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The energy analyzer of charged particle beams for space research is proposed. The developed 

electron-optical scheme  of the energy analyzer of the charged particle beam is built on the basis of 

the electrostatic decapole-cylindrical field. The design of the energy analyzer is described. 

Equipotential portraits of the electrostatic decapole-cylindrical field are constructed. The 

trajectories of charged particles are calculated. A study of the parameters of the energy analyzer 

was carried out. The proposed energy analyzer has a high resolution and can be used in the 

development of spectrometers for space exploration. 
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Introduction 

Studying the dynamics of particle beams is of great interest for various problems that arise 

when constructing a theory of devices for studying the energy spectra of charged particles, the 

formation and transportation of charged particle beams in plasma and vacuum, and the injection of 

particle beams into plasma in laboratory conditions and in space. 

The solution of problems related to highly sensitive analysis (substances in microelectronics, 

ecology, archeology, biology; geophysics, particle flows in interplanetary space in cosmic physics, 

etc.) was made possible thanks to the development and application of physical analysis methods. 

Moreover, today, the most widely used physical methods are spectroscopic methods, from which a 

group of actively developing corpuscular spectroscopy methods, including methods of electron 

spectroscopy, should be distinguished. However, there is a wide range of unresolved problems in 

this area, which determines the need for detailed theoretical and practical research. For example, the 

problems of modern spectral analysis are being actualized, which must be solved under conditions 

of a sharp increase in the requirements for resolution and sensitivity of the equipment, the 

complexity of the experiment geometry, the need to simultaneously investigation several 

parameters, speed up the research process, etc. 

Space investigation is impossible to imagine without modern technology and equipment. Every 

year, for study extraterrestrial space, hundreds of satellites are launched into orbit, which are 

equipped with advanced equipment that allows to remotely study physical processes, their impact 

on the Earth, and record various space objects. Spectrometers, as the main tool for space 

investigation, began to be used more than half a century ago. In general, the modeling of 

spectrometers for research in space is an actual problem of science. 

Cylindrical mirror type energy analyzers are widely used in the study of resonance phenomena 

in gases, in spectroscopy for chemical analysis, for obtaining spectra of secondary electrons, 

photoelectrons, autoelectrons, Auger electrons, as well as in space research, in studying the 

interaction of atomic particles with a solid surface and plasma diagnostics. 
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1. Axially-symmetrical multipoles 

For a potential multipole with plane symmetry N in the cylindrical system coordinates, we can 

write the following [1]: 
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The corresponding term n = 0 describes the axially-symmetrical component of the field. 

Corresponding potentials for other members can be written as follows: 

for n = 1, this equation describes the distribution of the potential of an infinitely plane  

capacitor U(x,y)=A1x; for n = 2, this equation U(x,y)=A2(x
2
-y

2
) is  this distribution of potentials is 

explained by the quadrupole, then are potentials of four alternating identical infinite hyperbolic 

surfaces. Accordingly, n = 3 corresponds to a hexapole, n = 4 to an octupole, n = 5 to a decapole. 

A mathematical method for constructing a new class of multipole-cylindrical fields formed by 

the superposition of a cylindrical field and circular multipoles was proposed in [2-3]. Based on the 

multipole approach, a wide range of various potential fields has been developed that are of practical 

interest for studying the mirror effect of these fields on a charged particles beam. 

A wide variety of synthesized multipole-cylindrical fields opens up the prospect for the 

development of new effective energy analysis systems. For example, decapole-cylindrical fields, the 

potential properties of which have not yet been fully disclosed, may be of practical interest. It is 

necessary to continue theoretical studies that would allow to determine and expand the functionality 

of the practical application of multipole-cylindrical fields. 

The electron-optical scheme of an electrostatic decapole-cylindrical mirror energy analyzer was 

firstly proposed in [4], in which the proportion of the cylindrical field and decapole are equal to 

1  and 1/100    respectively. The trajectories of charged particles beam with the angular 

divergence in the axial plane were calculated. The electron-optical parameters of the proposed 

energy analyzer with the second-order angular focusing were calculated, and the optimal electron-

optical scheme of device was determined. 

The numerical modeling of the electron-optical scheme of the electrostatic decapole-cylindrical 

mirror energy analyzer at 1  and 1/100   was carried out in work [5]. The second-order 

angular focusing regimes of the “ring-ring” and “axis-ring” types were found. The focusing 

properties of the decapole-cylindrical energy analyzer were calculated. 

The scheme of the energy analyzer based on the decapole-cylindrical field with the 

contributions of a cylindrical field 3 / 2  and a circular decapole 1/100   was proposed in [6].  

Trajectory analysis of the motion of charged particles beams was performed. The design features of 

the scheme of the proposed energy analyzer were described. Numerical models of energy analyzer 

schemes based for two angular focusing regimes are obtained. 

In this work, the high-resolution energy analyzer based on the decapole-cylindrical field for 

space research was proposed. 

2. Scheme of decapole-cylindrical mirror energy analyzer 

The potential of the deflecting field is a superposition of a cylindrical field and a circular 

decapole 

 

     , ln 1 ,dU z U z                                                                                                 (2) 
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where  ln 1  is cylindrical field,   is coefficient specifying the weight contribution of the 

cylindrical field,    4 2 2 4
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 is circular decapole,    is weight 

contribution of circular decapole. 

The algorithm for determining equipotential lines in a decapole-cylindrical field is presented 

below. 
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3. Results 

The fig.1 (a-g) presents families of equipotential portraits of an electrostatic decapole-

cylindrical field with various contributions of a cylindrical field and a circular decapole. The 

analyzer field can be constructed in the form of a superposition of the base field and a set of circular 

multipoles, which coaxially with the base field. 

Due to the small component of the circular field, the distribution of equipotentials of the 

decapole-cylindrical field, which have a slight deviation from straight lines, is close to the 

distribution of equipotentials of the cylindrical field. 

The energy analyzer consists of an inner cylindrical electrode which is at zero potential, and 

axially symmetrical outer deflecting electrode, which under potential and the generatrix of which 

coincides with one of the equipotentials of the decapole-cylindrical field.  

The scheme of the energy analyzer with a decapole-cylindrical field (2), in which the 

contributions of the cylindrical field and circular decapole are equal to 1 and
100

1
  

respectively, is shown in Fig. 2. According to the scheme, a beam of charged particles emerging 

from the ring source A is reflected by the mirror field and focused into the ring image B. 

The trajectories of charged particles motion were calculated by using the approximate -

analytical method for calculation the trajectories of charged particles in multipole-cylindrical fields. 

Results of calculation the axial trajectory in a decapole-cylindrical field are presented in table 1. 
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Fig. 1. Families of equipotential portraits of the electrostatic decapole-cylindrical field with various 

contributions of a cylindrical field and a circular decapole 
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A is the source of charged particles, i  is entrance ring slit,  i  is exit ring slit, B is the detector 

Fig. 2.The scheme of the energy analyzer based on the decapole-cylindrical field, in which the shares of 

the cylindrical field and decapole are equal to 1  and 1/100    respectively. 

 
Table 1 –Results of calculation the axial trajectory in a decapole-cylindrical field 

 

Р 
o, 

(degree) 
mR 1  

m
   l  D  AIII  

0.5500 36.8346 1.3543 0.9896 0.3968 3.0386 2.3834 -8.438 

 

where o is the entrance angle of the trajectory; 21   is  the amount of removal of the source 

and its image from the surface of the inner cylindrical electrode; 
m

 is the half projection of the 

trajectory onto the symmetry axis in the field of a decapole-cylindrical mirror, mR 1 is the 

coordinate of the turning point of the trajectory, l is the focal length equal to the full projection of 

the trajectory onto the symmetry axis  of the mirror from the source to its image, satisfying the 

focusing conditions, 


 l
D is the relative linear dispersion in energy, 

3

3

!3

1

d

ld
AIII   is coefficient of 

cubic angular aberration. All longitudinal parameters are expressed in units of the radius 0r of the 

inner cylindrical electrode.  

Using numerical calculation by the R-Kutta method, the following data for the lateral branches 

of trajectory are obtained (table 2). The initial angular spread is o12 , 6 o . 

 

Table 2 –Results of calculation the lateral branches of trajectory 

 

l(0) l(-6) l(+6) ∆l(±6) 

l

D


  

3.0478 3.0526 3.0506 0.0076 313.6 
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Thus, the specific energy dispersion, which characterizes the resolution of the decapole-

cylindrical field, calculated for particles with an initial angular spread of 12°, is twice the specific 

dispersion of the cylindrical mirror analyzer ∆L (± 6) = 0.036 [7]. 

Fig.3 shows the dependences of the particle arrival point on the entrance angle o for the 

angular focusing regime of the “ring-ring” type for various values of the energy of the charged 

particles. The curve (for a particle with energy E / V = 1) corresponds to the second-order angular 

focusing. It can be seen from Fig. 3 that the optimal range of entrance angles of particles to analyzer 

field is the range of angles from 30°-42°, providing a maximum luminosity  = 12% and the best 

focusing of the particle beam. 

 

Fig. 3.The dependence of the particle arrival point on the entrance angle o 

 
Conclusion 

The model of the device will make it possible to register flows of elementary particles from 

cosmic space, to obtain various spectra with high resolution. The device is compact and lightweight, 

and can be installed in a spacecraft. The proposed device can be used in various intermediate stages 

of matching particle beams, for example, for studying ion fluxes in cosmic space, for studying the 

elemental composition of celestial bodies in space research. 
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