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The investigations of the particle dynamics in the injector of a linear induction accelerator (LIA) in the presence 

of an accelerating electric field and a uniform longitudinal magnetic field of various magnitudes have been present-
ed. It is shown that at found parameters of the system and particles the ion beam at the exit of the injector keeps the 
transverse dimensions and its current close to the initial, that allows to count on the accomplishment of its further 
transportation through the LIA section. 
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INTRODUCTION 
It is known that in LIA it is possible to produce 

high-energy beams for the heavy ion fusion (HIF), sur-
face modification of various materials, radiation materi-
als science, and other important technological applica-
tions. This accelerator is one of the most promising 
drivers, which not only allows to obtain high-current 
beams of heavy ions, but is also more competitive from 
an economic point of view than some other types of 
drivers. Therefore, the interest of scientists in the world 
to the problem of creating a compact, relatively safe and 
cheap LIA is so high (see, for example, [1 - 4]). In 
Ukraine, which is not an exception too, the accelerators 
of this type are also being investigated, for example, 
LIA with a collective focusing of a tubular high-current 
beam (HCIB), suggested at the National Science Center 
“Kharkov Institute of Physics and Technology” of the 
National Academy of Sciences of Ukraine [5, 6]. This 
focusing method allows to create a compact accelerator 
of HCIB for the above-mentioned applications. 

Earlier, a number of studies has been carried out on 
the charge and current compensation of HCIB in the ax-
isymmetric accelerating gap [7 - 9]. In [10], the dynamics 
of an ion beam transportation in an external magnetic 
field in the drift gap of the LIA with collective focusing 
has been numerically studied. The variants of the HCIB 
charge compensation in this system have been consid-
ered. It has been found that the start time and duration of 
additional electrons’ injection, as well as their speed, are 
of great importance for the ion beam uniform compensa-
tion. It is shown that in the most acceptable variant of the 
HCIB compensation, the ion beam current at the exit 
from the drift gap is close to the initial one, and since the 
electron beam also retains its current, the HCIB current is 
almost compensated at the system exit. 

The compensation variant found in [12] allows us to 
keep the HCIB quality, required for HIF, but further 
improvement of the compensation method is necessary 
to reduce the energy spread and angular divergence of 
the ion beam. 

In [13], the transportation and acceleration of the 
HCIB in the LIA magnetically insulated gap have been 
studied. The parameters of the beams and the system, at 
which the transportation and acceleration of the com-
pensated ion beam (CIB) are realized in a magnetically 

insulated gap with maintaining its current, density, cross 
section close to the original have been found. It is 
shown that the HCIB accelerates almost uniformly, 
maintaining the energy homogeneity and the cross-
section at the exit from the magnetically insulated gap. 

The transportation and acceleration of the ion beam 
in a system consisting of a magnetically insulated and 
two drift gaps have been studied [14]. It is shown that 
the HCIB parameters at the exit from the LIA section in 
the presence of: a magnetic field, injection of the ac-
companying electron beam, and programmed injection 
of an additional electron beam remain acceptable for a 
number of important technological applications.  

In [15], it was shown that at the suggested parame-
ters of the beams and the system, it was managed to 
transport the CIB with a current of 1MA in the LIA sec-
tion, having retained its energy and current at the exit of 
the section similar to the initial ones. 

An important and difficult task, in addition to the 
HCIB compensation in the LIA, is to obtain a high-
density ion beam in the accelerator injector. There are 
many different works, dedicated to investigations an ion 
beam formation in diodes or similar structures (see, for 
example, [16 - 22]). Basically, milliampere or ampere 
ion beams can be obtained in such systems. Many of the 
facilities currently available make it possible to obtain 
ion beams for various purposes, including HIF, but for 
other types of drivers [17 - 20]. In LIA with collective 
focusing, we expect to obtain sufficiently high currents 
(kA), therefore, an appropriate ion source is also need-
ed. In [20 - 22], ion beams have been experimentally 
obtained and their currents were measured. 

With a fairly compact and relatively simple design, 
the authors succeeded in obtaining current densities on 
the order of 50…250 A/cm2. The results of experiments 
on the production of nitrogen ion beams with a current 
density of 54 A/cm2 and with a beam purity of 94% in a 
magnetically insulated ion diode are presented in [21]. 
To generate ions, a gas puff plasma gun was used. In 
turn, beams of metal ions with a current density of 
160…230 A/cm2 have been obtained in a magnetically 
insulated ion diode, where a vacuum arc plasma gun, 
the most suitable device for this purpose, was used as an 
ion source [22]. In [21, 22], the ion beam current densi-
ty was measured using a biased ion collector. As a 
pulsed power source, in particular, to generate an accel-
erating electric field, a Marx generator was used.  
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In this paper, the particle dynamics in the LIA injec-
tor, based on an experimental model of an existing ion 
source, elaborated and tested at Toyama University (Ja-
pan) [21, 22], is investigated. The optimization of the 
system and the particles parameters has been carried out, 
which provides a sufficiently high quality of the HCIB 
at the exit of the injector and allows realizing its 
transport through the LIA section in prospect. 

THE HCIB TRANSPORTATION  
IN THE INJECTOR 

This section presents the results of a numerical study 
of the particles dynamics in the injector, carried out us-
ing the 3D code KARAT [23], which is capable to solve 
problems of this class. KARAT is a fully electromagnet-
ic code based on particle-in-cell method. It is intended 
for solving non-stationary electrodynamic problems, 
having complex geometry and including dynamics, in 
the general case, of relativistic particles (electrons, ions, 
neutrals). 

Numerical simulations have been carried out in xyz- 
geometry. The numerical parameters were set in such a 
way that the conditions ensuring the numerical stability 
of the calculations [24] were met. 

Fig. 1 shows the geometry of the problem, where xD is 
the transversal dimension, and zD is the longitudinal size 
of the system, Rmin = 0.007 m and Rmax = 0.014 m are the 
inner and outer radii of tubular ion and electron beams. 
The electron beam is needed to compensate the HCIB 
charge. The beams injected to the left are shown in blue. 

 
Fig. 1. Section of the system by the plane xOz along z. 

Beams injection areas 
The injector has the shape of a cylinder of different 

section − with a radius of 0.03 m and a length of 0.01 m 
at the very beginning of the system, and then a radius of 
0.07 m and a length of 0.04 m. The total length of the 
injector is 0.05 m. 

In Fig. 1 there is an axially symmetric geometry of 
the beams (at the initial moment of time) and the system 
along the z axis, the axis of symmetry is indicated dot-
ted line. 

We have considered four variants of  the HCIB 
transportation in the LIA injector, where an external 
longitudinal uniform magnetic field B0 exists throughout 
the simulation area: 1) at the initial moment of time, ion 
(protons) and electron beams with density  
nbi = nbe = 4·1018 m-3, energy Wki = Wke = 30 keV, B0 = 2 Т;  
2) nbi = nbe = 4·1018 m-3, Wki = Wke = 30 keV, B0 = 1 Т;  

3) nbi = nbe = 1·1018 m-3, Wki = Wke = 30 keV, B0 = 0.5 Т 
are injected from left; in all three cases, on the length 
(from the very beginning of the system to 0.01 m) ac-
celerating electric field E0 = 3 MV/m is applied; 4) nbi = 
nbe = 4·1018 m-3, energy Wki = Wke = 30 keV, B0 = 2 Т, E0 = 0. 

 
Fig. 2. The ion beam density vs the transverse coordinate 

x at various points on the beam section and along z: 
the first option (a); the second option (b);  
the third option (c); the fourth option (d) 

In this paper, we do not consider the producing of a 
plasma by means a plasma gun, because this method is 
well described and implemented in experiments [21, 22]. 
We investigate the transport of particles from the anode, 
which has corresponding hole, through which the plasma 
passes with a given energy, density, thus ion and electron 
beams, having been transported to the exit of the injector, 
are formed. When the particles pass through the system, 
the electrons are not removed from the injector (as it has 
been done in the experiments), but accompanies the 
HCIB along the system. This provides the ion beam 
charge compensation, preventing the growth of its trans-
verse dimensions and its quality decreasing. 
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In Fig. 2 it is shown the dependence of the HCIB 
density on the transverse coordinate x. It can be seen 
that in the first two cases the density is about 20% lower 
than the initial one, but the CIB slightly diverges in the 
transverse direction (see Fig. 2,a,b). In the second case 
(see Fig. 2,b), when the external magnetic field is lower, 
the HCIB broadens more, since the electrons, confining 
the CIB, are practically not magnetized and also have a 
greater divergence. At the beginning of the system, the 
electron beam is decelerated by its own space charge 
field and accelerating field, that leads to its density in-
creasing in the beginning of the system. As a result, the 
oscillations of the longitudinal velocity component − 
some electrons stop, some pass further, some go back 
have appeared. Thus, the electron beam density be-
comes inhomogeneous and, since the ion beam interacts 
with the electron one, passing simultaneously with it 
through the system, then the CIB density changes, both 
over the cross section and along the system. 

 
Fig. 3. The longitudinal component of the ion beam  

current vs the longitudinal coordinate z:  
the first option (a); the second option (b); 
 the third option (c); the fourth option (d) 

 

That all is also right for the third variant, but the sys-
tem parameters in this case have been chosen in such a 
way to minimize both the divergence of the beams and 
the magnetic field effect on the ions, since its value is 
greater as in the first, as in the second cases, although 
ions are not magnetized (see Fig. 2,c). In the fourth case, 
when the accelerating field is absent, the density distribu-
tion over the CIB cross-section is less homogeneous (see 
Fig. 2,d): the ion beam is noticeably compressed in the 
center of the injector and broadened at the end of the 
system. 

 
Fig. 4. The ion distribution function vs energy:  

the first option (a); the second option (b);  
the third option (c); the fourth option (d) 

Fluctuations of the electron beam velocity have led 
not only to the inhomogeneity of its density, but also to 
current oscillations and, as a result, to the HCIB current 
fluctuations (see Fig. 3). In the first (see Fig. 3,a) and in 
the second (see Fig. 3,b) cases, the amplitude of the CIB 
current fluctuations does not exceed 5%. Despite the de-
crease of the CIB density, its current has remained on 
average unchanged, since the ion velocity increased about 
1.3 times, and the HCIB density decreased by a similar 
amount. In the third variant (see Fig. 3,c), the oscillations 
amplitude does not exceed 4%. It can be seen that in this 
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case the CIB has been focused; its density increased 
about 1.3 times, and the cross section decreased 1.75 
times. Since the CIB speed increases 1.3 times, the cur-
rent remains unchanged. In the fourth case, the HCIB 
pulls the electron beam through the system, using only its 
own energy, which increased at the beginning of the sys-
tem due to the electron beam locking. In this case, the 
CIB has noticeable current deviations from the initial 
value (up to 23%), and at the exit from the injector the 
HCIB current is lower than the initial value by 7%. 

As a result of large negative space charge arising the 
HCIB acquires energy equaled almost to the electron 
beam energy. In turn, in the external electric field only 
the “head” of the HCIB is accelerated, so that after a 
one ion flight time, the ion beam has energy gained only 
by means the field of negative space charge. The energy, 
acquired in the accelerating field is spent on pulling the 
electron beam through without significant loss of its 
quality. 

Despite the inhomogeneous HCIB compensation and 
the necessity to pull the electron beam through the in-
jector, the ion beam remains monoenergetic in the first 
three options with an energy of 62 keV at the exit from 
the system (Fig. 4,a,b,c). In the third variant, the CIB 
practically has no energy spread (see Fig. 4,c). In the 
fourth case, the HCIB has a significant energy spread 
with ions accelerated up to 130 keV, while the average 
CIB energy is 53 keV (Fig. 4,d). 

CONCLUSIONS 
In this work, the dynamics of the ion beam in the 

LIA injector for four variants has been studied: 1) and 
2) have different values of the external magnetic field: 
B0 = 2 T and B0 = 1 T, respectively, and the same HCIB 
density, accelerating electric field E0 = 3 MV/m; 3) the 
density of the ion beam is 4 times lower than in previ-
ous options, B0 = 0.5 T, E0 = 3 MV/m; 4) the parameters 
of the beams and the system, as in 1), except for E0 = 0. 
The system parameters have been chosen in a special 
way to provide the CIB quality at the exit of the injector 
as high as possible. It has been found that the HCIB 
acceleration occurred primarily due not to the applied 
electric field, but to the space charge field of the elec-
tron beam having been arisen because of its deceleration. 
As a result, the electron beam density becomes inhomo-
geneous. The HCIB pulls the electron beam through the 
system by its space charge field, so that small fluctua-
tions in the density and current of the ion beam arise 
(the deviation from the initial value does not exceed 
5%). In this case, the electron beam compensates the 
HCIB in the entire region, which allows keeping a suffi-
ciently high quality of the ion beam. It has been shown 
that in 1) - 3) cases, when there the accelerating electric 
field is applied, there is practically no the ion beam di-
vergence. In this case, the accelerated CIB with an en-
ergy of 62 keV remains monoenergetic. 

It is shown that in the absence of the electric field 
(4th case), the HCIB energy at the exit from the injector 
is 10 keV less than in the other three variants, since 
there is no addition source of the energy, which can be 
expended in transporting the electron beam. This leads 
to a significant energy spread and a decrease in the ion 
beam quality. 

The capability of transportation of the HCIB with 
optimal parameters has been demonstrated in the injec-
tor based on a diode developed and tested in Japan [21]. 
It is shown that the CIB current remains close to the 
initial one at the system output in the first three cases. In 
the third variant, the ion beam at the exit from the injec-
tor remains almost unchanged (with the exception of 
increased energy) and is more perspective for further 
study, for example, the HCIB transportation through the 
LIA section. 

In the case of retaining the ion beam quality at the 
exit of the LIA section, it would be used for a number of 
important technological applications, including HIF. 
Further research will be devoted to this issue. 
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ДИНАМИКА ЧАСТИЦ В ИНЖЕКТОРЕ ИОННОГО ЛИНЕЙНОГО  
ИНДУКЦИОННОГО УСКОРИТЕЛЯ 

В.И. Карась, Е.А. Корнилов, О.В. Мануйленко, О.В. Федоровская 
Проведены исследования динамики частиц в инжекторе линейного индукционного ускорителя (ЛИУ) 

при наличии ускоряющего электрического и однородного продольного магнитного полей различных вели-
чин. Показано, что при найденных параметрах системы и частиц ионный пучок на выходе из инжектора со-
храняет поперечные размеры и ток, близкими к первоначальным, что позволяет рассчитывать на реализа-
цию его дальнейшей транспортировки через секцию ЛИУ. 

ДИНАМІКА ЧАСТИНОК В ІНЖЕКТОРІ ІОННОГО ЛІНІЙНОГО ІНДУКЦІЙНОГО ПРИСКОРЮВАЧА 
В.І. Карась, Є.А. Корнілов, О.В. Мануйленко, О.В. Федоровська 

Проведено дослідження динаміки частинок в інжекторі лінійного індукційного прискорювача (ЛІП) при 
наявності прискорюючого електричного і однорідного поздовжнього магнітного полів різних величин. По-
казано, що при знайдених параметрах системи і частинок іонний пучок на виході з інжектора зберігає попе-
речні розміри та струм, близькими до первинних, що дозволяє розраховувати на реалізацію його подальшо-
го транспортування через секцію ЛІП. 
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