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ABSTRACT
The accuracy of the ion fligh time measurement in the time-of-fligh mass spectrometer is critical to achieving high resolution. The pulse
amplitude variation of the detector pulses leads to the registration time spread at a given pulse detection threshold. This time spread can be
eliminated by determining the position of the pulse apex. To determine the position of the pulse apex, the output of the ion detector is fed
simultaneously to the two channels of the time-to-digital converter. In this case, the firs channel is set to register the leading edge, and the
second channel is set to register the trailing edge of the pulse. Using a simple processing of the received data, the position of the pulse tip is
determined. Thus, the dependence of the temporal position of the peak on the pulse amplitude is largely eliminated. Examples are given, and
the efficienc of using this algorithm to increase the resolution of time-of-fligh mass spectral peak registration is demonstrated.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0160716

INTRODUCTION

The resolving power (resolution) is one of the most important
characteristics ofmass spectrometers. For a time-of-fligh mass spec-
trometer, where the starting energy of ions is given by the potential
difference in which they are accelerated, the relative resolution T/ΔT
(temporal) or M/ΔM (mass) is usually used. Here ΔT and ΔM are
the peak widths at half-height in the mass spectrum for the time and
mass scales, respectively, and T and M are the recorded ion fligh
time and mass. The ion fligh time in a time-of-fligh mass spec-
trometer is proportional to the square root of the mass-to-charge
ratio of the ion, so the mass resolution is half the time resolution,
M/ΔM = T/2ΔT.1 It is clear that to increase the resolution of the
mass spectrometer, it is necessary to minimize the value of ΔT or
increase T. The width of the peak registered in the mass spectrum
(ΔT or ΔM) is the result of several factors that can be conditionally
divided into two groups. The firs group includes the variation of
ion arrival time determined by the characteristics of the mass ana-
lyzer and ion beam parameters. The second group includes the time

uncertainty of the detector response to the ion arrival, determined
by the parameters of the detector and the registration system. The
present paper is devoted to reducing this uncertainty. The influ
ence of detector and registration system parameters on resolution
has been discussed in detail elsewhere.2–4 The ion detector of time-
of-fligh mass spectrometers based on microchannel plates (MCP)
has its origins in atomic physics and accelerator engineering,5,6 and
is also widely used in space research.7 Typically, such a detector con-
sists of one, two, or three MCPs in a chevron configuration 8–11 The
output signal of the detector is a short (0.3–2.0 ns) pulse with an
amplitude ranging from units to several tens of millivolts. Registra-
tion of pulses from the detector output can be performed either by
an analog-to-digital converter (ADC) or a time-to-digital converter
(TDC).12–14

The use of ADC allows for obtaining a larger dynamic range,
which is very much in demand in time-of-fligh devices with laser
ion sources, electron impact sources, and plasma ion sources.14
However, the application of ADCs is usually associated with the pro-
cessing of large datasets. For example, with a detector output pulse
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width of 1 ns, a sampling rate of about 5 Gsamples/s is desirable.
With an 8-bit ADC, the data stream would be 5 Gbytes/s. To han-
dle such a data stream, it is common to use Field-Programmable
Gate Array (FPGA) pre-processing. With relatively simple process-
ing (adding many individual spectra into one), the resolution will be
limited by the detector output pulse width. More detailed process-
ing to obtain higher resolution (not limited by the detector output
pulse width) may involve identifying peaks and determining their
center points for each spectrum.15,16 Such processing requires signif-
icant FPGA programming efforts or an essential acceleration of the
data transfer from the ADC to the computer, in order to perform the
processing using personal computer resources.

TDC, in comparison with ADC, has a smaller dynamic range,
but allows for acquiring the arrival time of pulses from the detector
with higher accuracy. TDC has traditionally been used in particle
accelerators and atomic physics experiments where the number of
events is small. The accuracy and time resolution of TDCs have
always been higher than those of fast ADCs. For example, in the late
1980s, TDC devices with time resolution in fractions of a nanosec-
ond were available, while fast ADCs had a sampling rate of ∼100–500
Msamples/s. The dynamic range with TDC can be increased to some
extent by using a detector design with multiple anodes.17,18 In the
TDC used in our work, the time step of the measured pulse arrival
time is 12.8 ps. The output data stream fromTDC compared to ADC
is 4–5 orders of magnitude smaller, which allows data to be input
into a computer in real time, without the use of intermediate accu-
mulation and processing by FPGA means. Real-time registration is
important for monitoring fast processes.19

When using the TDC as a pulse detector, two problems hinder
the achievement of high resolution. Both problems are caused by the
fact that the pulses from the MCP detector usually vary significantl
in amplitude. Many efforts in the development of microchannel
plate detector designs are aimed at making the pulse amplitude
distribution narrower, or at least different from the exponential
distribution with a maximum near the zero pulse amplitude.8,10,11

The firs problem is related to the fact that the pulse edges
have a finit width. Thus, at a fixe threshold of TDC triggering,
the dispersion of pulse amplitudes turns into the dispersion of their
registration time. This leads to a deterioration of the mass spectrom-
eter resolution. The second problem is related to the performance of
the TDC used. The TDCs we used (E&G Ortec and Cronologic),
although having a small time step (100 and 12.8 ps), nevertheless
have a noticeable dependence of the response time on the pulse
amplitude in case where the ratio of the registration threshold to the
pulse amplitude remains the same. For them, it was experimentally
found that at small pulse amplitudes, there are shifts in actuation
time reaching 400 ps. The resulting variation of the TDC response
time will occur even at very steep pulse edges. This variation in the
TDC response time also leads to resolution degradation.

These problems can be solved by hardware design improve-
ments. The TDC response time dispersion arising due to the fact
that the pulse edges have a finit width can be reduced by decreas-
ing the pulse width from the detector.18,20,21 In addition, the effect
of the pulse width from the detector can be reduced by increasing
the ion transit time in the mass spectrometer. This idea is used in
multi-turn time-of-fligh mass spectrometers,22–24 where the high
resolution achieved, again, may be limited by the finit pulse width
of the detector.

To avoid time spread when registering the pulse by a constant
threshold, the detector output pulse can be made bipolar, and the
threshold can be set close to zero. The position of the zero line
crossing point does not depend on the pulse amplitude. In this
way, it is possible to reduce the variation in registration time due
to differences in pulse amplitudes. This method is used in a device
called the Constant Fraction Discriminator (CFD). There are many
implementations of the CFD.25–34 This device is traditionally used in
experimental particle physics, as well as in mass spectrometric tech-
niques for space research, when ion fligh times are small and high
accuracy of pulse registration of different amplitudes is required.
Note, however, that this method works well for pulses of similar and
known shapes.

The negative effect of both factors can beminimized by produc-
ing a discriminator that would isolate pulses in the desired amplitude
range. Such a discriminator will lead to a decrease in the disper-
sion of the registration time in any case, but at the same time, it
will reduce the number of registered ions, reducing the sensitivity
and dynamic range of the mass spectrometer. The disadvantage of
hardware methods can be considered to be their dependence on the
parameters of the detector output pulse, such as its width, shape, and
polarity.

In this paper, we describe a pulse registration method based
on the determination of two parameters for each pulse—the TDC
response times for the leading and trailing edges of the pulse,
with subsequent processing of the acquired data by software. The
described method allowed us to significantl reduce the error of the
detector pulse registration time associated with the pulse amplitude
spread.

METHODS

In the present work, we used a time-of-fligh mass spectrom-
eter described in Ref. 35. The effective ion fligh path was 3.4 m.
The accelerating voltage was equal to −8 kV. A homemade detector
consisting of two MCPO B25-10u (BASPIK Company) in a chevron
configuratio with a channel diameter of 10 μm and an angle of
inclination of the channels to the normal of 12○ was used as a detec-
tor. The diameter of the anode was 9 mm. The block diagram of the
detector is shown in Fig. 1.

The input MCP was under the potential of the ion drift region.
The signal from the detector anode was fed to the amplifie input
through a high-voltage decoupling and amplifie by a homemade
amplifie with a bandwidth of 1.2 GHz. A typical oscillogram (oscil-
lograph LeCroy LC334A) of the pulse from the detector output is

FIG. 1. Block diagram of the mass spectrometer’s detector.
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FIG. 2. The mass spectrometer detector output pulse.

shown in Fig. 2. It can be seen that this pulse is bipolar, but only its
negative half-wave was the working part of the pulse.

The recording device was a four-channel TDC (xTDC4-PCIe),
manufactured by Cronologic. The detector output signal after
amplificatio was divided into two identical channels and fed to two
TDC inputs. The triggering of the firs TDC channel was set to the
leading edge of the signal, and the triggering of the second chan-
nel was set to the trailing edge. The registration thresholds were set
equal. All events registered by the TDC were recorded in the com-
puter memory and were used to construct mass spectra (histograms)
in the process of registration.

When constructing the mass spectrum, the time t, which corre-
sponds to the apex of the detector output pulse, was calculated. Since
the working part of this pulse (Fig. 2) was its negative half-wave, the
apex of the pulse in this case meant the point of its minimum. The
position of the pulse apex does not depend on its amplitude, so the
spectrum constructed in this way will not contain the error associ-
ated with the transformation of the pulse amplitude spread into its
registration time spread. Let us denote the registration time of the
pulse leading edge as t1 and the registration time of the trailing edge
as t2. If the signal form is symmetrical, the time t calculated by the
formula t = (t1 + t2)/2 will correspond to the apex of the pulse. A real
pulse can have different rise and fall times, so the apex of the pulse
will not be in the middle, but will be shifted to a steeper edge of the
pulse. To account for this, use the expression

t = (t1 + t2) /2 + α(t2 − t1) /2, (1)

where α is an experimentally chosen parameter. When α = −1, this
expression equals t1, when α = 1, it equals t2, and when α = 0, it equals
(t1 + t2)/2. Thus, by changing the parameter α, we can register the
apex of the pulse also in the case when it is shifted to any side due to
the asymmetry of the pulse.

In addition, at the construction of the spectrum (histogram) we
chose only those values of t2 and t1, for which the condition was
fulfilled

Tmin < t2 − t1 < Tmax (2)

where Tmin and Tmax are preset values—the minimum and maxi-
mum allowed values of t2 − t1 difference. For a fixe threshold, the
larger t2 − t1 value will be for pulses of larger amplitude. Therefore,

by limiting the possible range of t2 − t1, we get a program discrimi-
nator of pulse amplitude. By limiting the range of pulse amplitudes
in this way, we automatically reduce the scatter of pulse registration
times, which contributes to increasing the resolution of the device.

In addition, knowing the value of t2 − t1, we can distinguish
(and take it into account when constructing the spectrum) the arrival
of several ions simultaneously on the MCP, because at the same
threshold of registration pulses from the arrival of several ions will
have a larger value of t2 − t1. For this purpose, the correspondence
between the value of t2 − t1 and the pulse amplitude should be
established beforehand.

Note that both determining the apex of the pulse by correctly
setting the parameter α, and discriminating the pulse amplitude by
limiting the range of the t2 − t1 value, should independently lead to
improved resolution, and taking into account the value of t2 − t1 can
be used to increase the dynamic range.

Testing of the algorithm

To test the operation of the described algorithm, we made a
generator of short pulses, operating at a frequency of 45 kHz. The
generator had two outputs—one for start pulses (to synchronize
TDC) and the other for stop pulses. The amplitude and width of
the stop pulses from the generator corresponded approximately to
the pulses from the output of the mass spectrometer detector. The
oscillogram of the generator output pulse (Tektronix MSO 4104
oscilloscope) is shown in Fig. 3.

The stop pulses of the generator were fed simultaneously to two
TDC channels. One of the channels recorded the leading edge of the
pulse, the other—the trailing edge. Figure 4 shows the constructed
test spectrum at three values of the parameter α. The leftmost and
rightmost curves are the spectra of the signal registered, respectively,
by the leading (α = −1) and trailing (α = 1) edges of the signal. The
central curve is the constructed spectrum at α = 0.

To illustrate the work of the algorithm as a discriminator of
pulse amplitudes (widths), a spectrumwas taken in conditions where
the output of the generator was connected to the input of TDC
through different attenuators. Thus, a spectrum was obtained in
which pulses of four different amplitudes were present in equal
amounts—0.45, 0.29, 0.23, and 0.16 V. The registration threshold
was equal to 0.05 V. Using the time window Tmax − Tmin = 13 ps,
the dependence of the number of recorded pulses on the position of

FIG. 3. Output stop pulse of the generator.
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FIG. 4. Test spectra of the generator pulse at different values of the parameter α.
The leftmost curve corresponds to the value α = −1, the center curve corresponds
to the value α = 0, and the rightmost curve corresponds to the value α = 1.

the middle of this time window (Tmin + Tmax)/2 was plotted. This
dependence is shown in Fig. 5.

It can be seen that pulses of different amplitude and, therefore,
having different values of t2 − t1 are completely separated. In the
case of real spectrum registration, using a fixe threshold, the pulses
with different t2 − t1 values will correspond to pulses with different
amplitudes. Thus, this algorithm will work as a program amplitude
discriminator.

The TDC response time may depend on the pulse amplitude
and the detection threshold, as well as on their ratio. It may be dif-
ferent when registering the leading and trailing edges of the pulse,
as well as at different polarities of the pulse. To fin out the role
that such a delay in the registration time can play, the following
experiment was conducted. The pulse spectrum of the test oscillator
was filme at different pulse amplitudes. The pulse was attenuated
by attenuators 0, 3, 6, 10, and 12 dB. The pulse amplitudes were
0.9, 0.637, 0.451, 0.285, and 0.226 V, respectively. The registration

FIG. 5. Test spectrum illustrating the operation of the algorithm as an amplitude
discriminator. The spectrum represents the dependence of the number of regis-
tered pulses on the position in the middle of the time window (Tmin + Tmax)/2. The
width of the time window Tmax − Tmin was equal to 13 ps. The spectrum sections
corresponding to different amplitudes of the input signal are marked in color.

FIG. 6. Dependences of the registration time of the leading (1) and trailing (2)
edges of the pulse, as well as the time calculated at α = 0.35 (3), on the pulse
amplitude. The registration threshold is 0.1 V.

threshold was equal to 0.1 V. The dependences of the registration
time of the leading and trailing edges of the pulse on the pulse
amplitude were plotted. At the same time, a correction was made
for the time of signal propagation in the attenuators. This time was
measured separately with an ADVANTEST R3762A vector circuit
analyzer. The error of the propagation time measurement did not
exceed 5 ps. The results are shown in Fig. 6.

From Fig. 6 shows that the change in registration time at differ-
ent pulse amplitudes for the leading edge (1) is greater than for the
trailing edge (2). However, since our stop pulse has a steeper lead-
ing edge than the trailing edge (Fig. 3), we should have expected the
opposite. This seems to be explained by the fact that, for the leading
edge, the dependence of the time of its registration on the amplitude,
which is due to the imperfection of the TDC, is larger than for the
trailing edge. The curves 1 and 2, shown in Fig. 6, are a consequence
of two different factors: the finit rise/fall times of the pulse fronts
and the different delay times for their registration. The influenc of
these two factors does not allow us to choose the parameter α based
only on the shape of the observed pulse. The parameter α has to be
determined empirically. Figure 6 also shows a graph of the depen-
dence of the calculated registration time on the pulse amplitude at
the best value of the parameter α (curve 3). The maximum variation
of the registration time of curve 3 (29 ps) is 5.5 times smaller than
that of curve 2 (159 ps) and 11.5 times smaller than that of curve 1
(366 ps). Thus, we can conclude that the use of this algorithm allows
us to significantl (fiv times) reduce the registration time spread.
Moreover, this algorithm is also effective in the case when we are
dealing with the mixed effect of two different factors at this time:
the finit rise/fall times of the pulse fronts and different delay times
during their registration.

Experimental results

To verify the operation of the described algorithm on a real
spectrum, we recorded the mass spectrum of Gramicidin S using an
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FIG. 7. The region of the mass spectrum containing the double protonated Gramicidin S ions [M + 2H]2+.

electrospray ion source. Figure 7 shows the isotopic pattern of the
double protonated Gramicidin S ion [M + 2H]2+.

The following Figs. 8–10 are plotted using the same ion arrival
times (leading and trailing edges) for 90 ss of Gramicidin S electro-
spray registration. Using these data, one can then construct mass
spectra (histograms) for any selected values of Tmin, Tmax, and α.

Figure 8 shows the dependences of mass resolution (1 and 2)
and ion current (3) on the Tmax − Tmin time window width for the
main isotopic peak of Gramicidin S (m/z = 571.36).

The position of the middle of the time window (Tmax + Tmin)/2
was chosen to be 1.25 ns. Zero on the time axis corresponds
to the values Tmax = Tmin = 1.25 ns. Other values on the time
axis are Tmax − Tmin values obtained by simultaneously increas-
ing the value of Tmax and the same decrease in Tmin. It can be
seen that the ion current (curve 3) saturates when Tmax − Tmin
increases to 2.5 ns, i.e., the widths of almost all pulses are in a range
of 0–2.5 ns.

Curve 1 is the dependence of the resolution on the value of
Tmax − Tmin at α = −1. At this value of the parameter α, the detec-
tor pulses are registered exclusively by their leading edge. It can
be seen that when the time window is narrowed, the mass resolu-
tion increases from 39 000 to 56 000. This is explained by the fact
that at small values of Tmax − Tmin, the pulses of close amplitudes
are selected for spectrum construction; hence, the corresponding

registration time scatter is also small, which leads to an increase in
resolution.

Curve 2 is the dependence of the resolution on the time window
value at α = −0.2. Narrowing the time window in this case leads to an
increase in resolution from 47 000 to 58 000. Curve 2 is located above
curve 1, i.e., the resolution at α = −0.2 is greater than the resolution
at α = −1 for all values of the time window.

Figure 9 shows, for the same experimental data, the depen-
dences of resolution on the parameter α for three values of the time
window Tmax − Tmin: 3.5, 1.1, and 0.5 ns.

It can be seen that with the time window Tmax − Tmin = 3.5 ns,
the resolution depends quite strongly on the parameter α. The res-
olution reaches a maximum of 47 000 at α = −0.2, equals 39 000 at
α = −1, and is only 35 000 at α = 1. With a time window of Tmax −
Tmin = 1.1 ns, the resolution is higher, and it is less dependent on
the parameter α. When Tmax − Tmin = 0.5 ns, the resolution is even
higher and almost independent of the parameter α.

Note that Figs. 8 and 9 show the effect of decreasing resolu-
tion when the time window width increases at the optimal value of
the parameter α (α = −0.2), although it would seem that resolution
should remain maximal and not depend on the time window width.

This effect could be explained by the fact that, with a wide time
window, we are dealing with a large scatter of pulse amplitudes.
Under these conditions, the quality of our algorithm could have
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FIG. 8. Dependences of the mass resolution (1 and 2) and ion current (3) on the
Tmax − Tmin time window for the main Gramicidin S isotopic peak (m/z = 571.36).
The mass resolution is presented at two values of the parameter α: α = −1 (1)
and α = −0.2 (2). The position of the middle of the time window (Tmax + Tmin)/2 is
1.25 ns. The registration threshold is 0.7 V.

deteriorated. To test this version, a term quadratic to (t2 − t1) was
included in the formula for calculating the time t, which corresponds
to the pulse apex,

t = (t1 + t2) /2 + α ⋅ (t2 − t1) /2 + β ⋅ (t2 − t1)2, (3)

where β is the second parameter to be selected. However, by selecting
the parameter β, it was not possible to increase the resolution and
explain the observed effect in this way. Although in other parts of
the spectrum (at smaller values of the registration threshold), the
selection of the parameters α and β succeeded in obtaining greater
resolution than when only one parameter α was selected.

To elucidate the cause of the above effect, we plotted the depen-
dences of ion current and resolution on the position of the middle of

FIG. 9. Dependences of resolution on the parameter α for three values of
Tmax − Tmin: 3.5 ns (1), 1.1 ns (2) and 0.5 ns (3).

FIG. 10. Dependences of ion current and resolution on the position of the middle
of the time window (Tmax + Tmin)/2 with its fixe width Tmax − Tmin = 0.2 ns.

the (Tmax + Tmin)/2 time window, the width of which was taken to
be Tmax − Tmin = 0.2 ns. These dependences are shown in Fig. 10.

It can be seen that the ion current reaches its maximum at a
detector pulse width of 0.7 ns, while the resolution has a maximum
(58 000) at a detector pulse width of 1.2 ns, when the ion current
has already decreased by a factor of 1.7. This can be explained by
assuming, that in our case, two or more ions arrive at the MCP
simultaneously. In this case, there is an increase in the amplitude
(and, accordingly, the width of the detector pulses), as well as averag-
ing of the arrival times of ions. The averaging of the ion arrival times
leads to an increase in the resolution. This is consistent with the fact
that when using an MCP with a channel diameter of 10 μm and an
angle of 12○, the limiting resolution due to these MCP parameters
for our mass spectrometer, which has an effective ion fligh length of
3.4 m, will be about a value of 50 000. I.e., an increase in resolution
greater than 50 000 under our conditions can be obtained only by
averaging the time of registration during the simultaneous arrival of
two or more ions. Increasing the width of the time window (Fig. 8)
at its central value of 1.25 ns mainly includes single arrivals (Fig. 10),
for which the resolution is smaller, so the resolution decreases when
the timewindow is increased. The decrease in resolution at timewin-
dow positions greater than 1.3 ns (Fig. 10) is apparently due to the
fact that at larger pulse widths, the value of the parameter α ceases
to be optimal. The low signal-to-noise ratio in this region does not
allow us to draw an unambiguous conclusion.

In the present work, the considered algorithm was analyzed on
the example of the most intense peak in the mass spectrum—the
main isotopic peak of the double charged Gramicidin S ions
([M + 2H]2+), m/z = 571.36. In order to understand whether this
algorithm would be applicable over a wide range of m/z, the res-
olution dependences on the parameter α for both the double- and
single-charged Gramicidin S ions were plotted in Fig. 11.

In order not to limit the ion current and to take into consider-
ation, as far as possible, all the pulses registered by TDC, the values
of Tmax − Tmin in this case were taken in a wide range (from 0.1 to
3.5 ns), and the registration threshold was taken as minimal (0.1 V).
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FIG. 11. Resolution dependences on the parameter α for the main isotopic peaks
of the double-charged (1, m/z = 571.36) and single-charged (2, m/z = 1141.71)
Gramicidin S ions. The range of values of the time window Tmax − Tmin was chosen
from 0.1 to 3.5 ns, and the threshold of registration was 0.1 V.

Figure 11 shows that in both cases, the resolution increases
when the parameter α value is in the range (−0.5, −0.2) compared
to the resolution at α = −1 and α = +1. Thus, the considered algo-
rithm is applicable both for double-charged and single-charged ions
of Gramicidin S, i.e., for m/z values differing by a factor of two.
Moreover, the optimal value of α is approximately the same for these
two m/z values. The absence of an explicit dependence of the opti-
mal value of α on the m/z value allows us to choose the parameter α
using the intense peaks of the spectrum and use this choice for the
whole mass spectrum.

The optimal value of the parameter α should be sensitive to the
shape of the signal. We believe that, in our case, the shape of the
signal depends more on the circuitry of the detector and amplifier
and it is not directly related to the m/z value.

CONCLUSION

In this paper, an original ion detector configuratio is pro-
posed and realized, and its capabilities are demonstrated using an
orthogonal time-of-fligh mass spectrometer. Let us note the main
points that characterize the advantages of the proposed method of
ion arrival time registration: the correct choice of the parameter α
and the use of a program discriminator of detector pulse widths
(amplitudes) independently lead to an increase in the resolution of
the mass spectrometer; the choice of the parameter α allows us to
improve the resolution of the mass spectrometer without reduc-
ing its sensitivity, and in a wide enough range of m/z values; the
use of the program discriminator algorithm allows us to output the
already acquired spectrum either with maximum sensitivity or with
maximum resolution.

We suppose that pulse width information can be used to
increase the dynamic range.

In addition, pulse width (amplitude) discrimination allows us
to examine the acquired spectrum for the presence of pulses in a

given range of widths (amplitudes), which is useful, in particular,
when analyzing the quality of the MCP.

The proposed algorithm of data processing allowed for an
increase in the mass resolution of this mass spectrometer from
39 000 to 58 000. The analysis of experimental data using this algo-
rithm allowed us to establish that the main parameter limiting the
resolution in our case is the diameter of the MCP channels.

The use of this algorithm reduces the influenc on the mass
spectrometer resolution of both the finit rise time of the detector
output pulse edge and the dependence of the TDC response time
on the pulse amplitude, which can essentially simplify the detector
design.
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