LONGITUDINAL-RADIAL MOTION OF
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The results of experimental studies and numerical calculations on the generation of an electron beam by a mag-
netron gun with a secondary-emission cathode are presented. With the aim of obtaining precision characteristics, the
formation of a beam in the axial and radial directions was studied when transporting a solenoid in a magnetic field at
energy of 55 keV. The dependence of the total vertical distribution on the inner wall of the cylindrical target and the
Faraday cylinder on the distribution of the magnetic field along the axis of the system is studied. The results of nu-
merical simulation on the motion of a tubular electron beam are given. It is shown that the obtained results of the
simulation are consistent with experimental data. It is also shown that the electron flux falls on a vertical section, the
length of which does not exceed 1 mm. The possibility of adjusting the location of a beam hit on a vertical wall is
studied numerically with a variation in the amplitude of the control magnetic field.

PACS: 29.27.Eg

. FORMULATION OF THE PROBLEM

Interest in the physics of processes with crossed
electric and magnetic fields is due to their wide use in
high-power vacuum electronics, accelerator technology,
etc. It is of interest to use magnetron guns with cold
secondary-emission cathodes in these regions as sources
of electrons [1, 2]. The principle of operation of such
guns is based on the secondary emission multiplication
of electrons, the formation of an electron cloud and the
formation of an electron beam in crossed electric and
magnetic fields [3]. An electron accelerator based on a
magnetron gun with a cold metallic secondary-emission
cathode was created in the NSC KIPT [4]. In this paper,
we present the results of studies on the formation of a
radial electron beam by a magnetron gun with a second-
ary-emission cathode during its transportation in a de-
creasing magnetic field of a solenoid. The aim of this
work is to study the precise characteristics of a beam
formed in the axial and radial directions.

EXPERIMENTAL INSTALLATION
AND METHODOLOGY OF RESEARCH

Experiments were conducted on the formation of
a radial electron beam by a magnetron gun in an instal-
lation which block diagram is shown in Fig. 1. To ob-
tain the electron beam, a magnetron gun with an anode
diameter of 78 mm and a cathode diameter of 36 mm
was used. The main magnetic field for generating and
transporting an electron beam is created by a solenoid
consisting of 4 sections. By adjusting the current in the
coils, it was possible to change the amplitude and longi-
tudinal distribution of the magnetic field along the axis
of the gun and the transporting channel of the beam,
which made it possible to obtain various electron beam
formation regimes. For a local change in the decay rate
of the resultant magnetic field, a scattered field was
used, which was created with a permanent magnet lo-
cated on the axis of the system in the middle of the
6 ring. The main magnetic field was formed by varying
the currents in the coils of the solenoid sections. The
measurement of the total magnetic field of the solenoid
and the scattered field of the ring magnet from the
length z has shown that it is sharply nonuniform.
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Fig. 1. Block diagram of the installation.
1 — pulse generator; 2, 5 — bushing insulators;

3 —vacuum chamber; 4 — solenoid; 6 — measuring sys-
tem; 7 — synchronization unit; C — cathode; A — anode;
FC — Faraday cylinder; PM — permanent magnet;
I-X1V — metal rings measuring system (lamellas)

The measuring system for studying the distribution
of current in the radial direction consists of 14 copper
rings with an inner diameter of 66 mm and a width of
8 mm, which are isolated from each other and the earth.
The distance between the rings is ~1.5 mm. Before the
permanent magnet is located the Faraday FC cylinder,
which serves to measure the current in the axial direc-
tion. The processing of the results of measuring the pa-
rameters of the voltage pulse, currents in the radial and
axial directions was carried out using a recording sys-
tem.

The dynamics of the motion of electrons for a num-
ber of particles equal to 500 in a total magnetic field has
been numerically studied. In the work, the final histo-
gram of the vertical distribution of the particles was
used as the result of the calculation, determined from
the fulfillment of the predetermined condition-the
achievement by the radial component of the trajectory
of particles of a given value r;=33 mm. In turn, the gen-
erated histogram should be compared with the distribu-
tion of currents on the measuring lamellae.
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EXPERIMENTAL DATA AND RESULTS
OF NUMERICAL SIMULATION

Research has been carried out on the formation of an
electron beam in the radial direction when it is trans-
ported in the total magnetic field produced by a solenoid
and a magnet. When performing modeling calculations,
the coefficient of variation k of the magnetic field of the
solenoid varied in the range from 0.6 to 1.2.

Fig. 2 shows the main characteristics of the magnetic
system: the distribution of the total longitudinal magnet-
ic field for two values of the coefficient of variation of k
along the axis of the system at which experiments were
carried out.
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Fig. 2. Distribution of magnetic fields. Specified
coefficient of variation k of the magnetic field
of the solenoid

Experimental studies on the formation of an electron
beam in the radial direction in a decreasing magnetic
field of a solenoid and a permanent magnet have been
carried out. In studies in the energy range of
35...55 keV, it was found that the beam current in the
radial and axial directions depends on the amplitude and
distribution of the magnetic field along the axis of the
system.

Fig. 3 shows the arrays of experimental data on the
distribution of the amplitude of the magnetic field along
the axis of the magnetron gun (squares) and the result of
its approximation.

Experimental studies were carried out on the for-
mation of an electron beam in the radial direction in a
decreasing magnetic field of a solenoid and a permanent
magnet. In studies in the energy range of 35...55 keV, it
was found that the beam current in the radial and axial
directions depends on the amplitude and distribution of
the magnetic field along the axis of the system.

The initial conditions for the electron beam were
taken: initial radius ro=18 mm (average radius of the
emission ring); z,=13 mm (place of emission vertically);
the coordinate was determined by the particle energy (in
the dependences obtained, the energy E of the particles
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was equal to 55 keV). In this case, the initial distribution
in the azimuth 9, was set uniformly on (0, 7 ), and the
spread of the particle deviation along the radius from r,
was subject to the normal law with a standard deviation
Arp=1 mm.
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Fig. 3. Distribution of the magnetic field (squares)
and the result of approximating the experimental data

The cross sections of the particle beam are numeri-
cally studied for their propagation along the axis in a
magnetic field (coefficient of variation k=1.0), as well
as the starting and finishing histograms of the number of
particles in the ( X, Y )-plane at a sample size N=300. It
is shown that when the particle is propagated, the azi-
muthally rotation is also tested along with the radial
motion.

A sketch of the normal distribution density of emit-
ted particles in the cathode plane with parameters
rc=18 mm and Ar,=1mm and uniform density on
(0, 7r) in azimuth .9, is shown in Fig. 4.

Fig. 4. Density of electron distribution
in the (x,y)-plane of the cathode of the gun

Fig. 5 shows the cross sections of the beam of parti-
cles corresponding to the value r,=18 mm at the time of
emission and the value at the time of reaching the target
wall ry=33 mm. Together with the radial motion, the
particles undergo a rotation along the azimuth, which can
also be seen in Fig. 7.

97



—0o4 7t —0n2 [ 0.02 0.04

-0.0r
Fig. 5. Cross sections of the original (ry=18 mm)
an array of particles at the start
and at the finish (ryg=33 mm)

A further increase in the solenoid magnetic field
(k>1.1) leads to the fact that practically the entire elec-
tron flux hits the Faraday cylinder (zce.=283 mm), with
only a small part falling on the lamellae of the 6th ring
and did not exceed ~5% of the beam current. This mode
of beam formation was carried out with a magnetic field
in the region of the arrangement of 650 Oe rings and
with a field drop gradient of 350 Oe/cm.
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Fig. 6. Distribution of currents on lamellae
and Faraday cylinder. The black color indicates
the hit on the cylinder

Fig. 6 shows the relative intensities of the fluxes of
particles falling on the Faraday cup and on the target
wall, depending on the coefficient of variation k of the
magnetic field. It was found that for k=0.6 half of all
particles hit the target wall.

Comparison of experimental data (currents on lamel-
las and Faraday cup) and numerical results (histograms
of the vertical values z, particles when they reach a giv-
en radial level ry=33 mm) indicates a fairly good
agreement. It follows from simulating calculations that
for both variants of the magnetic field the electron flux
falls on a vertical section, the length of which Az is
equal to fractions of millimeters. This concentration is
due to the decreasing nature of the magnetic field of the
solenoid and the initial distribution of particles along the
radial coordinate ro.

It follows from simulating calculations that for both
variants of the magnetic field the electron flux falls on a
vertical section, the length of which Az is equal to frac-
tions of millimeters. This concentration is due to the
decreasing nature of the magnetic field of the solenoid
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and the initial distribution of particles along the radial
coordinate ry.

Fig. 7 shows the calculated cross sections of the par-
ticle beam as they propagate along the axis in a magnet-
ic field (coefficient of variation k =1.0), as well as the
starting and finishing histograms of the number of parti-
cles in the (x,y)-plane at a sample volume of N=300. It
can be seen that during the propagation of the particle,
the azimuthally rotation is also tested along with the
radial motion.

Fig. 8 (on the left) shows the distributions of the
amplitude of the field H (z), in which the beam particles,
propagating along the axis z in a decreasing magnetic
field, undergo a radial-azimuthally motion. On the right
Fig. 8 also shows the final histograms G(z) of the verti-
cal coordinate values when the hit condition
r=ry=33 mm on the target wall (sample size N=500).

In the paper, the dependence of the midpoint Zsr and
the root-mean-square size of the beam distribution on
the target wall on the coefficient of variation k of the
magnetic field was studied.

Fig. 9 shows that the displacement of particles along
the vertical coordinate on the target wall is caused by
the rate of decrease of the amplitude of the total field
H(z) in the region of the permanent magnet. Thus, an
increase in the coefficient of variation k of the magnet-
ic field of the solenoid causes an increase in the vertical
coordinate of the particle beam incident on the target
wall. From Fig. 9, it can be seen that the desired de-
pendence Zsr = Zsr(k) is monotonic and almost linear,
which indicates the possibility of adjusting the beam hit
on the target.

From Fig. 10 it follows that, for given initial condi-
tions of simulation, the dimensions of the Ssr of the
electron beam on the target wall do not exceed 1 mm for
the selected values of the magnetic field variation pa-
rameter k.

Thus, it is fixed that for the accepted initial particles
and the considered simulation regime, the change in the
configuration of the magnetic field affects only the total
displacement of the electron beam, but does not lead to
a noticeable broadening of the type of the final particle
flux distribution at the target wall along the coordinate
Zy.

When considering the fluxes of particles with a
phase volume of initial magnitudes of increased size, in
particular, with a large spread in pulses, we can expect
an increase in the vertical section Azy at which the hit
condition is realized. The calculations also considered a
variant of the initial conditions with an increased value
of the media-non-quadratic deviation of the beam dur-
ing emission (Arp=3 mm). For it, the effect of an in-
crease in the scatter at the start was manifested only in
the corresponding broadening of the calculated histo-
gram of the impact of particles on the target wall
(Arg=15 mm).

From experimental data and modeling results it fol-
lows that for the selected initial conditions of the parti-
cles and the transport regime, the change in the configu-
ration of the magnetic field affects the total displace-
ment of the electron beam, without leading to a noticea-
ble broadening of the form of the final distribution of
the particle flux on the target wall.
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Fig. 7. Cross sections of the particle beam (left), starting (in the middle)
and finishing (right) histograms of the number of particles on the (x,y)-plane
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Fig. 8. To the left: the distribution of the field amplitude H(z), in which the beam particles experience motion.
Right: the final histograms G(z) of the values of the vertical coordinates z=z, when condition hit (r= ry=33 mm)
on the target wall. The sample size is N = 500. The coefficient of variation of the magnetic field k = 0.8, 1.0,

of the electron beam distribution on the target wall
on the coefficient of variation k of the magnetic field

and 1.2 is indicated

0%
.
= IR -
= . = - .
- . = 13
g : - '
i
5 . [y
0.7 .
- -
10— ' | |
0 0z 1 11 08 02 1 1.
k k

Fig. 10. Dependence of root-mean-square size Ssr
of the electron beam distribution on the target wall
from the coefficient of variation k of the magnetic fie

Fig. 9. Dependence of the average point Zsr
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MPOJOJIBbHO-PAIUAJIBHOE JBMXEHHUE DJIEKTPOHHOI'O ITYUKA
B COJIEHOHUJIAJIBHOM ITOJIE BTOPUYHO-9MUCCUOHHOM MATHETPOHHOM IYIIKHA

A.H. /loeons, HA. Jloeonsa, A.C. Mazmanuweunu, H.I'. Pewuemnsk

IIpencraBneHsl pe3ynbTaThl IKCIEPUMEHTANBHBIX UCCIEAOBAHUN M YHCICHHBIX PACYETOB MO IE€HEpalUU JIEK-
TPOHHOT'O IMyYKa MarHeTPOHHOM MyHIKOW C BTOPUYHO-DMHUCCHOHHBIM KaToJoM. M3ydeHo (opMmMHpOBaHME IydYKa B
OCEBOM U PaJUallbHOM HAIIPABJICHUSX IIPU TPAHCIOPTUPOBKE B MATHUTHOM IIOJIE COJICHOMJA IIPU 3HEpruu 55 k3B.
HccnenoBana 3aBUCUMOCTb UTOTOBOTO BEPTUKAIBHOIO PACHpPEICIICHUs HAa BHYTPEHHEH CTEHKE LIMIMHIPUYECKOH
MuLIeHU U nuinuHape Papajes oT pacupee’eHuss MArHUTHOTO 1101 BAOJb OcU cucTeMsl. IlokazaHo, 4To noiny4eH-
HbIE PE3yJIbTaThl MOJACIUPOBAHUS COMIACYIOTCS C JaHHBIMU dKCIepuMeHTa. IlokazaHO Takke, 4TO MOTOK 3JIEKTPO-
HOB TIONIa/IaeT Ha BEPTUKAJIBHBIN y4acTOK, AJMHA KOTOPOTro He mpeBblmaeT | MM. UHCIeHHO H3y4eHa BO3MOXKHOCTb
PEryJIMpOBKU MeCTa IONAaJaHuA IIydyKa Ha BEPTUKAIBHYIO CTCHKY IIPM BapUaldy aMILIUTYIbl YIPABIAIOLICTO Mar-
HUTHOTO I10JI4.

MMO3/10B)KHbO-PAJIIAJIbHUM PYX EJEKTPOHHOTI'O ITYYKA
B COJIEHOITAJILHOMY I10JII BTOPUHHO-EMICIHHOI MATHETPOHHOI TAPMATH

A.M. J/losous, H.A. /losonsa, O.C. Mazmaniweini, M.I'. Peutemusx

[IpencraBneHo pe3ynbTaTn eKCIEPUMEHTAIBHUX JOCIHIIKEHb 1 YACEIbHUX PO3PAXYHKIB 110 TeHepallii eleKTpoH-
HOT'O ITyYKa MarHeTPOHHOIO rapMaTol0 3 BTOPUHHO-EMICIHHIM KaTo/10M. BuBueHo opMyBaHHs Iyuka B OCbOBOMY i
panianbHOMY HarpsMKaXx IPH TPAaHCIIOPTYBaHHI B MarHiTHOMY IOJIi coyieHoina npu eHeprii 55 keB. Bupueno 3ane-
YKHICTb MiZICYMKOBOTO BEPTHKAJIBHOTO PO3MO/ITY Ha BHYTPILIHIN CTIHII IMIIHAPUYHOT MileHi i muinapi @apanies
BiJI PO3MOJIiIy MarHiTHOTO MOJIsl Y3J0BX oci cuctemu. [lokazaHo, 110 OTpUMaHi pe3ysbTaTh MOEIIOBAHHS Y3ro-
JDKYIOThCS 3 IJaHUMHU eKcriepuMeHTy. [TokazaHo Takox, 10 MOTIK €JIEKTPOHIB MOTPAaIUIsie Ha BEPTUKAIbHY JUISHKY,
JOBXXHHA sIK01 He mepeBuinye 1 MM. HrcenbHO BUBUCHA MOXKIIMBICTD PETYIIIOBAHHS MICIIS MOMAIaHHS ITydKa Ha Bep-
TUKaJbHY CTIHKY IIPH Bapiallii aMILTITYAH KePYOYOr0 MarHITHOTO ITOJIS.
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