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MODELING OF OSCILLATORY AND ROTARY TRAJECTORIES
OF ELECTRONS IN GRADIENT MAGNETIC FIELD MAGNETRON GUN
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The motion of electrons in cylindrical magnetic field with variable strength along the axis is considered. The
formation of a beam with energy of 55 keV in the longitudinal direction during its transport in solenoidal magnetic
field with large gradient has been studied. The bifurcation regimes of the dynamics of particles during their move-
ment along the transport axis both forward to the target and back to the cathode region are considered. The operating
modes of the gun are obtained, in which the particle experiences the "bottleneck" effect and returns to the cathode
region. It is shown that for given electron energy and fixed magnetic field, the parameter that determines the reflec-
tion of the particle is the polar angle of entry with respect to the axis of the cylindrical magnetic field. The results of
numerical simulation on the motion of the electron flow are presented.
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| FORMULATION OF THE PROBLEM

Magnetron guns with cold secondary-emission cath-
odes are promising for their use in the creation of pow-
erful microwave devices, in accelerator technology due
to the high current density, constructive simplicity, sta-
bility of cathode emission, etc. [1]. As an object of re-
search, the magnetron gun has the advantage that it can
be modified for carrying out experiments of various
types [2]. The use of intense magnetic fields with an
increased gradient of their intensity makes it possible to
consider new phenomena in the spatial picture of the
evolution of electron beams. Despite the complexity of
the analytical study [3], to obtain quantitative depend-
encies, it is quite possible to use computational methods
and compare numerical results with experimental data.
The object of this work is the study of the parameters of
the electron beam during its transportation in the intense
gradient magnetic field of the solenoid and the construc-
tion of a computational model of the motion of the elec-
tron flow in the region of the field growth. The aim of
the study was to create a mathematical model of the
motion of an electron beam with an energy of tens of
keV in a gradient magnetic field, to study the formation
of the trajectories of the beam electrons from the initial
conditions and the distribution of the magnetic field
along the axis of the system.

Earlier, in the course of numerical experiments [4],
the effect of the reverse motion of electrons in a gradi-
ent magnetic field of magnetron gun was discovered. In
this work, on the basis of the Hamiltonian formalism of
the motion of electrons in a magnetic field, a software
tool was synthesized [5], which makes it possible to
numerically simulate the dynamics of tubular electron
flows in decreasing magnetic field of the solenoid. The
results of numerical modeling on the motion of the elec-
tron flow are presented. The obtained simulation results
show that it is possible to experimentally establish the
phenomenon of reverse motion.

MATHEMATICAL MODEL

To construct mathematical model of the solution, we
will use the axial symmetry of the problem. In the polar

coordinate system (r, Z, 3), we use the Hamiltonian of
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an electron in the magnetic field in a cylindrical coordi-
nate system [6]
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and the equations of motion following from it for coor-
dinates and momenta have the general form
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Here, €,, m are the charge and rest mass of the elec-
tron, p,, P,, Py are the canonical impulses, A is the

magnetic potential. Taking into account the azimuthal
symmetry, we will now write it in the form
A(r,z) = Brf (z), where f(z) is the function of the longitu-
dinal coordinate, which we will dispose of below, B is the
magnetic field strength at the point under consideration.

In the reduced system (2) of 6 equations, we pass,
using the speed of light C, from the current time t to
the variable S =ct (it is proportional to the path that the
particle has traveled along the trajectory), the derivative
along it will be denoted by a prime. For canonical im-
pulses, we will replace p, =e,Bqg,, P, =¢€,Bq,,
p, =e,Bq,. After transformations, we arrive at the sys-
tem of equations

r'= uaq,,
z' = puq,,
9 = ula, /1> - £(2)) (3)

q. = ur(a, /12— £(2)Na, /1% + £(2)),
q. = ur?(q, /r? — £(2))df (2)/ dz,

qs =0.
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In equations (3) x =e,B/mc. We choose the ampli-
tude B so that it is possible to use the function Bf (z)

over the entire range of possible values z. Equations (3)
must be supplemented with the initial conditions 1, Z,,

Jy and also 5, G,9, Qg From the computational

point of view, the problem can be formulated as the prob-
lem of finding a solution to a system of ordinary differen-
tial equations with fixed initial conditions on a given in-
terval. The formulated Cauchy problem can be solved,
provided that it is possible at each step of integration of
equations (3) to use functions f(z) and df (z)/dz as ana-

Iytical functions. This made it possible to obtain solutions
of system (2) in the form of 6-dimensional arrays describ-
ing trajectories.

MAGNETIC FIELD

In [6], the operation of a magnetron gun was previ-
ously described. An essential factor influencing its op-
eration is the form of the used solenoidal magnetic field
(Figs. 1 and 2), which has cylindrical symmetry. This
makes it possible to use the system of equations (3) for
analysis and numerical modeling.
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Fig. 1. Scheme of beam movement, A — anode;
C — cathode; PM — permanent magnet; FC — target
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Fig. 2. Experimental data of the magnetic field H

A software tool based on an analytical model of the
magnetic field distribution along the axis of an ideal
solenoid has been developed. This made it possible,
based on the data on the transportation axis (see Fig. 2),
to reconstruct the magnetic field amplitude f(z) and its

derivative df (z)/dz as analytical functions of the lon-

gitudinal coordinate z (Fig. 3).
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Fig. 3. Approximation of the derivative dH/dz
magnetic field
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NUMERICAL SIMULATION

In Figs. 4 and 5 show the results of modeling the tra-
jectories of electrons with energy E =55keV in a gra-
dient magnetic field, performed under the initial condi-
tion of Z, =0mm for two different polar angles of

entry ro’ into the transportation system. The following
were chosen as the initial conditions: I, =21 mm,
&, =0°, 120° and 240°. Further
1 |2E '

’ —— -, q
qz 0 P \/ EO 4
(E,=511 keV is electron rest energy).

The calculation results in Figs. 4 and 5 are given for
the cases of Iy =-0.001 and Iy =-0.010 radians (the

"minus" sign means that the particle at the start flies in,
approaching along the radius to the axis of the system).
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Fig. 4. Evolution of trajectories of 4 electrons.
Parameters: z5=0 m; ro=21 mm; fy =-0.001
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Fig. 5. Evolution of trajectories of 4 electrons.
Parameters: z,=0 m, r,=21 mm, ro’ =-0.010

It can be seen that at I, =-0.010 in the trajectories,

oscillations become more pronounced in the plane per-
pendicular to the z axis. In addition, the particles are
reflected in the gradient region of the magnetic field.

In Fig. 6 shows examples of electron trajectories for
three selected entry angles ro’ . It can be seen that an in-

crease (in absolute value) in the entry angle leads to a
significant rearrangement of the trajectory type. It is a
helical line, the axis of which is one of the field lines,
and the radius p is p = pcry/e,H [3], where p is
the momentum of the particle. Perturbations of the trajec-
tory take place in the region of the large field gradient,

which is due to the large radius I, at the start.
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A series of trajectory dependencies is shown in
Figs. 7-9. In Fig. 7 shows an example of electron trajec-
tories for an entry angle of 0.0. They show the start point
with a rectangle, and the finish point with a triangle. It
can be seen that, in this case, the particle moves mainly
in a straight line. Trajectory disturbances take place in
the region of a large field gradient.

In Fig. 8 for those cases of the entry angle, the de-
pendences of the current longitudinal coordinate z on the
path S traveled by the electron along its trajectory are
shown. It can be seen that starting from Iy =-0.01 the
trajectory deviates from an almost straight line, and at
ro’ =-0.02 a reversal already takes place, followed by
movement back to the cathode region.

Phase maps of (z, r) trajectories are shown in Fig. 9.
In the case of Iy =-0.02, it can be seen that the longitu-
dinal step of the transverse oscillations decreases on the

trajectory as it approaches the gradient region of the
magnetic field. Further, the particle vibrates at the limit-

ing return point, at which the derivative dz/dS of the lon-
gitudinal coordinate z vanishes. Then the electron, expe-
riencing, as before, transverse vibrations, moves back.
This motion of electrons can be compared with an optical
model of the passage of light rays in a medium with the
gradient refractive index depending on the radius. Figs. 8
and 9, it follows that there are gun operation modes in
which the particle experiences the "bottleneck™ effect [3]
and completes its movement by returning to the cathode
region.

Further, the particle vibrates at the limiting return
point. In it, the derivative dz/dS of the longitudinal coor-
dinate z vanishes. Then the electron, continuing to expe-
rience, as before, transverse vibrations, moves backward.

The given trajectories of electrons can be compared
with the model of the transmission of light rays in the
medium with the gradient refractive index depending on
the radius.
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Fig. 6. The trajectory of an electron in a gradient magnetic field (the axis Z of the system is directed upward)
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Fig. 7. Trajectory of an electron in a gradient magnetic field. Parameters: ;=0 m, r;=21 mm, ry =0.0. On the left is the
trajectory of the particle; in the middle — the dependence of z on the distance traveled S; on the right — phase map (z, r)
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Fig. 8. Dependence of the z coordinate on the path traveled by the electron S (the square indicates the start)
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Fig. 9. Phase map (z, r) (start is indicated by a square)
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MOJIEJIUPOBAHUE KOJIEBATEJAbHBIX 1 IOBOPOTHBIX TPAEKTOPHUI JIEKTPOHOB
B I'PAJMEHTHOM MATHUTHOM IOJE MATHETPOHHOM ITYIIKHU
A.C. Masmanuweunu, H.I'. Pewiemnax

PaccmoTpeHO ABIKEHHME 3JIEKTPOHOB B LIMIMHAPUYECKOM MAarHUTHOM I0JIE C NEPEMEHHON HaIpsKEHHOCTBHIO
BIOJIb ocu. V3yueHo hopmMupoBaHue Mydka ¢ SHeprueil 55 k3B B npo01bHOM HanpaBiIeHUH IPH €ro TPAHCIIOPTH-
POBKE B COJICHOM/IQJILHOM MarHUTHOM I10j€ C OOJIBIIUM TpagueHToM. PaccMoTpeHsl OnypKannOHHBIE PERUMBI
JMHAMMKH YacTHIl TIPH MX JBIKCHUH BJIOJIb OCH TPAHCIIOPTUPOBKH Kak BIEpel Ha MHIIEHb, TaK U Ha3aJ B IpHUKa-
TOJHYIO 00sacTh. [TosrydeHbl peKUMbI paOOTHI IYIIKH, TPA KOTOPBIX YacTUIA UCHBITHIBAET 3 dekT "OyThUI0OuHOTO
TOPJIBIIIKA" ¥ BO3BpAIIAeTCs B MPUKATONHYIO0 007acTh. [Toka3aHo, 4TO MpH 3aJaHHON YHEPTUH HIIEKTPOHA U (PHUKCH-
POBAaHHOM MarHUTHOM IIOJI€ MAapaMEeTPOM, ONPENEISIONINM OTPaKCHNE YaCTHIbI, ABISETCS MOJISPHBIA yrojl BieTa
OTHOCHTENIBHO OCH IWIMHAPUIECKOTO MATHUTHOTO MoJIs. [IpuBOAsTCS pe3yapTaThl YHCICHHOTO MOACTHPOBAHUS IO
JIBIDKEHUIO 3JISKTPOHHOTO MOTOKA.

MOJEJIIOBAHHS KOJIMBAJIBHUX I TIOBOPOTHUX TPAEKTOPIN EJEKTPOHIB
Y I'PAJJIEHTHOMY MATHITHOMY IOJII MATHETPOHHOI TAPMATH
O.C. Masmaniweini, M.I'. Pewuemnax

Po3risiHyTO pyX €JIeKTpOHIB y LMITHIPUYHOMY MarHiTHOMY HOJI 31 3MIHHOIO Halpy>KeHICTIO B3/IOBXK oci. Bu-
BUeHO (HOpMyBaHHS MydKa 3 CHepricro 55 keB y Mo3MoBKHHOMY HAIPSIMKY MPH WOTO TPAHCIIOPTYBaHHI B COJICHOI-
JIaTbHOMY MarHiTHOMY TIOJIi 3 BEJIMKHM TpaaieHToM. Po3rimsiHyTo OidypKariiiHi peXuMu TUHAMIKHA 9acTOK MPH 1X
pyci B3IOBX OCi TPaHCIIOPTYBaHHS K BIIEpe] Ha MillleHb, TAaK 1 HAa3ax y MPHUKATOAHY 001acTb. OTpUMaHO PEKUMHU
poOOTH rapMatH, IpH SKUX YacTKa BigUyBae ePeKT "TUISIIKOBOrO ropiya" i MOBEPTAETHCSA B MPUKATOIHY O0JIACTS.
ITokazano, mo mpu 3a7afiil eHeprii exekTpoHa i PikCOBAHOMY MarHiTHOMY ITOJIi ITapaMeTpoOM, IO BU3HAYAE BifO-
OpaXeHHsI YaCTKH, € TIOJAPHUNA KYT BJIHOTY BiJTHOCHO OCi IIMJIIHAPWYHOTO MarHiTHOTO moJisi. HaBodsIThCs pe3yabTa-
TH YHCEJIBHOTO MOJICJIIOBAHHS 32 PYXOM €JIEKTPOHHOT'O MOTOKY.
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