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The effective electric field radius is a fundamental parameter of ion
traps, and it has a significant influence on ion-trapping capability,
signal intensity, mass range and some other properties of the ion
trap. For a quadrupole ion trap built with ideal hyperbolic electro-
des, its effective electric field radius can be obtained by its geo-
metrical size, while it is very difficult to obtain the effective electric
field radius for a non-hyperbolic ion trap. In this study, the
effective electric field radius of a linear ion trap and some ceramic
rectilinear ion traps (cRITs) were investigated via the digital ion
trap technology. The dipole frequency of supplementary AC for
excitation was locked at a certain value of the main RF trapping
wave, and the characteristic g values for excitation could be deter-
mined accordingly. The g values could be further used to calculate
the effective electric field radius through theoretical calculations.
A linear equation had been fitted between the g values for exci-
tation and the square of period T2 through experiments sub-
sequently. The relative deviation between the measured electric
field radius and the simulative electric field radius is less than 2%.
The simulation results and experimental validation show that the
approach has predictive power for modeling and measuring the
effective field radius of non-hyperbolic ion traps. It is certainly sig-
nificant for further understanding the performances of non-hyper-
bolic quadrupole systems.

Introduction

Mass spectrometry (MS) plays an increasingly important role
in chemical and biological analyses due to its wide applica-
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bility, as well as fast and high sensitivity and specificity.
Among the different types of mass spectrometers, the ion trap
(IT) mass spectrometer is used in numerous cases because of
its specific characters of ion storage, multiple-stage mass-
selected isolation, ion dissociation and molecular structure
analysis."> The pioneer ion trap called Paul Trap is a 3D
hyperbolic ion trap, which could generate an ideal quadrupole
electric field. An ion trap by the application of the U + Vcos
(£2t) voltage at the ring electrode can be described by the stabi-
lity diagram related to the a and g variables that are defined as

4eV

u= mr2Q? (1)
8eU
W= 2)

where m and e are the mass and charge of ion; U is the DC
component of the voltage applied to the ring electrode, V is
the amplitude of the radio frequency (RF) voltage, and £2 is the
RF frequency. g and a are the Mathieu parameters representing
the stability of ion trajectories in the r~ and z-directions,
respectively, and these parameters must be within specific
ranges for ion trapping. Here, r is the so-called effective elec-
tric field radius of the ion trap, which measures the distance
between two relative hyperbolic electrodes.” The effective elec-
tric field radius influences the ion trapping region, and it
affects the ion cloud radius, which determines how far can ion
trap miniaturization go.” The pseudopotential depth,® field
distribution of multipole” and trapped ion number could also
be calculated by obtaining the effective electric field radius.
The mass range of the ion trap could be extended by decreas-
ing the effective electric field radius when the RF voltage and
frequency are fixed according to eqn (1) and (2).

Numerous evolved ion trap analyzers have been explored
and fabricated during past decades, such as cylindrical ion
trap (CIT), rectilinear ion trap (RIT), printed circuit board ion
trap (PCBIT), mesh-electrode linear ion trap (MELIT), triangu-
lar-electrode linear ion trap (TeLIT) and halo ion trap.®* ™ For
these ion traps, ions are trapped in the axial direction instead
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of in the center, which benefits the trapping capacity, while
the effective electric field radius of these ion trap analyzers
cannot be directly calculated through the eqn (1) and (2) as
they are not ideal hyperbolic electrodes.

The digital ion trap (DIT) is suited for theoretical studying
and miniaturization and has been used to reduce the chemical
mass shifts'* and detecting biological molecules."” The ion
trapping field and excitation electric field in DIT were provided
by switching voltages. The timings of these switching circuits
are controlled by high-precision digital circuits. It is normally
the frequency rather than the amplitude of the driving voltage
that is scanned during a mass scan. Compared with the con-
ventional RF resonator method, DIT has notable advantages
such as analysis of higher m/z ions at low RF voltages that
could prevent the electrical discharge and digital asymmetric
wave isolation (DAWI). Our recent research results found that
highly efficient collision-induced dissociation (CID) can be rea-
lized by simply changing the duty cycle of the resonance exci-
tation waveform and the associated frequency.'®

In this study, the effective electric field radius of a linear
ion trap and some ceramic rectilinear ion traps (cRIT) were
investigated using the digital ion trap technology. The dipole
frequency of supplementary AC for excitation was locked at a
certain ratio value of the main RF trapping wave, and the
characteristic g values for excitation could be determined
accordingly. The g values could be further used to calculate
the effective electric field radius through theoretical calcu-
lations. A linear equation had been fitted between the g values
for excitation and the square of period 7 through experiments
subsequently. For cRITs with x, X y, = 5.0 mm x 5.0 mm,
5.50 mm x 5.00 mm, 6.50 mm X 5.00 mm, and 7.00 mm X
5.00 mm, their measured electric field radius are 4.89 mm,
5.15 mm, 5.79 mm and 6.10 mm, respectively. The relative
deviation between the recorded electric field radius and the
simulative electric field radius was less than 2%. The simu-
lation results and experimental validation showed that the
approach has the predictive power for modeling and measur-
ing the effective field radius of non-hyperbolic ion traps. It is
certainly significant for further understanding the perform-
ances of non-hyperbolic quadrupole systems.

Experimental
Theory of the digital ion trap technology

Balanced rectangular waveforms RF with similar amplitude
but in the opposite phase were applied to the ring electrode.
The dipolar frequency of supplementary AC for excitation was
derived digitally by dividing down the RF frequency and coup-
ling to the RF similar to conventional linear ion trap mode on
the x-axis."” Stability conditions of the ion motion in a pure
quadrupole field with digital waveforms may still be expressed
in terms of the conventional Mathieu (g, g),'® as shown in eqn
(3). We generally define U to be the DC component and V to be
the average RF amplitude. In the present case where a square
wave (50% duty cycle rectangular wave) is used, U is the mean
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value between the positive and negative voltage levels, and V is
the half-voltage difference between the positive and negative
voltage levels. The first region of stability in the (a, g) plane for
a square wave looks similar to a sinusoidal waveform. In the
following discussion, we will assume no DC voltage on the
ring electrode for convenience. For the square wave, the g
value at the boundary of the first stability region was given as
0.7125, while it is 0.908 for the sinusoidal wave."’

The relationship between the g values and m/z in DIT can
be expressed as follows:*’

_ ev
mar?

q (3)

Then, the effective electric field radius r could be expressed
as:

— (T)_l v (4)

e/ qn?

According to eqn (4), r can only be calculated when m/z, V,
period T'and q are known. In the experiment, m/z and V can be
pre-set, and g can be deduced by eqn (5). According to the
study by Ding, when the digital waveform is used to drive an
ion trap within the first region of stability, the relationship
between g and f can be expressed as below:*°

p= %arccos {cos <zr %) cos <JT\/%>Z>:| (5)

The excitation waveform may be generated by the frequency
division of the trapping waveform. At a division ratio of n, the
excitation waveform has a period n times the period of the
trapping waveform. f is a stability parameter (characteristic
exponent), which determines the ion oscillation frequencies.
In this study, the relations among ¢, # and n were calculated
using eqn (5) and (6), respectively, and they are listed in
Table S1.17

2
b= (6)

During the ion ejection scan, ions are brought into reso-
nance with the dipole AC excitation field and ejected from the
trapping region in the order of their mass-to-charge ratios. In
order to use a fixed g value for excitation or ejection, the fre-
quency of the AC should be scanned together with the primary
trapping frequency RF. Also, the secular frequency wg of ions
can be expressed in terms of the f parameters as follows:

_s
T2

(7)

g

Determining the RF frequency and dipole AC frequency
through fragmentation efficiency

CID (collision-induced dissociation) is usually realized when
the dipole AC frequency matches the secular frequency ws. AC
is a supplementary potential coupled to the primary radio fre-
quency, and the ion resonates excitedly and absorbs energy
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from the electric field when the frequency of AC equals the
secular frequency of the selected precursor ion, which would
increase its kinetic energy dramatically. Collisions of the ion
with the buffer gas such as helium, nitrogen or argon will
convert the kinetic energy into ion internal energy. Also, even-
tually, the ions with high internal energy will overcome the
chemical bond energy barriers and dissociate into fragments.
The ion resonance excitation frequency was found through
experiments by observing the CID mass spectrum. The frag-
mental ion with the highest fragmentation efficiency should
correspond to the “right” frequency of AC."”

In order to use a fixed ejection g value, the frequency of the
supplementary AC should be scanned together with the
primary trapping frequency. The supplementary AC potential
is divided from the main RF power supply, and therefore, the
RF frequency can also be obtained when the ion CID process
is found in the experiment.

Instrumentation

All experiments were performed on a homemade three-stage
differential vacuum pumping ion trap mass spectrometry
system, as previously described.”’ An electrospray ionization
(ESI) source was used to produce a positive sample ion from
its solution. A linear ion trap (LIT) with hyperbolic electrodes
(xo X yo = 4 mm x 4 mm) was placed in the third vacuum
chamber to perform mass analysis, as depicted in Fig. 1a.
Several gold-plated ceramic-based rectilinear ion traps
(cRITs)*" with rectangular cross-section of x, X y, = 5.00 mm x
5.00 mm, 5.50 mm x 5.00 mm, 6.50 mm x 5.00 mm, and
7.00 mm x 5.00 mm, were used for further testing, and one of
them is depicted in Fig. 1b. The pressure was kept at 1.0 x
107> Torr for mass analysis and 8.0 x 10> Torr for CID experi-
ments. A channeltron electron multiplier (CEM 4879, Burle/
Photonis, USA) was used as an ion detector. The schematic of

Nano-ESI (C)

N\,

Cooling
gas
) a—

) Ton guide
]

—IT ]

L

4L/s 4 L/s-600 L/s

4 L/s-600 L/s
Fig. 1 (a) Photograph of the hyperbolic linear ion trap, (b) photograph

of the ceramic-based rectilinear ion trap, and (c) the schematic of the
digital ion trap mass spectrometer.
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a whole digital ion trap mass spectrometer is presented in
Fig. 1c.

Operation parameters of the digital ion trap mass spectro-
meter are presented in Table S2.7 The ion trap operation mode
consists of the following six steps:** (i) injection, (ii) cooling,
(iii) DAWI, (iv) CID, (v) mass analysis and (vi) emptying. At the
injection stage, the voltage of the front ion gate is lowered, and
the ions from the ionization cell are transferred through the
static lens and enter the linear ion trap. After the cooling stage
(10-100 ms), the precursor ions were isolated by the digital
asymmetric waveform isolation (DAWI) method.>* Then, the
ions are resonated excitedly by introducing collision gas.
Finally, the ions are scanned out of the trap by resonance ejec-
tion and detected by a continuous dynode electron multiplier.
The amplitude of the digital dipole waveform may be adjusted,
and the dipole frequency was locked at a certain value of the
main trapping wave frequency. The resonance excitation and
ejection take place on which g values are listed in Table S1.}

Sample preparation

Reserpine was purchased from Aladdin-Reagent Ltd
(Shanghai, China), and its solution was prepared by dissolving
raw reagents with methanol/water (50:50 V/V, 0.5% acetic
acid) into 5 x 107> mol L™". In the experiments, the solution
was pumped into an ESI capillary with an i.d. of 100 pm
(TSP100200, Polymicro Technologies, L.L.C., Phoenix, AZ, USA)
with a syringe pump (SP100i, World Precision Instruments,

Inc., Sarasota, FL, USA.) at 1 uL min™".

Results and discussion

The measurement of the effective electric field radius of a
linear ion trap

A hyperbolic electrode linear ion trap was built, and its
effective electric field radius was measured first for method
validation. It is constructed with four 50 mm long stainless-
steel hyperbolic electrodes with x, =y, = 4.0 mm, and as y, rep-
resents the distance from the center to the y-electrodes and x,
is the distance from the center to the x-electrodes, then its the-
oretic geometrical electric field radius should be r = 4.0 mm.
According to the above discussion and eqn (5), for a given m/z
ion, when a resonance excitation point g is selected, the
optimum RF and the associated resonance frequency of AC
can be found by calculating the fragmentation efficiency. To
obtain the maximum fragmentation efficiency, it is necessary
to measure the intensity of the precursor and fragment ions.
The fragmentation efficiency was calculated using the follow-
ing formula:**

Maximum intensity of fragment

%Frag eff = -
Intensity of precuresor

(8)

In this experiment, the CID experimental mass spec-
trometry results at each g value and the obtained optimum
trapping waveform RF are shown in Fig. 2. Fig. 2a shows the
isolated precursor m/z = 609 ions through the DAWI method,

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Isolation of the precursor ion of reserpine m/z 609. (b—f) The optimum trapping waveform frequency at different q values for maximum

CID efficiency.

and Fig. 2b—f shows the CID results at different g values and
optimized RF. It was found that, for m/z = 609 reserpine ions,
the maximum fragmentation efficiencies were obtained at
906.62 kHz, 890.47 kHz, 865.05 kHz, 838.22 kHz, and 811.03
kHz when the corresponding g values were at 0.3522, 0.3661,
0.3890, 0.4147, and 0.4435. The m/z = 448 [M — C,,NOH,,]",
397 [M — C1,0sHy4]" and 365 [M — C1,0sH;; — CH;0]" are the
series of fragments from the isolated precursor ion, which had
been introduced by Collings.>” Table 1 lists the optimum trap-
ping waveform frequencies at different g values and corres-
ponding fragmentation efficiency. The list shows that the pre-

This journal is © The Royal Society of Chemistry 2021

cursor ions almost dissociated through resonance excitation at
this trapping frequency of RF because the fragmentation
efficiency was close to 100% gradually. It was also interesting
to find that the fragmentation efficiency was increasing with
the g value, and the reason might be that the fragmentation is
dependent on ¢.>* The secular frequency is dependent on f,
which is a function of g, and it is expected based upon an
examination of eqn (5), indicating that increasing the secular
frequency benefitted the resonance excitation.>

Fig. 3 shows the linear relationship between g and f, which
has been illustrated in Table 1. Under the same experimental

Analyst, 2021, 146, 3810-3817 | 3813
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Table 1 Relationship between g and f at optimum CID efficiency conditions, the lower the g values, the higher the trapping

waveform frequency. A linear relationship between g and the
Fragmentation efficiency — gquare of T (1/f = %) was observed according to the experi-

2 — —
1 J(Hiz) 7s) A (m = 397/m = 609) x 100% mental results, and this is very consistent with the theoretical
03522 906.62  1.102  1.2166 74.25% prediction by eqn (3). The least-squares best-fit linear curve
0.3661  890.47  1.123  1.2611 78.66% . .
0.3390  865.05 1156 1.3363 85.66% was obtained with Table 1 data subsequently. It could be
0.4147  838.22 1.193 1.4232 88.05% deduced that for any mass-selected ion in this ion trap using
0.4435  811.03  1.233  1.5203 90.22% DIT, its optimum trapping waveform frequency f for the
maximum CID efficiency could be calculated at any g accord-
ing to eqn (9) directly.

It could also be deduced that for any mass-selected ion in
this ion trap using DIT, and the effective electric field radius
could be calculated according to eqn (4). In this case, the
effective electric field radius of this linear ion trap could be

=T deduced to 4.07 mm, and it is very close to the theoretical value
150l of r = 4.0 mm, which is obtained by its geometric structure.
Such practice is better than just simply using one of the geo-
145} metrical measured values or directly calculating the effective
electric field radius with eqn (4) because fitting to multiple
N’”’:: 1.40 | experiment points can reduce the measurement error.
=135t 7 =1 _ 343732 x q
r (9)
130} Rygr = 0.9999
125
Measurement of the effective electric field radius of cRITs
1203 035 037 038 059 040 041 042 043 04 o4s  through experiments and simulation
! Several ceramic-based rectilinear ion traps (cRITs) with
Fig. 3 Relationship between g and trapping waveform frequency f. different geometries were built, and their effective electric field
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Fig. 4 (a) The CID mass spectra of Reserpine ion (m/z = 609) for cRIT with xo X yp = 5.00 mm X 5.00 mm when g was fixed at 0.3522. (b) The CID
mass spectra of the Reserpine ion (m/z = 609) for cRIT with xg X yo = 5.50 mm x 5.00 mm when g was fixed at 0.3522. (c) Relationship between q
and the optimum trapping waveform frequency f for the maximum CID efficiency of xo X yo = 5.00 mm x 5.00 mm. (d) Relationship between g and
the optimum trapping waveform frequency f for the maximum CID efficiency of xo X yo = 5.50 mm x 5.00 mm.
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Table 2 Experimental trapping waveform frequency for CID efficiencies at different g values for four cRITs
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RIT1 (X0:Y0=5:5)

RIT2 (x0:Y0 = 5.5:5)

RIT3 (x:)0 = 6.5:5)

RIT4 (X: Y0 =7:5)

g FaHz) 7 (s)? Fliz) 7 (us)? ) 7 (s)? Fdz) 7 (us)?
0.3522 754.72 1.755 716.85 1.946 641.02 2.059 606.06 2.434
0.3661 740.74 1.822 706.71 2.002 626.96 2.148 591.72 2.544
0.3890 719.42 1.932 684.93 2.122 606.06 2.265 574.71 2.723
0.4147 696.86 2.059 662.25 2.280 588.24 2.418 560.22 2.890
0.4435 675.68 2.190 641.03 2.434 571.43 2.592 540.54 3.063

radius, r, was investigated by the above-mentioned method.
The maximum fragmentation efficiencies for x, X y, =
5.00 mm x 5.00 mm and 5.50 mm X 5.00 mm were achieved,
and their corresponding optimum trapping waveform fre-
quency was at 754.72 kHz and 716.85 kHz, respectively, when ¢
was set at 0.3522. Fig. 4a and b present the experimental mass
spectra results, where the precursor m/z = 609 ions are indis-

Table 3 The electric field radius through different calculation
approaches
Geometrical ~ Experimental  Simulative

cRIT sizes radius (mm)  radius (mm) radius (mm)
CRIT1 (Xo:Yo=5:5) 5.00 4.89 4.804

CRIT2 (Xo:Yo=5.5:5)  5.50 5.15 5.046

CRIT3 (x0:Y0=6.5:5)  6.50 5.79 5.598

CRIT4 (Xo:Yo=7:5) 7.00 6.10 5.890

cernible from the background, while the main fragmental ion
peaks m/z = 448, 397 and 365 could be found. The m/z at 577
and 436 might be some tiny fragmental ions from [M -
OCH;]" and [M — C;;NOH,,]". The maximum fragmentation
efficiencies for x5 X yo = 6.50 mm x 5.00 mm and 7.00 mm x
5.00 mm had also been reached, and their experimental
results are presented in Fig. S1T when g was set at 0.3522.

Fig. 4c and d show the linear relationship between q and 7°
for xo X yo = 5.0 mm x 5.0 mm and 5.50 mm X 5.00 mm ion
trap analyzers, which are listed in Table 2. The linear equation
from the least-squares best-fit could be used to calculate the
optimum trapping waveform frequency f for the maximum
CID efficiency. Besides, for any mass-selected ion in this ion
trap using DIT, the effective electric field radius can be calcu-
lated according to the above-mentioned eqn (4). In this case,
the effective electric field radius of these four rectangular ion
traps was 4.89, 5.15, 5.79 and 6.10 mm for x, X yo = 5.00 mm x

0.6
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(a) The simulating x phase space in the ion trap in the x-direction when there is no AC. (b) The simulating x phase space in the ion trap on the

x-direction when there is AC. (c) The simulative frequency spectra of reserpine in the cRIT when there is no AC. (d) The simulative frequency spectra

of reserpine in the cRIT when there is AC.
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5.00 mm, 5.50 mm X 5.00 mm, 6.50 mm x 5.00 mm and
7.00 mm x 5.00 mm, respectively, and it is very close to their
geometrical radius.

Axsim is the software for the simulation of ion motion in
dynamic mass spectrometry and was programmed by M.
Sudakov,?® and it was adopted to simulate the ion motion and
spectral analysis in cRITs with different geometries. Detailed
conditions of the simulation are presented in Table S3. The
secular frequency ws was simulated according to the experi-
mental conditions, which means that the RF equals optimum
trapping waveform frequency. f could be deduced from eqn
(7), and the g values could be calculated from eqn (5). The
detailed calculation process for cRITs with different sizes is
presented in Tables S4—S7.1

Table 3 compares the simulated electric radius (rg) with the
geometrical radius () and the experimental results (7). It could
be found that the results of ry are very close to r, and that the
error was less than 2%, while the geometrical radius r, has a
specific deviation with the increase in the size in the x-direction.
In Fig. 5a and b, the simulative ion trajectory in the cRIT (x, x ¥,
= 5.50 mm x 5.00 mm) using the digital rectangular wave was
presented, and corresponding frequency spectra to show if there
is dipole AC or not proved that the resonance excitation and
ejection occurred in the ion trap, where the observed wg = 0.134
is the secular frequency of the reserpine ion in the c¢RIT with x,
X Yo = 5.50 mm x 5.00 mm, and the recorded w, = 0 is the simu-
lative frequency spectra of reserpine in the cRIT when there is
an AC, which means that the ions resonated excitedly immedi-
ately. It also could be found that the simulative diameter of the
ion cloud was within 5.5 mm approximately.

Conclusion

The methodfor the determination of the effective electric field
radius of the non-hyperbolic ion trap was developed and vali-
dated. The field radius of several rectilinear ion traps was
investigated by both experiments and simulations using the
digital ion trap (DIT) technology. The mass-selected m/z ion
resonated excitedly and dissociated by digital waveform, and
the ion resonance excitation frequency was determined by cal-
culating the fragmentation efficiency. Thus, the electric field
radius can be deduced by the measured frequency f at pre-
selected g, V and m/z values. The linear relation obtained in
the experiment agreed with the theoretic relationship very
well, and the fitted coefficient can be used to determine the
electric field radius with an error of less than 2%. The simu-
lation result and experiment validation showed that the above
approach displays potential for modeling and measuring the
effective field radius of non-hyperbolic ion traps.
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