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The article studies the focusing features of a short-focus hollow electron beam formed from a wide surface of a cold cathode in high-
voltage glow discharge electron guns using numerical simulation techniques. Such a type of electron beam is widely used today for
producing new kinds of metals with unique properties by melting wire, which moves in a vertical direction through the ring-like beam
focus. After that, the melted metal is crystallized on the horizontally moving substrate, which is located near the focus of the electron
beam below. Such modern technology is considered three-dimensional printing of metal, or additive technologies. The original software
created by the authors in the Python programming language has been used to obtain the corresponding simulation results. Analysis of
the obtained numerical simulation results proved that with a small change in the beam trajectory divergence angle or the radius of the
initial point on the cathode surface, the beam focus position, as a rule, does not change. Therefore, the annular focus of the beam is
usually in a stable position on the longitudinal coordinate, and the thickness of the focal ring is always in the range of several
millimeters. The corresponding theoretical results were compared with experimental data, and the difference between the theoretical
and experimental results is in the range of 10-15% depending on the accelerating voltage and size of the cathode surface. High-voltage
glow discharge electron guns with such parameters, by the thickness of the focal ring, can be successfully used in advanced industrial
additive technologies for three-dimensional printing on metal surfaces by uniform heating along the perimeter of moving wires or rods
with a variable diameter in the range of 0.5 — 10 mm.
Keywords: Additive technologies; Electron beam technologies; Magnetic focusing;, Hollow conical electron beam; Numerical
simulation
PACS: 29.25.Bx, 03.50.De

INTRODUCTION

Electron beam technologies are widely used in different branches of industry, especially in the technologies of additive
production [1 — 16]. The special place in these technologies occupied the High-Voltage Glow Discharge Electron Guns
(HVGDEG), which formed profile electron beams [15, 16]. It caused by such advanced particularities of HVGDEG, as
relative simplicity of engineering construction, [17 — 29], operation with different active and noble technological gases
[28, 29], as well as simplicity of control of Electron Beam (EB) current both aerodynamically by changing operation
pressure in the gun chamber with controlled gas inlet and uninterrupted pumping [29] and electrically by changing the
current of additional low-voltage gas discharge [30, 31]. Another advantage of HVGDEG is the possibility of forming
EB with complex spatial geometry, including hollow conical EB with ring-like focus and ribbon electron EB with line
focus. General approaches for estimating the geometry parameters of such types of HVGDEG are given in the papers [15,
16]. Generally, this possibility is explained by the relatively small current density from the cathode surface; therefore,
enlarging the surface for forming a powerful EB is really necessary [28].

Today EB equipment is widely used in advanced technologies of additive production [1 — 16]. The main distinguishing
features of additive technologies are significant savings in electricity and consumables, high equipment productivity, and,
most importantly, the ability to obtain new ultra-high purity materials with unique properties. Therefore, the main areas
of industry in which additive technologies are used today are the chemical industry, shipbuilding, aircraft manufacturing,
and the space industry. Generally, lasers and EB as technological instruments, are used today in equipment for additive
production. The process of laser heating can be realized in air; therefore, such equipment is usually cheaper [1 — 15]. But,
on the contrary, the advantages of EB equipment are high productivity and high purity of production, as well as unique
physical and chemical properties of obtained materials [15].

Expanded capabilities for designing electron-beam equipment in modern additive technologies, including the use of
High-Voltage Glow Discharge Electron Guns (HVCDEG), which form a hollow conical EB [15, 16]. The main advantage
of using this type of gun in the implementation of additive technologies with wire melting directly near the substrate is
that the hollow conical electron beam uniformly heats the wire along its entire perimeter [15, 16].

It should be pointed out that there are two possible ways to form the hollow conical EB in HVGDEG, namely, using
electrostatic focusing with cathode geometry as part of a sphere [15] and focusing in a short magnetic lens with the plane
cathode geometry [16]. The basic structure scheme of HVGDEG construction with electrostatic focusing with cathode
geometry as part of a sphere is presented in Fig. 1 [16]. The main advantage of this construction is the stable position of
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the electron beam focus, simplicity of the focusing systems, as well as the relatively stable focal current density throughout
the whole time of providing the technological process. But, on the contrary, HVGDEG electrode systems with electrostatic
focusing are difficult to exploit and assemble. Corresponding recommendations on parameters of HVGDEG from the
point of view of the coaxial arrangement of gun parts have been considered in papers [15]. Changing the diameter of EB
focal ring, as well as its thickness, for different wire diameters in such construction, is also impossible without changing
the electrode system.
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Figure 1. Generalized constructive scheme of HVGDEG with spherical cathode for three-dimensional
printing by metal. 1 — moving ware, 2 — high-voltage insulator, 3 — cathode of HVGDEG, 4 — anode of
HVGDEG, 5 — wire feed mechanism, 6 — hollow conical EB, 7 — moving substrate

Therefore, the aim of this paper is estimation of trajectories of hollow conical EB, which is formed from the cathode
with plane geometry by focusing in a short magnetic lens [16]. It is clear that the main advances of this HVGDEG
electrode system are the possibility of changing the diameter of the focal ring of the hollow EB and its thickness [16]. For
providing these researches, the original computer software [32—34], created in the Python programming language [35-37],
has been used.

STATEMENT OF SIMULATION PROBLEM AND MODEL PARAMETERS
The basic structure scheme of HVGDEG construction with plane cathode geometry and magnetic lens for focusing of
hollow EB is presented in Fig. 2 [16].

From the point of view of the fundamental laws of electron optics [38—42], it is well known that only a diverging
electron beam can be focused in the magnetic field of a short-focus lens. Since the cathode surface is flat, the divergence
of electrons in the initial section of the trajectory near the cathode is caused by their dissipation on the atoms of the
residual gas, in accordance with the Rutherford model [39, 41-45]. As for the defocusing of the beam by the intrinsic
space charge of the electrons, under the physical conditions of a high-voltage glow discharge (HVGD), it is absent, since
it is compensated for by the space charge of the positive ions of the residual gas [43—45].
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Figure 2. Generalized constructive scheme of HVGDEG with plane cathode and focusing magnetic lens for three-dimensional printing
by metal. 1 — moving ware, 2 — high-voltage insulator, 3 — cathode of HVGDEG, 4 — anode of HVGDEG, 5 — wire feed mechanism,
6 — hollow EB, 7 — focusing magnetic lens, 8 — moving substrate

Another important property of HVGD electrode systems is the presence of anode plasma (AP) in the near-anode
region. AP always has a clearly defined boundary. Therefore, in numerical modeling problems, it is usually considered
as a source of ions' flow and as an electrode with a fixed potential transparent for the electron beam [28, 31]. The anode
plasma (AP) region in HVGD photographs is always separated from the region of charged particle acceleration in the
electric field, which is usually called the cathode fall region (CFR). Indeed, the AP is always the brighter part of the
HVGD combustion region image [28, 31].
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In general, from a physical point of view, in theoretical estimates, the AP boundary is usually defined as a fraction of
the volume it occupies in the electrode system under consideration. Therefore, the position of the AP boundary always
depends significantly on the accelerating voltage and the type and pressure of the residual gas, as well as on the geometry
of the electrodes, including a spherical or flat cathode and a hollow anode of the HVGD. The geometry of the AP boundary
always changes with a change in the discharge current in accordance with the geometry of the hollow anode surface. With
an increase in the HVGD current and the pressure in the volume where the discharge is ignited, the AP boundary moves
asymptotically toward the cathode surface and, at high discharge currents, becomes geometrically similar to it [21-25].
A correct estimate of the position of the AP boundary in an electrode system with a flat cathode surface and a cylindrical
hollow anode is given in [16].

If the above-described physical conditions of the HVGD combustion in the electrode system presented in Fig. 2 are
taken into account, the input parameters of the statement simulation task are as follows.

1. Acceleration voltage U..

2. Operation pressure p,, and, correspondently, current of EB /5, which is usually defined by the current-voltage
characteristic of HVGD [28].

3. Angle of beam divergence a near the cathode surface.

4. Maximal and minimal value of EB radius 7, ~and 7,  in the region of AP boundary, there zone of free moving of

electrons is started.

5. Start point on transversal coordinate zsar, Which correspond to position of AP boundary.

6. Parameters of magnetic lens, including its current /;,, number of coils N, as well as necessary geometry parameters,
corresponding to considered model for defining magnetic inductivity, which will be described later.

Output parameters of considered simulation task are as follows.

1. Position of focal beam ring F.

2. Radius of focal beam ring R;.

3. Thickness of focal beam ring 7.

Corresponding input and output geometry parameters of the hollow conical EB are clearly explained in Fig. 3.
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Figure 3. Input and output parameters of simulated hollow EB.
C — cathode surface, APB — anode plasma boundary, EBT — EB trajectories

The main problem in this research is the possibility of changing the radius of the focal beam ring R, by changing the
magnetic lens parameters, which has been described before. Dependencies of EB focus position on acceleration voltage
U.c, EB current I, and angle of beam divergence a are also necessary from the point of view of the practical application
of HVGDEG.

Corresponding analytical relations for describing the approach of simulating the trajectories of the electron beam
will be given in the next section of the article. It should be pointed out that the main aim of this research is to calculate
the EB trajectories in the region of free movement in the AP in the magnetic field of a short-focusing lens, after
acceleration of electrons in the electric field of the cathode fall region. The task of simulating electrode systems in the
cathode fall region, including defining AP boundary position, is separate. This task, for the HVGD system with the plane
cathode surface, like presented in Fig. 2, has been considered early in the paper [16].

BASIC MATHEMATICAL RELATIONS
It is well-known from the basic conceptions of electron optics that the inductivity of magnetic lenses in electrode
systems, similar to those presented in Fig. 2, is interpolated with an accuracy range of 1,5 — 3 % by the Galejs model
[39-42]. The corresponding analytical relation for axial magnetic induction B is written via lens electrical and geometry
parameters as follows [39—42]:

1.257-10*I N
— [ 2 _ 2 , (1)

B, 25, \/( zl )2 . (z, + ?)2 \/ (?)2 " (z’ _Szljz
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where [; is the lens current, A, &V, is the number of lens coils, z; is the width of lens, m, S; is the width of nonmagnetic lens
gap, m, and D is the thickness of the region, where winding wire, m. Precision construction of short magnetic lens with
defining the geometry parameters z;, S;, and D; is given in paper [16].

With known axial magnetic inductivity distribution B.o(z), calculated using relation (1), its transversal distribution
at every point on the longitudinal coordinate z in the simulated electrode system, corresponding to Galejs model, simply
recalculated as expansion to Taylor series for B, and B, components as follows [39 —42]:

3 2
B, :‘332'”;_635 +...; BZ:BZ()—%BZ”0+.... (2)

For calculation the EB trajectories in the region of free movement in magnetic field of focusing lens, which induction
is calculated by relations (1, 2), such important physical effects have been taking into account [39 — 45].

1. Owns space charge of beam electrons.

2. Space charge of ions of residual gas, which compensate the self space charge of beam electrons.

3 Magnetic focusing of an electron beam in an ionized gas, or pinch-effect, as relativistic effect in the condition of
space charge of beam electrons compensation. Really, for considered acceleration voltage, smaller than 500 kV, this effect
can be ignored [39 — 42]. Results of computer simulation, given in next part of the article, are confirm this presumption.

4. Influence of the magnetic field of focusing lens and twisting of the electrons’ trajectories in it.

5. Dissipation of beam electrons on the atoms of residual gas corresponding to Rutherford model [44 — 46].

Therefore, corresponding set of algebraic-differential equation is written as follows [39 — 42]:

[M U 1,(1-f-p*
n, =~nr?B,pn, 2t exp{— — J - . c= —b( ) ;
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where U, is acceleration voltage, 7, is beam current, p is residual gas pressure, Rmax is maximal radius of EB, Rmin is its minimal
radius, /., is length of anode aperture, B; is the level of gas ionizing, 7. is concentration of electrons, m. is mass of electron, ¢,

is dielectric constant, fis level of beam space charge compensation by ions of residual gas, 0 _, is minimal scattering angle,

n

0,,. is maximal scattering angle, Z, — charge of nuclear for residual gas atoms, p = v/c is relation of electrons velocity v to

max

light velocity c, , is EB radius, # is concentration of gas atoms, 0 is average angle of electrons dissipation.

Generally, the set of equations (3) is only slightly different from well-known equations for EB with point focus by
taking into account maximal and minimal radius of hollow cylindrical EB [48, 49].

Dependence of EB current on acceleration voltage and residual gas pressure /,(U., p) for HVGDEG is usually
considered as a simple power function [28, 29]:

1, (U, p)=CU"p", 4)

c

where C;, m and k is semiempirical coefficients, which depended on the geometry of electrodes system, operation gas and
cathode material [28, 29]. As it is proven in the theory of HVGD, the values of coefficients m and & are always lead in
the range from 1 to 2.

In elaborated computer software the set of algebraic-differential equations (3), taking into account (1, 2, 4), has been
solved using the fourth-order Runge — Kutta method [47 — 57].

Another approach to finding the trajectories of relativistic EB in the high-frequency electromagnetic fields has been
proposed in papers [58 — 60]. This approach is generally based on statistical analysis of experimental results using
microcomputers, connected with experimental equipment.

PARTICULARITIES OF SIMUALTION TECHNIQUE
For providing computer simulation of EB trajectories, the original computer software EBTIAE (Electorn Beam
Trajectories Interpolation, Approximation and Extrapolation), created directly for analyzing parameters of short-focus
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EB, propagated at low pressure in ionized gas, has been used [43]. This software has been developed using the advanced
means of Python programing language, particularly, paradigms of functional and matrix programming [32 — 34].

It should be pointed out that the main particularity of elaborated computer software is its multifunctionality and
orientation to solving different practical tasks connected with simulation of EB propagation in ionized gas [32 — 34].
Another distinguishing feature of elaborated software is the inclusion of advanced means of graphic user interface for
each scientific and engineering task, which is solved. Therefore, for the convenience of users working with the developed
software, all the various tasks, which can be solved, are located on separate tabs of the corresponding graphic window
[32 — 34]. For example, one of these windows is a window in which an important engineering problem of simulating the
guiding of short-focus EB in the equipotential channel in the field of short magnetic lenses is solved. The corresponding
interface window of elaborated computer software is presented in Fig. 4.
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Figure 4. Interface window of the elaborated computer software EBTIAE, designed for solving the task of short-focus EB
propagation in the equipotential channel in the field of magnetic lens. Screen copy

But it should be pointed out that solving the problem of finding the trajectories of hollow EB, propagated in an
electrode system with a plane cathode, a cylindrical anode, and one focusing magnetic lens, is generally different and
needs a specific approach for defining simulation parameters. Main presumptions in this aspect are connected with basic
conceptions of vacuum science and technology [61, 62] and can be formulated as follows.

1. Inlet and outlet operation pressures are given as close values, which correspond to operation pressure in the
electron gun, but outlet pressure has to be slightly smaller. For example: inlet pressure — 4 Pa, and outlet — 3.999 Pa.

2. Pumping productivity is taken as an extra small value, for example, 0.001 m?/s.

3. Inlet and outlet channel radii are given as close values, which correspond to the maximum value of the EB radius
1, but they are slightly greater. For example: if 7, =10 mm, the inlet channel radius can be taken as 11 mm, and the

outlet, correspondingly, as 12 mm.

It is obvious that with such limitations and assumptions on the parameters of the computer model, the description
of the propagation of a hollow EB in an electrode system with a plane cathode, a cylindrical anode, and a focusing
magnetic lens is completely correct. For the real tasks, the parameters of the virtual channel for EB propagation are
selected so that its length corresponds to the extent of the electrons' drift region along the longitudinal coordinate z, up
to the ring focus of the EB. Thus, the set simulation problem is completely reduced to the previously solved problem
of simulating the process of guiding an EB with a point focus in an equipotential channel. In general, such an approach
simplifies the structure of the developed computer software and its operation. It is generally clear that the expansion
of the range of engineering problems solved in one software complex always leads to significant complications in
computer software.

OBTINED SIMULATION RESULTS
Let’s considering now some simulation tasks, which given basic dependences of position F} and radius R; of focal
beam ring on location of lens z;, lens current /; and number of coils N, as well as acceleration voltage U. and EB current /5.
Task 1. Calculate EB trajectories for parameters of the beam and electromagnetic lens, given in Table 1.
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Obtained graphic dependences for different values of start EB radius 7y are given in Fig. 5.

Table 1. Parameters of EB and electromagnetic lens for Task 1

Type of parameters # Parameter Value
1. | Acceleration voltage, kV 20
2. | Beam current, A 0.5
3. | Operation pressure, Pa 4
4. | Type of gas N2
EB propagation parameters 5. | Pumping productivity, m%/s 1.7-10°3
6. | Start point on z coordinate, m 0.1
7. | Maximal value of EB radius, mm 10
8. | Minimal value of EB radius, mm 7
9. | Angle of EB divergence, degree 12
1. | External radius, mm 60
2. | Thickness, mm 15
. 3. | Gap, mm 10
Parameters of magnetic lens 4. | Position, m 012
5. | Current, A 5
6. | Number of turns 5000

0.010 {5

m

~ 0.005

T T T T T T T T
0100  0.105 0110 0115 0120  0.125 0130 0135
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Figure S. Simulation results, have been obtained for Task 1.
1—7rp0=10mm; 2 —rp0 =9 mm; 3 — rp0 = 8 mm; 4 — rp0 = 7 mm

As it is clear from the obtained simulation results, electron beam trajectories, started from different points by the
transversal coordinate r, are focused by a short magnetic lens in one point with the position of the focal beam ring F =
0.1323 m and the radius of the focal ring R, = 4.63 mm. The thickness of the focal ring for this task is 75 = 2.4 mm.
Generally, simulation results, obtained by solving this task, confirm the basic statement of electron optics, that all
electrons, which started from different points at the same angle, when they have the same velocity, are collected by the
magnetic lens to the single-point region, located at the corresponding distance [38 — 42].

Task 2. Calculate EB trajectories for parameters, given in Table 1, but for angle of EB divergence a. = 8° and minimal
value of EB radius r, =5 mm. Compare obtained results with results, which have been obtained in the Task 1.

The graphic dependencies, have been obtained by solving this task for EB trajectories with different start radii 750,
are given in Fig. 6.

0.010 1=

o 0.005 1

0.000

0100 0105 0110 0115 0120 0125 0130  0.135
z,
Figure 6. Simulation results, have been obtained for Task 2.
1—rpo=10mm; 2 —rp0=9mm; 3 —rpo=8mm; 4 —rpo=7mm; 5 —rpo=6mm; 6 —rpo =5 mm

It is obvious, that for this simulation task EB trajectories also converge at the region of one point with focal
parameters F;= 0.1295 and R, = 2.61 mm. The thickness of the focal beam ring in this case is 7, = 1.8 mm. Generally,
for a smaller value of EB divergence angle a, the position of focus approaches the cathode, and the radius of the focal
ring and its thickness become smaller. These results are also in good agreement with the basic principles of electron optics
[38 —42].

Task 3. Calculate EB trajectories for parameters given in Table 1, but for different angles of EB divergence: o = 12°,
a=10% o= 8° and o. = 6°. Compare the obtained results with the results, which just have been obtained in the Task 1 and
Task 2.

The graphic dependencies, have been obtained by solving this task for different angles of EB divergence a and start
radius rpo are given in Fig. 7.

From the computer-solved of this simulation task, it is clear that with the dispersion of angles of EB divergence, the
position of the focal ring is changed, and its thickness becomes generally greater. Position of focal ring without divergence
of angles corresponds to Task 1, F;, = 0.1323 m, but since from the start point with radial coordinate r, = 10 mm inlet
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few EB trajectories with different divergence angles, which are smaller, that the basic angle a = 12°, the focal beam ring
approaches to the cathode slightly. For this task, the corresponding value is = 0.1284 m. The thickness of the focal ring
is also becoming significantly greater, 7, = 4.4 mm. Therefore, with the dissipation of divergence angles of electrons, the
focal power density of EB is significantly smaller. Generally, this result also fully corresponded to basic principles of
electron optics and had to be taken into account in the construction of electron guns for industrial applications [38, 42].
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- 0.005 D
6 R
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Figure 7. Simulation results, have been obtained for Task 3.
1—rpo=10mm, 0=12%2 —rpo=8mm, a=12% 3 —rpo =6 mm, o= 12% 4 —rp0= 10 mm, a.= 10% 5 — 0= 10 mm, 0. = 8°; 6 —
750 =5 mm, o = 8°

Task 4. Calculate EB trajectories for parameters given in Table 1, but for the position of the magnetic lens,
z=0.13 mm and the minimal value of EB radius 7, =5 mm. Provide a simulation also for another gap of the magnetic

lens, G; =5 mm. Compare the obtained results with the results, which have been obtained in Task 1.
The graphic dependences, have been obtained by solving this task are given in Fig. 8.
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Figure 8. Simulation results, have been obtained for Task 4.
1—rpo=10mm; 2 —rp0 =8 mm; 3 — rp0 = 6 mm; 4 — rp0 = 5 mm

As shown in Fig. 8, when the magnetic lens is moved further away from the cathode, the ring focus of the electron
beam also shifts to a greater distance. In this case, F;, = 0.1418 m. On the contrary, the radius of the focal ring is generally
similar: Ry = 4.65 mm and 7 = 2.53 mm. It is also interesting that for G; = 5 mm the simulation results are similar, with
no significant difference from those that are given in Fig. 8.

Task 5. Calculate EB trajectories for the same EB and lens parameters, as in Task 4, but for different currents of the
magnetic lens: /;=4 A and ;=6 A.

The graphic dependencies, have been obtained by solving this task, are given in Fig. 9.
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£ 0.010 -
£
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Figure 9. Simulation results, have been obtained for Task 5.
a—-[=4Ab-1L=6A.1—-rpo=10mm; 2 —rpo=8 mm; 3 —rp0 = 6 mm; 4 — rp0 = 5 mm

It is clear from the obtained dependencies that in the case of reducing the current of the magnetic lens, the ring focus
of the hollow conical EB is located further from the cathode. If in Task 4, in the case of [;=5 A, the value of F;,= 0.1418 m,
for [; =4 A, this value is greater, F;, = 0.1482 m. And in this case, the radius of the focal beam ring is also greater, the
corresponding value is R, = 5.1 mm. On the contrary, as it is clear from Fig. 9, b, in the case of increasing the current of
the magnetic lens, the ring focus of EB approaches the cathode, and the radius of the focal ring becomes smaller. For
example, in case I; = 4 A corresponding EB parameters are F;, = 0.138 m and R, = 2.4 mm. Therefore, changing of
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magnetic lens current is a very suitable way to adjust the parameters of forming EB to the requirements of the
technological process, for example, to the wire diameter in technologies of three-dimensional printing by metal [1 — 16].
Task 6. Calculate EB trajectories for the same EB and lens parameters, as in Task 1, but for different number of
turns in magnetic lens: N; = 4000 and N; = 6000.
The graphic dependences, have been obtained by solving this task are given in Fig. 10.
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Figure 10. Simulation results, have been obtained for Task 6.
a—N;=4000,b— N;=6000.1—rp0=10mm; 2 —rp0=9 mm; 3 —rs0 =8 mm; 4 — rp0 = 7 mm; 5 — rp0=7 mm

It is clear from the obtained dependencies, presented in Fig. 5 and Fig. 10, that in the case of reducing the number
of turns of the magnetic lens, the ring focus of the hollow conical EB is also located further from the cathode, and the
radius of the focal beam ring becomes greater. On the contrary, in the case of increasing the number of turns, the ring
focus was located nearer to the cathode, and the radius of the focal beam ring became smaller. But the thickness of the
focal ring with changing the number of turns of the magnetic lens is generally similar. Corresponding values for this
example have been obtained as results of a computer simulation, are presented in Table 2.

Table 2. Focal parameters of EB for simulation Task 6

Ni Fp, m Rp, mm Tp», mm
4000 0.1375 5.0 2.44
5000 0.1323 4.63 2.4
6000 0.1283 2.5 2.42

It should also be pointed out that increasing the number of turns in the magnetic lens gives the same influence to the
focus position and focal beam ring as increasing the lens current. This fact is simply explained by relation (1), because
the product of the quantities /;NV; appears directly in the numerator of this formula. Really, this rule is very important from
a practical point of view and will be considered carefully in the next section of the article.

Task 7. Calculate EB trajectories for the simulation task parameters, given in Table 1, but for different values of
acceleration voltage: U. = 15 kV and U, = 25 kV.

The graphic dependencies, have been obtained by solving this task, are given in Fig. 11.
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Figure 11. Simulation results, have been obtained for Task 7.
1—rmo=10mm, Uc=15kV;2 —rpo=8 mm, Uc=15kV; 3 —rpo=6 mm, U =15kV;4 —rpo=5 mm, Uc=15kV; 5 —rpo =10
mm, Ue=25kV; 6 —rpo=8mm, Uc=25kV; 7 —rpo=6 mm, U- =25 kV; 8 —rpo =5 mm, U= 25 kV

It is clear from the obtained simulation results that with increasing acceleration voltage, the focal beam ring is located
further from the cathode and its radius becomes greater. Values of these EB parameters, obtained as a result of solving
this simulation task, are presented in Table 3.

Table 3. Focal parameters of EB for simulation Task 7

Ue, kKV Fp, m Rp, mm T», mm
15 0.1311 3.95 2.8
20 0.1323 4.63 24
25 0.1398 5.21 1.9
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Task 8. Calculate EB trajectories for the simulation task parameters, given in Table 1, but for different values of EB
current: /5 =0.3 A and 7, = 0.7 A.
The graphic dependencies, have been obtained by solving this task are given in Fig. 12.
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Figure 12. Simulation results, have been obtained for Task 8.
1 —rpo=10mm; 2 —rpo=8 mm; 3 — rp0 =7 mm; 4 — rpo = 6 mm

It is generally clear that dependencies for EB trajectories, presented in Fig. 12 and obtained for the case 7, = 0.3 A,
are in particularity the same as dependencies for the case 7, = 0.5 A, given in Fig. 5. Therefore, focal parameters of EB
are also the same. For the value of EB current 7, = 0.7 A, the graphs of EB trajectories also do not practically differ from
the graphs already presented in Fig. 5 and Fig. 12. Therefore, EB focal parameters generally don’t depend on the current
of EB. From the theoretical point of view, this fact can be simply explained by the compensation of the owner space
charge of electrons by the positive ions of ionized gas [39 — 42].

The same simulation results have been obtained with changing operation pressure from 4 Pa to 7 Pa, generally, EB
trajectories aren't deferred, and focal parameters were the same as in Task 1.

Experimental focal parameters of hollow EB, have been obtained with the values of its input parameters and
parameters of magnetic lens, given in Table 1, but for different acceleration voltage and number of turns of magnetic lens,
are presented in Table 4.

Table 4. Measurement focal parameters of hollow EB for different acceleration voltage

Ue, KV N Fp, m Rp, mm T, mm
15 5000 0.129 3.42 2.67
20 4000 0.1384 4.83 2.12
20 5000 0.1337 4.48 2.08
20 6000 0.1256 2.37 2.31
25 5000 0.1419 5.18 1.57

Overall, it is clear that the obtained simulation results presented in Tables 2 and 3 and the experimental data on the
focal EP parameters presented in Table 4 are in excellent agreement. The difference between them does not exceed 15%.
Therefore, the developed software can be effectively used by design engineers for preliminary evaluation of the focal
parameters of a hollow EP focused by a magnetic lens. Corresponding practical recommendations will be given in the
next subsection of the article.

ANALIZING OF OBATINED SIMULATION RESULTS AND PRACTICAL RECOMMENDATIONS

Generally, the provided scientific studies have shown that the developed computer software, based on the
mathematical approach and physical assumptions described in the previous subsections, yields accurate calculations of
the hollow EP focal parameters, which correlate well with the obtained experimental data. Therefore, it is strongly
recommended to use this software in the simulation and computer-aided design of an improved HVGDEG for future
industrial applications.

On the basis of the provided simulation and obtained theoretical results, some important practical recommendations
in the aspect of designing novel HVGDEG constructions with the plane cathode and magnetic EB focusing have been
formulated. Generally, the most significant physical effects that characterize dependencies between input and output EB
parameters are as follows. Generally, the provided scientific studies have shown that the developed computer software,
based on the mathematical approach and physical assumptions described in the previous subsections, yields accurate
calculations of the hollow EP focal parameters, which correlate well with the obtained experimental data. Therefore, it is
strongly recommended to use this software in the simulation and computer-aided design of an improved HVGDEG for
future industrial applications.

1. In accordance with the law of electron optics, beam electrons that have the same speed and initial divergence
angles, but start in the region of free motion with different transverse coordinates o, are focused after passing through a
short magnetic lens at one point.

2. As the divergence angle of the electron beam increases, its ring focus moves further from the cathode surface, and
the radius of the focal ring in this case becomes greater.

3. With a large spread of the initial angles of entry of the beam electrons into the drift region in the magnetic lens,
the thickness of the focal ring increases significantly, which leads to a significant decrease in the electron beam current
density on the workpiece. In general, at small entry angles, the focus of the electron beam is located closer to the cathode
surface, and at large entry angles, it is further away. On the one hand, a large spread of the entry angles of the beam
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electrons at the entrance to the drift region in the AP, caused by their collisions with residual gas atoms, is a characteristic
feature of the operation of HBGD electron sources. Therefore, electrons with different entry angles are scattered after
passing through the magnetic lens. However, if the electron beam current density at the focus of the ring is sufficient to
perform a specific technological operation, magnetic focusing offers significant advantages in terms of the ability to
control the focal parameters of the beam, including the focus position, the radius of the focal ring, and its thickness. The
corresponding theoretical foundations for estimating the thickness of the focal ring EB are considered in [16].

4. When the magnetic lens is moved to a greater distance from the cathode, the ring focus of the electron beam is
also located further away. The thickness of the focal ring in this case is generally similar.

5. In the case of reducing the current of the magnetic lens, the ring focus of the hollow conical EB is located further
from the cathode, and its radius becomes greater. On the contrary, in the case of increasing current of the magnetic lens
ring, the focus of EB is approached to the cathode, and the radius of the focal ring becomes smaller. But the thickness of
the focal ring in this case is also generally similar.

6. Generally, increasing the number of turns in the magnetic lens gives the same influence on the focus position and
the radius of the focal beam ring as increasing the lens current.

7. In the case of reducing the number of turns of the magnetic lens, the ring focus of the hollow conical EB is located
further from the cathode, and its radius becomes greater. On the contrary, in the case of an increasing number of turns of
the magnetic lens, the ring focus of EB approaches the cathode, and the radius of the focal ring becomes smaller. The
thickness of the focal ring in this case is generally similar.

8. In case of changing the magnetic lens gap, the focus position and focal ring radius are generally unchanged.

9. In the case of increasing acceleration voltage, the ring focus of the EB is located further away from the cathode,
and the radius of the focal ring becomes larger. Among the dependencies that have been obtained and studied, this is the
most clearly expressed. When the accelerating voltage changes by 5%, the position of the beam focus and its focal
diameter always change within 15 - 20%. Therefore, the correct selection and stabilization of the accelerating voltage
using the appropriate design tools for high-voltage technology is a primary necessary condition for the stable operation
of electron-beam technological equipment with magnetic focusing of the EP [16]. In general, this fact is quite simply
explained by the basic laws of electron optics, since, as is known, the focusing power of a magnetic lens is very strongly
dependent on the velocity of electrons, which is directly related, namely, to the accelerating voltage [39 — 42].

10. When the EB current and the HVGD operating pressure change, the focal position and focal ring radius generally
remain unchanged. This effect is explained primarily by the fact that the beam electrons move under conditions of space
charge compensation by residual gas ions. Generally, the EB current and the operating pressure under VTR ignition
conditions are related by relation (4).

Consequently, in accordance with the rules of physical laws, which are described above, general recommendations
regarding the engineering development of the EB equipment with HVGDEG, which uses a short magnetic focusing lens
for forming EB, have been formulated as follows.

1. The basic condition of updating HVGDEG with magnetic focusing to meet certain requirements of the
technological process is defining the correct acceleration voltage. The values of beam current and operation pressure are
defined after that by the necessary current density for melting the moving wire. Corresponding analytical relations are
given in the paper [29].

2. Changing the position of the magnetic lens relative to the cathode allows, when designing electron-beam
equipment, positioning the focus of the electron beam at a given distance in the chamber of the item treatment in
accordance with the requirements of the technological process.

3. The correct choice of the EB focus position and the radius of its focal ring can be done in two ways: by changing
the current of the focusing magnetic lens or by changing the number of its turns. When designing an electron beam
installation, the best method is to increase the number of lens turns rather than to increase its current, since in this case
the lens heats up less and its heating has less effect on the parameters of the technological process. On the other hand, the
method of changing the lens current is easier to implement and can be implemented when reconfiguring technological
equipment for another type of product, as well as directly during the realization of the technological process.

4. The installation can be easily reconfigured to heat a wire of a different diameter by changing the magnetic lens
current, which allows the use of HVGDEG with magnetic focusing of the EB in small-scale production while maintaining
the high quality of the products obtained. This technology is extremely cheap and very effective, since it does not require
highly qualified service personnel to disassemble the electron gun to reconfigure the equipment for a new technological
operation.

5. Automatic control of the focus position of the EB during the technological process can be easily accomplished by
changing the current of the magnetic lens on the small values.

In general, the obtained simulation results showed that the flat-cathode HVGDEG with magnetic focusing of the
EB, as a technological tool, has a number of advantages over guns with a spherical cathode and electrostatic focusing in
the technologies of three-dimensional printing by metal. They, like guns with electrostatic focusing, form a hollow
converging EB with a ring focus and provide uniform heating of the wire along the perimeter, but are much easier to
operate. In addition, an important technological advantage of guns with magnetic focusing of the EB is the ability to
adjust the radius of the focal ring by changing the current of the magnetic lens. In general, the theoretical studies have
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shown that this type of HVGDEG can be successfully used for melting wires or rods with various diameters, from 0.5 to
10 mm. Further development and application of such advanced technologies is very promising for the development of the
transport industry and mechanical engineering and the chemical, aviation, and space industries, in particular, for the
production and reconstruction of blades of aircraft and marine engines.

CONCLUSIONS

Provided numerical computer experiments and scientific research directed to the study of focusing EB trajectories
with different parameters in short magnetic lenses, showing that in the physical conditions of HVGD, it is possible to
form a hollow EB with ring focus. Therefore, uniform heating of treated wire or rods is guaranteed. Since, in comparison
with experimental results, the accuracy of the simulation is very high, in the range of 5 — 15%, the elaborated computer
software with corresponding assumptions for creating the simulation tasks can be successfully used on the preliminary
steps of HVGDEG engineering designing for certain industrial technologies' three-dimensional printing by metal.

Based on the obtained theoretical and experimental results, important physical laws and rules have also been
formulated, which can be further effectively used for the design of electron-beam technological equipment using the
developed software.

Generally, the provided research has shown that by using HVGDEG with a plane cathode and a short magnetic lens,
the formation of hollow EB with a radius of the focal ring range of 1 — 5 mm. Using EB with such parameters for melting
wire or rods with a diameter from 0.5 to 10 mm is really possible.

A significant technological advantage of using magnetic focusing for electronic lasers is the ability to easily change
the focus position and focal ring radius by adjusting the magnetic lens current. This allows for easy reconfiguration of the
process equipment for new product types, as well as automatic control of the focus position during the process. The
developed software can also be effectively used to select the optimal magnetic lens current.

In general, the conducted studies have shown that the development and wide implementation in industry of the
HVGDEG with a flat cathode and magnetic focusing of the electron beam will significantly contribute to the further
development and improvement of modern electron-beam technologies of three-dimensional printing on metal. Today, the
engineers and experts working in the fields of production of transport vehicles, mechanical engineering, chemical
industry, shipbuilding, aircraft construction, and space industry are most interested in the use and further improvement
and development of such advanced technologies.

Overall, the conducted research has shown that the development and widespread industrial adoption of a flat-cathode
HTEG with magnetic focusing of the electron beam will significantly contribute to the further development and
improvement of modern electron-beam 3D printing technologies on metal. Currently, engineers and specialists working
in the vehicle manufacturing, mechanical engineering, chemical industry, shipbuilding, aircraft manufacturing, and space
industries are showing the greatest interest in the use and further improvement of such promising technologies.
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MOJEJIOBAHHS ®OKYCYBAHHSA NOPOKHUCTOI'O EJIEKTPOHHOI'O TYYKA CUMETPUYHOIO
MAT'HITHOIO JIIH3010 JJISI TIPOMUCJIOBOI'O 3BACTOCYBAHHS B AIMTUBHUX TEXHOJIOI'TSAX
Irop B. Meabnuk!, Cepriii B. Tyraii!, Muxaiiio ¥0. Ckpunka', Mukoaa C. Cypxuxos!, Onexcanap M. Kopaaenko',
Omutpo B. Kopanbuyk?
! Hayionanonuti mexuiunuii ynicepcumem Yipainu «Kuiscoxuii nonimexuiunuti incmunmym imeni Izops Cikopcoko2oy
’[Ipusamne axyionepne mosapucmeo «HBO «Uepsona Xeuns»

VY crarTi, 3 BHKOPUCTaHHSIM METOJIB YHCEIHFHOTO MOJEITIOBAHHS, TOCITIPKEHO OCOOIMBOCTI (POKYCYBaHHS KOPOTKO(OKYCHOTO
MOPO’KHUCTOTO IIyYKa €JEeKTPOHIB, C(HOPMOBAHOTO 3 INUPOKOi MOBEPXHI XOJIOJHOTO KaTroja B EIEKTPOHHUX rapMmarax
BHCOKOBOJIBTHOTO TJIIOYOrO po3psay. Jlisi OTpUMaHHS BIANOBIAHUX pE3yJbTaTiB MOJICIIOBAHHS BUKOPHUCTAHO OpHUTiHAJbHE
nporpamMHe 3a0e3e4eHHs, CTBOPEHE aBTOPaMM Ha MOBI mporpamyBaHHs Python. AHani3 OTpUMaHHX pe3yJbTaTiB YHMCEIBHOTO
MOJICITIOBaHHS ITOKa3aB, 10 y Pa3i HEeBEIUKOI 3MiHH KyTa po30iXKHOCTI TpaeKTopii my4yka abo pajiyca Mmo4aTkoBOi TOUKH Ha MOBEPXHi
KaTo/1a MOJIOXKeHHsI POKyCy MydKa, sIK MPaBHIIO, He 3MIHIOEThCS. TOMy KinblieBHi (OKYC MydKa 3a3BUUaii 3aiiMae CTIHKe MONOKESHHS
10 TO3IO0BXHIM KOOPAWHATi, a TOBHIMHA (DOKAIFHOTO KINBIS 3aBXKIU 3HAXOAUTHCS B MEXax KUIBKOX MiTiMeTpiB. BimmomimHi
TEOPETHYHI PE3yJIbTATH MOPIBHIOBAIUCA 3 EKCHEPUMCHTAJIBHUMHM, Ta PI3HULISA MDK TEOPETHMYHMMH Ta EKCHIEPUMEHTaIbHUMHU
pe3yJIbTaTaMy 3HaXOAUTHCS B Mexax 10-15% 3aexHo Bix IPHCKOPIOBAIBHOI HAIIPYTH Ta PO3Mipy NOBEpXHi KaTozxa. BrucokoBonbTHI
€JIEKTPOHHI TapMaTé TIIIOYOTO PO3psAy 3 TaKMMHU IapaMeTpaMd 3a TOBIIMHOIO (DOKAIBHOTO KITbLS MOXYTh OYTH YCHIIIHO
BUKOPUCTaHI B IPOIPECUBHUX HPOMHCIOBUX AJUTHBHHUX TEXHOJIOTISX TPUBHMIPHOTO NPYKY Ha METAJIEBUX ITOBEPXHAX LIIIXOM
PIBHOMIPHOTO HAarpiBaHHsI 3a IEPUMETPOM PYXOMOTI'0 APOTY abo CTPHIKHIB pi3HOro AiameTpa, B gianazoH 0,5 — 10 Mm.

KuarouoBi ciioBa: Aoumusni mexnonoeii; Enexmpouno-npomenesi mexnonocii, Maenimne ¢gpoxycyeanns, Iloposcnucmuii KOnycHul
eeKmpoHHULl ny4ok, Yucnose Mooeno8anHs



