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DYNAMICS OF THE ELECTRON BEAM GENERATED
BY THE MAGNETRON GUN WITH DIFFERENT CONFIGURATIONS
OF THE MAGNETIC FIELD IN THE TRANSPORTATION CHANNEL
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The dynamics of the dimensions of the electron beam generated by the magnetron gun in the particle transport
channel and the efficiency of focusing the tubular electron beam in the gradient magnetic field are investigated. The
experiments were carried out with magnetron guns with secondary-emission cathodes (cathode diameters 36 and
16 mm, anodes diameters 78 and 36 mm) at cathode voltage of 20...80 kV. Magnetic fields were created both by the
solenoid and jointly by the solenoid and the permanent magnet. The dependence of the radial distribution of the
beam on metal targets on the amplitude and gradient of the magnetic field along the axis of the system is investigat-
ed. The possibility of controlling the beam diameter by varying the magnetic field is shown. The imprints of colli-
mated beams were obtained experimentally on targets located at selected distances. The obtained experimental data
agree with the results of numerical simulation. It is shown that with an increase in the amplitude of the gradient

magnetic field, the effect of radial focusing of the beam is more pronounced.

PACS: 29.17.+w

INTRODUCTION

The study of electron beams of various configura-
tions and intensities is associated with their use in high-
voltage pulsed microwave electronics, accelerator tech-
nology, etc. [1, 2]. At the same time, the range of prob-
lems for the solution of which electron beams are used
is constantly expanding. Irradiation with electron beams
with specified parameters makes it possible to regulate
the structural-phase state in the surface layers and
change the structural capabilities of materials [3, 4]. In
practice, beam technologies for material processing are
developed and introduced into industrial production. To
solve these problems, accelerators of intense electron
beams with electron energies of 100...400 keV are wide-
ly used [1, 3].

A linear electron accelerator for irradiating metal
targets has been created at the NSC KIPT [5]. One of
the main elements of the accelerator is the magnetron
gun with cold metal cathodes, which operate in the sec-
ondary emission mode, in crossed electron and magnetic
fields. The secondary emission mechanism of beam
generation in such the gun, due to its weakly destructive
effect on the cathode material, preserves the emission
properties of the electron source for long time (accord-
ing to estimates up to 100000 hours). Irradiation of var-
ious metal targets was carried out [4] and the possibility
of irradiating the inner cylindrical surface using a radial
electron beam was studied [6].

In his paper presents the results of studying the dy-
namics of the electron beam in the transport channel for
various configurations of the magnetic field and the
efficiency of focusing the tubular flow using the gradi-
ent magnetic field.

EXPERIMENTAL RESULTS

Experiments on the formation of an electron beam
were carried out on a setup, the block diagram of which
is shown in Fig. 1.

Experiments on electron beam transportation were
carried out with the magnetron gun with the secondary
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emission cathode (cathode diameter — 36 mm, anode —
78 mm) at different distances from the gun anode cut
and for different configurations of the solenoid magnet-
ic field B, in the electron beam transport channel. The
research results were recorded on metal targets at dis-
tance of 15...200 mm from the gun anode cut, which
made it possible to interpret the dynamics of the elec-

tron flow.
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Fig. 1. Block diagram of the experimental setup.

1 — sections-solenoid (1, 11, 111, 1V); 2 — vacuum volume;
3 — high-voltage pulse generator; 4 — insulator; 5 — syn-
chronization unit; 6 — measuring system; 7 — centering
rod; 8 — gain; 9 — Faraday cylinder; 10 — ring magnet;
11 — metal target; 12 — generator; A — anode;

C — cathode

In Fig. 2 shows the distributions of the magnetic
field along the axis of the magnetron gun and the beam
transport channel, which were used in the research.

In Fig. 3 shows 3 typical imprints of the electron
beam (energy 55 keV) on targets when it moves in the
uniform, increasing and decreasing magnetic fields.

The print shown in Fig. 3,a was obtained in the uni-
form magnetic field (see Fig. 2, curve 3) at distance of
15 mm from the gun edge. Its outer beam diameter was
D ~ 40 mm.

In the increasing magnetic field (see Fig. 2, curve 4)
at distance of 70 mm from the gun edge, the beam di-
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ameter decreased to 36 mm (see Fig. 3,b, imprint 1), and
in the decreasing magnetic field (see Fig. 2, curve 2) the
beam diameter increased up to 49 mm (see Fig. 3,b,
imprint 2).
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Fig. 2. Distributions of magnetic fields (curves 1-5)
along the axis of the magnetron gun
and the beam transport channel);
A —anode; C - cathode; FC — Faraday cylinder

In decreasing configurations of the magnetic field
(see Fig. 2, curves 2 and 5) at the distance of 180 mm
from the gun edge, the beam diameter was D ~ 80 mm
and D ~ 54 mm (see Fig. 3,c).
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Fig. 3. Target beam prints:
a) is the outer diameter of the beam D ~ 40 mm,
B=0.081 T (Fig. 2, curve 3), z=150 mm;
b) 1 — outer diameter of the beam D ~ 36 mm,
B=0.146 T (Fig. 2, curve 4); 2 — outer diameter
of the beam D ~ 51 mm, B=0.049 T (Fig. 2, curve 2),
z=205 mm; c¢) 1 — outer diameter of the beam
D ~54 mm, B=0.5 T (Fig. 2, curve 5; 2 — outer diameter
of the beam D ~ 80 mm, B=0.009 T (Fig. 2, curve 1),
z=310 mm

The dependence of the transverse dimensions of the
electron beam at different distances from the cut of the
magnetron gun during the transportation of the electron
beam in the magnetic field (Fig. 4), which was created
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jointly by a solenoid with the permanent magnet, was
studied.

From the prints in Fig. 3 it can be seen that for the
used three configurations of the magnetic field, the
beams in the cross section have the form of concentric
rings with the uniform distribution of particles. From
the experimental data (Fig. 5), one can see the dynamics
of the radial dimensions of the electron beam when it
moves in the transport channel.
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Fig. 4. Distribution of the magnetic field along the
magnetron gun and the beam transport channel when
using the permanent magnet together with the solenoid
with the permanent magnet;
A —anode, C — cathode, FC — Faraday cylinder
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Fig. 5. Imprints of beams on targets:
a) B=0.10 T (homogeneous magnetic field),
z=150 mm, outer beam diameter D=39 mm;
b) B=0.37 T (increasing magnetic field), z=205 mm,
outer diameter of the beam D=22 mm

As can be seen from the print of Fig. 5,a, in the uni-
form magnetic field (z=150 mm), the magnetron gun
forms the electron beam with an outer diameter of
D =39 mm. During the motion of the electron flux in
the increasing magnetic field with the gradient of
0.1 T/cm and amplitude of 0.37 T at distance of
205 mm, there is a marked decrease in the beam diame-
ter to D =22 mm (see Fig. 5,b), which is determined by
focusing the electron flux.

Thus, it was found that when the electron beam is
transported in magnetic fields with higher amplitude,
the outer diameter and the thickness of the beam wall
decrease.

In Fig. 6,a,b shows the dependences of the trans-
verse dimensions of the beam on the amplitude and con-
figuration of the magnetic field. Experimental data (see
Fig. 6,a) were obtained when the targets were located at
different distances of 150...315 mm. Fig. 6,b were ob-
tained when the target was located at the distance of
205 mm; and the configuration of the magnetic field
changed. It is seen that the outer diameter of the beam,
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depending on the amplitude of the magnetic field, coin-
cides in the first and second cases.

Experiments were carried out to measure the radial
dimensions of an electron beam at energy of 30...35 keV
at the output of the magnetron gun of different geometry
(cathode diameter 16 mm and anode 36 mm). These
experiments were carried out at different distances from
the gun cut with different configurations of the solenoid
magnetic field B,, which are shown in Fig. 7.

The dependence of the transverse dimensions of
electron beams on the configuration of the solenoid
magnetic field B, at different distances from the cut of
the magnetron gun is studied. In Fig. 8 shows the ob-
tained imprints of the beams at distances of 150, 205
and 315 mm with uniform, increasing and decreasing
magnetic field.
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Fig. 6. The dependence of the diameter of the electron
beam on the amplitude of the magnetic field at different
distances in the transport channel (a)
and on the configuration of the field (b) at 205 mm
(logarithmic scale)
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Fig. 7. Distribution of magnetic fields (curves 1-4)
along the axis of the magnetron gun and the beam
transport channel, placement of gun elements;

A —anode; C - cathode; FC — Faraday cylinder (target)
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In Fig. 8,a shows the imprint of the beam in homo-
geneous magnetic field (see Fig. 7, curve 3) at distance
z=150 mm, the outer diameter of which is D=20 mm.
When the electron flux moves in the increasing magnet-
ic field (see Fig. 7, curve 4) at distance of z=205 mm, its
diameter decreased to 17 mm (see Fig. 8,b), and in the
descending magnetic field (see Fig. 7, curve 2) at dis-
tance of z=315 mm increased to 32 mm (see Fig. 8,c).

From the experimental data of Fig. 8, it can be seen
that for the three configurations of the magnetic field
used, the beams in cross section have the form of con-
centric rings with the uniform distribution of particle
density, with different inner and outer diameters. It fol-
lows from the above studies that when the beam is
transported in magnetic fields with the smaller ampli-
tude, both the outer and inner diameters increase.

Fig. 8. Beam prints on targets at different
configurations of the solenoid B, magnetic field:
a) is homogeneous magnetic field, outer diameter
of the beam D=20 mm, z=150 mm, B,=0.11 T;
b) is increasing magnetic field with a gradient
of 0.0154 T/cm, outer diameter D=17 mm, B,=0.15 T,
z=205 mm; c) is a decreasing magnetic field with
a gradient of 0.0062 T/cm, the outer diameter
of the beam D=32 mm, B,=0.0240 T, z=315 mm

One or two permanent magnets were used to focus
the electron beam, which made it possible to obtain the
amplitude of the increasing magnetic field in the beam
transport channel of 0.32...0.42 T.

During the movement of the electron beam in the in-
creasing magnetic field with gradient of 0.08 T/cm and
the amplitude of 0.32 T (Fig. 9,a, curve 2) at distance of
205 mm, there is the noticeable decrease in the beam
diameter to 10.5 mm (Fig. 9,b), which is determined by
the focusing of the electron beam.

The print shown in Fig. 9,d, was obtained under the
same conditions as the imprint 9c, but with the larger
amplitude of the growing magnetic field of 0.42 T with
gradient of 0.12 T/cm (Fig. 9,a, curve 1). Fig.9,d is
shown on the enlarged scale.
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Fig. 9. Magnetic fields and prints on targets:

a) is the distribution of the magnetic field along the axis
of the magnetron gun and the beam transport channel;
b) is the imprint of the beam on the target, the outer
diameter of the beam D=20 mm, B=0.125T,
z=150 mm; c) is the outer diameter of the beam
D=10.5 mm, B=0.25 T (curve 2), z=205 mm;

d) is the outer diameter of the beam D=9 mm,
increasing magnetic field, gradient 0.13 T/cm,
B=0.43 T (curve 1), z=205 mm

As can be seen from the above prints, for the used
magnetic field configurations, the cross sections of the
beams have the form of concentric rings with the uni-
form distribution of particle density with different outer
and inner diameters.

It follows from these prints that the fairly good ho-
mogeneity of the azimuthally distribution of the electron
beam is obtained. These data show that by adjusting the
amplitude of the magnetic field, it is possible to control
the radial dimensions of the beam along the transport
channel.

In Fig. 10,a,b show the dependence of the outer di-
ameter of the beam on the amplitude and configuration
of the magnetic field. Experimental data (Fig. 10,a)
were obtained in the case when the targets were located
at different distances of 150...315 mm, at which the cor-
responding amplitude of the magnetic field B, was. The
data (see Fig. 10,b) were obtained when the target was
located at fixed distance of 205 mm; and the configura-
tion of the magnetic field changed together with the
amplitude of the magnetic field B,.

It can be seen that the outer diameter of the beam,
depending on the amplitude of the magnetic field, coin-
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cides for the first and second cases of their determina-
tion. It can be seen from the figure that as the amplitude
of the magnetic field decreases, the diameter of the elec-
tron beam increases.
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Fig. 10. The dependence of the diameter of the electron
beam on the amplitude of the magnetic field at different
distances in the transport channel (a)
and on the configuration of the field (b)
at 205 mm (logarithmic scale)

From Fig. 10 it follows that with increasing ampli-
tude of the magnetic field there is the significant de-
crease in the transverse dimensions of the beam. Thus,
with increasing amplitude from 0.024 to 0.32 T, the
beam size decreased from 32 to 9 mm.

CONCLUSIONS

From the conducted researches it follows that the
flow of electrons at the output of the magnetron gun
feels the rearrangement of the radial distribution, which
is formed by the type of magnetic field and its gradient
in the transport channel of the beam. The possibility of
adjusting the beam diameter by varying the magnetic
field is shown. It is shown that the obtained experi-
mental results coincide with the simulation results. It is
shown that with an increase in the maximum amplitude
or gradient of the field, the effect of the radial focusing
of the beam is more pronounced. These experimental
results indicate the possibility of focusing the electron
beam, can be used when irradiating cylindrical samples,
which are located in the region of the increasing mag-
netic field.

REFERENCES

1. V.I. Engelko, G. Mueller, A. Andreev, et al. Pulsed
Electron Beam Facilities (GESA) for Surface
Treatment // Proc. of 10" International Conf. on Ap-
plied Charged Particle. Accelerators in Medicine

ISSN 1562-6016. BAHT. 2021. N26(136)



and Industry. St.-Petersburg, Russia, 2001, p. 412-
4172.

I.V. Barsuk, G.S. Vororiev, A.A. Ponomareva. Nu-
merical modeling of electron beam formation pro-
cesses in axially symmetric systems // Journal
Nano- and Electronic Physics. 2014, v. 6, Ne 2,
02012-1.

M.F. Vorogushin, V.A. Glukhikh, G.S. Manukyan,
et al. Beam and ion-plasma technologies // Problems
of Atomic Science and Technology. Series “Physics
of Radiation Effects and Radiation Materials Sci-
ence”. 2002, Ne 3, p. 101-109.

Technology. Series “Physics of Radiation Effects and
Radiation Materials Science ”. 2011, Ne 2, p. 39-45.

. ANN. Dovbnya, V.V. Zakutin, N.G. Reshetnyak, et

al. Investigation of beam formation in an electron
accelerator with a secondary-emission source //
Visnik Kharkivskogo University, Series “Nuclei,
particles, fields”. 2006, Ne 732, v. 2(30), p. 96-100.

M.I. Ayzatsky, A.N. Dovbnya, S. Mazmanishvili, et
al. Studies on formation of the radially-directed elec-
tron beam generated by the magnetron gun with a
secondary emission cathode // Problems of Atomic
Science and Technology. Series “Nuclear Physics

Investigations ”. 2016, Ne 3, p. 11-16.
Article received 03.10.2021

4. AN. Dovbnya, S.D. Lavrinenko, V.V. Zakutin, et al.
Surface modification of zirconium and Zr1%Nb al-
loy by the electron beam of the magnetron gun-
based accelerator // Problems of Atomic Science and

JTAHAMHMKA JIEKTPOHHOI'O ITYUYKA, TEHEPUPOBAHHOI'O MATHETPOHHOM MY IIKOM,
IIPU PA3JIMYHBIX KOHOUTYPAIIUAX MATHUTHOI'O ITOJISA B KAHAJIE TPAHCIIOPTUPOBKHA

A.C. Mazmanuweunu, H.I'. Pewsemnsx, B.Il. Pomacoko, H.A. Yepmuuies

HccnenoBana auHaMuKka pa3MepoB AJIEKTPOHHOTO IMyYKa, T€HEPHPYEMOTO MAarHeTPOHHOM MyIIKOH, B KaHaie
TPaHCIIOPTUPOBKH YacTHI U 3()(HEeKTUBHOCT (POKYCHPOBKM TPYOUYATOrO AJIEKTPOHHOTO MOTOKA B TPaJUEHTHOM Mar-
HUTHOM TI0JIe. DKCIIEPHUMEHTHI MIPOBOIMINCH C MAaTrHETPOHHBIMU IIYIIKAMH C BTOPHYHO-IMHCCHUOHHBIMU KaTOJaMHU
(mnametp kaTonoB 36 u 16 MM, ntuamerp aHonoB 78 u 36 MM) npu HampskeHuu Ha katozae 20...80 kB. MaruutHsie
HOJIS CO3/1aBalIUCh KaK COJICHOMJIOM, TaK 1 COBMECTHO COJIGHOMJIOM U MOCTOSTHHbIM MarHutoM. MccienoBaHna 3aBu-
CHUMOCTH PaJMalbHOTO paclpeneeHUs Tydka Ha METANIMUYECKUX MUIICHAX OT aMIIMTYAbl U TPaJHeHTa MarHUTHO-
TO T0JIS BAOJIb OCH CUCTEeMBI. [loka3aHa BO3MOXKHOCTh PETyJIUPOBAHUS AMAMeTpa MydyKa IyTeM BapHalluyd MarHUT-
HOTO T0JIs. DKCHEPHMEHTAIBHO MONIYyYeHBI OTIICYaTKH KOJUIMMHUPOBAHHBIX ITyYKOB HAa MHIICHSX, PaCIOI0KCHHBIX
Ha BBIOPAHHBIX paccTOsTHUAX. [lomydeHHBIE SKCTIEpUMEHTANIbHBIE JaHHBIE COTIACYIOTCS C pe3yIbTaTaMH YHCICHHO-
ro MozenupoBanus. [IokazaHo, 4TO ¢ YBEIIMUCHHEM aMIUTUTY bl TPaJUEHTHOTO MarHUTHOTO T10JIs 3 (eKT panuanb-
HOTo (hOKYCHpOBaHHMS ITydKa OOJIbIIE BBIPAXKEH.

JUHAMIKA EJJEKTPOHHOTI'O ITYYKA, IO TEHEPYETHCA MAI'HETPOHHOIO TAPMATOIO,
IMTPU PI3BHUX KOH®IT'YPALIAX MATHITHOI'O ITOJIA B KAHAJII TPAHCIIOPTYBAHHA

O.C. Ma3maniweini, M.I'. Peweemnsx, B.Il. Pomacvxo, 1.A. Yepmiuies

JlocmipkeHo AMHAMIKY €JIEeKTPOHHOTO ITydYKa, IO FeHEePYEThCS MarHeTPOHHOIO I'apMaTolo, B KaHaJll TpaHCIop-
TYBaHHS YaCTUHOK 1 e()eKTUBHICTH POKYCYBaHHS TPyOIaCTOrO ENEKTPOHHOTO MOTOKY B TPAJIEHTHOMY MarHiTHOMY
noni. ExcriepuMeHTH npoBOAMIINCSA 3 MarHETPOHHMMH TapMaTaMH 31 BTOPHHHO-EMICIHHUMM KaToJaMH (IiamMeTpu
kaToaiB 36 i 16 MM, aHoxiB 78 i 36 MM) npu Hanpy3i Ha kaToai 20...80 kB. MarHiTHi 1o CTBOPIOBAJIKCS SIK COJIe-
HOIJIOM, TaK 1 CIIJIBHO COJICHOIIOM 1 MOCTIMHUM MarHiToM. JIOCHIHKEHO 3aJISKHICTh PaIiaibHOrO PO3MOALTY MydYKa
Ha METaJIeBUX MIIIEHsX BiJ| aMIUTITYI¥ 1 TpajiieHTa MarHiTHOTO TI0JIsl y3/I0BXK oci cuctemu. [oka3aHa MOXIUBICTh
PETYIIOBaHHS JiaMeTpa MydYKa NUIIXOM Bapiamii po3moaily MartitHoro moss. OTpuMaHO BiJOMTKH KOJIIMOBAHHMX
My4KiB Ha MIIICHAX, PO3TAIOBAHNX Ha 0OpaHMX BiJCTaHAX. BcTaHOBIEHO, 110 31 30iMBIICHHSIM aMIUTITYAX MarHiT-
HOTO 10JIst eeKT paaiaabHOro (POKYCyBaHHS ITydKa € OUIbIlIe BUPAKEHHH.
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