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This study explores a multi-reflection 
time-of-flight mass spectrometer (TOFMS) 
based on transaxial electrostatic mirrors 
providing spatial and energy time-of-flight 
focusing of the ion beam. Analysis of exist-
ing solutions reveals that spatial-energy 
time-of-flight focusing in compact TOFMSs 
is achieved using additional focusing ele-
ments, which complicates the design, limits 
resolution, and reduces sensitivity. 

This paper demonstrates that three-elec-
trode transaxial mirrors enable simultane-
ous spatial and energy time-of-flight focus-
ing of ions without the use of additional 
focusing elements. Monte Carlo simulation 
of the beam dynamics has made it possible 
to determine the trajectories and flight times 
of ions under various initial conditions. 

It was found that two closely spaced 
vertical focusing modes provide time-of-
flight focusing of ions with a relative energy 
spread of 0.001ε = ± . A mass resolution of 
10,000 at half-maximum confirms the high 
efficiency of the proposed structure. The 
spatial distributions of the ion beam demon-
strate stable focusing in the detector plane 
when modeling particles larger than 1000. 

The results are attributed to the fea-
tures of transaxial geometry, which enables 
three-dimensional spatial and energy time-
of-flight focusing. The practical significance 
of this work is the applicability of such 
multi-reflector mass analyzers in laborato-
ry and space research where a combination 
of high resolution and instrument compact-
ness is required
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1. Introduction

The emergence and widespread use of new pulsed ion 
sources has stimulated intensive development in the field of 
gridless multipass time-of-flight mass spectrometers. These 
devices have already approached the resolution of static mass 
spectrometers, while offering a number of significant advan-
tages: they are characterized by higher sensitivity, are virtually 
unlimited in mass range, and enable simultaneous recording 
of all masses during a single ion packet pass. Furthermore, 
state-of-the-art ion detection methods allow spectra to be 
obtained with short analysis times and high recording speeds.

Time-of-flight mass reflectrons are known, in which the 
ion beam is reflected from a region with a buoyant potential 
and then enters a detector. This configuration allows for 
spatial and energetic focusing of the ion beam [1–3]. The op-
erating principle of mass reflectrons, their historical aspects, 
and the evolution of computational methods are discussed in 

detail and summarized in [1]. Further advancement and ex-
pansion of TOFMSs are discussed in [2], while modern struc-
tural solutions and approaches to designing high-resolution 
TOFMSs are reported in [3]. In a reflectron, ions with higher 
energies penetrate deeper into the region of the expulsion field, 
resulting in their path being longer compared to ions with 
lower energies. This makes it possible to fabricate mirrors in 
which ions of different energies pass into the detector simulta-
neously, thereby ensuring spatial and time-of-flight focusing.

State-of-the-art multi-reflectance time-of-flight mass 
spectrometers demonstrate significant potential for increas-
ing the length of flight and achieving high resolution. How-
ever, their effectiveness depends significantly on the preci-
sion of electrostatic field generation and the system’s ability 
to provide stable spatial-energy time-of-flight focusing with 
minimal aberrations. This has fueled interest in designing 
new types of electrostatic fields and mirror systems that 
allow for targeted control over potential distribution and op-
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that achieve spatial and energy time-of-flight focusing of the 
ion beam. This will enable high resolution and sensitivity in 
a compact analyzer design.

To achieve this goal, the following tasks were set:
– to define the geometric parameters of the mirrors and 

the electrode potentials that achieve spatial and energy time-
of-flight focusing;

– to demonstrate the stability of volume ion beam trajecto�-
ries in statistical Monte Carlo simulations for N≥1000 particles;

– to determine the mass resolution of the instrument 
based on the ion arrival time plot for a mass doublet with a 
difference of γ = 0.0001 and demonstrate that a resolution 
of 10,000 is achieved at the peak half-height.

4. The study materials and methods

4. 1. The object and hypothesis of the study
The object of our study is a multi-reflection time-of-flight 

mass spectrometer (TOFMS) based on transaxial electrostatic 
mirrors providing spatial and energy time-of-flight focusing 
of the ion beam. The hypothesis assumes that the transaxial 
mirrors generate an electrostatic field that provides simulta-
neous spatial and energy time-of-flight focusing of ions in the 
absence of additional focusing elements.

The following assumptions were adopted in our calcu-
lations:

– gaps between the electrodes are assumed to be infinite�-
ly narrow;

– the harmonic approximation is used for the potential 
describing the field of the mirrors;

– the influence of space charge is absent.
The following simplifications were accepted:
– a centered ion beam with a defined spatial and initial 

ion spread is considered;
– beams obtained in real pulsed ion sources are simulated.

4. 2. Electrostatic potential describing the transaxial 
mirror field

Any TOFMS contains at least three elements: a pulsed ion 
source, an ion receiver (detector), and a device (usually an ion 
mirror) between them to compensate for the energy spread 
that occurs in the pulsed source during ion packet formation. 
The use of gridless planar mirrors in TOFMSs allows for the 
design of devices with high-quality spatiotemporal focusing 
and zero temporal energy dispersion.

Such mirrors can be used, in particular, to design multi-
pass time-of-flight mass spectrometers. Once the time-of-
flight of one cascade is designated T0, and the number of 
cascades N, the mass resolution of the mass spectrometer is 
then determined from the following expression

( )= =
 ∆ + ∆ ∆

+ ∆ 
 

0 0

0
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.
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Δti is the initial temporal width of the ion pulse, and Δt0 is 
the time-of-flight aberration of a single cascade. According to 
formula (1), the resolution of a time-of-flight mass spectrom-
eter can be increased by increasing the number of cascades N 
and decreasing the cascade aberrations Δt0.

Thus, according to formula (1), it is sufficient to calculate 
one or two TOFMS cascades. Moreover, the number of cas-
cades N should not be too large.

timized ion beam dynamics. Generating such fields enables 
the construction of compact and more accurate next-gener-
ation mass analyzers. This improves measurement quality 
and expands their application ranges from laboratory experi-
ments to space exploration.

Thus, the development and research of time-of-flight 
mass reflectrons represents a relevant and promising area of 
modern physical electro-optics.

2. Literature review and problem statement

Recently, research into the design of multi-cascade or 
multi-reflection TOFMSs based on gridless planar mirrors has 
been actively advancing. Among known multi-reflection sys-
tems, it is the planar configuration formed by two parallel mir-
rors that provides open ion trajectories and, as a result, enables 
the detection of a full mass range. Studies on multi-reflection 
configurations with planar mirrors show that such systems 
can significantly increase the flight length and improve tempo-
ral focusing [4, 5]. However, most such systems require the use 
of additional focusing elements, which complicates the design 
and reduces the beam transmission efficiency.

Studies of gridless mirrors have proposed solutions that 
eliminate ion scattering on grids [6]. Despite the absence of 
grids, such mirrors require a highly accurate electrostatic 
field profile. The slightest deviations in the potential distri-
bution lead to disruption of temporal focusing, making the 
implementation of such systems technically challenging and 
sensitive to electrode parameters.

A high-performance multi-reflector time-of-flight system 
designed for the analysis of short-lived isotopes is reported in [7]. 
The structure provides stable temporal focusing but it includes 
multi-stage reflector sections and complex matching elements, 
making it primarily applicable to large-scale experimental set-
ups. Transferring such solutions to compact systems is difficult.

Improved multi-reflection schemes described in [8] 
demonstrate high resolution under strictly defined ion packet 
formation conditions. However, such systems remain sensi-
tive to voltage stability and geometric parameters, limiting 
their use in simple and compact analyzers. Hybrid quadru-
pole multi-reflection schemes discussed in [9, 10] expand the 
range of detectable masses but require complex matching 
devices and high-precision voltage sources.

Studies on secondary ion mass spectrometry with a multi-re-
flection architecture [11] demonstrate high trajectory stability 
and high resolutions. However, the approach is focused on spe-
cific SIMS tasks and relies on experimental parameter tuning. 
The models obtained in this way lack sufficient versatility for 
the design of compact time-of-flight analyzers. 

Analysis of existing solutions reveals that a universal mir-
ror device capable of providing stable spatial and energetic 
ion focusing while maintaining a compact and simple ana-
lyzer design has not been found for multi-reflection TOFMSs. 
Known multi-stage designs do provide high performance, but 
they require complex matching elements and a large number 
of electrodes, making them unsuitable for compact devices.

3. The aim and objectives of the study

The objective of our study is to optimize a multi-reflec-
tion time-of-flight mass analyzer with transaxial mirrors by 
determining the operating modes of the transaxial mirrors 
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Difficulties arise in the corpuscular-optical calculation of 
electrostatic mirrors due to the fact that near the turning points 
of charged particles, the radii of curvature of their trajectories 
tend to zero. At the same time, the inclinations of the trajectories 
to the optical axis and the relative spread of particle energies 
increase indefinitely. These effects lead to deterioration of spa-
tiotemporal focusing and limit the resolution of the device.

These difficulties can be overcome by integrating New-
ton’s equations over the particle travel time rather than the 
trajectory equations. Numerical integration of Newton’s 
equations is significantly simplified by the availability of 
analytical expressions for the potentials describing the elec-
tric fields of mirrors. Solutions to the Laplace equation in 
coordinates corresponding to the symmetry of the system 
are proposed in [12, 13]. These methods yield potentials that 
satisfy boundary conditions and are suitable for calculating 
the focusing properties of transaxial systems.

A three-electrode transaxial lens or mirror consists of 
two parallel plates cut by right circular cylinders of radius R1 
and R1, whose axis coincides with the z-axis. Such a mirror 
is schematically depicted in Fig. 1. The figure also shows the 
accompanying Cartesian coordinate system x, y, z. The origin 
of the Cartesian coordinate system is located in the midplane 
of the mirror, which coincides with the xy-plane; V0, V1 and 
V2 are the electrode potentials, and d is the distance between 
the plates. The gaps between the electrodes are assumed to be 
infinitely narrow. Far from the edges of the plates, the potential 
φ depends only on variables 2 2x yρ = + and z in cylindrical 
coordinates ρ, ψ, z.

Introducing dimensionless variables [14]

ln ,
R
ρη =  ,z

R
ζ =  				    (2)

where 1 2 ,R R R=  yields the following equation for the po-
tential

2 2
2

2 2 0.e η φ φ
η ζ

− ∂ ∂+ =
∂ ∂
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The harmonic component of the electrostatic potential 
φ(η, ζ) satisfies the two-dimensional Laplace equation and is 
a harmonic function of the dimensionless variables η and ζ. 
Therefore, the theory of functions of a complex variable (TFCV) 
can be used to calculate the potential. The analytical expression 
for the potential obtained in this way provides a good approx-
imation of the potential φ(η, ζ) since it exactly satisfies the 
specified Dirichlet boundary conditions and, for ρ ≅ R (η = 0), 
satisfies the two-dimensional Laplace equation. The variable ψ 
represents the angular coordinate characterizing the deviation 
of the particle trajectory from the axis. Since the electrode sys-
tem has a significant extension along the angular direction, the 
dependence of the electrostatic potential on ψ can be neglected. 
This assumption is justified by the fact that the generated ion 
beam moves near the x-axis, and the transverse deviation of the 
particles is small. 

In cylindrical coordinates, analytical expressions for the 
electrostatic potential of three-electrode transaxial mirrors 
can be written in the following form [15]
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Fig. 1. Schematic representation of a transaxial mirror

This fairly simple analytical expression for the electro-
static potential of a three-electrode transaxial lens can also 
be used to calculate transaxial mirrors.

4. 3. Dimensionless Newton’s equations
When studying the dynamics of a charged particle beam in 

multi-reflector transaxial systems, it is sufficient to consider the 
passage of charged particles through two mirrors, neglecting the 
pulse duration generated by the source, the duration of which 
can be reduced by increasing the number of cascades used. The 
equations of motion for a charged particle with charge q and 
mass m = m0(1 + γ), where γ is the relative mass spread in the 
beam, in an electrostatic field with potential φ(x, y, z) in dimen-
sionless Cartesian coordinates х, y, z can be written as follows

,kx F=  ,yy F=  .zz F= 				     (6)

Here, the dimensionless potential ( ) ( )
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is measured in V0 units; the indices of F denote partial deriv-
atives with respect to the corresponding Cartesian coordi-
nates; the unit of length is taken to be d, the distance between 
the parallel planes of the transaxial mirror; the dots denote 
derivatives with respect to dimensionless time τ = t/τ0, where

0
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To calculate the derivatives of the potential included in 
equations (6), the following formulae for the derivatives of 
expressions (5) were used:
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The given values of derivatives (8) to (10) were substituted 
into the differentiated expression (4), thereby determining 
the right-hand sides of equations (6).

Fig. 2 shows a plot of the derivative of the dimensionless 
potential Fz(x,0,0) = fz(x) for a transaxial lens with R1 = 23d, 
R2 = 25d; V0 = 1, V1 = 0.1, V2 = 0.6. Based on the resulting set 
of values, a table was generated, which was used to plot fz(x) 
as a function of the x coordinate in Visual Basic for Applica-
tion (VBA) in Excel.

Fig. 2 shows the nature of the field strength variation in the 
midplane of the mirrors. It is evident that the field strength peaks 
at the indicated radii, where the potential differences are greatest. 
This field distribution determines the regions of effective ion 
focusing and allows one to evaluate the influence of electrode 
geometry on the spatiotemporal characteristics of the beam.

5. Optimization results for a multi-reflection time-of-
flight mass analyzer with transaxial mirrors

5. 1. Calculations of the geometry and electrostatic 
field of transaxial mirrors for spatial energy time-of-
flight focusing

Newton’s dimensionless equations (6) were integrated 
numerically using the Adams four-point method with au-

tomatic integration step selection. Acceleration points were 
found using the Krylov method of successive approaches. Nu-
merical calculations were performed for transaxial mirrors with 
R1 = 23d, R2 = 25d; V0 = 1, 0 ˂ V1 ˂ 1, V2 ˂ 0. The unit length was 
chosen to be d = 1 – distance between parallel planes of the 
transaxial mirror. The initial conditions simulated a circular 
centered ion source of radius r0 = 0.005, the center of which is 
located in the out-of-field region in the midplane of the mirror 
at the point: x0 = ‒14, y0 = 1.85, z0 = 0. The axial trajectory was 
directed at an angle of α0 ≅ 2.51° to the x-axis. When moving 
in the midplane of the mirror, where  0 0 0,z z= = the angle α0 
determines the inclination of the axial trajectory to the x-axis, 
which is the main optical axis of the mirror, and is determined 
from the following expression

0
0

0

tg .
y
x

α =


  
					     (11)

The initial conditions for the ion beam particles were spec-
ified as follows: ( ) 2 2

0 0 02 1 ,x y zε= + − −    where 0 0.062,y = −  
0 0.0002,z ≤  ε is the relative energy spread in the beam. 

The volume beam was modeled by changing the initial con-
ditions as follows: 0.0001α ≤  rad, 0.001.ε ≤  With these 

initial condition changes, the 
paraxial approximation still 
holds fairly well. The relative 
integration accuracy was cho-
sen to be 10-8 ÷ 10-9. 

The results of the particle 
motion integration calcula-
tions are shown in Fig. 3–5. 
Fig. 3 demonstrates the behav-
ior of the axial beam trajectory 
projected onto the midplane of 
the mirror, while Fig. 4, 5 depict 
the behavior of the beam tra-
jectory projections in a vertical 
direction. In Fig. 3, the abscissa 
axis represents the values of the 
dimensionless variable x/d. Two 

variants of vertical beam focusing in the paraxial approximation 
were considered. The electrode potentials were selected to en-
sure spatial and energy time-of-flight focusing, and the detector 
D was positioned symmetrically to the position of the ion source 
S relative to the x-axis.

The first version of vertical focusing is shown in Fig. 4. 
This version was implemented with the following electrode 
potentials: V0 = 1, V1 = 0.9725, V2 = ‒0.0937. 
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The particle flight time to the detector plane, which 
passes through the point xd = 14 perpendicular to the axial 
beam trajectory, was also determined. For an axial trajectory 
(ε = 0), the arrival time at detector D is τd0 = 98.57288, while 
for particles moving along an axial trajectory with ε = 0.001, 
we obtain τd1 = 98.57835, and for ε = ‒0.001, we obtain an 
arrival time at the detector of τd2 = 98.56828.

The second variant of vertical focusing is shown in Fig. 5. 
It was implemented with the same electrode potentials: 
V0 = 1 and V2 = ‒0.0937, and a slightly modified potential 
V1 = 0.9641. In this case, a parallel ion beam is formed in the 
gap between the mirrors. The time of flight of particles to the 
detector plane xd = 14 was also determined. For an axial tra-
jectory (ε = 0), the arrival time at detector D is τd0 = 98.59036, 
and for particles moving along an axial trajectory with 
ε = 0.001 we obtain τd1 = 98.59579, and for ε = ‒0.001 we 
obtain the arrival time at the detector τd2 = 98.58581. From 
these data it is evident that time-of-flight focusing by energy 
and simultaneous spatial focusing of the beam are carried out 
with sufficiently good accuracy.

5. 2. Modeling the behavior of a centered ion beam 
generated by a source in transaxial mirrors

The initial conditions for calculating the trajectories of 
charged particles in the ion beam during integration of equa-
tions (6) were modeled using the Monte Carlo method using 
the standard random number generator Rnd() and were 
specified as follows:

0 (),ir r Rnd=
 

2 (),i Rndψ π=
 

0 cos ,i i iy r ψ=  
0 sin ,i i iz r ψ=  

0 0 0tan ,i ix y α=

( ) 2 2
0 0 02 1 ,i i i ix y zε= + − −  

 

0 sin ,i i iy r α=

  0 sin .i iz α=

  		   (12)

Here, the indices i, j = 1, 2, …, N number the beam par-
ticles; the angle Δαi determines the projection of the particle 
velocity vector onto the y- and z-axes. The quantities εi and 
Δαi were specified by a normal distribution within ±3σ and 
implemented using the Metropolis algorithm.

Fig. 6 shows the spatial configuration of a centered ion 
beam emerging from an ion source, projected onto coordi-
nate planes for N = 1000.

For example, if we set d = 1 cm, the ion source diameter 
will be 2r0 = 10-4 m, or 100 microns, which is quite consistent 
with the typical parameters of compact sources for laboratory 
mass spectrometers. These beam sizes ensure high ion den-
sity and stable trajectories in the initial acceleration region. 
The resulting spatial distributions serve as the basis for ana-
lyzing the focusing properties of the mirrors and allow us to 
move on to studying ion beam dynamics in a multi-reflection 
system.
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Fig. 4. Projections of particle trajectories emerging from the midplane onto the vertical direction
 

-0,015

-0,01

-0,005

0

0,005

0,01

0,015

-27 -22 -17 -12 -7 -2 3 8 13 18 23

z/d

x/d

 

Fig. 5. Projections of particle trajectories emerging from the midplane onto the vertical direction



Applied physics

39

5. 3. Particle distribution in the detector plane and 
the resolving power of a time-of-flight mass analyzer

Dimensionless Newton equations (6) were integrated over 
dimensionless time τ for different initial conditions to the 
same final value τk. Some particles did not reach the detector 
plane, while others flew over it. In this case, the arrival time 
of charged particles at the detector was determined taking 
into account that near the detector plane, where the field is 
absent, particles move along rectilinear trajectories at a con-
stant velocity. If, at time τ = τk the particle was at point (xk, 
yk, zk) and was moving with velocity ( ), , ,k k kx y z    then the 
rectilinear portion of the projection of its trajectory onto the 
midplane is described by the following equation

y – yk = kk (x – xk), 				    (13)
 

where

tg .k
k k

k

y
k

x
α= =





				    (14)

It was assumed that the detector plane is located parallel 
to the z-axis and perpendicular to the axial trajectory, then its 
equation takes the form

y – yd0 = kd (x – xd), 				    (15) 

where 
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 yd0 is the coordinate of the intersection of the axial trajectory 
with the detector plane. The coordinates of the intersection of 
projection (12) with the detector plane:

0
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k k
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( )1 1 .k k ky k x x y x= − +  			    (16)

Now the time of arrival at the detector is determined from 
the following formula

( ) ( )2 2

1 1
0 .k k

d d
xy

x x y y
τ τ

υ
− + −

= ±  			  (17)

Here τd0 is the time of arrival of the axial trajectory at the 
detector, the “+” sign is taken if the particle does not reach 
the plane of the detector, and the “–” sign is taken if it flies 
over the plane of the detector; and υxy is the projection of the 
velocity onto the xy plane.

2 2 .xy k kx yυ = +   				    (18)

Thus, the use of dimensionless Newtonian equations en-
sures high accuracy in calculating ion trajectories and flight 
times, allowing beam dynamics simulations to be performed 
without loss of versatility when changing mirror geometry 
and potentials.

The trajectories of charged particles in the ion beam were 
simulated; its passage through a system of two mirrors was 
considered. Fig. 7 shows the configuration of the ion beam 
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arriving at the detector plane. All N = 1000 particles emitted 
from the source, for a given beam configuration, reached 
the detector. The particle distribution in the detector plane 
is shown in Fig. 7, projected onto the xy and zy coordinate 
planes.

By using a diaphragm before the detector entrance and 
removing highly deflected particles (no more than 20 are 

collected), a distribution of particles by their relative times of 
flight into the detector is obtained, which is shown in the plot 
in Fig. 8 for a mass doublet with a relative mass difference of 
γ = 0.0001. Here, the dimensionless arrival time at the detector 
is plotted along the abscissa, and the number of particles is 

plotted along the ordinate. Thus, the res-
olution of the proposed mass analyzer is 
approximately 10,000 at half-maximum.

6. Modeling the time-of-flight 
mass spectrometer with transaxial 

mirrors: results and summary 

Our calculation results shown 
in Fig. 3–5 demonstrate that the chosen 
mirror geometry R1 = 23d, R2 = 25d, as 
well as the electrode potentials, gener-
ate two modes of vertical spatial and 
energetic time-of-flight focusing of the 
ion beam. Under the first mode, a con-
verging beam is formed in the detector 
at potential values V0 = 1, V1 = 0.9725, 
V2 = ‒0.0937 (Fig. 4). Under the second 
mode, V0 = 1, V1 = 0.9641, V2 = ‒0.0937, 
a nearly parallel beam is formed in 
the intermirror space. Fig. 5 shows 
that particle reflection occurs in the 
region of the negative potential, and 
the ion beam is focused toward the 
midplane. The difference in the transit 
times of particles with an energy spread 

0.001ε = ±  is no more than 0.01 dimen-
sionless units; it is explained by the fact 
that particles with higher energy pass 
further into the region of negative poten-
tial where the particles are reflected, as a 
result of which their path becomes longer 
compared to ions with lower energy, thus 
all particles with higher and lower energy 
reach the detector simultaneously.

The axial trajectory for a two-mirror 
system, which also shows the location of 
the source and detector, located outside 
the field where the particle trajectories 
are straight, is shown in Fig. 3. The axial 

trajectory of the ion beam in the midplane was obtained 
using the appropriate methods of numerical integration 
of Newton’s differential equations using the Adams meth-
od with automatic step selection, the acceleration points 
for which are found using the Krylov method of succes-
sive approaches. The programs used have been tested on 
a large number of solved problems [12–15].

Thus, the results of determining the geometric 
parameters of the mirrors and the electrode potentials 
confirm that the transaxial mirror provides spatial 
and energetic time-of-flight focusing, whereas known 
multi-reflection time-of-flight mass spectrometer de-
signs with planar mirrors require the use of additional 
focusing electrodes [4–11].

Monte Carlo simulation of charged particle beam 
dynamics (12) at N = 1000 allowed us to obtain the 

instrumental characteristics of the proposed mass analyzer 
with transaxial mirrors. It was shown that a centered beam 
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with an initial radius of r0 = 0.005 remains stable and vir-
tually completely reaches the detector (Fig. 6). Translating 
the results to a physical scale (d = 1 cm) demonstrates that 
the beam diameter in the detector is approximately 100 μm, 
which meets the requirements for compact laboratory mass 
spectrometers. This stability is explained by the fact that the 
trajectories were calculated using exact dimensionless New-
tonian equations, which make our results more universal for 
any real values of d and potentials V. This is also explained 
by the fact that two operating modes of the transaxial mir-
rors were selected, in which spatial and energy time-of-flight 
focusing are achieved. Unlike glider-based and hybrid sys-
tems [6, 9], which require additional trajectory correction, 
in the proposed system, centering is ensured by the mirror 
geometry itself and the analytical form of the potential. Thus, 
statistical Monte Carlo simulation confirmed the stability of 
the volume ion beam trajectories.

The mass resolution for the mass doublet with γ = 0 and 
γ = 0.0001 is Rm ≈ 104 at half-maximum (Fig. 7, 8). This is 
a high value, exceeding the values obtained in most mod-
ern compact TOFMS systems [4–8], especially considering 
the absence of additional focusing elements. This value is 
achieved through simultaneous spatial and energetic time-of-
flight focusing by the mirror itself, the presence of two stable 
modes, and the modeling of charged particle beam dynamics. 
Particle distribution plotted by their relative time-of-flight to 
the detector for the mass doublet was generated using Visual 
Basic for Application (VBA) in Excel. Thus, the results of 
determining the mass resolution of the instrument confirm 
that the proposed design provides high resolution at minimal 
structural complexity.

Limitations of this study include the fact that the gaps 
between the electrodes were assumed to be infinitely narrow, 
and we used a harmonic approximation for the potential de-
scribing the mirror field.

In subsequent studies, it is proposed to take into account 
the influence of space charge, take into account the width of 
the gaps in the mirrors, and model the fields of the mirrors 
using numerical methods: the finite element method and the 
integral equation method. 

7. Conclusions

1. Our calculations of the geometry and electrostatic field 
of transaxial mirrors yielded parameters R1 = 23d, R2 = 25d, as 
well as potentials that achieve simultaneous spatial and energy 
time-of-flight focusing of ions. Two stable vertical focusing 
regimes were obtained, characterized by small variations in 
the potential V1. This explains the stability of the centered ion 
beam’s behavior and the fact that higher-energy ions travel 
deeper into the potential. Therefore, the trajectories of these 
particles become longer, and their flight times are longer, there-
by arriving at the detector simultaneously with lower-energy 
particles. The difference in the flight times of particles with an 
energy spread of 0.001ε = ±  is no more than 0.01 dimensionless 
units, confirming the implementation of energy focusing.

2. Monte Carlo simulation of the centered ion beam dy-
namics for N = 1000 particles with normal initial condition 

distributions showed that the generated source with a radius 
of r0 = 0.005 maintains a centered beam structure in the de-
tector plane, confirming trajectory stability and the absence 
of beam divergence. All ions reach the detector while main-
taining compactness, and the beam diameter, when convert-
ed to the physical scale (d = 1 cm), is 100 μm. The proposed 
system differs from planar and hybrid TOFMSs in that it does 
not require additional focusing elements.

3. Simulation of the beam’s flight to the detector plane 
in Visual Basic for Application (VBA) in Excel for a mass 
doublet with a relative difference of γ = 0.0001 showed that 
the mass resolution reaches R ≈ 10,000 at the half-maximum 
of the peaks. This resolution is comparable to or superior to 
modern multi-reflector and hybrid systems but is achieved 
with a significantly simpler mirror design. Our results 
demonstrate the feasibility of using transaxial mirrors in 
compact, high-resolution TOFMSs.
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