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FROM LOWER TO HIGHER VACUUM
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Based on the solution of a system of algebraic-differential equations for the boundary trajectory of an electron
beam, the physical process of transporting short-focus electron beams in an ionized gas has been researched. Theo-
retical analysis is mainly focused on defining of the focal parameters of short-focus electron beams generated by
high-voltage glow discharge electron guns. The obtained theoretical results are in good agreement with experimental
data. The corresponding computer software for implementing algorithms for modeling the transportation of short-
focus electron beams in ionized gas was developed using the Python program language.

PACS: 61.80.Fe, 61.82.Bg, 81.40.Wx

INTRODUCTION

Electron beam technologies are widely used in dif-
ferent branches of industry. Today, the use of technolog-
ical electron beams extends from nanoelectronics and
fine mechanics to mashing-building and metallurgy. It is
caused by the high power and power density of electron
beams (EB), the high efficiency of electron sources, and
by the simplicity of the control of energetic and geome-
try parameters of electron flows in electric and magnetic
fields [1 - 5].

Today, high-voltage glow discharge electron guns
(HVGDEG) are widely used for providing technological
operation in low and soft vacuums in the medium of
active or noble gases [6 - 8]. The main advantages of
HVGDEG are as follows [6 - 8]: relative simplicity of
construction, wide range of operation pressure, stable
operation at low and soft vacuum in the medium of
different gases, and simplicity of beam power control by
changing operation pressure in the discharge region [9].
For the engineering designing of such digital program-
ming control systems, the theory of the Finite State
Machine (FSM) can be successfully applied [10]. An-
other advantage of HVGDEG is the ability to form
electronic beams with complex geometry from an en-
larged cathode surface, including beams with linear and
ring focusing [11].

In the present state of development, the main ad-
vantages of using HVGDEG for microelectronic pro-
duction and the energetic industry are as follows.

1. Production of reliable insulation contacts for elec-
tric vehicles on the base of oxide ceramic films [12, 13].

2. Deposition of thermal-barrier coatings on turbine
blades, as well as on heated parts of heat engine struc-
tures. Such advanced electron-beam technologies are also
very effective today for providing novel solutions in the
energy, automotive, aircraft, and space industries [12, 13].

3. Deposition of high-quality insulation ceramic
films in microelectronic and nanoelectronics production,
including, for example, the making of high-quality ca-
pacitors. Production by such advanced electron-beam
technology of transmission and receiver devices for
advanced microwave communication equipment is also
possible [14].
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4. Precision welding of capsules and of thin contacts
in microelectronic devices, including cryogenic ones [8,
15, 16].

5. Refining of silicon as basic material for
nanoelectronics production [17].

Therefore, corresponded computer software, has
been elaborated for simulation the physical process of
propagation of short-focus EB in the guiding channel in
the medium of ionized gas is described in this paper.

In proposed model influence of magnetic field of fo-
cusing lenses, the space charge of electrons and ions, as
well as dissipation of EB electrons on the ions of ion-
ized gas are taking into account. Particularities of com-
puter software, developed for analyzing EB propagation
in the guiding channel, are also described. Obtained
simulation results are compared with corresponding
experimental data.

SUBJECT OF INVESTIGATIONS

Corresponding to general conceptions of high-
voltage glow discharge (HVGD) physics, the operation
pressure of HYGDEG should be maintained in the range
of a few pascals [6 - 8]. On the contrary, much of the
technological processes of EB technologies, such as the
deposition of chemically complex coatings in the medi-
um of active gases [12, 13], single-crystals growth [17],
vacuum metals’ refining, etc., are realized in a smaller
operation pressure range of 10™...10° Pa. Taking into
account this fact, HVGDEG and the technological
chamber have to be decoupled by pressure. The neces-
sary difference in pressure is provided by the well-
known classic method, namely, by joint pumping of an
electron gun and a technological chamber with a separa-
tion gun and chamber regions by a guiding channel with
a small cross-section [1 - 5]. Therefore, for the design of
industrial EB equipment using HYGDEG an important
scientific task is the complex research of guiding short-
focus EB from the region of lower vacuum to higher in
the equipotential channel.

In such circumstances, creating mathematical mod-
els for the process of guiding short-focused EB in the
equipotential channel, which take into account the mag-
netic field of focusing lenses and the influence of resid-
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ual gas, is the main aim of the researches, described in
this paper. Another distinguishing feature of this model
is that it takes into account the dissipation of thermal
electrons’ velocities. Since electrons pass through
HVGD anode plasma and, after interactions with ions
and dissipation, their velocity spread is range of few
electronvolts [6, 7], initial thermal velocities greatly
influence the geometry and energetic parameters of
guiding EB. The obtained simulation results are com-
pared with existing experimental data.

BASIC CALCULATION RELATIONSHIPS
AND ASSUMPTIONS

Generally, the basic conceptions of forming such a
complex model of electron-beam propagation are as
follows:

1) basic principles of the optics of charged particles
[1-5];

2) basic physical principles of discharge lighting and
maintaining [18 - 20];

3) basic  physical
nique [21, 22].

On the basis of the obtained simulation results, the
conclusions about the characterized changing of EB
geometry and its current in dependence on drift distance
are drawn. Obtained simulation results are very im-
portant for designers of EB technological equipment.

Proposed early mathematical models for vacuum
processes in the guiding pipe with rotated surface geom-
etry characterized by such parameters as input radius Ry
and output radius R.

Generally, non-linear pipes, whose geometry is de-
scribed by the equation:

r(z)=A(z+z,)"  a<, )
with coefficients 4 and z,, calculated through R; and R,,
have been considered. But the main conclusion of this
study was that a slight reduction in beam current losses
compared to channels of cylindrical and conical geome-
try does not provide the advantage of using nonlinear
channels in electron beam technological equipment,
taking into account the hardness of manufacturing of a
channel with nonlinear shape. Therefore, only the prac-
tically used cylindrical guide system with an input dia-
phragm will be analyzed further in this article. A sche-
matic diagram of a cylindrical channel for directing an
electron beam with a diaphragm and one magnetic lens
at the entrance to the channel is shown in Fig. 1.

Difference of pressure in electron gun and technolog-
ical chamber has been provided by continuous pumping
of chamber with controlled gas inlet into electron gun.
Corresponded design of control system is presented in
the paper [9].

principles of vacuum tech-

-~ I —
R, P -
Diaphragm R, l
—H Magnetic Lense

Fig. 1. The design diagram of a cylindrical channel
for guiding an electron beam
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The mathematical model of gas flow in the guiding
channel in the general case is based on the well-known
main equations of the vacuum technique and the Knud-
sen equation [23, 24]. For the molecular regime of gas
flow resistance and conductivity of a cylindrical channel
with the input diaphragm of a small cross-section, calcu-
lated as follows [21, 22]:

2 2
Pe :Ungchl P Woy = i _Ijlz + s 7 Uy :i, (2
+S, 116zR?R?  968R; w,,
where pq is pressure in the guns’ chamber, p. is pressure
in the technological chamber, W, is the vacuum re-
sistance of guiding channel, U, its’ conductivity, |, is
length of channel, S, is productivity of vacuum pump-
ing

eyl

For relatively high pressure in the discharge cham-
ber of an electron gun, the intermediate gas flow regime
in the guiding channel is usually fixed. In this case, for
the calculation channel conductivity, the use of a correc-
tion coefficient J is necessary, which define as follows
[21, 22]:

| L+ 20(R4+R)D+ 2653((R, +R,)p)’
- 1+236(R +R,)

were U, and U;, are the channel conductivity for mo-
lecular regime and intermediate regimes correspondent-

ly, and p is average gas pressure in channel. Values of

pressure, obtained from equations (2, 3), are used later
for calculation of ions’ concentration in the residual gas.
Further, for calculation of the axial magnetic field of
short focusing lenses, an approximation was applied,
which gave suitable precision when holding true the
corresponding inequality [2 - 5]:
05<D,/S <2, 4
with wideness of honmagnetic lens gap S, and thickness
of winding wire region D,. The corresponding geometric
parameters of a symmetric magnetic lens are given in
Fig. 2 [2 - 5]. In this case, the axial magnetic field B, of a
short focusing lens with ferromagnetic casing with high
accuracy is defined by the following relation [2 - 5]:

; Uim = ‘]Um' (3)

1,257-107*I,N,

e
L+ z+2
3 2

2]+(»-5] |

with lens current |;, number of lens coils N; and wide-
ness of lens z,.

Z

Fig. 2. Geometric parameters of magnetic lens
construction
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With the known axial magnetic field distribution
B,o(2), calculated by using relations (4) and (5), the field
distribution at every point of the guiding channel is ob-
tained as a Taylor series expansion for B, and B, compo-

nents as follows [2 - 5]:
2

3
)
B =3B+ LB B =B -L B (0

Calculations of the boundary EB trajectory in the
guiding channel were realized in the following way.
Compensation and overcompensation of beam space
charge by the gas ions, pinch effect, and Rutherford
scattering of electrons on the residual gas atoms are
considered as physical effects that define the interaction
of EB with residual gas in the guiding channel [2 - 5].

The average angle of accelerated electrons’ dissipa-
tion, caused by their interaction with residual gas atoms,
for the Rutherford scattering model is defined as follows
[2-57]:

) 1 7424/3 Za/z
tan(em'”jz 0 = ;tan[emasz = (7)
2 2vP 2 2vB
_ 2,72
ez:8nrb4n§azln 0. ’
B Y emin
where 0, is minimal scattering angle, 0, is maxi-

mal scattering angle, Z, — charge of nuclear for residual
gas atoms, B=v/c is relation of electron velocity v to
light velocity c, r, is EB radius, n is concentration of gas

atoms, 0 is average angle of electrons dissipation.

During simulation guiding of EB in the equipotential
channel changes of slope angle for boundary beam tra-
jectory, caused by scattering effect, namely, the average
angle 6=0, :%, calculated by using relations (7), is
substituted in the equation of beam trajectory.

Influence of ions’ focusing on the trajectory of beam
electrons is strongly dependent on pressure and defined
by ions concentration in the medium of residual gas nj,
which is generally defined by the set of algebra-
differential equations as follows [2 - 5, 7]:

Mg, n, U
n,= m’an’ 0 ex < |,
i0 '\/—b |p e meUC p[ Sonersz

2
f = n, 'C:Ib(lif?ﬂ ).dzrb:E ethZZO_ (8)

n,—n, . ,@Uf/z dz> r, 8mU,
me

2
0=9" g7 0,
dz

where B; is the level of ionizing, p is gas pressure, ne is
concentration of electrons, m, is mass of electron, ¢, is

dielectric constant, U, is acceleration voltage, f is level
of beam space charge compensation by ions of residual
gas, Iy, is beam current.

It is well-known that the spread of electrons' velocity
in EB, formed by HVGDEG, is caused by its interaction
with HVGD anode plasma [7]. According to early pub-
lished results, after passing through anode plasma value
of electron velocity spread is few electronvolts [19, 20].
For such velocity dissipation dependence of beam cur-
rent density on radial coordinate r described by Gauss
distribution law [2 - 5, 7]:
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2
i(r)=1, exp[—%j: ©9)
By
where j(r) is function of current density distribution, jo
is axial current density, B, iS parameter of distribution
function, characterized the dissipation of electrons ve-
locities. In such assumption losses of beam current on
the walls of guiding channel are calculated by using
following equation [2 - 5, 7]:

i, = nf? J{p{_[f;ﬁ”_p{_[;”} . (10)

and EB current on the number of current iteration n is
simply calculated iteratively by z coordinate with taking
into account its reducing, defined by equation (10):
1P =10 —dl). (11)
With known spread of thermal electrons, the velocity
parameter By, is defined as follow. Firstly, for each part of
the guiding channel, the equivalence time of electron flying
is calculated by using the integral equation [2 - 5]:

2
rtfr
Ate:_bj'(itj dt,
rstts[ rb

where rg is coordinate of EB boundary trajectory on
entry of guiding channel at the start time ty, 1, is calcu-
lated radius of EB at current time t.

Therefore, parameter of gauss distribution By, which
characterized the spread of electrons velocities, is de-
fined from simple equation:

B, = AL, f2kTe .
me

Taking into account that for the physical conditions
of HVGD maintaining kT, = 4 eV [10], one can simply
find coefficient Py, for current iteration by z coordinate
during numerical integration of the differential equation
of the boundary EB trajectory (8) with taking into ac-
count relations (7). In this calculation process, axial
beam current density is defined as [2 - 5]:

. I,

Particularities of realizing iterative numerical calcu-
lations by the relations (2 - 14) in the elaborated com-
puter software, created in Python program language [23
- 25], will be considered in the next section of this arti-
cle. Some other approaches for the simulation of EB
propagation in ionized gas, based on using statistical
treatment of experimental results, have been proposed
and considered in the papers [26, 27].

PARTICULARITIES OF ELABORATED
COMPUTER SOFTWARE

Computer software for simulation of EB propagation
in the guiding channel has been realized as a part of
developed in the recent time software package, intended
for the simulation, interpolation and approximation of
the boundary trajectory of the short-focus EB during its
propagation in ionized gas [28].

Main particularities of elaborated computer software
as follows:

1. All mathematical algorithms have been realized in
the level of program code using advanced approaches of
functional [23 - 25] and matrix programming [29, 30].
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2. For solving sophisticated simulation task and for
visualization of obtained results advanced libraries of
Python interpreter, such as numpy, tkinter and
matplotlib have been used [23 - 25].

3. Advanced visualization graphs for scientific ap-
plications have been provided in elaborated software
using the separate means of the matplotlib library [23 -
25]. These graphical objects were located among the
traditional elements of user interface, such as text labels
and textboxes, created with applying standard libraries
of module tkinter [23 - 25].

4. To combine elements of the standard user inter-
face and advanced scientific graphics, which are located
in different libraries of the Python interpreter, in one
software package, special system tools of the Windows
10 operating system were used, such as virtual varia-
bles, virtual environment, virtual memory, and virtual
disk [23 - 25].

5. For simplicity of using elaborated software solv-
ing of all independent simulation tasks has been realized
in the separate bookmarks. Using such approach, the
exchange of data between individual tasks was imple-
mented through the apparatus of global variables at the
declarative level [28].

Corresponding bookmark for solving the task of
Beam Propagation in Guiding Channel (BPGC) is pre-
sented at Fig. 3. The interface for the task of finding
distributing of inductivity of the field of magnetic lenses
corresponding to relations (4 - 6) is located on the sepa-
rate bookmark. During simulation process changing
position of lenses in the purpose of finding the mini-
mum losses of EB current by the reason of seating the
electrons on the wall of channel is possible. The number
of lenses in elaborated computer software can be
changed in range from 1 to 3, but, on practical point of
view, using two lenses is usually enough.

EB parameters Operation Pressure, Pa Line Parameters
Ue Iy Inlet Outlet Type [—] | 2
Foo 0, Pumping productivity Inner Radius .
>, External Radius
Type of Gas Channel Radius, mm g
H, o He,O || N, © 0O, o Inlet Outlet . Channel Length
Lens 2 Position |
. . Lens 1 |
Magnetic Lens Parameters Calculation Parameters Position !
Inlet
) I || foa ] [o2 J[1o0000 | | et e =
Outlet I_ —-‘r —————— -}——————
Radius ! |
Add Lens Graphs s
Magnetic Magnetic
rb(z) Lens 1 Lens 2
Calculate Clear
In(2)
S File Name
ave ]
B(2) Examplel.tiff

Fig. 3. Graphic interface window for simulation process of EB propagation in the guiding channel

Magnetic Lens Parameters

Import from BPGC Task

Method of Approx- Graphs
imation P Add Lens Calcutate
By Glaser (0) B12(2)
Resulting MF
By Galejs @ Bres(2)
File Name
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Fig. 4. Graphic interface window for simulation distribution of magnetic field of focusing lenses
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Corresponding graphic interface window for visuali- 17 Number of 102 2-10° 4-10°, 4-10°,
zation the result of calculation of magnetic fields distri- Turns 410° 410°
bution for two focusing lenses is presented at Fig. 4. Calculation Task Parameters

As it is clear from Fig. 3, the number of parameters Start Point z
of the simulation task of beam propagation in the guid- 18 | Coordinate 102...05 0.1 0.1
ing channel is enormous; really, it is nearly 30. Any of Zgtar, MM
these parameters can be changed for visualization of the Last Point z
dependences of EB boundary trajectories and beam 19 | Coordinate Zoan+ by 0.2124 0.2002
current losses on the graphs, located in the lower part of Zend, MM
the WinQOW. o ' Number of

All input and output parameters of this simulation 20 | Points on z 103107 3-10° 310°
task, which are in the interface window, are classified Coordinate N
by the physical contents corresponding to the Table 1. Length of 0.1124,

Restrictions imposed on the value of each input parame- | 21 | cpapnel, 1, i 90%% | o210 | 01002
ter are also given in this table. Output Parameters of Evacuation System
Table 1 0.1426
Generalized classification of input and output parame- _ 0.2124, 0_1431’
ters for formulations and solutions of simulation task oo | FoCus Posi- 3 02122, | (1434
of beam propagation in guiding channel, corresponding tion, m 0.2100, | 1’1429
to Fig. 3 02088 | 1443
Parameter | Restrictions | Task 1 | Task 2 EB Output Parameters
EB Input Parameters 1.1379 0.3706,
Acceleration 18, 20, . ' "1 0.3071,
1 Voltage, KV 10...40 2225 15 93 EB Radius, >0 1.5957, 0.2503.
Beam Cur- mm 19533, | 51782
2 rent. A 0.1...20 5 7 1.0707 0‘ 1214'
Start Beam 16151.1,
3 | Radius, ry, 10°...50 5 8 Current 22248?1;1 23498.1,
mm 24 Densgy, - 657.222 35338.4,
Start Angle of 8.10. 12 KA/m 138248 69649.4,
4 | Beam Con- | 10?..30 10 P ' 149835
vergence, deg 15,18 2564.91
Inlet opera- 220472, | 551638
. - Power Den- 12451.2, Do
5 ggn pressure, | 0.5...15 3 8 25 sity, MW/m? - 13783.2. 323?12
28928.6 .
Outlet opera- , 2922.27
6 | tion pressure 10”...1 0.6 0.4 55.0104,
: 16.8053,
Eimping pro 26 (Sztdrrr;gla;ry 17.1041, gééggi
o ) 4 a 18.0437, ' ’
7 ductivity, m*/s 50...10 300 150 Loses, MA ol 81.6092.
Inlet channel ' 97.0285
8 radius Ry, mm Iy...10r, 7 10
Input Parameters of Evacuation System The parameters of focus_ing n_]agnet_ic lenses are use_d
Outlet channel unchangeably for calculation induction of magnetic
9 | adius R,, mm 2ry...20r, 10 15 fields, as it is clear from interface window, given in
: Hydrogen Fig. 4. But in the case, when results of this calculation
: ' don’t correspond to solving simulation task, one or more
Type of Helium,
10 operation gas | Nitrogen Hydrogen | Oxygen of these parameters can be changed manually. Therefore,
Oxygen, import and export of these important parameters from one
Parameters of Magnetic Lenses to anpther separate simulated tasl‘<‘s can be realized by
External pressing corresponded bottoms “Import from BPGC
11 Radius. mm 2R,...10R, | 60, 60 60, 60 Task” and “Export to BPGC Task”, located on the top
inn rR' i right in the interface window, presented at Fig. 4.
12 er Radi- R,...2R, 10, 10 10, 10 It is also clear from the Table 1, that with giving val-
E:_?T(m ues of input and output operation pressure, inlet and
13 ICKNESS, 10'2Ip...0.5|p 10, 10 10, 10 outlet channel radii, as well as pumping productivity
Z, MM o and type of gas, length of evacuation channel |, is calcu-
14 | Gap, mm 1072..092| 6.4 5/ lated automatically by relation (2), and after that this
15 | Position. m Zsartzif2... 1 0.12, 0.12, parameter is used for further simulation of guiding sys-
' 2 0.19 0.165 . ; :
Zena — 2 . : tem and defining the EB boundary trajectories and cur-
16 | Current, A 0.1..20 5,7 5,55 rent losses using relations (2 - 14). Corresponded value
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of pressure on each channel segment is defined by rela-
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tion (2) and used, after that, in relations (8) for defining
EB boundary trajectories. Such calculations are provid-
ed sequentially for each small channel segment, corre-
sponding to giving number of points on z coordinate N.

Such output EB parameters, as focus position, focal
beam radius, as well as focal EB current density and
power density are displayed after providing calculation
into corresponded textboxes, which are located on the
right side of window interface (see Fig. 3).

The simulation results for the process of guiding
short-focusing EB in the equipotential channel, obtained
using relations (2 - 14) with elaborated computer soft-
ware, are presented and discussed in the next section of
this article. Corresponded input and output parameters for
solving simulated tasks are also pointed out in Table 1.

SIMULATION RESULTS
AND ITS’ DISCUSSION

Let’s consider in this section some results of solving
different simulation tasks, which has been obtained
using elaborating computer software.

Task 1. Finding EB boundary trajectories, as well as
distribution of beam current and magnetic lenses induc-
tivity along the channel length for the simulation task
input parameters, given in the column 4 of Table 1. De-
fine also focus position, as well as focal EB radius, cur-
rent density, power density, and summary current loses.

As it clear from the data, presented at Table 1, this
task has to be solved for different values of acceleration
voltage: 18, 20, 22, and 25 kV. Obtained graphic de-
pendences are given at Fig. 5.

0.008
0.006 ~
E’ 0.004 +

0.002 1

zm

Fig. 5. Dependences of EB boundary trajectories in the
guiding channel (a), current of EB (b), and distribution
of focusing lenses magnetic inductivity (c) for different
acceleration voltages in simulation task 1.
Corresponding acceleration voltages: solid lines —
18 kV, dot — 20 kV; dash — 22 kV; dash-dot — 25 kV

In this task, two magnetic lenses have been estab-
lished along the channel length in different positions of
the guiding system, and corresponding input parameters
of these lenses are given in column 4 of Table 1 via a
comma.

It is clear from the obtained graph dependences that,
generally, with increasing acceleration voltage, the fo-
cusing effect in the region of the location of the first
magnetic lens is smaller, and the EB boundary trajecto-
ries are mostly lead upper. From the physical point of
view, this effect is simply explained by the higher speed
of the EB electrons. But, in contrast, in the region of the
second magnetic lens, the focusing effect is best for the
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smallest acceleration voltage of 18 kV because of the
higher values of the angle of EB divergence and its’ radi-
us. As a result, the relatively small value of EB radius is
observed namely for the smallest acceleration voltage of
18 kV, but the smallest radius, r, =1.0707 mm, corre-
sponds to the highest value of acceleration voltage,
25 kV.

As for the current losses of the EB, they are strongly
increased for higher values of acceleration voltage by
the reason of a greater radius of beam along the length
of the guiding channel before locating the second focus-
ing magnetic lens. All the described patterns are quite
clear based on the analysis of the graphical dependen-
cies shown in Fig. 5. The small value of the EP radius
and current losses at the output of the transport system,
obtained as a result of solving the simulation task at the
lowest accelerating voltage of 18 kV, is primarily ex-
plained by the fact that in the simulation process the
system parameters were selected as optimal namely for
this value of the accelerating voltage. The output pa-
rameters of the EP after its transportation in the guide
channel, obtained as a result of solving the simulation
task for the specified 4 values of the accelerating volt-
age, are given in column 4 of Table 1, separated by
commas.

Task 2. Finding EB boundary trajectories, as well as
distribution of beam current and magnetic lenses induc-
tivity for the simulation task input parameters, given in
the column 5 of Table 1. Define also focus position, as
well as focal beam radius, current density, power densi-
ty, and summary current loses.

As it is clear from the data, presented at Table 1, this
task has to be solved for different values of start angle
of beam convergence: 8°, 10°, 12°, 15°, and 18°. Ob-
tained graphic dependences are given at Fig. 6.

z,m

Fig. 6. Dependences of EB boundary trajectories in the
guiding channel (a), current of EB (b), and distribution
of focusing lenses magnetic inductivity (c) for different
start angles of beam divergence in simulation task 2.
Corresponding angles: thin solid lines — 8 ¢ dot — 105,
dash — 12 < dash-dot — 15 4 thick solid lines — 18 ©

Corresponding to dependences, presented in Fig. 6,
increasing of start angle of beam convergence is, gener-
ally, lead to enlarging of radius. But the numerical data,
given in the column 5 of Table 1, shown, that for higher
values of the angle of beam convergence focus position
is slowly removing to right and the EB radius in focus
became slowly smaller. The minimum value of EB
radius is r, = 0.1214 mm and it corresponds to start
angle of beam convergence o = 18°. Position of focus
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location for all 5 cases of simulation task is unchanged,
F = 0.143 m. After point of focus the increasing of angle
of EB divergence is also greater for the cases with larg-
est start divergence angle. Therefore, almost along the
entire length of the channel, the EB radius is larger for
large angles of its divergence, and the beam current
losses also increase in this case.

0.10 0.11 0.12 0.13 0.14

Fig. 7. Dependences of EB boundary trajectories in the
guiding channel (a), current of EB (b), and distribution
of only one focusing lens magnetic inductivity (c) for
different start angles of beam divergence in simulation
task 2. Corresponding angles: thin solid lines — 8°;
dot — 10°; dash — 12°; dash-dot — 15°;
thick solid lines — 18°

But it is clear also, that focusing effect of second
magnetic lens is not so strong, as for first one. There-
fore, output EB radius is range of 4.5 mm, and this
value is significantly greater, than focal radius. In this
case the best solution to improving the guiding system
is reducing the length of guiding channel till the value
I, =0.1429 m by increasing pumping productivity and
excluding of second magnetic lens. In such case the EB
losses also became smaller. Corresponded graph de-
pendences for pumping productivity 350 m*s and
I,=0.1429 m are given in Fig. 7. Output parameters of
EB for such guiding system are given in Table 2.

Table 2
Output parameters of EB for Task 2 with using one
focusing lens and pumping productivity 350 m*/s

show, that for optimal conditions of beam guiding cur-
rent the summary losses are smaller than 1%. Although,
taking into account thermal electrons velocities, integral
current losses became significantly greater, and their
values are compared to experimental data. The obtained
divergence of calculated and experimental data is not
exceeding 15%. Measured values of beam current losses
in the equipotential guiding channel for HYGDEG with
different power are presented in Table 3.
Table 3
Experimental data for guiding systems for EB
with different power

%?32 Acceleration | Ry, | Ry, l,, | Dissipated
pkW " | voltage, KV | mm | mm | mm |power, kW
10 12 5 | 75 | 150 1
50 25 75 | 10 | 170 3
100 30 9 15 | 180 6

Parameter Start angle of beam convergence

8° 10° 12° 15° 18°
Focal EB
Radius, | 1.5984| 1.8013 |2.0508 | 2.5007 | 3.03
mm
Current
Density, | 868.35| 683.360 |526.78 | 353.846 (240.4
KA/m?
Power
Density, | 13025|10250.4 |7901.7 | 5307.69 | 3611
MW/ m?
Summary
Current 29.69 | 34.1464 |39.233 | 48.2382 | 59.2
Losses, A

From the digital data given in Tables 1 and 2 it is
clear, that in system with one magnetic lens the power
density of EB is significantly greater and current losses
are smaller.

Provided theoretical and experimental researches
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Generally, all obtained simulation results and mak-
ing conclusions are in good agreement with the basic
principles of self-consistent electron-ion optics, formu-
lated in manual books [2 - 5].

All the research results presented in this article have
been obtained in the scientific laboratory of Electron-
Beam Technological Devices of National Technical
University of Ukraine “Igor Sikorsky Kyiv Polytechnic
Institute”.

CONCLUSIONS

Elaborated computer software and the simulation re-
sults that have been obtained in the provided research are
very important both from a theoretical and a practical
point of view. Taking into account in the model of guid-
ing short-focused EB, formed by HVGDEG, the spread
of thermal electron velocities, leads to improving of
simulation accuracy and allows to estimate the real val-
ues of summary current losses. Simulation experiments
have shown that the boundary trajectories of transported
EB are not strongly dependent on the entry angle and
that losses of beam current are mostly similar along the
EB drift distance, but connected with the value of beam
radius. Calculated values for integrated losses of beam
current are close to real values, which have been ob-
served experimentally. The difference between calculat-
ed and experimental data is not exceeding 15%. The
results of theoretical researches, presented in the article,
are very important in practice engineering activity for
designers of advanced EB technological equipment on
the basis of novel HVGDEGS’ constructions.

The obtained simulation results may be of interest to
a wide range of specialists who are involved in the
physics of electron beams, their application to modern
electron beam technologies, and the development of
advanced EB technological equipment.
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MOJEJIOBAHHA NOIMWPEHHSA EJTEKTPOHHUX ITYYKIB, COOPMOBAHUX EJIEKTPOHHUMHA
TAPMATAMHM BUCOKOBOJIBTHOI'O TJIIIOYOI'O PO3PANY,
3 HU3bKOT'O 1O BUCOKOI'O BAKYYMY

L.B. Menwvnux, C.b. Tyzait, M.FO. Ckpunka, O.M. Kosanenko, O.B. bozoan

Ha ocHoBi BupimieHHsT cucTteMu anreOpoanepeHialbHIX PiBHAHB UIA TPAHWIHOI TPAEKTOPil eIeKTPOHHOTO
My4YKa AOCHTIHKEHO (Bi3UYHUHI MPOIeC TPAHCIIOPTYBAHHS KOPOTKO(POKYCHHX ENEKTPOHHHUX MYYKiB y 10HI30BAaHOMY
rasi. TeopeTnyHHil aHai3, TOJIOBHO, 30CEPEIPKEHO Ha BU3HAYCHHI (POKAJBHUX MapaMeTpiB KOPOTKOOKYCHUX EJICK-
TPOHHHX IyYKiB, IIO TCHEPYIOTHCS EJIEKTPOHHUMH TrapMaTaMd BHCOKOBOJIBTHOTO TJOYOro po3psnay. Otpumai
TEOPETHUYHI PE3yNbTaTH J00pE Y3TOMKYIOThCS 3 eKCIICPUMEHTAIbHUMH Janumu. Ha MoBi mporpamysanns Python
PO3pOOIICHO BIAMOBIHE KOMIT'IOTEPHE MPOTpaMHe 3a0e3MeueHHs I peasisallil aJropuTMiB MOJICIIOBAHHS TPaHC-
MOPTYBaHHS KOPOTKO(POKYCHHX ITy4KiB €JIEKTPOHIB y i0HI30BaHOMY rasi.
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