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The results of the study on the formation of a radial electron beam by a magnetron gun with a secondary
emission cathode are presented. The aim of the work was to create a mathematical model of the formation of a
radial electron beam with energy of tens of keV in a magnetic field of a solenoid, to study the dependence of
the beam current characteristics on the amplitude and distribution of the magnetic field along the axis of the
system, the collimation of electronic fluxes and to study the possibility of irradiation of the surface of the tubu-
lar products. In the work, on the basis of the Hamiltonian formalism of electron motion in a magnetic field, a
software tool has been synthesized that allows performing numerical simulations of the dynamics of tubular
electron fluxes in a falling magnetic field of a solenoid. An algorithm is constructed for converting an array of
magnetic field values along the axis of particle transport into an analytic differentiable function, which, based
on an array of experimental data on the axis, made it possible to restore the amplitude of the magnetic field
and its derivative as analytic functions of the longitudinal coordinate. The results of numerical simulations of
the motion of a tubular electron flux are presented. The formation of the electron flux distribution during
transport in a solenoid falling magnetic field is studied. Experimental data on sectoral and multi-beam colli-
mation of an electron beam and registration of particle flux at metal targets in a gun chamber are also given.
The possibility of regulating the beam diameter by variation of a magnetic field is shown. Based on the results
obtained, the possibility of irradiating the outer surfaces of cylindrical samples at different distances from the
cut of the anode is shown. The results of numerical simulations and experimental data on the motion and col-
limation of a tubular electron flux are compared.
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1. INTRODUCTION

The study of electron beams of various configura-
tions and intensities is associated with their use in
high-voltage pulsed microwave electronics, electron
beam technologies of accelerator technology, ete. [1, 2].
Using the beam method of sample processing, the crea-
tion of materials with improved characteristics, in-
creased microhardness, corrosion resistance, etc. is
achieved [3, 4]. To solve these problems, accelerators of
intense electron beams with electron energies of
100...400 keV are widely used [5]. The NSC KIPT con-
ducts research with electron sources with cold metal
cathodes operating in the secondary emission mode. A
magnetron gun is used as an electron source. The prin-
ciple of operation of such guns is based on the reverse
bombardment of the cathode by electrons returned by
the magnetic field, the formation of an electromagnetic
cloud near the cathode and the formation of a beam in
crossed electric and magnetic fields. An electron accel-
erator was created on the basis of a magnetron gun
with a secondary emission cathode, in which an axial
electron beam is used to irradiate metal targets [4].
The possibility of irradiating the inner cylindrical sur-
face using a radial electron beam was studied [6].

We present the results of a study of the dynamics of
an electron beam in a transport channel and the re-
sults of numerical simulation of the motion of a tubular
beam. The possibility of controlling the transverse
dimensions of a beam using a gradient magnetic field
was studied, and experiments were carried out to
transport the beam in an increasing magnetic field.
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2. MAGNETIC FIELD MODELING TECHNIQUE

In the experimental setup, there is a cylindrical
magnetic field, the values of which are given by the
data array. This array must be associated with an
analytic differentiable function whose values coincide
with the experimental field array at given nodes. Let
an electron with energy E moving parallel to (or at an
angle) the axis at a certain distance ro from it flies into
a magnetic field. It is required to construct the equa-
tion of motion of a particle in a magnetic field and,
based on the solution of the equation of motion for the
selected time instants, determine the coordinates of the
electron.

To build a mathematical model of the solution, we
use the axial symmetry of the problem. Therefore, we
will work in the polar coordinate system (r, z, 9). In it,
the Hamiltonian has the form

pi+pl 1 (p ’
H=P-1P - [Ps_, 4|, )
2m 2m\ r

where e, and m are the charge and rest mass of the
electron, p,, p,, p4 are the canonical moments, and A is
the magnetic potential. Based on azimuthal symmetry,
we can write it in the form A(r, z) = Brf(z), where f(2) is
the function of the longitudinal coordinate, which we
shall control below, B is the magnetic field strength at
the point under consideration. In the Hamiltonian
form, the equations of motion for coordinates and mo-
ments have a general form
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i#=0H|dp,, 2=0H/dép, 9=0HIop,
p,=-0H/or, p,=-0HI0z, p,=-0H/d9.

As a result of finding the partial derivatives, we ob-
tain a system of 6 equations. In it, we pass, using the
speed of light ¢, from the current time ¢ to a variable
s=ct, the derivative of which will be denoted by a
prime. For canonical impulses, we replace p, =e\Bq,,
P.=euBq., py=eBq, After transformations we arrive
at a system of equations

r=uq,, q=pur(g,/r* = f@)(q,/r* +1(2)),
Z=uq., ¢.=ur*(q,/r’ - f(2))df(2) | dz,  (2)
g =ulq, /7" ~f). g;=0.

in which f(z) is the field function of the longitudinal
coordinate, df(z)/dz is the derivative of the function.

In equations (2), y=eyB/mec, Bf(z) is a function that
describes the magnetic field along the axis z. We select
the amplitude B so that you can use the function Bf(z)
over the entire range of possible values z. To equations
(1), it is necessary to add the initial conditions for r, z,
%, and also q,0, q.0, ¢p. The stability of the solution
algorithm is related to the solution step As and param-
eter u Then the condition will be satisfied if
As «< 0.0001 m. So, from a computational point of view,
the problem can be formulated as the problem of find-
ing a solution to a system of ordinary differential equa-
tions with given initial conditions. The formulated
problem can be solved, provided that it is possible at
each step of the integration of equations (1) to use func-
tions f(z) and df(z)/dz as analytic functions.
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Fig.1—The block diagram of the experimental setup: 1-—
sections of the solenoid (I, II, III, IV), 2 — vacuum volume, 3 —
high-voltage generator, 4 —insulator, 5 — synchronization unit,
6 — measuring system, 7 — centering rod, 8 — seal, 9 — Faraday
cylinder (metal target), 10 —ring magnet, 11 —replaceable
collimator, 12 — generator, A — anode, C — cathode

The block diagram of the installation is shown in
Fig. 1. When electrons move, it is important that the
magnetic field in the gun (Fig. 2) has cylindrical sym-
metry. This allows the use of system (2) for analysis
and numerical simulation.

Let the longitudinal distribution of the magnetic
field be given along the axis z. The experimental data
were obtained as a result of measurements, according
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Fig. 2 — Typical longitudinal magnetic field distribution

to which a table {z,, Hn}, where n =0, 1,..., N. Suppose
now that this magnetic field is created by a sequential
set of M virtual solenoids with a set of known geometric
characteristics {Rm, Z1,m, Z2,m}, where m=1,..., M and
Rm, Z1,m, Z2,m are the radius, left and right boundaries
of the mth solenoid along the axis z, respectively. It is
necessary to restore (estimate) the values {An},
m=1,..., M tensions in each solenoid and, based on
them, construct a function f(z) of the magnetic field
configuration.

A task of this kind, in the general case, is one of in-
correct tasks. Therefore, below we restrict ourselves to
the task of estimating the required amplitudes {An}.
When solving, we will use the well-known (exact) ex-
pression for the amplitude @z) of the magnetic field
with the amplitude 2 on the axis of one solenoid of
radius R having left Z1 and right Z2 boundaries and,
accordingly

f(z,h, R9Z1’Z2) =hg(z) =

_h z-Z,  z-Z - 3
4 Je-Z) +R* (z-Z) + R’

Denote by ¢n(2) = ¢n(z, Rm, Z1,m, Zo,m), and {hm, Rm,
Zi,m, Zom} are the field amplitude, the radius, the left
and right boundaries of the mt solenoid along the axis
z. Then, the magnetic field f(z) formed by the totality of
such solenoids can be described by the expression

f@)= 3 7 (2) =

4
B z z2-Z,, z-Z,, @

14| (-2, 0+R, |c-%,)+R.

X h

from which the analytic expression for df(z)/dz follows.
Let the registration data be given in the form of a
table {z,, Hn}, where n=0, 1,..., N (Fig. 2). It is neces-
sary, on the basis of the data presented, to find an
array of field amplitudes {hm}, where m =1,..., M with
which you can synthesize a field f(z) with the properties
of continuity and differentiability. Comparing the two
groups of data used, we write the equations for the
amplitudes of the magnetic field {hn} for each meas-
urement point along the axis z:

" h.#.(z)=H, n=0,..,N. (5)
These equations are a system of (/N + 1) linear in-
homogeneous equations with respect to the M sought
quantities {hx}. Depending on the values of (N + 1) and
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M, such a system can also be joint, overfilled or under
filled. In this regard, we will consider the estimation of
the values of quantities {hn} as a solution. We apply the
well-known method of least squares, on the basis of
which as a solution we take the one that best ap-
proaches the exact solution in the sense of its least
mean square deviation.
We build the functional

2
Qb)) =20 | S b (2)~H, | ©)
and require that the functional @ reaches a minimum,
Q(hl,hz,...,hM)7min ,

in the space of variables {hn}. The minimum condition
leads to a system of equations

oQ(h,, hy,....,h,) ok, =0, m=1,...,M. @)
In this system, after differentiation with respect to

each of them {hn}, we obtain a set of linear equations

for the components of the desired vector Ay, which we

write in the form
Ah, =B. (8)
Here A is a matrix with elements

I I ACATACHE ©)
Bis the vector of the right side with components
B,=>" Hf(z). (10)
As a result, we obtain the desired solution
h,=A"B. 1y

The found solution of the obtained system of equations
will be taken for the required set of amplitudes {Am}.

3. DISCUSSION OF RESULTS

In this work, an array of magnetic field data of vol-
ume N = 73 points was considered. In numerical calcu-
lations, a set of M =20 virtual solenoids was used.
Fig. 3 shows the initial data on the amplitudes of the
magnetic field (squares) and the result of reconstruct-
ing the distribution of the magnetic field f(z). The re-
sult of calculating the longitudinal derivative df(z)/dz of
function f(z) is shown in Fig. 4.

Studies on the formation of an electron beam at var-
ious configurations of the magnetic field at the cathode
and in the beam transport channel were carried out.
The experiments were conducted at a cathode voltage
of 20...80 kV. The dependence of the transverse dimen-
sions of the electron beam on the configuration of the
magnetic field is investigated. Three-sector and 8-point
collimation of electron fluxes was used in the work. The
research results were recorded on metal targets, which
made it possible to interpret the dynamics of electron
fluxes. For a magnetic field with a maximum amplitude
of 0.15 T, the calculated dependences (two-dimensional
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histograms, fission price 12 mm/div) of the 8-beam
distribution of the electron beam (sample size of 600
particles) and the imprints of the beam in the target
plane are shown in Fig. 5.
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Fig. 3 — Data of the magnetic field (squares) and function f(z)
(line) of the coordinate z
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Fig. 4 — The dependence of the constructed derivative df(z)/dz
on the longitudinal coordinate z

From Fig. 5, one can see an increase in the size of
the beam with a decrease in the amplitude of the mag-
netic field. The outer diameter of the beam D in a de-
creasing magnetic field with a gradient of 0.01 T/cm
and an amplitude of 0.07 T near the target at a cathode
voltage of 60 kV was 44 mm. The beam imprint on
target was z = 270 mm.

In Fig. 6, for a magnetic field with a maximum ampli-
tude of 0.45 T are similarly shown: calculated dependenc-
es (two-dimensional histograms, fission price 12 mm/div)
of the 8-beam distribution of the electron beam (sample
size of 600 particles). The beam imprint on target was
z =205 mm. When the electron beam moved in an increas-
ing magnetic field with a gradient of 0.1 T/cm and an
amplitude of 0.42 T, the beam diameter D was 22 mm.

Characteristics of the sector flux of electrons were
similarly obtained for a magnetic field with a maxi-
mum amplitude of 0.45 T. The beam imprint on target
was z =270 mm.

From the figures, one can see a decrease in the
beam size in the region of the maximum amplitude of
the magnetic field. It was found that with increasing
maximum amplitude and/or field gradient, the effect of
radial beam compression is more pronounced.

From the totality of the results that describe the
dynamics of radial dimensions, we can conclude that it
is possible to irradiate external cylindrical products
placed in the region of increasing magnetic field. This
follows from the calculated histograms and target
prints illustrated in Fig. 6, which show the effect of
radial compression of the electron beam.
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Fig. 5 — Characteristics of 8-beam flux: the amplitude of the
magnetic field (a), the dependence of the average beam
diameter D(z) on the longitudinal coordinate z (b), the histo-
gram of the beam distribution at the start (z= 75 mm) (c),
the calculated distribution of particles (z = 270 mm) (d)

4. CONCLUSIONS

The use of the developed software based on an ana-
lytical model of the magnetic field distribution along
the axis of the solenoid made it possible, based on an
array of experimental data on the axis of electron
transport, to restore the amplitude f(z) of the magnetic
field and its derivative df(z)/dz as analytic functions of
the longitudinal coordinate z. Solutions of the direct
problem of modeling electron trajectories for given
conditions are obtained. The calculated dependences of
the distribution of the electron beam in the target
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Fig. 6 — Characteristics of 8-beam flux: the amplitude of the
gradient magnetic field (a), the dependence of the average
beam diameter D(z) on the longitudinal coordinate z (b), the
distribution of the beam at the start (z=75mm) (c), the
calculated distribution of particles (z = 205 mm) (d)

plane are presented. It follows from the studies that
stable formation of an electron beam in the radial and
axial directions during its transportation is possible.
Fingerprints of a collimated electron beam were exper-
imentally obtained on metal targets located at various
selected distances. The found numerical dependences
are consistent with experimental results. Based on the
constructed software, a number of inverse problems
can be considered, including such tasks, the purpose of
which is to find the parameters of the system and the
operating mode to obtain the vertical distribution of the
beam in a given place and with given properties.
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IIyukoBi Ta CEKTOPHI peKUMH €JIEKTPOHHUX [IOTOKIB
Y GUIIHAPUIHOMY MATHITHOMY II0JIi MArHETPOHHOI rapMaTH

A.C. Masmamnimsimil, M.T". Pemreruax!, O.A. Illosxomisac?

1 HauloHauvHUTl HaYKO8ULL ueHmp «XapKi8coKUll (PI3UKO-MEeXHIMHUL THCMUmymy,
8ys. Akademiuna, 1, 61108 Xapkis, Vrpaina
2 Cymcoruli Oepacasruil yuisepcumem, 8ysi. Pumcoroeo-Kopcakosa, 2, 40007 Cymu, Yipaina

TIpencrasiieni pedysibpraty AOCITKEeHb 3 (DOPMYBAHHS PAiabHOTO €JIEKTPOHHOIO IIyYKa MAarHETPOHHOK
MYIIKOK 13 BTOPHHHO-eMICIMHUM KaTomoM. MeToio poGoTH OyJI0 CTBOPEHHS MATEMATHYHOI MOIeNl (hOpMyBAHHS
PAIiaIbHOTO eJIEKTPOHHOIO IIyYKa 3 €Heprielo B AecATKH KeB B MarxiTHOMY HOM coJIeHOIna, JOCITIKeHHS 3ae-
SKHOCTI XapaKTePUCTUK CTPYMY IIyUKA Bl aMILIITYIU TA PO3IOMLILY MATHITHOIO HOJISA BIOBK OCI COJIEHOINA, KOJIi-
MyBaHHI €JIEKTPOHHUX IIOTOKIB 1 BUBYEHHI MOSKJIMBOCTEH OIIPOMIHIOBAHHSI 30BHIIITHBOI IIOBEPXHI TPyOIACTHX BH-
poGiB. ¥ poboTi HA OCHOBI TAMLIBTOHOBOTO (DOPMAITI3MY PYXY €JIEKTPOHIB y MATHITHOMY IT0JIi CHHTE€30BAHO IIPO-
TpaMHWUI 3aci0, III0 J03BOJIsIE IIPOBECTH UYHCEIbHE MOJEJIIOBAHHS JUHAMIKH TPyOUACTHX eJIEKTPOHHHUX IIOTOKIB Y
MarHiTHOMYy 110J1l costeHoina. [TobymoBaHo aaropuT™ mepeTBOpeHHsT MacuBy 3HAYEHBb MATHITHOTO IIOJIS BJIOBXK OCL
TPAHCIIOPTYBAHHS B aHATITUYHY AUQEPeHINHoBaHY (PYHKIIIO, II0 JaJI0 MOKJIMBICTE, CIIMPAIOYNCH HA MACUB J0C-
JOTHUX JTAHUX HA 0Cl, BITHOBUTH AMILTITY/Ty MATHITHOTO TIOJIS Ta 11 MOXITHY AK aHAIITAYH] PYHKIT TTOB3I0BIKHBOL
roopauHaTy. [IpHBOASTHECS Pe3ysIbTaTH YHCEeILHOIO MOJEJIIOBAHHS PyXy TPYOUACTOrO €JIEKTPOHHOrO IOTOKY. Joc-
JHmKeHo (POPMYBAHHS PO3IIOALIEHUX eJIEKTPOHHUX IIOTOKIB IIPHA TPAHCIOPTYBAHHI B MATHITHOMY OJII COJIEHOIIA.
TIpuBOmATBECA TAKOMK €KCIIEPUMEHTAJILHI JaHI 110 CEKTOPHIM 1 0araToIryJKoBii KoJAMAallil IydKa eJIEKTPOHIB 1 pe-
€ecTpariii OTOKY YaCTOK Ha METAJIeBUX MIIeHsIX y KaMepi mymiku. [lokazana MOMIIMBICTE peryJIioBaHHS JiaMeTpa
IMy4YKa IUIAXOM Bapialrii MartiTHoro moss. Ha mipgerasi oTpuMaHuX pesyJIbTaTiB ITOKA3aHa MOYKJIMBICTD OIIPOMI-
HIOBAHHS 30BHIIIHIX IIOBEPXOHD IMIHIPHYHUX 3pA3KiB HA PI3HUX BIICTAHAX Bif 3pidy anoma. IIposemeno mopis-
HSIHHSI Pe3yJIBTATIB YKCJIEHHOTO MOJIEIFOBAHHS TA JIOCIITHUX JAHUX B €KCIIEPUMEHTAX 110 PYXy Ta KOJIMAIIi TPY-

GuacToro €JIEKTPOHHOI'O IIOTOKY.

Kmouori ciiosa: Maruerponna rapmara, Bropunawo-emicitiauii katoy, Eiexkrpounuit mydyor, Marematmane
MopesoBanHs, [ictorpama, Poamomis maraiTHoro mosist, Kosmimarria mydaka.
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