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In this paper, orthogonal projection method (OPM) is introduced which could perform quantitative mass
spectrometry with signal of electrostatic ion beam trap (EIBT). In order to acquire periodic current signal,
a model of EIBT with cylindrical-detector is set up to simulate ions oscillatory motion. Where after, OPM
is introduced and applied for quantitative mass spectrometry. It shows that quantitative MS with high
precision could be obtained by OPM with sampling time short as 200 s. Comparing with FFT, the mass
spectrometry performed by OPM is characterized by higher precision and much shortened sampling
time. OPM mass spectrometry is influenced by several factors, including the length of sampling time,
mass detecting interval M, tested ion mass and its location in the mass detecting interval, which are
discussed systematically. The OPM results show that, the effective sampling time for quantitative MS
should be prolonged when the tested ion mass is increased or the mass detecting interval is decreased.
The shortest effective sampling time Toos and the longest effective sampling time Tyq, are all proportional
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to M>/2|8M, and the relation of which is specified by linear regression.
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1. Introduction

EIBT (electrostatic ion beam trap) has been invented and devel-
oped during the last decade, which stores and manipulates ions
with only electrostatic fields [1-4]. When a group of ions is injected
into EIBT, they would be trapped and oscillate between the two par-
allel sets of electrode mirrors with applied voltages, which working
principle is similar to that of an optical resonator, and accordingly
endows EIBT with another name of ion-trap resonator [5-7]. It has
been demonstrated that EIBT is a competent instrument to per-
form various experiments both in physics and in chemistry, such
as lifetime measurement of metastable state atomic, molecular and
negative ions [8-11], electron-impact experiments [12,13], beam
dynamics and mass spectrometry [14,15].

As the ions are constrained by the electrode mirrors, they oscil-
late back and forth and induce periodic current signal on the
detector which is mounted in the middle of EIBT [16]. The peri-
odicity of the signal characterizes the mass of the oscillating ions,
and with frequency analysis of which, the mass spectrometry can
be performed. Consequently, EIBT could be used as time-of-flight
mass spectrometry, in which the flight path of the ions is multi-
ple folded by electrode mirrors, and thus high resolution of mass
analysis is expected.
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FFT (fast Fourier transform) is conventional method to analyse
periodic signal and acquire frequency spectrum, and the EIBT mass
spectrometry acquired are all based on this method [14,15]. How-
ever, the frequency spectrum of FFT is quite complex, in addition to
the fundamental harmonic, more than ten higher order harmonics
exist with prominent intensity, which encumbers mass spec-
trometry, especially different kinds of ions compounded together.
In addition, more accurate frequency spectrum means longer
sampling time, and which should be at least several hundreds mil-
liseconds to perform MS. In the case of prolonged sampling time,
the dispersion effect of the ions should be taken into considera-
tion, which would tamper the periodicity of the oscillating ions and
do harm to mass spectrometry. Moreover, it is impossible to indi-
cate the quantity of the detected ions through frequency analysis of
FFT.

In this paper, orthogonal projection method (OPM) is intro-
duced which could perform quantitative mass spectrometry with
high precision and with much shortened sampling time. Current
signals of ions with certain mass number are adopted as basis
vectors in OPM, which is consistent with particular EIBT setup.
The current signal of tested ions could be orthogonal projected
to these basis vectors, and the coefficients of projection could
not only specify the mass number of the tested ions, but also
indicate the amount of those ions. As shown in this paper, sam-
pling time of OPM is much shortened comparing with FFT, e.g.,
for ions with mass number ~100, quantitative MS above 90%
accuracy can be acquired with sampling time short as several
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Fig. 1. Schematic figure of linear trapping potential field of EIBT with single-
cylindrical detector mounted in the middle.

hundreds microseconds, which is impossible to be performed by
FFT.

The model that generates EIBT periodic signal is described in
Section 2, and orthogonal projection method is introduced in Sec-
tion 3. Results and discussion are presented in Section 4, in which
several factors that influence the result of OPM mass spectrometry
are discussed, and conclusions are given in Section 5.

2. Numerical modeling

In order to simulate the motion of the ions and acquire the
periodic signal, a model of EIBT is established. According to the
experimental setup [14], the whole length of EIBT is set to be
400mm, and the length of central field-free region is set to be
200mm. A linear trapping potential field that constrains ions
motion is set up in EIBT as shown in Fig. 1, and the electric field
is formulated as a function of x.

k x<-L/2
Ex)=< 0 |x]<L/2 (1)
-k x>1L/2

where L corresponds to the length of central field-free region, and
the gradient k of potential characterizes the electric field in the
region of electrostatic mirrors. In the central field-free region of
EIBT, a single-cylinder detector is used to detect the induced cur-
rent, and the details of the modeling of induced current have been
discussed in the former publication [16,17]. The length and radius of
the cylindrical detector are selected to be 10 mm and 5 mm respec-
tively.

Moving ion with mass m is assumed to carry single charge e,
with its initial position being set in the center of the potential field
as shown in Fig. 1. The initial velocity vy is determined by the initial
energy Eg according to Eq. (2)

vg =1/ — (2)

In the simulation, Ey is set to be 4.2keV and k is set to be
200kV/m, and thus the oscillation period of argon ions in such an
modeling setup is about 6 ps.

In order to simplify the problem, following assumptions are
introduced:

(1) Movingions are assumed to have the same energy with neglect-
ing their energy dispersion.

(2) The ions move along the axis of the cylindrical detector, and
their energy remains unchanged when passing through the
detector. This assumption is legitimate as discussed previously
[16,17].

(3) As sampling time in the simulation is restricted in 10ms,
Coulomb reaction between positive charged ions is not con-
sidered in the simulation.

According to the assumptions above, the only force seen by the
moving ions is the electric force applied by the electrodes. The ions
motion equation is

E(x)e=m— (3)

Leap-frog differential scheme is applied to acquire ions velocity
and ions position at each time step. With the simulation results of
the ions motion, the periodic image current signal induced on the
detector could be acquired, which corresponds to the ions oscillate
with certain frequency according to their mass [14,15].

According to the idealized simulation setup, the period Ty of the
ion with mass m and charge e is

2L 4 ZEO)JE (4)

T, =
0 (\/E ke

With introducing specified Eg, k, L and relative constants, the
period of ions motion in this model EIBT is

To = 0.630168VM (jus) (5)

Where M is the mass number of the moving ions. As single-
cylindrical detector is adopted in the simulation to detect image
current signal, the period of the signal is one half of that of the ions
motion

To

L= = 0.315084VM (ps) (6)
And the frequency of the detected signal is
3.173757
fs = ——=(MHz) (7)
M(amu)

and the mass number M is related to the signal frequency according
to

M= 10.07273 (8)
fSZ

As the period of signal acquired in EIBT is proportional to the
square root of the ions mass number, and with determining the
frequency of the signal by frequency analysis (e.g., FFT), the mass
number of the ions can be specified by Eq. (8).

In Fourier transform, the length of sampling time T in time
domain determines Af, the indeterminacy in frequency domain,
which satisfies the relation of Af=1/T. And the relation between
the indeterminacy of mass number and that of frequency is derived
from Eqs. (7) and (8)

AM = 0.630168M3/2 Af (9)

Accordingly, the longer sample time implies the higher preci-
sion of frequency analysis. In our simulation, the length of longest
sampling time is selected to be 10 ms, thus Af=0.0001 MHz, and
according to Eq. (9), the indeterminacy of mass number is

AM = 6.30168 x 10> M3/2 (10)

From the equation it is clearly shown that, AM increases with
increasing the mass number with the order of 1.5, which means
the indeterminacy of mass increases remarkably with increasing
the mass of the detected ions.

Fig. 2(a) shows the periodic image current signal induced by
the ions of mass number 100.01 with 10 ms sampling time and
10 ns sampling interval, and the ions’ number is selected to be unit
amount. Fig. 2(b) is the corresponding frequency spectrum per-
formed by FFT. As shown in the figure, the signal waveform deviates
evidently from the harmonic waves, which are used as the basis
function in FT, and thus brings complexity to FFT frequency spec-
trum. In addition to the fundamental harmonic which corresponds
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Fig. 2. (a) Periodic image current signal induced by the ions of mass number 100.01
with 10 ms sampling time and 10 ns sampling interval; (b) corresponding frequency
spectrum by FFT.

to the frequency of the signal, the frequency spectrum consists of
many higher order harmonics, and it is the 4th harmonic frequency
that possesses the highest intensity. With specifying the funda-
mental frequency, fs =0.31738 MHz, the mass number determined
is 99.997 with indeterminacy +0.063, and the resolving power of
mass spectrometry is about 1600.

The complexity of the frequency spectrum encumbers mass
spectrometry, especially different kinds of ions compounded
together, and decreases the efficiency of the usage of the signal.
Furthermore, it is impossible to perform quantitative mass spec-
trometry through such frequency analysis.

3. Orthogonal projection method (OPM)

According to functional analysis, the signal of EIBT belongs to
space L2(R), that is, Lebesgue square integrable space, and FFT real-
izes least square approximation to the original signal by taking
harmonics as basis vectors [18]. The mathematical concept of OPM
proposed in this study is identical to that of FFT, which also projects
detected current signal to a linear vector space spanned by basis
vectors, while OPM adopts induced signals of EIBT themselves as
basis vectors, not harmonics in FFT. As discussed in this paper, this
method could perform quantitative mass spectrometry with high
precision. Comparing with FFT, the mass spectrometry acquired
by OPM is characterized by a more readable spectrum, a much
shortened sampling time and the ability to do quantitative analysis.

Apparently, the induced current signals corresponds to differ-
ent mass numbers are linear independent, that is, any signal cannot
be linearly expressed by any other signals of different mass num-
bers. As the signal of certain mass number is taken as the basis
vector, a set of such basis vectors of different mass numbers spans
an inner product space, and for any signal that is projected into this
space, its orthogonal projection could be expressed by the linear
combination of these basis vectors. The coefficients of orthogonal
projection characterize the composition of the signal, and thus the
mass analysis is performed.

The current signal induced by the oscillating ions with certain
ion mass and unit amount is taken as a basis vector, and a set of
such current signals constructs a set of basis vectors, which are
linear independent and span into a vector space V

The basis vectors :  {x1,X2,...,Xm)}

And the vector space V : V = span{x{, X2, ..., Xm}

The vector X; = (X1, Xi2, - - ., Xiv)T € RN, is the element in N-tuple
space, where N is the sample number of vector x;, and the standard
inner product is defined

N
<Xi,Xj> :ink‘xjk (11)
k=1

and norm is also defined as

IXill = +/ (Xi, Xi) (12)

This set of basis vectors is not orthonormal basis, because the
norm of the basis vectors are not unity, that is, ||xjl| # 1; and
although the vectors are independent they are not orthogonal to
each other, that is, (X;, Xj) #0, (i ).

The current signal of the tested ions is considered as vec-
tor v, which is also an element in N-tuple space but does not
belong to space V spanned by the basis vectors, that is, v=
(11,2, ...,un)" €RN and v ¢ V. The orthogonal projection of v in
space Vis vg, which could be uniquely expressed by the linear com-
bination of basis vectors as the basis vectors are linear independent,

m
Vo = ZO[]X] (13)
j=1

According to the property of orthogonal projection [19], vq is
closest to vamong all vectors in space V, that is

IV — Vol = min |lv — w| (14)
weV
Thus the vector v —vg is orthogonal to space V, which means it

is orthogonal to any vector in space V, including each basis vector
Xj.

<V—V0,Xl‘>:0 (i:l,...,m) (15)
And thus
(vo, x;) = (V. X;) (16)

Combining with Eq. (13), Eq. (16) becomes

m
Zajxj,xi = <v, xi> 17)
j=1

For certain basis vector x;, an equation with m unknown ¢; is
established

m

N N
Z ijk Xig | o = ka - Xik (18)
k=1

j=1 \ k=1
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Forifrom 1 to m, a set of linear equations with m unknown ; is
constructed, and «; could be acquired by solving these equations.
As coefficients ;s specify the weights of the signal with unknown
mass number projected to each basis vector, the quantitative mass
spectrometry can be performed by analysing these coefficients of
projection.

The basis vectors of the induced signal can be generated by sim-
ulation as well as by experiment, the latter of which would includes
the influences of practical factors. As discussed thoroughly in the
previous study [16,17], the induced current signal of certain mass
number on the detector could be linearly transformed to the current
signal of ions with different mass number, with firstly generat-
ing a sample signal experimentally, other basis vectors could be
calibrated and generated by simulation.

4. Results and discussion

A tested signal of ions with mass number 100.01 and unit
amount has been generated by the model of EIBT for orthogonal
projection. Mass detecting range can be determined by FFT and is
set to be 90-110 with mass detecting interval M =0.1. Basis vec-
tors are all generated by the same model with unit amount which
correspond to the ions with mass number specified by the detect-
ing range and interval. Sampling interval is 10 ns throughout the
study, and different lengths of sampling time are adopted to study
its effect on orthogonal projection mass spectrometry (OPMS).

Fig. 3 shows the results of orthogonal projection mass spec-
trometry with sampling time being 0.01 ms, 0.04 ms and 0.2 ms. As
sampling time is short as 0.01 ms, the noise of background is rather
high, but the projection coefficients is prominent for mass number
100 and 100.1, which is 0.64 and 0.34 respectively, as shown in
Fig. 3(a). Such projection result is consistent with the fact that the
mass number of tested ions is laid between these two mass num-
bers. As sampling time is increased, the precision of orthogonal
projection is increased. The projection coefficient of mass number
100 is increased to 0.90 for 0.04 ms and 0.98 for 0.2 ms, while the
coefficient of 100.01 is decreased to 0.16 for 0.04 ms and 0.1 for
0.2 ms, as shown in Fig. 3(b) and (c). The basis vector of mass num-
ber 100.0 has the largest weight, and the coefficient of projection
is consistent with the intensity of the tested signal. It is also shown
from the figure that, as the sampling time is prolonged, not only
the precision of quantitative mass spectrometry is increased, but
the noise of background is also suppressed.

Fig. 4 shows the results of orthogonal projection mass spectrom-
etry with sampling time being 0.4 ms, 2 ms and 4 ms. As sampling
time prolonged further, the projection coefficient of mass num-
ber 100 is decreased from 0.98 for 0.4ms to 0.72 for 2ms and
0.33 for 4ms, while the coefficient of 100.01 is decreased from
0.08 for 0.4ms to 0.005 for 2ms and 10-6 for 4 ms. Comparing
Figs. 3 and 4, it is clearly shown that, as sampling time is short, the
difference between the basis vectors and the tested signal is not
very evidently, and OPMS is obtained with low precision and high
background noise. With prolonging the length of sampling time,
the advantage of the basis vector that is nearest to the test sig-
nal is shown, and the coefficient is prominent for this basis vector,
which position and coefficient determine the mass number and the
quantity of the tested signal. As the sampling time prolonged even
longer, the difference between the nearest basis vector and tested
signal becomes larger which decreases the projection coefficient to
this nearest vector. From Figs. 3 and 4, it can be deduced that there
exists a range of effective sampling time for the tested ions with
certain mass number, within which the quantitative MS with high
precision can be performed. It also implies that the prolonged sam-
pling time demands a finer detecting interval, which will reinforce
the similarity between the tested signal and the basis vectors.
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Fig. 3. Orthogonal projection mass spectrometry of ions with mass number 100.01;
(a) 10 ws sampling time; (b) 40 ws sampling time; (c) 200 ws sampling time.

Fig. 5 shows the OPMS for tested signal with mass number from
100.01 to 100.09 with space 0.01, to study the influence of loca-
tion of the tested mass in the mass detecting interval. Sampling
time is selected to be 100 ws in which case the quantitative MS
can be acquired with high precision for the tested ion with mass
number 100.01. As the tested ion shifted from 100.01 to 100.09
in the detecting interval 6M, the coefficient of mass number 100.0
decreases and that of 100.1 increases, both monotonously. For the
tested mass 100.05 being in the middle of the interval, the coef-
ficients of 100.0 and 100.1 are both about 0.6 and almost equal to
each other. As the mass number of the tested ion is shifted nearer to
the higher mass number of the interval, the coefficient of the higher
mass number increases. It is shown from Fig. 5 that the selection of
the basis vectors and the partition of the mass detecting range will
influence the precision of OPMS, which is suggested to be overcome
by scanning basis vectors, which will relocate the tested ion mass
number in the proper position of the mass detecting interval.
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onal projection mass spectrometry.

Fig. 6 shows the relation between sampling time and the coef-
ficient of OPM. As the sampling time spans a large time scale, the
logarithm scale is adopted in the time axis. Two parameters, Tggs
and Tgqp are introduced, which indicate the shortest sampling time
and longest sampling time that both acquire the coefficient of 0.9
respectively. With such definition, the quantitative MS with 90%
accuracy will be acquired in the sampling time range from Tggs to
TooL. As shown in the figure, the sampling time for ions with differ-
ent mass numbers all shows the same trend, and effective sampling
time range shifted to longer time end for large mass number.

It shows that effective sampling time relates with the mass
number being tested, M, and the mass detecting interval M. With
increasing mass number, the sampling time to acquire high pre-
cision quantitative MS should be prolonged, while the finer mass
detecting interval M also requires prolonged sampling time. Fig. 7
shows the relation between mass detecting interval §M and the
length of sampling time, which is indicated by Tggs and Tygr, and
the mass number of the tested ions is 100.01. The inverse propor-
tionality is clearly shown by the linear fit line both for Tggs and for
TooL-

The OPM results show that, the effective sampling time for
quantitative MS should be prolonged when the tested ion mass
is increased or the mass detecting interval is decreased. It is found
by trial that Togs and Tggy, are all proportional to M3/2/§M, and the
relation of which can be specified by linear regression. Fig. 8 shows
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Fig. 7. Inverse proportional relation between the length of sampling time and mass
detecting interval M, with tested mass number being 100.01.
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linear relation between sampling time (Tggs and Togr ) and M3/2/5M,
and the linear relation is characterized by two linear formulas

2.63167 +0.0377M3/2
(ps)

90s = SM (19)
And
0.21941 + 0.1089M3/2
90L = M (ms) (20)

The correlation coefficient of these two linear regressions is
0.998 and 1 respectively, and as a reasonable approximation, the
shortest sampling time for 90% accuracy quantitative MS can be
determined by Togs =0.0377M3/2/5M (1.S), and the longest sampling
time can be determined by Tog; =0.1089M3/2/8M (Ws). It should
be noted that these linear coefficients are associated with par-
ticular setup of EIBT and the structure of image current detector,
and are specific for present discussion. For different setups of the
instrument, the linear relation between sampling time and M3/2/§M
remains, while the coefficients should be determined by experi-
ment or simulation.

5. Conclusion

In this paper, orthogonal projection method (OPM) is intro-
duced which could perform quantitative mass spectrometry with
signal of electrostatic ion beam trap (EIBT). Firstly, a model of
EIBT with cylindrical-detector is set up to simulate ions oscillatory

motion and generate periodic current signal. Where after, OPM is
introduced and applied for quantitative mass spectrometry which
adopting EIBT signal itself as basis vector. It shows that quantitative
MS with high precision could be obtained by OPM with sampling
time short as 200 p.s. Comparing with FFT, the mass spectrometry
performed by OPM is characterized by higher precision of quan-
titative analysis and much shortened sampling time. There exists
an effective sample time range (from Tggs to Tggr), within which
quantitative MS could be performed with accuracy over 90%. As
the detected mass number increases, the effective sampling time
range shifted to longer time range; and while detecting time inter-
val M decreases, both Tggs and Toqp increase. It is found that Tggg
and Toq are all proportional to M3/2/§M, and the relation of which
is specified by linear regression, which could be used to instruct
the selection of proper sampling time and mass detecting interval
of OPMS.
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