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A design of an electrostatic mirror energy analyzer for the analysis of charged particle beams based on a new-
ly synthesized field is proposed. The electrostatic field of the analyzer is formed as a superposition of an axi-
ally symmetric multipole field and a spherical field. The structure of the electrostatic field formed by the su-
perposition of axially symmetric octupole and spherical fields has been investigated. It is shown that varying
the parameters determining the contribution of multipole components allows controlling the aberration prop-
erties of the electron-optical system. Conditions for compensating for second- and third-order aberrations
have been obtained by selecting appropriate values for the weight coefficients of the hexapole and octupole
components, which allows for a significant improvement in the focusing properties of the field. Numerical
modeling of the electron-optical system and calculation of charged particle trajectories were carried out using
the “FOCUS” simulation program. Two regimes of angular focusing were found. The first mode corresponds
to second-order angular focusing at a particle input angle of 68°, while the second regime implements third-
order focusing at an input angle of 90°. The instrumental functions of the device were constructed, and the
relative energy resolutions and luminosities of the analyzer were evaluated. The proposed electron-optical
schemes can be used in the development of high-resolution spectrometers for analyzing charged particle
beams in space research, as well as spectrographs for the energy-angle analysis of solid surfaces.
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Introduction

Modern research in the fields of plasma physics, space technology, and accelerator technology is close-
ly linked to the task of diagnosing charged particle beams. In outer space, charged particle beams are formed
under the influence of complex electromagnetic processes and carry information about the state of plasma,
solar activity, and the interaction of magnetospheres with the solar wind. To study them, high-precision in-
struments capable of measuring the energy characteristics of particles over a wide range of energies are re-
quired. One of the key tools used in such studies is an energy analyzer that operates by controlling particle
trajectories in electrostatic and magnetic fields [1].
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The development of energy analyzers is becoming particularly relevant in the context of expanding
space missions and increasing requirements for measurement accuracy. Modern devices must provide high
energy resolution, stable operation, and compact dimensions. In addition, the development of numerical
modeling methods for electron-optical systems allows the creation of new types of analyzers with improved
characteristics.

A number of recent studies have presented various types of energy analyzers, including spherical, cy-
lindrical, and toroidal configurations used for space experiments [2—5]. For example, top-hat analyzers are
widely used in space missions due to their wide viewing angle and high sensitivity, which makes them effec-
tive for recording particle distributions in three-dimensional space [6, 7]. In addition, specialized devices are
being developed to measure the energy spectra of ions and electrons in rarefied plasma conditions, which
require high accuracy and resistance to external influences. Thus, the development and study of electrostatic
energy analyzers for determining the energy characteristics of charged particle beams is a relevant scientific
problem that is important both for fundamental research in plasma physics and for practical applications in
accelerator technology and charged particle beams diagnostics.

One perspective direction in the development of charged particle energy analyzers is the use of a multi-
pole approach to synthesize new electrostatic fields. A significant contribution to the development of this
approach has been made in [8, 9], where the use of multipole configurations to improve the focusing proper-
ties of analyzers is proposed. These studies show that the superposition of multipole fields with axially sym-
metric electrostatic fields, in particular cylindrical ones, allows the formation of effective focusing systems
and increases the energy resolution of electron devices. This approach was further developed in works de-
voted to multipole-cylindrical field configurations.

In previous studies by the authors, considerable attention was paid to the analysis of electrostatic energy
analyzers based on the use of multipole-cylindrical fields. In particular, multipole-cylindrical fields, which
are a superposition of multipole and axially symmetric cylindrical fields, have proven effective in forming
the focusing properties of the working field of an energy analyzer and controlling the trajectories of charged
particles. A number of studies [10-12] have shown that the use of multipole-cylindrical fields can signifi-
cantly improve the characteristics of energy analyzers by increasing the focusing accuracy and reducing ab-
errations.

This work proposes a new configuration of an electrostatic field based on the superposition of multipole
and spherical fields. Unlike previously studied multipole-cylindrical systems, this configuration has en-
hanced capabilities for controlling aberrations in the electron-optical system. This allows for significant im-
provement in the focusing properties of the field and increased efficiency in the energy analysis of charged
particle beams.

The aim of this work is to study the theoretical development of an electrostatic energy analyzer based
on a field formed by the superposition of multipole and spherical fields, as well as to investigate the focusing
properties of the system.

Materials and Methods

The axially symmetric field U(p, &) satisfies Laplace’s equation, whose differential operator is the sum
of two operators separated by coordinates p and & A =T + 1 [8]. In the case of spherical coordinates, opera-
tors 7 and 7 are defined by the formulas:

T:sirllO%‘:SiHG%} (D)

Let us introduce a set of functions f,(p) and @.(s), accepting the following rules for their generation:
If, ==fu (2)
0, =0, 3)

wheren=1,2,3, ....
Solutions to equations 7f, =0, t@, =0 were used as basic functions.
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A function of two variables V,(p, s), constructed from elements of sets (2) and (3), is harmonic, i.e., it
satisfies the condition AV, = 0:

I/n (p’S) = (Pnﬁ) + (pn—lfi + (pn—2]{2 +..+ (Pl»fn—l + (‘p0f;1 = z(pn—mfm' (4)
m=0
The coordinate s = 0 is the azimuth angle in the spherical coordinate system, in the symmetry plane of
. S . . 1
the field 6 = /2. The fundamental solution of Laplace’s equation in this case is the function f, = oo -1,
+

satisfying the condition f;(0) = 0 on the sphere p = 0. In accordance with rules (2)—(4) of the spherical quad-
rupole, hexapole, and octupole fields:

. 1
Uq(p,e)=1n(sm9)+l—ln(1+p)—m, ®)]
lﬁ(g@):[2—hﬂﬁn6ﬂ{k—T%—}—hﬂl+pﬂ}+T%—}. (6)
p p

U,.(p.0)= %[m(sin 6)]2 - %[ln(tangﬂ + {ln(l +p)+ ﬁ - Z}m(sine) + o
1 1

2(1+p) 1+p

+%[1n(1+p)]2—21n(1+p)— +%.

Results and Discussion

Figure 1 shows the family of equipotentials of the spherical octupole Uoc(p, 0). For convenience, Carte-
sian coordinates x = (1 + p)sin®, y = (1 + p)cosO are used. The figure shows that the field is divided into four
regions with potentials of opposite signs. Here, the field is calculated only in one half-plane.

Figure 1. Family of equipotentials of the spherical octupole Uou(x, 3):
1, 2 and 3, 4 are regions of potentials of opposite signs

The dynamics of changes in the structure of the electrostatic field formed by the superposition of an ax-
ially symmetric octupole and spherical fields has been investigated. Particular attention is paid to the
influence of the parameter p, which determines the relative contribution of the spherical component. The
potential of the total field, which is a superposition of the spherical octupole (7) and the spherical field

U(x,y)=Um(x,y)+u[ﬁ—l}, ®)
Xty

where u is the coefficient that determines the weight contribution of the spherical field.
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The equipotential families of the octupole-spherical field (8), formed by the superposition of an axially
symmetric octupole and a spherical field, have been calculated (Figs. 2 and 3).

Figure 2. Equipotential octupole-spherical field:
a—pu=01b—pn=05c—pn=1;d—pn=175

It has been shown that at low values of the parameter p, the field retains the characteristic features of
octupole symmetry. The contribution of the spherical component is perturbative and does not lead to a signif-
icant restructuring of the field. It has been established that with an increase in p, the equipotential lines are
deformed due to the strengthening of the radially symmetric contribution of the spherical field. In the range
of intermediate values of the parameter, a noticeable change in the configuration of equipotential lines is ob-
served, associated with the simultaneous influence of the octupole and spherical components. With a further
increase in [, the spherical component begins to dominate, as a result of which the equipotential lines acquire
a quasi-radial character, and the octupole structure is almost completely suppressed. Thus, the parameter p
determines the nature of the spatial distribution of the potential and ensures the transition from a field with a
pronounced angular dependence to a field with predominant radial symmetry.

Unlike the case of positive p values, where the spherical field enhances radial symmetry, negative val-
ues (Fig. 3) result in increased non-uniformity of the potential distribution and more complex deformation of
the field structure.
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a) b)

N <

¢ d)
Figure 3. Equipotential octupole-spherical field: a — p=-0.1; 6 — pu=-0.5;c —p=-1;d —p=-2

To construct an energy analyzer with specified characteristics, it is necessary to know the field distribu-
tion and determine the shape of the deflecting electrodes throughout the entire working volume of the device,
which significantly exceeds the localization area of the analyzed beam. The field of the energy analyzer is
considered as a superposition of multipoles and a spherical field:

U(p.§
(U ) - g(Pai) =U, (Paé) +qU, (p,i) +BU, (p,é) +oU,, (p,i) +dU, (p,i) Fos ©)
0
where Uy(p, &) is the base field, and U,(p, &), Un(p, &), etc. are components of an axially symmetric multipole
field; ¢, B, o, d are the weighting coefficients of the multipole components.

Table 1 shows the values of the decomposition coefficients (9), representing the contribution of each

multipole component.
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Decomposition coefficients (9) for multipole components

Spherical field Quadrupole Hexapole Octupole
€ 1— 1 ai ou, ou,,
I+p ap op om0 op om0
€1 -2 —q 0 0
) 3 2q —B/2 0
€3 —4 -3q 4B/3 ®/6
€4 5 4q —29p/12 —/2

Table 1

The data in Table 1 shows that connecting a quadrupole component to the base field affects the parame-
ters of the energy analyzer calculated in the first approximation, connecting a hexapole component affects
the parameters starting from the second approximation, and connecting an octupole component affects the
parameters starting from the third approximation.

Hexapole and octupole components are added to the basic electrostatic spherical field (quadrupole
component is absent):

2(p.8)=1-——+BU, +oU,, (10)
I+p

Image smearing in focus is determined by angular aberrations. With an increase in the angular diver-
gence of the charged particle beam, the greatest contribution to image smearing is made by cubic aberration,
which limits the resolution and thus the sensitivity of the device.

The introduction of these multipole components affects the aberration coefficients of the second and
higher orders, enabling their targeted control and optimization of the electron-optical characteristics of the
system.

The coefficient of quadratic angular aberrations that smear the image of the source in the radial plane is
determined by the following formula:

1+£

K2 [l—cos\/ﬁ(p]+ N [cosﬁcp—cos%/ﬁcp], (11
n

cube aberration coefficient is determined by the following formula:

Ay ((P) ==

5K°
Ay ((P) |: [4 +K+_—j__Q nd+n)- } (12)
2’ \/_ 2 n
where N=3+¢,, K=6+4¢, +¢&,, O=4+06¢,+4¢, +¢,.
According to Table 1, the decomposition coefficients (9) are: ¢, =-2, ¢, =3 B , &, =—4+ %B +é(o.

The weight components B and o are found based on the requirement that the quadratic and cubic aberrations
be zero: A, =A,, =0. It is determined that § =3, ® = 3. With these values, simultaneous compensation of

second- and third-order aberrations is achieved, which improves the focusing properties of the energy
analyzer.
In the case of B = 3, ® = 3, the equipotential equation for the following field is obtained:

g=;—l+BUh+coUm. (13)

NEE s
Numerical modeling of the electron-optical scheme of an electrostatic mirror energy analyzer was per-
formed, implementing a field configuration in the form of a superposition of multipoles and spherical com-
ponents. The modeling was performed using the “FOCUS” software package [13], designed to calculate axi-

ally symmetric corpuscular-optical systems and analyze the trajectories of charged particles in electrostatic
fields.
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The geometry of the analyzer’s electrode system was determined based on the equipotential surfaces of
the field formed by the superposition of multipole and spherical components. An electrostatic field is formed
between the electrodes, with a deflecting potential U = const applied to the outer electrode. The source of
charged particles is located on the axis of the device.

Figure 4 shows the distribution of electrostatic potential in the electron-optical system of the energy an-
alyzer. The field is calculated by numerically determining the potential values at the nodes of the discretized
region. For a clear presentation of the results, a color scale is used, in which higher potential values corre-
spond to warm shades, and lower values correspond to cold shades.

Figure 4. Distribution of the electrostatic field in the electron-optical scheme of an energy analyzer
based on an octupole-spherical field

In the first of the operating regimes found, the angle of incidence of the central trajectory is 68°, and the
spread of the angle of incidence of the particles relative to the trajectory of the central particle is £4°. In this
regime, the electron-optical scheme implements second-order “axis-ring” type angular focusing: according to
the scheme, a beam of charged particles with energy E/V = 0.5 enters the analysis field from a point electron-
optical source /. As a result of reflection from the field, charged particles are focused into a ring image 5 and
enter the detector 6 (Fig. 5). By changing the deflection potential of the upper electrode, we obtain the ener-
gy spectrum of particles in the analyzed beam.

v

.

1 — point source; 2 — particle trajectories; 3 — inner electrode;
4 — outer deflection electrode; 5 — ring image; 6 — detector

Figure 5. Trajectories of charged particles in an energy analyzer (regime 1, central entrance angle 68°)

The instrumental function of the device N(E), characterizing the dependence of the number of registered
particles on the relative energy, is shown in Figure 6. The relative energy resolution of the analyzer in this
regime is AE/E =2 % at a luminosity of /2n =13 %.
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Figure 6. Instrumental function in 2nd order angular focusing regime
(regime 1, central entrance angle 68°)

The second operating regime of the analyzer implements third-order angular “axis-ring” type focusing
at a particle input angle of 90° (Fig. 7). In this regime, the analyzer operates as follows: a beam of charged
particles emerging from a point source / with a 180° angle of divergence in a plane perpendicular to the
symmetry axis and with a 90°£3° angular divergence in the axial plane enters the analyzer field. As a result
of reflection from the field, a ring image 5 is formed. The equality of the angle of inclination of the axial tra-
jectory 90° at the analyzer input ensures the achromatic mode of the device.

1 — point source; 2 — particle trajectories; 3 — outer deflecting electrode;
4 — inner electrode; 5 — ring image; 6 — detector

Figure 7. Trajectories of charged particles in an energy analyzer (regime 2, input angle 90°)

The instrumental function of the analyzer in this regime is shown in Figure 8. In this focusing regime,
the analyzer achieves a relative energy resolution of E/AE = 1.8 at a luminosity of /21 =10 %.
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Figure 8. Instrumental function in 3rd order angular focus regime (regime 2, input angle 90°)

This electron-optical scheme is suitable for constructing a spectrograph simultaneously by energy and
by the polar angle of particle emission, which is of considerable interest for studying the surface of solids
using electron spectroscopy methods.

Thus, profiling the analyzer electrodes in accordance with function (13) is a sufficient condition for
compensating for the quadratic and cubic aberrations. This ensures high-order focusing without the introduc-
tion of additional corrective elements.

Conclusion

The structure of the electrostatic field obtained by superposition an axially symmetric octupole and a
spherical field has been investigated.

It has been established that in the proposed electrostatic energy analyzer, based on the superposition of
a spherical field and multipoles, the selection of coefficients  and ®, which determine the weight contribu-
tions of the axially symmetric hexapole and octupole, allows controlling second- and third-order aberrations
and compensating for angular quadratic and cubic aberrations.

Modeling of electron-optical scheme performed by the “Focus” program confirmed the feasibility of an
electron-optical scheme of energy analyzer based on the superposition of axially symmetric multipoles and a
spherical field. The proposed electron-optical system implements two independent operating regime: second-
order focusing at a central entrance angle of 68° and third-order focusing at an input angle of 90°. The results
obtained demonstrate the promise of using the superposition of multipole components and spherical field as a
tool for targeted control of the aberration properties of electrostatic mirror analyzers.
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MyabTHnoabai-cepanbiK opicTepre HerizgeareH 3JIeKTPCTATUKAIBIK
IHEPTrUs TAJAAFBIIITAPABI K00aJ1ay KIHE OHBIH CHNIATTAMAJIAPBIH TAJay

3apsaranrad OelIeKTep [IOKTaphlH TajjiayFa apHaJFaH >JkaHa CHHTE3NENICH epic  HerisiHzae
JJIEKTPCTATUKAJIBIK aiiHa THUNTI DHEPTusl TaIJarbIIITHIH CYJI0achl YCHIHBUIABL ODHEpPIusl TalIarbIIITHIH
JNEKTPCTATUKAJIBIK ©Pici OCBTIK CHMMETPHSIIBI MYJIBTHITONBIIK MEH Cepanblk opiCTepAiH CYyNepro3UIHsICH
peringe KapacTelpbiiagbl. OCBTIK CUMMETPHSUIBI OKTYIONB JKOHE C(epasibiK epicTepliH CYNepro3HIHsICH
apKbUIBl  KAJbINTAcaThlH  DJIEKTPCTATHKANBIK  OPICTIH  KYPBUIBIMBI  3epTTeimi.  MyJbTHIONBAIK
KYpayIIbUIApJbIH YJIECIH aHBIKTAHTBIH MapaMeTpiepii ©3repTy dJIeKTPOHIBIK-ONTHKANBIK IKYHEHIH
abeppalisUTbIK KacHeTTepiH OacKapyFa MYMKIHAIK OepeTiHi KepceTinmi. ['ekcamonp >oHE OKTYMOJb
KYpaylIBUIAPBIHBIH CAMAaKTHIK KOI()(GHUIMEHTTEpiHIH COHKeC MOHAEpIH TaHJIay apKbUIBI EKiHIN J>KOHe
YIIiHIII peTTi abeppannsiapIsl KOMIICHCAIMSIAY MapTTaphl albHIBL, OYJI OpICTiH TOFBICTAYIIBI KACHETTEPiH
eloyip JKakcapTyFa MYMKiHAiIK Oepemi. «Focus» caHIbIK OaraapiaMachlHBIH KOMETIMEH OJIEKTPOHIbI-
ONTHKAJIBIK KYHere CaHIbIK MOJAENACY XXYPIi3iiim, 3apsaTanFad OelIeKTepIiH KO3FaIbIC TPAeKTOPHSIAPEI
ecenTenreH. BYpBINTHIK TOFBICTAYABIH €Ki PEXUMi aHBIKTAIABL. bipiHII pexuM OenmiekTepliH eHri3y
Oypriel 68° OoJFaH Ke3/e eKiHIII PeTTi OYPBIITHIK TOFBICTAYFa COMKeC KeJell, all eKiHIII PeXHUM EHTIi3y
Oypeimsl  90° OosFaHma YIIHINL PETTI TOFBICTAyIBl JKy3ere achipansl. KyYpBUIFBIHBIH —ammapaTThik
(hyHKIUSIIAPHl KYPBUTBIT, TaJIIaFbIIITHIH XKOHE CYJIOAHBIH CalTBICTHIPMAaNIbl YJHEPTETUKAIBIK aXBIpaTy KaOieTi
MEH JKapblK Kylli OaranaHabl. YCHIHBUIFAH 3JIEKTPOHABIK-ONTHKAIBIK CYI0anap FapblllTHIK 3epTTeyiepe
3apsATANFaH OeNIIeKTep aFbIHAApBIH TajlJayFa apHAIFaH JKOFapbl aKbIPATBIMIBUIBIKTBI CIIEKTPOMETpIICpi
JKOHE KaTThl JieHenep OeTiHiH DHeprus-OyphIITHIK TalJayblHA apHAIFaH CreKTporpadTapisl a3ipieynae
KOJIZIAHBLTY Bl MYMKIiH.

Kinm  cesdep: 3apsatanraH  OONIIEKTEPAiH  OSHEPIUs  TANJAFBINTAPhl, MYJIbTHIONBIIK  TOCIM,
ANEKTPCTATUKAJIBIK OPIC, MOJIEIbICY, TPACKTOPUSUIBIK TalIay
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M.K. Tynrymb6ekosa, K.T. Kambaposa, A.A. TpyOuubis,
A.O. Caynebexos, T.K. Illyraea

IpoekTHpOBaHMe M AHAJIH3 XaPAKTEPHCTHK IJIEKTPOCTATHYECKOTO
IHEProaHaIN3aTOPAa HA OCHOBE MYJIbTHIIOJIbHO-CePHIECKUX MOJIeH

IIpennoskeHa cxema »SIEKTPOCTATHUECKOTO 3€pPKAJbHOTO SHEpProaHanu3aTopa A aHanu3a IMydKOB
3apsDKEHHBIX 4YacTUI[ HAa OCHOBE HOBOIO CHHTE3MPOBAaHHOIO HOJA. DIJEKTPOCTATUYECKOE I0JIe
SHEProaHaIM3aTopa MpPeACTaBIseT COO0H CYNEepIO3HIHI0 OCECHMMETPHYHOTO MYJIBTHUIION U CHEpPUIECcKOro
nost. MccnenoBana CTpyKTypa 3JIEKTPOCTaTHIECKOTO MO, GOPMHUPYEMOTo CyIepHo3UIued 0CeCUMMETPHY-
HOTO OKTYTIOJILHOTO ¥ c(eprdeckoro noseid. [TokasaHo, 4To M3MEHEHHE ITapaMeTpoB, ONPEISISIONNX BKIa
MYJBTHIONBHBIX KOMIIOHEHTOB, MO3BOJAET YIPABIATh abOEppallHOHHBIMH CBOMCTBAaMHM 3JIEKTPOHHO-
ONTUYECKOH cucTeMbl. [lomyueHsl yCIoBHs KOMIICHCAIMU abeppanuii BTOPOro U TPEThEro MOPSIKOB 33 CUET
BBIOOpA COOTBETCTBYIOIIUX 3HAUCHUH BECOBBIX KOI((UIMEHTOB reKcanoIbHON U OKTYNOIBHON COCTaBIISIO-
IIUX, YTO IO3BOJSET CYLIECTBEHHO YJYYIIUTh (HOKYCHpPYIOIIHE CBOWMCTBA 10Js. C IMOMOIIBIO MPOrPaMMBbI
«Focus» mpoBeieHO YHCIEHHOE MOAEIUPOBAHUE IEKTPOHHO-ONTHYECKONH CHCTEMBI M pacdeT TpaeKTopuil
JBIDKEHUS 3apsHKEHHBIX dacTH. HaifneHs! nBa pexknma yriioBEIX (OKYCHPOBOK. IIepBbIi pexuM cOOTBET-
CTBYET YITIOBOH ()OKYCHPOBKE BTOPOTO MOPSKA IIPH YIile BBOJA YacTHIl 68°, BTOPOl pexuM peainsyer ¢o-
KyCHPOBKY TPEThero mnopsaka npu yrie Boga 90°. Iloctpoens! anmapartHeie (GYHKIMU IPHOOpa, OLEHEHB
OTHOCUTEIIbHbBIE PHEPreTUYECKUE pa3pelieHUs M CBETOCHIbl aHaiu3aropa. IIpeasoxeHHBIC 3JIEKTPOHHO-
ONITHYECKHE CXEMbl MOTYT OBITh HCIONB30BAaHBI IPH pa3pabOTKe BBICOKOPA3PEIIAIOMINX CIHEKTPOMETPOB,
NpeIHAa3HAYCHHBIX U1 aHaIN3a IIOTOKOB 3apsHKEHHBIX YacTHI B KOCMUYECKHX MCCIEJOBaHUAX, U
crekTporpadoB A7 3HEPTOYTIIOBOTO AaHAIH3A IIOBEPXHOCTH TBEP/BIX TEIl.

Knouesvie cnosa: OHEPrOoaHAIU3ATOP 3aPSHKCHHBIX YaCTHILI, MyJILTPIHOJILHLIﬁ moaxon, SJICKTPOCTAaTHYECKOE
110JI€, MOJACINPOBAHUE, TpaeKTOpHBIfI aHaJIn3
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