identifying when an ion fragments or enters 

an unstable orbit within the trap.38,46,47 The filter-diagonalization method has been applied to 

frequency shifts that occur as a result of ion-ion interactions in Fourier-transform ion cyclotron 

resonance instruments and in principle, this method could also be applied to CDMS data.48 The 

ability to accurately determine the frequency and amplitude of individual ions also depends on 

the duration of the time-domain signal. The length of the time-domain signal can be increased by 

zero-filling, which does not affect peak width but does increase the accuracy with which a peak 

centroid and amplitude can be obtained by reducing the size of the corresponding frequency 

domain bins. This reduces what is referred to as scalloping loss, which is a systematic negative 

error in the measured peak height when it is determined solely by the highest point along the 

peak, i.e., when ‘peak-picking’ is used. 

The effect of scalloping loss is illustrated in Figure 1a and 1b, which show measured 

signal from a single AAV9 ion (4.7 MDa) at two different times over a 1 s trapping period. The 

signal was processed using 50 ms of data, rectangular apodization, and with two zero-fills (100 
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ms), yielding 6.67 Hz bin widths in frequency space. The peak of the ion signal can fall in-

between bins resulting in a maximum value that is offset from the true frequency by up to 3.34 

Hz and an amplitude that is lower than the true value (Figure 1a), or it can be centered directly 

on a bin which results in high accuracy centroid determination, and subsequently, high amplitude 

accuracy (Figure 1b).  

Inaccuracies in peak height measurement that stem from scalloping loss are traditionally 

mitigated through large numbers of added zero-fills to the measured time-domain data. This is 

illustrated by the dotted black lines in Figure 1a and 1b which correspond to the same time-

domain signals that are zero-filled to total time-domain length of 2000 ms. Although the “true” 

peak frequency and amplitude can be obtained with a sufficiently large number of zero-fills, the 

longer time-domain data leads to increased computation time. This necessitates high-

performance computing37 or lower-level (more efficient) software in order to enable real-time 

processing of CDMS data. 

Conversely, apodization specific fitting makes it possible to accurately determine peak 

centroid frequency and amplitude using fewer zero-fills through interpolation, which results in 

lower computation time. The results of a rectangular apodization fitting using the same 50 ms of 

data and 100 ms zero-fills (150 ms FT) are shown as red lines in Figure 1a and 1b. These fits are 

nearly indistinguishable from the results obtained with the significantly larger number of zero-

fills but this fitting requires only a fraction of the computing time.  

 The error in amplitude due to scalloping loss changes in magnitude over the course of the 

measurement because the frequency of an ion can shift with time. The shifting ion frequency 

results in an error in amplitude that is a maximum when it bisects two frequency domain bins 

(Figure 1a) and a minimum when it occurs on top of a frequency domain bin (Figure 1b). This 
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variable error is illustrated in Figure 1c, which shows the deviation of peak peaking (blue line) 

compared to results the 2000 ms zero-filled data (black dashed line) where scalloping loss is 

negligible for the 1 s duration of the trapping period. The error ranges from -4.46% and -0.00% 

and has an average value of -1.21%. In contrast, the fitted amplitudes obtained with the same 

number of zero-fills varies between -0.64% and +0.72% and has an average deviation of just 

0.02%.  

Other factors affect the variability of the absolute measured amplitude of ion signals, 

including random noise, collisions with background gas that reduce ion energy and can also 

result in a small shift in ion trajectories. The latter two phenomenon affect the duty cycle of the 

ion signal, which changes the amplitudes of the fundamental frequency and the corresponding 

harmonic frequencies. Thus, the standard deviation in the amplitude of the fundamental 

frequency does not reflect the standard deviation in charge measurement because the effects of 

signal duty cycle are taken into account in the determination of ion charge.27 Moreover, the ratio 

of the abundances of the second harmonic to the fundamental frequency is used to obtain ion 

energy throughout the measurement, so an improvement in amplitude measurements correspond 

to improvements in ion energy resolution. This is essential for a multiplexing scheme that 

enables multiple ions with the exact same m/z to be analyzed simultaneously if these ions have 

different kinetic energies.34,38 

To determine the extent to which sinc fitting improves the absolute amplitude 

measurements of the fundamental frequency used to determine charge, results from peak picking 

and apodization specific fitting of 150 ms time-domain data (50 ms experimental data and 100 

ms of zero-fills) was compared to 2000 ms time-domain data with the same number of 

experimental data and the remainder zero-filled (Figure 1d). The signal amplitudes of the 
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resulting 190 STFT segments that were obtained using peak picking and from sinc fitting have a 

standard deviations of 3.72 a.u. and 2.68 a.u., respectively. This equates to a ~28% improvement 

in amplitude standard deviation and, by extension, a ~28% reduction in charge uncertainty. 

Amplitudes obtained from the 2000 ms time domain standard also have a standard deviation of 

2.68 a.u., indicating that fitting approached the maximum amplitude precision that can be 

achieved through high levels of added zero-fills. Even in cases where the frequency of an 

individual ion does not change in time and thus scalloping losses are consistent over the trapping 

period, the amplitudes of the many individual ions required to compile a CDMS mass histogram 

will have different extents of scalloping losses at their respective frequencies, broadening the 

overall distribution of amplitudes and increasing charge uncertainty.  

 In order to determine the improvement in amplitude (charge) accuracy from sinc fitting, 

data for ~400 cpTMV-S65-3NY ions (602 kDa) trapped for 7.5 seconds were compared to 

determine the effect on the accuracy of charge-state measurements (Figure 2). Data for these 

longer trapping times were processed in the same way as the Figure 1 data. Without sinc fitting, 

individual charge states are not clearly resolved. In contrast, charge states between 55+ and 64+ 

are individually well-resolved with sinc fitting. Fitting these data to Gaussian peak shapes results 

in an average charge uncertainty of ~0.254 e. The improved charge-state resolution with sinc 

fitting is a direct result of reduced scalloping loss and is the first example of amplitude only-

based charge state resolution measured using CDMS without the use of a cryogenically cooled 

preamplifier. It is also important to note that sinc fitting results in a higher median value of 

charge. This is due to the systematically lower amplitudes that are obtained from peak picking 

with few zero-fills. In cases where individual charge states are not resolved, the effects of 

scalloping loss need to be accounted for through calibration.  
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Comparison of Apodization Functions. Rectangular apodization yields peaks that are 

the narrowest in the frequency domain compared to other apodization functions.49 For 

experiments in which only one or no ions are trapped,29 higher frequency resolution is not an 

advantage. However, higher resolution is advantageous in multiplexing experiments in which the 

individual masses of many ions are measured simultaneous as a result of lower probability that 

the signals of any two ions will overlap in frequency.34 Thus, more ion traces in congested 

regions of frequency space can be resolved leading to an even greater extent of multiplexing that 

is possible for faster acquisition of mass spectra.34,38 

The advantage of higher resolution obtained with rectangular apodization in multiplexed 

CDMS measurements is illustrated in Figure 3a, which shows a limited frequency range over 

which the frequencies of three AAV9 ions are measured for one second (data from 725 to 975 

ms is shown). The frequencies of two of these ions are similar with a minimum frequency 

separation of ~40 Hz at 885 ms. A one-dimensional FT “slice” of the STFT of data in the 50 ms 

segment that is centered at 885 ms is shown in Figure 3b using a rectangular (black line), Hann 

(red line) and a Gaussian (blue line) apodization function. The frequencies of the two ions are 

clearly resolved as two distinct peaks with a rectangular apodization but are completely 

unresolved with both the Hann and Gaussian apodization. The higher resolution obtained with 

rectangular apodization can lead to a significant increase in the number of resolvable ions in 

multiplexed measurements. Unresolved signals of two ions, such as what occurs with either 

Hann or Gaussian apodization in this example, would lead to an incorrect assignment of this 

signal to a single ion with a frequency between those of the two individual ions and an 

assignment of charge greater than that of either ion. Because ions with similar mass, charge, and 

energy will have similar frequencies, time-domain data with the signal from many ions may 
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result in the suppression of the most common ions due to higher probability of frequency 

overlaps.34 Higher resolution obtained with rectangular apodization will yield the minimum 

extent of suppression of more abundant ions because narrower peaks reduce the probability of 

signal overlap.  

 The higher resolution obtained with a rectangular apodization function comes at a cost of 

a greater extent of spectral leakage, i.e., “ringing”. This can be clearly seen in Figure 3b as well 

as Figure 1a and 1b as the oscillations on either side of the main peaks and as low intensity 

parallel traces to the main frequencies on Figure 3a. These side bands have the potential to 

obscure low intensity signals with frequencies on either side of a main peak. Constructive and 

destructive interference of peak amplitudes also occurs if the ions are close enough in frequency 

to allow for side lobe overlap with the main peak of an adjacent ion. Whether or not this 

interference is constructive or destructive in any given segment of time depends on when the 

ions initially entered the trap and their time-dependent frequencies. The shift between fully 

constructive and destructive interference is periodic if the ions remain at constant frequencies 

with a period related to the difference in ion frequency and length of transformed time. Given 

two ions that are trapped at similar enough frequencies where interference in peak amplitude 

from adjacent ion side lobes occurs, both ion amplitudes can be accurately determined if the ions 

are trapped for a sufficiently long time. In this case, the constructive and destructive interference 

from adjacent ion side lobes will increase the standard deviation of the ion amplitude 

measurements, but the mean value will be the same as the case where the ions are sufficiently 

separated in frequency and no interference occurs.  

 Rectangular apodization has the lowest equivalent noise bandwidth of any apodization 

function, which translates to a lower noise baseline and higher signal-to-noise ratio (S/N) in 
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Fourier transforms of sinusoidal signals.49 To investigate whether this is also true of the unique 

periodic ion signals in CDMS, the same AAV9 ion signals from data shown in Figure 1 was 

processed with a rectangular, Hann, and Gaussian apodization under otherwise identical 

parameters. The S/N resulting from this analysis for the 1 s trap time are shown in Figure 3c 

(results and description of S/N analysis is provided in Supporting Information Figure S2). The 

S/N with the Hann apodization is slightly greater than that of the Gaussian apodization, but the 

rectangular apodization function results in a S/N ratio that is 1.21 and 1.26 times greater than the 

Hann and Gaussian functions, respectively. Thus, the S/N advantage of rectangular apodization 

also applies to the periodic but not sinusoidal signals of CDMS. This leads to a corresponding 

direct improvement in charge measurement accuracy. 

Although the rectangular apodization function is not always preferred in applications 

such as FT-ICR and other FT-based analytical techniques due to its effect on the dynamic range 

of closely spaced signals,49 it is ideal for CDMS analysis because it makes it possible to analyze 

more ions per unit time due to its narrower intrinsic peak width in the frequency domain, and it 

decreases charge uncertainty due to its low equivalent noise bandwidth.  

Computation Time Savings. Sinc fitting requires significantly fewer zero-fills to obtain 

accurate frequency and amplitude (charge) measurements compared to those values obtained 

from peak picking. This results in a substantial reduction in computation time that enables 

uncompromised real time data processing of CDMS data with relatively limited computing 

power. In order to determine the number of zero-fills required to obtain similar accuracy to sinc 

fitting that uses two zero-fills, data for 20 individual 1 s trapping periods sampled at 1 MHz was 

processed with a varying number of zero-fills. A total of 56 AAV9 ions were identified and 

trapped for the duration of these 20 periods. The time required to process these data as a function 
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of the number of added zero-fills and that for the fitting procedure are shown in Figure 4. The 

total computation time shown in red (left y-axis) is for processing 20 s of acquired data with peak 

picking (circles) and peak fitting (triangle) and the percentage difference between the average 

peak amplitude compared to that with 39 added zero-fills (the equivalent of a 2000 ms time 

domain sample, creating 0.5 Hz frequency domain bin widths) is shown in blue (right y-axis). 

The computation time increases only marginally with up to five zero-fills as a result of the ability 

to parallelize processing these data over multiple processor cores. The error decreases rapidly 

over this range but is still -0.38% at five zero-fills. Between 5 to 9 zero-fills, the computation 

time required increases more rapidly, but real time data processing can still be accomplished 

with up to 9 zero-fills. With 9 zero-fills, the total computation time is 15.4 s and results in an 

amplitude percent deviation of -0.12%. The computation time increases more linearly with 

increasing number of zero-fills above 10 due to limitations in internal data transfer speeds in the 

random access memory of the computer. The accuracy approaches the asymptotic value given by 

the dashed blue line corresponding to the value with 39 added zero-fills (2000 ms of transformed 

data).  

 By comparison, the apodization function specific fitting with two zero-fills results in an 

average amplitude percent deviation of just +0.03% while requiring only 5 s to analyze 20 

individual 1 s transients. Thus, this method enables real time processing of CDMS data with high 

precision. In contrast, processing with 9 zero-fills without fitting took three times longer and 

resulted in an amplitude error that is four times higher. In order to obtain a comparable level of 

accuracy to that obtained by using fitting and 3 zero-fills, 19 zero-fills are necessary (average 

amplitude error of -0.03%) using only peak picking and 45.6 s of computation time is required 
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for analysis. Thus, the fitting procedure results in more than a 9-fold gain in data analysis speed 

while providing the same accuracy as zero-filling alone. 

 Fitting frequency domain peaks introduces an “overhead” cost to the overall computation 

time compared to the time necessary without fitting when the same number of zero-fills is used. 

With two zero-fills, the fitting procedure increased the computation time by ~0.6 s. This 

overhead depends on the number of ions in each file. For these data, there were an average of 2.8 

ions per file corresponding to an overhead of 10.7 ms per ion. The overhead time should increase 

roughly linearly with the number of ions in each file. Based on these data, we expect that files 

containing signals for up to ~73 ions can still be computed in real time. For files with over ~446 

ions, 39 zero-fills becomes more computationally efficient, but ion-ion interactions and 

frequency overlap would almost certainly preclude this number of simultaneous ion 

measurements. 

 The computation time required for this analysis is both computer and software dependent. 

Python is a higher-level language and has the advantage of being easy to use to develop complex 

software routines. However, it is not the most efficient for computing Fourier transforms. A 

lower-level language could substantially reduce these computation times. Initial results in the 

C++ programming language indicate that a nearly ten-fold reduction in computation time may be 

achieved, making significantly more zero-fills possible in real time or making real-time 

processing of data on a laptop computer possible using the sinc fitting method. It should be noted 

that using lengths of time that correspond to a total number of transformed data points that are 

factors of two decreases the speed of computing FFTs.50 However, this performance gain is not 

realized here because internal data transfer speeds and overhead from the Python programming 

language are the primary contributors to overall computation time. 
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CONCLUSIONS 

In single ion charge detection mass spectrometry measurements, where the m/z of an ion 

is obtained from the oscillation frequency and ion energy, and the charge of the ion is determined 

from the amplitude of the induced signal, accurate amplitude measurements are essential. 

Scalloping loss arising from peak picking of limited time-domain data segments in STFT 

analysis of CDMS data can occur unless a large number of zero-fills are used for each segment. 

However, this comes at a significant cost of computation time leading to the use of off-line data 

analysis on standard desktop computers or a highly efficient computing cluster for real time data 

analysis. Apodization specific fitting substantially reduces the number of zero-fills needed to 

reduce scalloping loss to a negligible value and results in a 9-fold reduction in computation time 

compared to zero-filling to a similar accuracy without fitting. In combination with a lower-level 

language for the computation of fast Fourier transforms, it should be possible to process these 

data in real time on a laptop computer. 

 Although Gaussian, Hann, and other apodization functions are often used in other FTMS 

methods, as well as in some CDMS measurements,28 we demonstrate that rectangular 

apodization significantly improves frequency resolution for the individual ion signals measured 

in CDMS. This is advantageous for ion multiplexing measurements where ions with similar 

frequencies can be more easily resolved. Equally important is the >20% S/N gain obtained with 

rectangular apodization compared to Gaussian and Hann apodization. This improvement in S/N 

translates into a corresponding improvement in charge measurement accuracy and in ion energy 

measurements that are obtained from signal amplitudes of the fundamental and harmonic 

frequencies. 
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Supporting Information 

Supplementary experimental section, including cpTMV-S65-3NY preparation and monomer 

characterization by LC-MS (Figure S1) and AAV9 preparation, and noise characterization 

methods and frequency domain plots (Figure S2) 
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Figure 1: Comparison of peak picking and sinc fitting for a single AAV9 ion using 50 ms of 

time-domain data and two zero-fills (150 ms of time-domain data) compared to 39 zero-fills 

(2000 ms of time domain data); time-domain data starting at a) 500 ms shows significant 

scalloping loss with peak picking (blue points) compared to sinc fitting function (red line) and 

zero-filled to 2000 ms (black dashed line) whereas at b) 570 ms, scalloping loss is minimal; c) 

deviations in peak amplitude from peak picking (blue line) and sinc fitting (red line) compared to 

data that was zerofilled to 2000 ms (black dashed line) over the course of the 1 s trapping period; 

d) average peak amplitude and standard deviation of a single AAV9 ion obtained using peak 

picking and 39 zero-fills (black), sinc fitting and two zero-fills (red), and peak picking and two 

zero-fills (blue). 
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Figure 2: Charge histograms showing normalized counts as a function of peak amplitude 

(charge) for ~400 cpTMV-S65-3NY ions using sinc fitting (top) and peak picking (bottom) 

showing improved charge state resolution with sinc fitting. Data bin widths are 0.05 e and are 

smoothed using a Savitsky-Golay filter.  
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Figure 3: a) STFT data between 725 and 975 ms with rectangular apodization showing 

frequency vs. time for three AAV9 ions that have similar oscillation frequencies, b) FT data in a 

window centered at 885 ms (a single “slice” of the STFT) obtained using a rectangular (black 

line), Hann (red line) and Gaussian (blue) apodization function showing that two ions not 

resolved by the latter two functions are clearly resolved with rectangular apodization and c) the 
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S/N of a single AAV9 ion over each “slice” of the STFT for the 1 s trapping period for the three 

apodization functions.   
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Figure 4: Computation time (left y-axis) required to obtain the frequencies and signal amplitudes 

(charge) of 20 one second trapping events for 56 total ions as a function of number of added 

zero-fills (x-axis) for peak picking (red circles) and sinc fitting (red square). The red dashed line 

indicates 20 seconds of computation time and represents the threshold for real time analysis. The 

average percent difference in peak amplitudes (right y-axis) for peak picking (blue circles) and 

sinc fitting (blue square) compared to amplitudes obtained using 39 zero-fills (2000 ms time-

domain data length). The blue dashed line indicates zero percent deviation.  

 

 

	




