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A general approach to model peak shapes of magnetic sector and time-of-flight (TOF) mass spectrometers
is described. The peak shape model is based on the physical principles of the signal formation in the
detector and contains five parameters: the peak area, the peak position on the mass scale, the estimate
of peak width and the degree of asymmetry of the peak. The last parameter characterizes the relative
increment of the ion bending radius (magnetic sector instrument) or the relative time channel width of
the detector (TOF mass spectrometer). The model can be used for computer processing of mass spectra,
e.g., for the separation of partially overlapped peaks, for comparison of the peaks recorded under different
conditions of ionization, estimation of peak areas, etc.
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1. Introduction

In mass spectrometry, as in many other analytical techniques,
the information concerning a physical or chemical quantity has to
be extracted from a peak-shaped signal superimposed on a back-
ground contaminated with noise [1]. The problems involved in
extracting the information reliably depend on the complexity of the
signal, on the prior knowledge about the system, and, of course, on
the information required.

It is known that the mass spectrometer can measure only two
values: the mass-to-charge ratio and the abundance ratio of the
ions. These two basic values are the initial data in problems of
identification of the unknown substances [2,3], determination of
their elemental composition (chemical formula) [4-7], creation
and effective use of the unified databases of the organic com-
pounds [8-10], and in other applications. Additional parameters
(peak width, peak area, etc.) could be necessary for specific tasks
[11,12].

Modern mass-spectrometric systems can perform tens and hun-
dreds of analysis in the automatic mode. Handling a large volume of
the obtained experimental data requires significant computational
resources. This stimulates many authors to develop and improve
methods, algorithms and software for mass spectra processing
[5,8,12-18].

To date, there is a choise between the commercial software
packages supplied by the developers of the mass spectrometer
systems and free academic projects based on the open source con-
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cepts [12,16,19]. The algorithms used in the commercial software
are often not known to the public and the parameters that govern
their behavior are rarely accessible. On the other hand, open source
projects are described in details.

Typical mass spectra processing algorithm consist of several
successive stages: selection and compensation of baseline, filtering
the noise, detection of the peaks and their fitting with sufficient
models and approximations in order to obtain the required infor-
mation.

From the works [18-21] it could be concluded that there is a
need in developing general mathematical models for the descrip-
tion of baseline and noise which are always present in mass spectra.
Forexample, some variants of the baseline distortion were analyzed
in protein mass spectra [15,22]. The authors presented the model
of the baseline as a superposition of constant value and exponential
series decreased with time. Such a model resonable describes dis-
tortion of the baseline caused by the charge accumulation effects
and the detector saturation. The model is applicable for TOF mass
spectrometers with the analog detector.

In case of counting detector (e.g., time-to-digital converter or
ion counter), statistical properties of the noise is described by
the Poisson distribution. This information can be used in mass
spectra processing [13,14]. Such a model was used in the inves-
tigation of the noise influence on the deisotoping of proteins and
peptides [21]. The model has been tested using the data of electro-
spray quadrupole time-of-flight (Q-TOF) and ion trap instruments.
The authors note, that their model explains most of the observed
noise, although a fraction of noise of the unknown source is always
present in mass spectra, and hence noise model requires future
refinement. Moreover, this model cannot be used for analog detec-
tors [18].
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According to Ref. [20], there is no generally accepted peak shape
model of the separate mass-spectrometric peaks. From the experi-
mental results we can state that in general case for magnetic sector
and TOF mass spectrometers the shape of the peak can be rep-
resented by an asymmetric function with one maximum. In case
of magnetic sector instruments the peak shape with a flat top is
frequently observed.

Knowledge of the peak shape is neccessary for building of the
matching filters [14,15,23], selecting adequate wavelet transform
[18,20,24], and fitting of the experimental data by the least-squares
for obtaining quantitative values (peak position on the mass scale,
intensity, etc.) [25,26].

There are several mathematical models for separate mass spec-
tral peaks approximation [20,23,25-28]. The choice of a particular
model usually done to cheapness of computation efforts, and not
always the parameters of the model have physical meaning.

For example, Zubarev et al. [27] proposed the peak shape model
for TOF particle desorption mass spectrometery in the form of con-
volution of the Gaussian with the exponent:

oo
F(Z) = / ef(t/a) e*((t*Z)Z/ZUZ) dt,
0

where F(z) is the observed peak shape, « is the parameter which
characterizes both the time of ion formation and average energy
deficit and o is the dispersion of the Gaussian curve in the absence
of the energy deficit (instrumental response). The authors suggest
that the ideal peak has the shape of the Gaussian distribution. The
model accounts for effect of the laterions formation in the gas phase
and hence, correction of a peak position on the mass scale could be
done. However, the procedure for determining the parameters of
the model suitable for practical use is not described.

The peak shape model for magnetic sector mass spectrometer
in the form of convolution used in [28]:

I(t) = / ¢(t-1)i(r)d

where I(t) is the recorded signal of the mass spectrometer, ¢(t) is
the impulse response function, which describes the dynamic pro-
cesses in data aquisition channel of the mass spectrometer and i(t)
is the true peak shape. Two types of impulse response functions are
considered and both of them lead to solutions with oscillations on
the peak tails. This fact makes further signal processing and anal-
ysis more complex. The disadvantages of this work are the lack of
clear criteria for the selection of impulse response functions.

In works [25,26] the peak shape model is presented as a sum
of two Gaussian functions which are shifted relative to each other
on the mass scale by a small value. The model has been used for
TOF mass spectra processing and the accuracy of determination
the peak position on the mass scale claimed to be improved. The
shift value is determined empirically, and the physical meaning of
the model parameters has not been explained.

Another approach is to describe the separate peaks by Gaus-
sian and Lorentz (Cauchy) functions and their linear combinations
[20,29,30].

It is worth to mention the quasi-spline approximation method
[31,32] for fitting of the peak shape with piecewise continuous
polynomials. This approach is applicable for mass spectra process-
ing of magnetic sector and TOF mass spectrometers equipped with
counting detectors. The nessecity of mass spectra pre-smoothing
and manual selection of the approximation parameters are the
main disadvantages of the quasi-spline approximation method.

In present study we extended the previously proposed peak
shape model of the magnetic sector mass spectrometers [33,34] to
the TOF instruments and developed a general peak shape model for
these types of mass spectrometers. The main requirements for pro-

posed model were account for the basic physical principles of the
signal formation on the mass spectrometer detector and adequate
description of the experimental signal (in terms of minimum sum
of squared residuals). Also an attempt was made to show exper-
imentally the relation of the model parameters with the physical
processes affecting the ion formation in the ion source of the TOF
mass spectrometer.

2. Experiment

To test the developed model the experiments were performed
on the MALDI-TOF mass spectrometer Autoflex II (Bruker Dalton-
ics, Germany) equipped with a nitrogen laser (A=337 nm) with
FlexControl 2.2 software (Bruker Daltonics, Germany).

Cesium iodide (Csl) obtained from Sigma-Aldrich was selected
as a sample due to the fact that it gives a simple mass spectrum
which contains the only peak corresponding to the Cs* ions. This
makes possible directly to observe dependence of the peak shape
on the ion source parameters, which was the main aim of the exper-
iments.

Aqueous solution of Csl in volume 1l was deposited on the
standard substrate made of stainless steel. The sample was placed
into the ion source of the mass spectrometer after complete drying.
Intensity of the laser was set to 50%, sample rate — 2 GS/s, pulsed
ion extraction delay — 10ns, Uis1 - 20kV, Uis2 - 18.75kV, lens -
7.40KkV. Linear mode of mass separation for positive ions was used.
Spectra were summed for 10 different points of 10 laser shots in
each point.

To demonstrate the efficiency of the presented model in sep-
aration of partially overlapped peaks we use mass spectrum of
fullerenes Cgo (Merck). 1 ul of a saturated solution of fullerenes
in toluene (CgH5CH3) was deposited on a standard substrate. The
sample was placed into the ion source of the mass spectrometer
after complete drying of the solvent. The positive ions spectra were
recorded in linear mode of mass separation with the time of delayed
extraction of 100 ns.

3. Computational theory and methods
3.1. The peak shape model for magnetic sector mass spectrometer

Integral peak recorded by the detector of the mass spectrometer
in general case can be represented as a convolution

I(ﬁl):/mK(mfx)f(x) dx, (1)
0

where I (171) is the recorded signal of the mass spectrometer, m =
m/z is the mass-to-charge ratio of ions, f{x) is the function of the
density distribution of ions in the beam cross section and K(x) is the
impulse response function of the detector slit.

As the impulse response function of the detector slit one can use
the rectangular function given, for example, by the product of two
Heaviside step functions:

KXx)=H(X—-pu+s)H(—x+u+s), (2)

where H(x) is the Heaviside step function, u is the coordinate of the
center of the detector slit and s is the half-width of the detector slit.
Substituting (2) in (1) and taking into account the definition of
the step function we obtain:
m+s

1my= [ fr-p de 3)

m-s

Thus, integral peak recorded by the mass spectrometer is the
result of integrating the source peak, which is a function of the
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density distribution of ions in the beam cross section within the
detector slit [33].

The solution of Eq. (1), i.e. reconstruction of function of the
density distribution f{x) from the registered signal of mass spec-
trometer I (i), belongs to a class of inverse ill-posed in the sense of
Hadamard problems [35,36]. The problem becomes ill-posed due
to the fact that the left side of equation (1) is always recorded with
an error v (). The presence of this error as well as relative errors in
the kernel K(x) and errors of the solution methods can lead to larger
errors so that the numerical solution (e.g., obtained by a quadrature
method) will not have anything to do with the exact one. The insta-
bility also arises in the solution of Eq. (1) obtained by the method of
eigenfunctions, the projection methods and the Fourier transform
method [36].

Known so far stable methods for solving Eq. (1) are based on
additional a priori information [35-37], namely: statistical prop-
erties of the measurement error v (71) and additional information
about the solution K(x).

Based on the introduction of this work, we can conclude that
in general formulation the statistical characteristics of noise are
not known. As for the function of the density distribution, then
based on experimental data and results of computer simulation of
ion sources and mass analyzers [38-41] we can conclude that in
general case this is an asymmetric unimodal distribution. In our
previous works [33,34], we used the Gaussian modified according
to Fraser and Suzuki [42] as the distribution function:

1 <_1n2 (1+k (ﬁz/fzo))> @

Jes (M) =

V2ro exp (k2/4) exp k2

where o is the parameter characterizing the width of the peak and
k is the dimensionless parameter, characterizing the peak asym-
metry degree.

Using (4) we can write the peak shape model of the separate
peak of magnetic sector mass spectrometer:

A /ﬁ'*sexP 7ln2 <1+k ((T_”')/ﬁa)) dr,  (5)

Im-=——
m V2mo exp (kz/4) k2

where A is the peak area.

Adequacy of the model (5) and physical meaning of the param-
eters A, s and o for magnetic sector mass spectrometers have been
confirmed experimentally [33].

Developing model (5) we assumed [33] that the width of the
collector slit in m/z units is a constant value (s = const). This is quite
a good approximation, but, in real experiments, the value of the
collector slit width in m/z units is not constant and depends on
the current mass. This fact must be considered for more precise
description of partially overlapped signals. It was shown [34], that
half-width of the collector slit, expressed in m/z units, can be deter-
mined from the geometry of the mass analyzer. Taking into account
a variable width of the collector slit we can rewrite the peak shape
model for magnetic sector mass spectrometers as:

A

fom) = V2mo exp (k2/4)

2 dz, (6)

m(1+p%+2p) 2 _
></ exp _ln (1+k((1’ u)/\/fa))

m(1-p2-2p)

where p is the dimentionless parameter, which characterizes
the relative increment of the ion bending radius that match half-
width of the collector slit expressed in m/z units. For magnetic
sector mass spectrometer, in contrast to the parameter s, the value
p is constant for a given mass spectrum, which confirmed experi-
mentally [34].

The initial value of the parameter p in the approximation of
the experimental signals by model (6) can be determined by the
formula:

S
p:1/1+ﬁ—]. (7)

3.2. The peak shape model for TOF mass spectrometer

In TOF mass spectrometer flight time of ions is calculated as [43]:

t= ﬂm:am, (8)

v/ 2eUzcc

where e is the charge of an electron, Lqs is the effective length of the
TOF analyzer and Uy is the full accelerating voltage in the TOF. The
effective length of the TOF analyzer takes into account the longer
residence time in the electrostatic mirror and accelerating column.
Typically, the flight time of the ion is recorded on the leading edge
of the pulse in the detector. The value a is a constant for a given
mass spectrum.

Each TOF acceleration pulse results in a spectrum of arrival
times, and these individual spectra are summed in memory over the
course of the acquisition period, forming a mass spectrum which is
a histogram of the events from several pulses. If we consider each
individual bin of the histogram as an analog of the collector slit
of the magnetic sector mass spectrometer then all the arguments
concerning the principles of the signal formation in the magnetic
instrument would be applicable for TOF mass spectrometers. The
only difference will be the choice of integration limits in Eq. (3),
which in the case of TOF mass spectrometer can be written as:

m+s

1= fr-p de (9)

m

In contrast to the magnetic sector mass spectrometer, where the
half-width of the collector slit s in general case is unknown, in the
TOF instrument parameter s can be expressed by the time channel
width of the detector At:

Ar:a(\/ﬁ?s—m), (10)

where s is the time channel width of the detector expressed in m/z
units. Usually, the value a is a constant during the mass spectrum
recording.

By analogy with the magnetic mass spectrometer, let us define
the value of the relative time channel width of the detector for the
TOF instrument using (10) and (7):

o At
CaJm’
In this expression the coefficient At/a can be deter-
mined, for example, from the recorded mass spectrum using
Levenberg-Marquardt method and Eq. (10). The value of p will be
used for the direct calculation of the upper limit of integration in
the peak shape model of the TOF mass spectrometer:
A
V2ro exp (k2/4)

(11)

() =

k2

m(1+p2+2p) 2 _
></ exp 7ln (1+k((1’ u)/ﬂa)) e

Jm

(12)

From Eq. (11) one can see that the parameter p is not constant
for TOF mass spectrometers (in contrast to magnetic sector devices)
and decreases in proportion to 1/+/f. On the other hand the time
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channel width of the detector expressed in m/z units increases in
proportion to vm:

At [ At
~ - 2 _ = g ~
s(m)=m(p* +2p) = - (a +2Jn7). (13)

The model (6) and (12) fully satisfy the condition of normaliza-
tion of the integrand area, i.e.

1 /°C In? (1+k ((f—u,)/ﬁa))

dr=1. (14)

_— exp 5
V2o exp(k?/4) K

—o0

As was shown [13], if condition (14) holds, then the area A will
be an efficient estimate of the peak intensity. We confirm this fact
experimentally by measuring isotopic ratios of krypton [34].

Proposed model can be used for the separation of partially over-
lapped peaks. In this case the model (12) can be represented as:

(1+0%+2p) Np A
I(ﬁl):/ -t
. — V2mo; exp(k?/4)
In? (1+k; ((t = 13)/+/20;
xexp | — n” (1+ l((lz 1)/V291)) dr. (15)

where Nj is supposed number of peaks in the multiplet.

While the numerical calculation of definite integrals in the
model (6) or (12) an overflow may occur in cases when the intensi-
ties in the mass spectrum exceed a few tens of units by the absolute
value. This can be avoided by a proportional reduction of the inten-
sities. Herewith, due to the condition (14), this scaling will affect
only the value of the peak area. If the scale factor is known, it is easy
to restore the true value of the peak area.

4. Results and discussions

4.1. Determination of the parameter p for the TOF mass
spectrometer

To check the adequacy of the relative time channel width param-
eter several mass spectra were recorded at different sample rate. In
the recorded mass spectra only information about m/z coordinates
was used (i.e. the mass difference between adjacent points of the
mass spectra). Based on this information, we have determined coef-
ficients At/a, necessary for calculating the parameter of the relative
time channel width of the detector.

Table 1 shows the values of the coefficients At/a determined by
Levenberg-Marquardt method for the mass spectra recorded on
Autoflex Il MALDI-TOF mass spectrometer. For comparison, Table 1
also shows the value of the coefficient At/a for the mass spec-
tra recorded on Mariner ESI-TOF mass spectrometer (PerSeptive
Biosystems, Framingham, MA).

From Table 1 one can see that the change in descreteness of the
mass spectrum registration leads to adequate proportional change
in the value of the coefficients At/a. Coefficient At/a for Mariner is
close to the value of Autoflex Il at SR=2 GS/s.

Fig. 1 shows the range of integration (the time channel width
of the detector expressed in m/z units) calculated by the formula

Table 1
The value of coefficients At/a for TOF mass spectrometers.

Instrument SR [GS/s] Atlax 103 [1 /m/z}
Autoflex I 0.05 30.841929

0.5 3.084193

1.0 1.542096

2.0 0.766215
Mariner - 0.701097

Fig.1. Therange ofintegration s (/) for mass spectra recorded on Autoflex Il MALDI-
TOF mass spectrometer at SR=2 GS/s.

Fig. 2. Change of Cs* peak shape depending on delayed extraction.

(13) for mass spectra recorded on Autoflex Il mass spectrometer at
SR=2GS/s.

4.2. Estimation of the peak areas

The use of delayed extraction of ions in MALDI [44-46] leads to
a change in the distribution of initial velocities, and consequently,
change the shape of the peaks. This fact was used to test the ade-
quacy of the parameter of the peak area (A).

Mass spectra of cesium iodide were recorded at different times
of delayed extraction (tq): 10ns, 50ns, 100 ns, 150 ns and 200 ns.
Fig. 2 shows the change in the shape of Cs* peak with the increase
of the delayed extraction time.

From Fig. 2 one can see that Cs* peaks are shifted progressivelly
inm/ztowards higher values (or in time) and become broader when
the delay time increases. Similar effects were noted [45,46] for the
peptide mixture ACTH 7-38 and for a-cyano-4-hydroxycinnamic
acid.

Table 2 lists the model parameters for the peaks shown in Fig. 2.
The peak area values were scaled in proportion to the maximal
intensity of Cs* peak at t4 = 10 ns which was about 3248. Note, that
the area of the peaks decreases with the increase of delay time due
to the fast dispersion of the ablation products [47,48]. Also, detected
signal becomes less smooth due to decrease in the number of ions

Table 2
The peak shape parameters of Cs* peaks recorded at different times of delayed
extraction.

tq [ns] 10 50 100 150 200

A 15.49 13.92 20.41 10.06 9.15
s 0.109 0.148 0.189 0.210 0.263
k 0.371 0.427 0.052 0.097 ~0.171
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Table 3
The peak shape parameters of Cs* peaks recorded at different accelerating voltages.

Uis1 [kV] 20.0 193 19.0 18.5 18.0 17.5 17.0

o 0.109 0.112 0.119 0.124 0.154 0.145 0.171
k 0.372 0.228 0.309 0.212 0.296 0.245 0.334

that are involved in the signal formation. The plume cooling results
in thermalization of the ion velocities. The signature of this effect is
a reduction in the asymmetry of the peaks (the k parameter) with
the increase of the delayed extraction time.

4.3. Estimation of the peak width

To check the adequacy of the peak width parameter (o) we sys-
tematically recorded the Cs* peak with consequent decrease of the
full accelerating voltage Uis1. In TOF mass spectrometer the peak
broadening associated with spread of initial velocities of the ions is
inversely proportional to the accelerating voltage [38].

Table 3 summarizes the parameters of the model (12) deter-
mined in this experiment.

One can conclude that the peaks become broader (o) with
decreasing of the full accelerating voltage. From the other side, due
to the fact that the additional accelerating voltage (Uis2) changes
in proportion to the full accelerating voltage (Uis1), the peak shape
is almost unchanged. This is evidenced by nearly constant value of
the peak asymmetry parameter (k).

Note, that for some experimental points the data not coincide
with the general trends (Uis1=17.5kV in Table 3 and t3=100ns
in Table 2). We attributed such a behavior to insufficient mea-
surement statistics, which should be carefully controlled when
performing quantitative measurements on MALDI-TOF mass spec-
trometers [49].

4.4. Separation of the partially overlapped peaks

We applied the model (15) to separate the isotopic pattern of
the fullerene Cgp. Results are presented on Fig. 3.

The direct use of model (15) for partially overlapped peaks does
not give satisfactory results due to large number of free param-
eters. In this case, a minimum of the squared residuals sum may
correspond to several parameter sets of model (15). To avoid such a
problem one has carefully select the initial approximation which is
rather tricky procedure for applied tasks. For TOF mass spectrome-
ter the aim is somewhat simplified, because the range of integration
has already been determined before fitting. This leads to a better
convergence of Levenberg-Marquardt algorithm. Therefore, as an
initial approximation it is enough to specify the number of peaks
and their m/z for the separation of the partially overlapped peaks
in the TOF mass spectra.

Fig. 3. Modelling of the peak shape of the isotopic pattern of fullerene Cgo.

5. Conclusions

The developed model adequately describes the shape of the peak
of the experimental data. Using laser desorption mass spectra it was
shown that the parameters of width and asymmetry of the peaks
depend on the ion formation processes in the source.

Fitting of the experimental data by the developed model of the
peak shape does not require manual selection of the approximation
range and any other parameters. The proposed method does not
impose any restriction on the descreteness of the mass spectrum
recording.

The model can be used for both magnetic sector and TOF mass
spectrometers with analog and counting detectors. In the case
of time-to-digital converter for the correct estimation of peak
parameters a dead-time correction should be done by the standard
techniques used for this purpose (see, e.g., Ref. [43]).
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