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In this theoretical study, we implement a reservoir computing system to simulate mass-to-
charge ratio determination for a single trapped microparticle. To achieve this, we numer-
ically obtained trajectory images of a single silica microparticle in a quadrupole ion trap
in air at room temperature. We demonstrated the capacity of the RC system to distinguish
both between different types of trajectories and within identical trajectory classes. The sys-

tem quantified the mass-to-charge ratio of the particles with corresponding determination
errors of approximately 7% and 10%.
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1. INTRODUCTION

Trapping of charged objects is a versatile method for
studying particles, necessary for various physical appli-
cations. For example, the widely known method of mass
spectrometry was developed for charged objects. In the
last decades there has been an active implementation of
mass spectrometry methods and localization of micro-and
nanoobjects in various fields of science: frequency stan-
dards [1-3], quantum computers [4,5], gravimetry [6—8],
as well as trapping of viruses [9—-11], proteins [12—14] and
other biological objects [15,16] for non-destructive re-
search and control. Electrodynamic traps are a fundamen-
tal tool in mass spectrometry [17-27] and chromatograph
mass spectrometry [15,27] devices and are extremely im-
portant in these areas. Moreover, since weighing a particle
using mechanical scales becomes impossible starting from
a certain size, Paul traps are promising for mass evaluation
of nano- and microparticles [28,29]. Additionally, electro-
dynamic traps allow one to study the interactions (such as
chemical reactions) of various types of objects, ranging

from microparticles to molecular and atomic ions [30,31].
However, characterization of microparticles is challeng-
ing since every particle has a unique shape and mass even
for the same material. Vinitsky et al. [32] showed that
trapping a microparticle in viscous medium leads to the
appearance of the new finite trajectories called “extend-
ed orbits”. The extended orbits can be divided in three
distinguishable groups by their appearance: “butterfly”
or “bowtie”, “diamond” and “cloverleaf” [32]. Different
types can be observed depending on mass-to-charge ratio
of the trapped particle or the trapping conditions.

Reservoir computing (RC) systems have been success-
fully used for classification and detection tasks: classifica-
tion of spoken digits [33—36], detection of handwritten dig-
its [37,38], drawings [39—41], or human motion [42]. Since
the extended orbits depend on the mass-to-charge (m/Q)
ratio and each type corresponds to certain m/Q values,
usage of RC systems for extended orbits classification is
promising for microparticles identification tasks.

In this work, we propose a method to determine mass-
to-charge ratio of a trapped particle using RC system. First,
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we numerically solve equations of motion for a single
microparticle in non-liner damping conditions, namely, at
room temperature and atmospheric pressure with air as a
surrounding media. Then we use the solutions to obtain
the trajectories of particle motion. After that, we processed
the obtained images for RC system training, and tested the
system ability to determine mass-to-charge ratio based on
the shape of particle trajectory.

2. MICROPARTICLE TRAPPING IN DAMPED
MEDIUM

In this work, we consider particle trapping in a linear quadru-
pole trap shown in Fig. 1. Linear cylindrical electrodes pro-
vide confinement in xy plane via AC application, and end-cap
electrode limits the particle's motion along z axis with DC.

Contrary to ion trapping, experiments with micropar-
ticles are frequently performed in viscous media at atmo-
spheric pressure [43]. The presence of friction between a
particle and surrounding medium allows to successfully
confine the particle within the trap [32]. Moreover, trap-
ping charged particles in a viscous medium results in so-
called “extended orbits” [32].

The dynamics of a trapped particle is described by a
system of three equations of motion (along the x, y, and z
axes, respectively). In the transverse xy-plane of the trap,
the particle exhibits extended orbital trajectories driven by
the interaction between the particle and the AC field gen-
erated by four cylindrical electrodes. Axial motion along
the z-axis is governed by three primary factors: the elec-
trostatic repulsion exerted by the DC field of the end-cap
electrode, which provides an upward axial force, interac-
tion with the surrounding medium and gravitational accel-
eration. The latter can be effectively counterbalanced by
tuning the end-cap DC voltage.

Therefore, to simulate the motion, we can describe
the particle dynamics only in xy plane. In this case, we
consider interaction of a particle with the electrodynamic
potential and the interaction between the particle and the
surrounding medium.

Following Vinitsky [32] approach, we can write equa-
tions of motion of a single particle in nonlinear friction
environment. Introducing dimensionless terms, we obtain
dimensionless equations of motion

X(t')+[a+2gcos2t'| X (1)
+b(1+cW)X(z')=o, )

Y(t')+[a—2qcos2¢'|Y (1))
+b(1+cm)Y(t’)=0, 2)

where a=4QU /mw’r}, q=20V /mw’r, are Mathieu
coefficients, b = 2y, / o is proportional to the linear fric-

7
_ 0y

Fig. 1. Schematic diagram of a linear quadrupole trap with four
cylindrical electrodes (gray rectangles) a single end-cap elec-
trode (green rectangle): 7, is a trap radius, the dash line rep-
resents the trap main axis. The free fall acceleration vector g is
aligned with the axis z.

tion term, and ¢ = a.w/ 2 is proportional to non-linear fric-
tion term, ¢'= ¢ /2 is dimensionless time; m and Q are
mass and charge of a trapped particle, r, is a trap radius, V'
and o are the AC amplitude and frequency, a. = 3pD, /16y,
u=1.82-10" Pa-s is dynamic viscosity of air at 20 °C, D,
is hydrodynamic radius of a particle, p is the surrounding
medium density, y,, is Stokes friction coefficient. Note
that the equations do not account for gravity since it is
possible to compensate with end-cap electrodes (illustrat-
ed in green in Fig. 1).

Since the dynamics of a particle motion is directly re-
lated to its physical characteristics, it is possible to use
RC systems to recognize the orbits of single trapped parti-
cles and, consequently, to determine their size, mass, and
charge.

3. PROCESSING TRAJECTORY IMAGES
WITH A RESERVOIR COMPUTING SYSTEM

In this work, we use the RC system with a state-dependent
time delay to determine the mass-to-charge ratio m/Q of
trapped particles. The incorporation of a state-dependent
delay introduces highly complex, non-linear interactions,
thereby significantly enhancing the linear separability and
classification accuracy of high-dimensional datasets. A de-
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Fig. 2. The stages of the sampling process for m/Q = 66.741 kg/10%: (a) the trajectory obtained as a result of numerical simulation;
(b) discretization of the trajectory; (c) binarized trajectory image.

tailed description of the RC system is provided in Ref. [44].
The following operational parameters have been used:
modulation amplitude o = 0.7, input cycle 7. =1.21, con-
stant delay time t=0.1N, feedback strength £=0.6.

Since particle orbits change significantly for different
values of the mass-to-charge ratio m/Q, the RC system can
be used to recognize different orbit types (e.g. “butterfly”
or “diamond”) and to distinguish between the trajectories
of particles with different m/Q ratios within a single type.
The particle trajectory is approximated by a discrete set of
points, which can be represented as pixels in a 64 x 64 grid
or matrix, where each pixel has a value in the range [0, 1],
i.e., a black and white image is used.

The training database was created as follows:

1) Solving the equations of motion (1,2) of a charged
microparticle and obtaining one period of the closed tra-
jectory. To ensure a one-to-one correspondence between
the trajectory type and the mass-to-charge ratio m/Q, the
following localization parameters remain constant: the
frequency ® and amplitude V of the alternating voltage on
the trap electrodes, the radius 7, and the trap length /, the
density p and the dynamic viscosity p of the surrounding
medium. Only the mass-to-charge ratio m/Q changes.

2) Discretization of particle trajectories by applying a
grid to the trajectory image.

3) Checking the grid elements: if there are particle trajec-
tory points within a pixel, the pixel is assigned a value of 1.

Discretization of trajectories with a 64 x 64 grid is suf-
ficient to display the required dependencies and trajectory
patterns.

The accuracy of the mass-to-charge ratio (m/Q) deter-
mination is evaluated as error y:

_|m/Q0—m/Qﬂ
m/Q,

where m/Q, is the true value, m/Q, is the value deter-
mined by RC system.

Y ; )

Based on the results of numerical simulations for var-
ious particle mass-to-charge ratios m/Q, a database was
created for training the RC system. To train the RC, the
images obtained from the numerical simulations were bi-
narized (Fig. 2).

Before applying to the reservoir computing system,
each image is transformed into an input sequence compat-
ible with the reservoir architecture.

Figure 3 illustrates the preprocessing procedure for a
reservoir computing system configured with N = 90 nodes,
a value selected to ensure visual clarity in the graphical
representations. The initial trajectory is represented by a
64 x 64 matrix X, where elements correspond to the pixels
of the binarized trajectory image. To transform the two-di-
mensional image into a RC system suitable representation,
we apply two consecutive mask transformations. The first
mask transforms the pixel matrix into a one-dimension-
al sequence to introduce spatial correlations, whereas the
second mask partitions this serialized signal into time in-
tervals, creating virtual nodes for processing via RC.

First, the input matrix X (Fig. 3, step 2) is multiplied
from the left by the first mask M, (Fig. 3, step 1), accord-
ing to the rule H, =M, X (Fig. 3, step 3). The dimensions
of M, are N x 64, where N =90 is the number of nodes
in the reservoir computing system. Therefore, multiplica-
tion of the 90 x 64 mask M| by the 64 x 64 input matrix X
produces the intermediate matrix H, with dimensions
90 x 64. Through this transformation, the spatial data em-
bedded within the initial trajectory image is projected onto
the reservoir network.

The resulting matrix H, is then multiplied from
the right by the second mask M,, according to the rule
H, = H M,. The dimensions of M, are 64 x Tin (Fig. 3,
step 4), where Tin is the number of consecutive input
clock cycles during which one trajectory image is intro-
duced into the reservoir. As a result, the matrix H, has
dimensions 90 x 15 (Fig. 3, step 5). Thus, each row of
H, corresponds to one of the N =90 reservoir nodes and
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Fig. 3. Schematic representation of the trajectory image preprocessing procedure for the reservoir computing system at N = 90, where
N is the number of nodes in the reservoir computing system. The original 64 x 64 image is transformed using two masking operations,
vectorized, and supplemented with a zero-valued separation interval before being applied to the reservoir.

contains 15 values associated with the introduction of a
single image. Equivalently, each column represents one
of the 15 consecutive input steps and contains one input
value for each reservoir node. In this way, the information
contained in the original 64 x 64 trajectory image is dis-
tributed over the reservoir nodes and introduced into the
system during 15 consecutive input steps.

For subsequent processing, the matrix H, is vector-
ized row by row. Since H, contains 90 x 15 elements, this
operation produces a one-dimensional vector containing
1350 elements (Fig. 3, step 6).

Finally, 2N =180 zero-valued elements are append-
ed (Fig. 3, step 7). The zero elements serve as a separation
interval between two consecutive trajectory images. Since
the reservoir possesses memory, some information asso-
ciated with the preceding input might retain. If the next
image is introduced immediately, the residual state might
affect the reservoir response and, consequently, the pro-
cessing of the new image. The zero-valued separation in-
terval allows the influence of the previous image to decay
before the next trajectory image is introduced.

After appending the zero-valued interval, the final
input vector contains 1530 elements, corresponding to
90 x 15+ 2 x 90. In this way, each 64 x 64 trajectory im-
age is transformed into an input sequence distributed over

N =90 reservoir nodes and introduced during 17 consec-
utive inputs.

4. RESULTS AND DISCUSSION

To evaluate the ability of the reservoir computing system
to determine the mass-to-charge ratio of trapped micropar-
ticles, we consider two determination tasks with different
levels of complexity. To ensure the best RC system per-
formance, we varied the number of nodes N through the
tasks and monitored the changes in determination error.
The determination error y (Eq. 3) for both tasks is shown
on Fig. 4.

4.1. Mass-to-charge determination for two trajectory
types

In the first task, the dataset contained two clearly distin-
guishable types of particle trajectories: “butterfly” and
“diamond” trajectories. For butterfly trajectories, the
mass-to-charge ratio varied from 9.68 to 9.76, whereas for
diamond trajectories it varied from 66.2 to 68.9.

For each trajectory type, 130 samples were used. From
each subset, 95 trajectories were randomly selected for
training, 10 for validation, and 25 for testing. Thus, the
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Fig. 4. Error of the mass-to-charge ratio determination as a function of the number of reservoir nodes for (a) mass-to-charge determi-
nation for two trajectory types (Task 1) and (b) mass-to-charge determination within a single trajectory type (Task 2). The solid line
represents the mean determination error, and the shaded region represents the standard deviation.

complete dataset contained 170 training samples, 30 vali-
dation samples, and 60 test samples.

The goal of the reservoir computing system was to de-
termine the mass-to-charge ratio directly from the particle
trajectory. The best obtained determination accuracy cor-
responded to an error of approximately 7% (Fig. 4a).

Figure 4a shows the dependence of the mass-to-charge
ratio determination error on the number of reservoir nodes
N for Task 1. The solid line represents the mean determi-
nation error, while the shaded region indicates variations
over repeated runs. The error decreases significantly as N
increases from 10 to 30 and reaches its minimum value
of approximately 7% at N = 30. A further increase in the
number of reservoir nodes does not lead to a systemat-
ic improvement, with the mean error remaining approx-
imately within the 8-10% range. Thus, N = 30 provides
the best performance for this task among the considered
reservoir sizes.

However, this task is relatively simple from the classi-
fication point of view. The two considered trajectory types
have significantly different geometries and are also asso-
ciated with well-separated ranges of mass-to-charge ratio.
Therefore, the reservoir can use pronounced differences
between butterfly and diamond trajectories when estimat-
ing the corresponding mass-to-charge ratio.

4.2. Mass-to-charge determination within a single
trajectory type

In the second task, only diamond-shaped trajectories were
considered. The dataset included particles of 12 different
sizes, with each particle size corresponding to a differ-
ent mass-to-charge ratio. Overall, the mass-to-charge ra-

tios covered a substantially broader range, from 4266 to
13065.

For each of the 12 particle sizes, 174 trajectories were
available. From each dataset, 124 trajectories were used
for training, 20 for validation, and 30 for testing. Conse-
quently, the complete dataset consisted of 1488 training
trajectories, 240 validation trajectories, and 360 test tra-
jectories. In contrast to the first task, all trajectories in this
dataset belong to the same diamond type. Therefore, the
reservoir computing system cannot rely on pronounced
differences between trajectory classes. Instead, the de-
termination must be based on more subtle changes in the
trajectory shape associated with variations in the particle
parameters and the corresponding mass-to-charge ratio.

Despite the increased complexity of this problem, the
reservoir computing system was able to estimate the mass-
to-charge ratio over the entire range considered. The best
determination result corresponded to a determination error
of ~ 9% (Fig. 4b).

Figure 4b shows the dependence of the mass-to-charge
ratio determination error on the number of reservoir
nodes N for Task 2. The solid line represents the mean
determination error, while the shaded region indicates its
variation over repeated runs. In contrast to Task 1, the
determination error generally decreases as the number
of reservoir nodes increases. For small reservoirs, with
N € [10, 40], the error remains relatively high, approxi-
mately 13—14%. Increasing N leads to a gradual improve-
ment in the determination performance, and the minimum
mean error of approximately 9% is obtained at N = 100. A
further increase in the number of nodes does not provide
a consistent improvement, and the error remains close to
9-11%. These results indicate that a larger reservoir is re-
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quired for the second, more complex task, in which the
system must distinguish subtle differences between trajec-
tories of the same type.

The moderate increase in error compared with the first
task is consistent with the greater difficulty of distinguish-
ing trajectories that belong to the same general orbit type
and differ only in their detailed geometrical characteristics.

5. CONCLUSION

In this work, we used reservoir computing (RC) system
to determine mass-to-charge ratio of a single silica micro-
particle trapped in a quadrupole ion trap with cylindrical
electrodes. We numerically solved equations of motion of
a trapped single particle in air at room temperature, and
used the solutions to obtain trajectory images of single
particles with size 20—30 um. The obtained images were
then preprocessed by binarizing and masking, and intro-
duced to the reservoir computing system in 17 consecutive
inputs. RC system was able to distinguish trajectories of
two different types (“diamond” and “butterfly”) as well as
trajectories of the same type (“diamond”).

Moreover, RC system determined mass-to-charge
ratio with a determination accuracy = 7% when distin-
guishing trajectories of two different types and = 10% for
a single trajectory type. Additionally, we showed that the
determination accuracy depends on the number of input
nodes N. We were able to achieve a low error value for a
small reservoir (N =30) when the system was trained to
determine two different trajectory types. However, a larg-
er reservoir (N =100) was required to determine subtle
differences between the trajectories of the same type.

Thus, combining electrodynamic trapping with the RC
system allows fast and non-destructive characterization
of the trapped charged microparticles based on their m/Q
ratio with a high accuracy. The proposed method might
be used to determine mass of a single particle with preci-
sion down to nanograms and charge with precision down
to a dozen elementary charges, which currently cannot be
achieved with other methods.
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IIpocToit MeToa onpeaeIeHUs] OTHOLEHUS] MACCHI-K-3apsAay
MHUKPOYACTHI C IPUMEHEHHEM CHCTEM pe3epBYyapHbIX BbIYHUCICHUI

A.B. PomanoBa ', I.O. JJannienkxo >, A.B. Upanos ', }10.B. PoxaecTBeHcKnii '

! Mex/lyHapoaHbIi Hay4HO-00pa30BaTeNb bl HeHTp «DU3KuKa HAHOCTPYKTYpY, Yuupepcuter MTMO, Kponsepkckuii mpocrexr,
I. 49, nut. A., Carakr-IletepOypr, 197101, Poccus
> HayuHO-HCCIIe10BATENLCKMH LIEHTP MepPCHeKTHBHBIX (hyHKIHOHAILHBIX MATEPUAJIOB U JIa3€PHBIX KOMMYHUKAIIHOHHBIX CHCTEM,
VYuusepcuter U'TMO, Kponsepkckuii mpocriexr, 1. 49, iut. A., Cankr-ITetepOypr, 197101, Poccust

AnHoTanms. B HacTosieit TeopeTrdeckoil pabote ObUT peaar30BaH METOJ OIPEICIICHHS OTHOIICHUS MACChI K 3apsity JUIsl OTMHOYHON
MHKPOYACTHUIIBI, JIOKAJIM30BAaHHOH B JioByIke [layis, ¢ MCIOIb30BAaHUEM CHUCTEMbI PE3ePBYapHBIX BbIUMCICHUH. J[J1s1 BBIMOIHEHUS
9TOH 3a71a4u YKCJICHHO OBbLIM TOJyYCHBI W300paKCHUs TPACKTOPHU OMHONH MHUKPOYACTHIIBI JMOKCHIA KPEMHHS B KBaJPYHOIbHON
HMOHHOUW JIOBYIIIKE B BO3JyXC NMpPU KOMHATHOH Temrieparype. bbuia MmpoaeMOHCTpUpOBaHa CIOCOOHOCTh CHCTEMBI PE3epPBYyapHBIX
BBIYHMCIICHUN ONPEIEIISITh OTHOIIEHUE MACChI-K-3apsy KakK JUIsl YacTHUI[ C pa3jIMYHBbIMU TUIIAMH TPAE€KTOPHUH, TaK W JUIsl 4acTHI[ C
HUJICHTUYHBIMU TpaeKTopusiMu. CUCTEMa pe3epByapHbIX BEIYUCIICHUI KOJIMUYECTBEHHO OIPE/IeiIa OTHOIIECHHE MACChI K 3apsily YacTHIL
¢ COOTBeTCTBYIOIUMH otOkamu 7% u 10%.

Kniouesvie cnosa: nosyuiku Ilayns; nieHTH(UKALMA MUKPOYACTHILL; CHCTEMbI PE3ePBYaPHBIX BEIYUCIICHUIT; YHCICHHbIH pacyeT
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