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The software tool has been developed for computing the electron beam formation by means of the secondary-
emission cathode magnetron gun in the electron energy range between 30 and 65 keV at beam transport in a de-
creasing magnetic field of the solenoid. Numerical simulation data on the tubular electron flow motion and visuali-
zation are presented. The beam current was investigated versus the amplitude and gradient of the field decrease, and
also, versus the initial beam particle distribution in the phase space. It has been found that for the given simulation
conditions, the magnetic field reconfiguration has an effect only on the total displacement of the electron beam,
without causing a noticeable change in the shape of the final flow distribution along the longitudinal coordinate.
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INTRODUCTION

At present, there is a strong trend in many countries
towards developing and introducing commercially the
beam methods of materials processing by energy fluxes.
In this direction, modification of metal/alloy surface
characteristics, radiation-chemical modification of pol-
ymer materials can be identified as tasks of high im-
portance [1, 2]. For example, when treated with an elec-
tron beam, some types of steel used in automobile in-
dustry have shown a 2- to 5-fold increase in microhard-
ness, and accordingly, in service life. The electron beam
treatment of electric-generator gas turbine blades in-
creased their operation life by more than two times [3].
To accomplish the mentioned tasks, a wide use is made
of the accelerators generating intense electron beams of
energies 100 to 400 keV [4].

The NSC KIPT team has created the electron accel-
erator [5] based on the magnetron gun with a metal cold
secondary-emission cathode. The operation of these
guns relies on secondary-emission multiplication of
electrons, electron cloud formation and electron beam
generation in crossed electric and magnetic fields.

The present paper reports the results from studies in-
to the influence of the initial state of the electron beam
generated by the secondary-emission cathode magne-
tron gun (SECMG) on the final beam distribution. The-
oretical and experimental data are presented on the radi-
al electron beam formation by the SECMG during the
beam transport in the decreasing magnetic field of the
solenoid, and also, the mathematical model of the elec-
tron beam motion in this field is constructed. The feasi-
bility of inner cylindrical surface irradiation has been
investigated. When considering particle flows with the
oversized phase volume of the initial quantities, in par-
ticular, with large vertical and radial dimensions Az,

Ary, and at a wide pulse straggling, p,, and p,,, it

was demonstrated that one may expect a corresponding
increase in the vertical ring area Az, , within which the

condition of beam falling on the prescribed radius is
fulfilled. Note that the physical object under considera-
tion differs in that it provides the possibility to compare
the data obtained during the observations with the data
found in the process of mathematical modeling.
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EXPERIMENTAL SETUP

The paper is concerned with the formation of a radi-
al electron beam by the SECMG, and the measurements
of beam parameters during its transport in the decreas-
ing magnetic field of the solenoid. The experiments
were performed at the setup described in [5].

For energizing the magnetron gun, a pulse generator
was used, which provided voltage pulses with a spike of
~100 kV, pulse flat-part amplitude ~70 kV, pulse length
~20 ps. The electron source is located in the vacuum
volume. For electron beam production, a magnetron
gun, with the @78 mm anode and the @36 mm cathode,
was used. The magnetic field for the electron beam gen-
eration and transport is created by the solenoid consist-
ing of 4 coils, which are energized by dc sources. By
varying the current in each of the coils, it was possible
to change the amplitude and longitudinal distribution of
the magnetic field along the axis of the magnetron gun
and the beam transport channel. This provided different
modes of electron beam formation.

The beam transport was realized in the system con-
sisting of 14 copper rings with an inner diameter of
~66 mm, located at ~85 mm from the magnetron gun
edge. The rings, 8 mm in width, were spaced at intervals
of 1.5 mm. The system is located in the magnetic field
created by the solenoid. Besides, to provide a local
change in the rate of the solenoidal field decrease, a
scattered magnetic field created by SmCos annular
magnets was used. The magnets were placed along the
axis of the system, behind the 14" ring.

Fig. 1 shows the beam transport channel used in the
studies.
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Fig. 1. Beam transport diagram:
A —anode; C - cathode; FC — Faraday cup;
PM — permanent magnets
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Fig. 2 illustrates three magnetic field amplitude dis-
tributions: Ho, H. and H.. Here Hy is the magnetic field
of the main solenoid, H.. is the combined field of both
the solenoid and the magnet (field directions are the
same), H. is the combined field of the main solenoid
and the additional magnet (the fields are oppositely di-

rected). In this case we have H, + H_=2H,.
0.15 T T T

01

-
o 005

0

| | |
El'DSU 2 025 03 035
Z,m
Fig. 2. Magnetic field distribution along the beam
transport channel: 1 — combined field H_;
2 —main solenoid field Hy; 3 — combined field H..

The major field differences take place at the periph-
ery of the vertical transport channel.

DATA PREPARATION FOR MODELING

In the process of computational modeling, it is nec-
essary to prepare the arrays of the quantities, which are
in essence statistically distributed. Among these quanti-
ties, we mention above all the particle energy E and the
initial radius of the particles, ro.

The sample of random particle energy values, {E,},
is determined as a set of numerical solutions to the
equation

EV‘I
jo fo(e)de=u, n=1..N, (1)
where E,, is the successive particle energy value, f_(g) is

the density of particle energy distribution, U is the suc-

cessive realization of the standard generator of random
values uniformly distributed within the interval (0; 1).
Fig. 3 shows the experimental data N, and the result

P(¢) of their interpolation used as an analog of the
density f_(¢).
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Fig. 3. Electron energy distribution: experimental data
N, (small squares) and the spline interpolation data
P(e) (line)

Fig. 4 shows the obtained sample of N = 1000 parti-
cles in volume.

Fig. 5 shows the corresponding histogram G(g) of
the generated random values employed further in mod-
eling.
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Fig. 5. Electron energy distribution: histogram G(&)
of the generated random values
On emission, the particles escape from the ring hav-
ing the inner radius r, and the outer radius r,. Assuming
the emitted particle density on the ring surface to be
constant, and using the Cartesian variables x and y, we
write down the density ., (x,y) in terms of the Car-

tesian coordinates as
1
o (X, y) = [2”(rb2 - raz)]> : )
In polar coordinates, after azimuth integration, this
density is written in the form:

1
f(r) =22 -r2)" 3)
Fig. 6 shows the distribution density f(r,)) at I, =
0.018 mand I, =0.022 m.
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Fig. 6. Initial radial distribution of particles: radial
distribution density f (r,)
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Therefore, the sample of random values of initial
particle radius, {rq}, is determined as a set of numerical
solutions of the equation

[ f(rp)dr =w,, n=1..
to give

fon = 12 +w, (2 12 f* n=1..N. @

a

N, @

where rg, is the succeeding initial radius value of the
particle, wy, is the succeeding realization of the genera-
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tor of random values uniformly distributed within the
interval (0; 1).

Fig. 7 shows the obtained sample of volume N=1000
particles.
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Fig. 7. Initial radial r, distribution of particles:
N=1000 sample
Fig. 8 shows the corresponding histogram G(r,) of
the random values further used in modeling.
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Fig. 8. Initial radial distribution G(r,) of particles:
generated sample histogram

THE MATHEMATICAL MODEL

The mathematical model of the problem under dis-
cussion can be considered in terms of the Hamiltonian,
which has the following form in the cylindrical coordi-

nate system (r, z, $):
2
(%—eOA(r,z)j G

2 2

prep:, 1
2m 2m

where e,, m are, respectively, the charge and rest mass

of the electron; p,, p,, p, are the canonical momenta;

A is the magnetic potential.
Taking account of the azimuthally symmetry, the

latter can be written for now as A(r,z) = Brf(z),
where f(z) is the longitudinal coordinate function,

which will be dealt with below; B is the magnetic field
strength at the selected point. The magnetic field func-
tion A(r,z) can be defined relying on both the theoretical
assumptions and empirical observations. In numerical
calculations, in the process of algorithm single-stepping,
each time it is necessary to preset the function A(r,z)
value on the current coordinate z, and also, to determine
the value of its derivative 0A(r,z)/oz.

In the general case, the statement of initial condi-
tions along with the Hamiltonian, which includes the
magnetic potential A(r,z), appears to be sufficient for
solving the direct problem of single-particle trajectory
tracing, and so, for solving the direct problem of elec-
tron beam dynamics. On the other hand, by purposefully
adjusting the magnetic field distribution (see Fig. 2) and

H =
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the set of initial conditions, it turns out possible to con-
trol the parameters of the resultant beam.
For the canonical momenta p,, p,, we write down:

p, =mF, p,=mz, p,=mr29, where the point over
the variables denotes differentiation with respect to the
current time. Let us use the Hamiltonian form of the
motion equations for the coordinates and electron mo-
ment a that have the general form. This gives

r = pr /m’
2 = pz/m'
g = i(& —e,Brf (z)j,
mri r
p, = i(&—eoBrf (Z)J[p—§‘+eoBf (Z)} 0
mir r
. 1(p, 0
b= H(Bemenr i)
Py = 0.

As a result, in set (7) we have the equations for both
the coordinates and the canonical momenta. In this set,
we choose as constant amplitude of B a certain magnetic
field value on the solenoid axis. Note that in the set of
equations (7) there are the variables, the values of which
differ by many orders of magnitude. To put these deci-
mal exponents in equilibrium, we turn, making use of
the light speed c, from the current time t to the variable
s=ct. This variable may be interpreted as the path
travelled by the particle, and the derivative with respect
to s will be denoted by a prime mark. Besides, the ca-
nonical momenta p,, p,, p, are replaced by

P, =€Bad,, p, =€Baq,, p;=¢€Baq;.

Equations (7) must be complemented with the initial
conditions for ry, z,, 9,, and also for g,,, 0,5, Jgo-
In each of the lines of set (7), one can separate the Lar-
mor factor pu=e,B/mc, and also, the function f(z) of
the longitudinal coordinate, and accordingly, the func-
tion Bf(z) that describes the magnetic field strength
along the z -axis. It is convenient that the amplitude B
should be chosen one time only in such a way that the
function Bf (z) might be used within the whole interval
of possible z values. Based on the experimental data
(Fig. 2), and using the three-point approximation, we
have constructed the functions f(z) and of (z)/0z , which
describe the magnetic field on the solenoid axis.

When elaborating the computational algorithm, it is
essential to provide, on the one hand, its unconditional
convergence, and, on the other hand, the rapidity of its
time realization. That will permit modeling for a rather
large number of particles, N (about 1000).

The numerical solution algorithm stability is con-
nected with the space integration step As and the Lar-
mor parameter | Under the condition pAs<<1, the
convergence of computational solution of set (7) to its
analytical analog can be expected. Since
e,/mc=586.69, then at B=02T we obtain

g,B/mc=117.34m ™. Then the condition pAs<<1
will be fulfilled provided that As << 0.0001 m.
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Now, from the computational viewpoint, the prob-
lem for one particle can be defined as the Cauchy prob-
lem, i.e., the problem of finding the solution for the set
of ordinary differential equations with prescribed initial
conditions. As a result, we obtain the electron trajectory,
which meets six initial requirements.

On requiring the fulfillment of the prescribed condi-
tion (e.g., reaching a certain Ry value by the radial
component r), it appears possible, by holding fixed the
values of other components of the electron trajectory, to
form the resulting beam and investigate its properties.

EXPERIMENTAL AND SIMULATED
RESULTS

Fig. 9 shows the magnetic field distributions in the
peripheral region and the respective trajectories of parti-
cles. In their representative capacity, we have chosen 10
particles, which at the start were uniformly distributed
in azimuth . It can be seen that the electron beam as a

whole experiences rotation in the azimuth 9.
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Fig. 9. Magnetic field distribution B in the peripheral region of the beam transport channel for different field
directions of the permanent magnet H_, Hy and H.. (curves above), and the respective particle trajectories (bottom
figures, where the z-axis is vertical)
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Fig. 10. Computed histograms G(z) of vertical z values of electrons after they reach the threshold radius Ry,

(upper figures); current distributions on the measuring lamellae and the Faraday cup (lower figures);
the corresponding fields H_, Ho and H.. are indicated
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Fig. 11. Particle trajectory cros,s-sections for two
different radii of the semi-ring; a— I, =19 mm;

b - 1, =22 mm (red points are starting,
blue points are finishing)

We now fix the moment, when the radial component
reaches the value Ry=33 mm. As each electron reaches
this level, we form the file of longitudinal coordinates
Zy at the moment and using it as a basis, construct the
histogram of the distribution G(Z).

Fig. 10 shows the computed histograms G(Z) of ver-
tical Z values of the electrons after they reach the
threshold radius Ry (upper figures). The histograms
were computed for three magnetic field cases corre-
sponding to the curves shown in Fig. 2. The field se-
quence order in the figures (H.., Ho, H.) has been cho-
sen so that the field amplitudes in the peripheral region
should increase. The corresponding current distributions
on the measuring lamellae are indicated in each of the
lower figures. From Fig. 10 it can be seen that at the
chosen H. field variant, 70% of current falls on the 14"
ring of width 8 mm, which is in the vicinity of the max-
imum gradient of the field decrease. It is also evident
that at the chosen H. field variant, the beam particles,
which pass along the axis of the channel, mainly fall
axially on the collector.

This figure suggests the conclusion that each of the
particles in its motion to the peripheral region is dis-
placed radially. This tendency can be seen in Fig. 11
showing trajectories for particles, which are uniformly
distributed at the start within the interval (0, 7). The
particles are emitted from the cathode ring having the
inner radius r, =18 mm and the outer radius r, (two
variants for comparison).

We now introduce the field parameter n in such a
way that the next current amplitude of the magnetic

field is equal to H () = H, +7(H, —H,)-
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Fig. 12. Mid-beam on the target versus magnetic field
distribution
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Fig. 12 shows the computed coordinates of the beam
center of mass Z__ on the inner cylindrical surface

aver
versus the parameter 7, i.e., versus the magnetic field
variation in the peripheral region.

CONCLUSIONS

We have presented the results of experimental stud-
ies and simulation data on the radial electron beam for-
mation and steering by the magnetron gun with a sec-
ondary-emission cathode in the electron energy range
from 30 to 65 keV; and also, the measured data on the
parameters of the beam during its transport in the total
decreasing magnetic field of the solenoid and the field
of the steering permanent magnet. Results of computa-
tional modeling for the motion of a tubular electron
flow have been given. It has been shown that the current
value and its distribution along the length of the rings
are dependent on the amplitude of the magnetic field
distribution along the axis of the system and the gradi-
ent of the magnetic field decrease. It has been found that
at the given initial conditions for the beam particles and
the longitudinal magnetic field distributions along the
gun axis and the transport channel, the beam flow
comes to the vertical ring area, about 1 cm in length.
The given simulated results are in agreement with the
experimental data for the H_, H, and H. field cases.
Thus, the experiments and computational modeling have
demonstrated the possibility of beam positioning on the
vertical wall by varying the magnetic field amplitude.
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YUCJEHHOE MOJAEJIMPOBAHUE TPAHCIIOPTUPOBKHU CUJIBHOTOYHOI'O 9JIEKTPOHHOI'O
IIYYKA, ®POPMAPYEMOI'O MATHETPOHHOM ITYIIKOW C BTOPUYHO-SMUCCHAOHHBbIM
KATOJIOM, B CHAJAIOINEM MAT'HUTHOM HOJIE COJIEHOUJA

A.H. Jloeons, H.A. loeonsa, A.C. Mazmanuweunu, H.I'. Pewsemnax, U.A. Yepmuuyes

Pazpaborano nporpaMMHOE CpencTBO I pacdera (GOpPMHUPOBAHMS AIIEKTPOHHOTO ITyYKa MarHETPOHHOH ITyI-
KO C BTOPUYHO-IMHUCCUOHHBIM KAaTOJOM B JUANa3oHe dHepruil »1ekTpoHoB 30...65 k3B npu TpaHcnopTUpoOBKE B
CHajarouieM MarHUTHOM Ioje coileHouaa. IIpuBeneHs! pe3ybTaThl YUCIEHHOTO MOAEIUPOBAHUS 110 JBIXKEHUIO U
BH3yaJIM3allK TPYOUaTOro 3JIEKTPOHHOTO MTOTOKA. V3ydeHa 3aBUCHMOCTh TOKa ITydKa OT aMIUIMTYAbl U I'pajJiieHTa
craja 1o, a TaK)Ke Ha4aJIbHOTO paclpeAesIeHHs YacTHI Iy4ka B (hazoBoM mpoctpaHcTse. [Tokazano, 4o aist pac-
CMOTPEHHBIX YCJIOBHM MOJEIHPOBAHMS M3MEHEHHE KOH(PHTIYpali MarHWTHOTO IOJsI BIHMSET TOJBKO Ha obInee
CMeEILEHHE ITy4Ka 3JIEKTPOHOB, HO HE MPUBOJUT K 3aMETHOMY U3MEHEHHUIO BHJIa UTONOBOrO pacnpeeneHus IOTOKa
0 MPOAOJIBHOW KOOpIUHATE.

YUCEJBbBHE MOJAEJIOBAHHA TPAHCIIOPTYBAHHA NOTY KHOCTPYMOBOI'O
EJJEKTPOHHOI'O ITYYKA, IO ®OPMYETHCS MA'HETPOHHOIO TAPMATOIO 3 BTOPHHHO-
EMICIMHAM KATO/OM, Y CHAJJAIOUOMY MATHITHOMY IOJII COJIEHOIIA

A.M. HJoeonsa, H.A. /loeona, O.C. Mazmaniweini, M.I. Pewemnsx, I.0. Yepmiwies

Po3pobneno nmporpaMHumii 3aci6 Ayt po3paxyHKy GOpPMYBaHHS €JIEKTPOHHOTO IyYKa MarHETPOHHOIO rapMaToro 3
BTOPUHHO-EMIiCIHHIM KaTOJIOM y Aiama3oHi eHepriii enekrpoHiB 30...65 keB npu TpaHcopTyBaHHI B CIagal0uoMy
MarHiTHOMY TIOJi cojleHoina. HaBemeHO pe3ynbTaTH YMCENBHOTO0 MOJCTIOBAHHS PyXy 1 Bi3dyamizarii TpyO4acToro
€JIEKTPOHHOT'O MOTOKY. BHBUEHO 3aJIeXHICTh CTpYMY ITydKa BiJl aMIUIITY/M 1 TpaJiieHTa Cray HoJisl, a TAKOX IoYaT-
KOBOT'O PO3IOJIUTY YaCTHHOK ITydKa B (ha3oBoMy Ipoctopi. [lokazaHo, mo i po3rIITHYTHX YMOB MOJIEIIOBAHHS
3MiHa KOH(]Irypallii MarHiTHOTO IOJIsl BIUTMBAE TUIBKU Ha 3arajbHUN 3CYB ITydKa €JIEKTPOHIB, ONHAK HE IPU3BOANTH
JI0 TIOMITHOT 3MiH{ BTy MiJICYMKOBOT'O PO3ITO/IUTY OTOKY MO TIOB3OBXHII KOOpAMHATI.
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