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The first main results of creation of the numerical electromagnetic code "SOM" for research of a virtual cathode at the
presence of plasma are presented. The obtained results are the part of the project Ne 1569 «Development of the collec-
tive ion accelerator, based on plasma vircator and periodic magnetic field », performed by agreement with Science and
Technology Center of Ukraine. The description of algorithm of a numerical simulation of the virtual cathode in the
cylindrical drift chamber is adduced. The implementation of algorithm is carried out by the way of complex of the pro-
grams in C++ language. The numerical calculations are made for the upgraded experimental installation "«Agate". It is
shown, that at joint injection of a high-current relativistic electron beam (U, = 280keV | I, = 4,6 kA) and low-energy,
low-current an ion flux in the drift chamber the ion virtual cathode arises, which is pulses periodically. The pulsation
frequency makes 300 MHz for hydrogen and /00 MHz for ions of nitrogen. It leads to low frequency time modulation

of an output current.
PACS: 52.40.M;j

1. INTRODUCTION

The fundamentals of the ion collective acceleration
method are the space charge wave formed by a high-cur-
rent beam coupling as a result of its space and time modu-
lation. The spatial modulation can be received passing a
beam through the corrugated metallic tube [1] or drift
chamber with a periodic magnetic field created by a sys-
tem of aluminum and iron rings [2]. The necessary modu-
lation on time is implemented by slow change of a beam
current at the entrance into a system [1, 3, 4].

Necessary for the ion acceleration low frequency
modulation can be received by passing a high-current
electron beam with a current above space charge limiting
current through plasma.

Though in [5] the possible physical mechanism of low
frequency modulation also is reviewed, but it's not inves-
tigated in detail. It is because that the virtual cathode even
in plasma absence is strongly non-linear formation, for
the full description which one the numerical methods
must be used.

Taking into account of plasma dynamics especially
complicates the behavior of a virtual cathode.

In the present report the results of development of a
numerical electromagnetic code describing self-consistent
dynamics of a virtual cathode in presence of low-energy
ions in a cylindrical resonator are presented.

2. THE NUMERICAL ALGORITHM

The algorithm of a numerical modeling is based on
particle in cell (PIC) simulation method [5].

The problem formulation is following. Thin annular
relativistic electron beam (REB) is injected in the cylin-
drical drift chamber of radius R and length L through a
metal foil. In the drift chamber there is a finite magnetic
field enough to magnetize the beam. Beam radius is 7, .

The beam breaks drift space into two areas
I-0<r<n and II-1r,$ r< R (fig. 1). It allows search-
ing for the solutions of Maxwell equations without cur-

rent sources separately in each of areas, and the connec-
tion between them will be set through boundary condi-
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Fig. 1. Tubular REB in the cylindrical resonator

tions on the beam surface. As there is only axial coupling
of the beam current density, the longitudinal £, radial

E, components of an electrical field and azimuthal com-

ponent of a magnetic field /5 will be nonzero, which are

connected among themselves by set of Maxwell equa-
tions:
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Boundary conditions consist in condition of vanishing

of the tangential component of an electrical field £, on
the metal walls of a resonator, reversal in nil £, and H, ¢
at r=10.

On the beam surface the value of E,, H; and

0E,/3r has a jump determined by the surface density of
charge and current:
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where 0 (Z,t) and ]_'(z,t) are the surface density of

charge and current.
The numerical solution of equations is executed on
shifted one to another on space and time grids. The func-

tion E, is determined in time points (" = » (T is time
step) in the integer grid nodes on longitudinal and
transversal coordinates. The function £, is determined in
the same time points, but in grid nodes shifted on half
step on longitudinal and transversal coordinates. Magnetic
field 4 is calculated in half-integer time points in grid

nodes shifted concerning a grid £, on half step on longi-
tudinal coordinate. Radius of an electron beam is sup-
posed to a multiple grid spacing on radius. The value of a
field £, on a beam is calculated through a jump of its

derivative and equations, approximating EZ[ and E!I

from internal nodes of computational regions. The same
procedure with usage of Maxwell equations allows to re-

. Iy
ceive values E,” and H;" on a beam surface. At the

expressions obtained for fields on a beam surface there
are surface charge and current densities in grid nodes. The
surface charge density is calculates by the mechanism of
charge weighting according to a method of macro parti-
cles. The size of particles was selected to an equal grid
pitch, which corresponds to a "cloud in cell" (CIC)
method, therefore weighting of a charge implemented in
two nearest grid nodes. The grid current was determined
from a continuity equation. The equations of macro parti-
cles motion

iH my H
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where V(t ) is a z -component of macro particle velocity;

dx

v
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x(t ) is coordinate, 7 is rest-mass and ¢ is charge of a
macro particle, were calculated under the time-centered
"overstep" (or "leap-frog") scheme. Thus the force, which
is affects on a macro particle, is calculated by a linear in-
terpolation of an electrical field from two grid nodes,
nearest to a particle.

3. TESTING OF THE NUMERICAL CODE

The mentioned above algorithm was realized by the
way of complex of the programs in C ++ language. For
testing of a numerical code the parameters of the upgrad-
ed version of the experimental installation "Agate" were
selected: R=25cm 1, = 1,6cm | input beam current
I,=4,6 kA, energy of beam electrons U, = 280keV |
L=15cm

For plasma simulation a low-energy (U, = 28kel)
hydrogen and nitrogen ions were injected into the system.
The ion current (/; = 924 for hydrogen and 7; = 254

for nitrogen) was adjusted so that in the drift chamber
ions compensate an electron space charge. Ion flux and
electron beam radiuses were coincident.
Dynamics of process come under the following scheme.
1. For the times of /ns order the electronic virtual

cathode (VC) within /.5¢m apart from the left-hand butt
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end of the drift chamber is forming. The main characteris-
tic feature of this stage is a small amount of ions in the
system. Therefore the vircator parameters are practically
completely determined by the electrons (fig. 2). Neverthe-
less ions presence results that the VC position is shifted
on 0.7cm to the right as contrasted to the case, when the
ions flow in the drift chamber misses.
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Fig. 2. Parameters of the vircator at the time point
t=3,15ns from the starting of an injection

2. Later on an ions accumulation in a system results in
moving of an electronic VC deep down the drift chamber.
The value of an electric field intensity in the VC area
drops, that is accompanied by its partial destruction. It re-
sults in increasing of an output current. Furthermore at the
beginning of the drift chamber the conditions for appear-
ance of an ion VC are formed (fig. 3).

3. Mentioned above factors result that at certain
instant (¢ = 18ns for hydrogen and ¢ = 64ns for
nitrogen) the ion VC will be formed in vircator.



At the same time, the electron VC, practically,
completely is destroyed. An
4. ion VC pulses in time, collapsed and restored
periodically, that results in appearance of pulses
on a curve of an input current, and also to modu-
lation of an output current (fig. 4). The ripple
frequency is 300MHz for hydrogen and

100 MHz for nitrogen ions.
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Fig. 3. Parameters of the vircator at the time point
t=1575ns from the starting of an injection

Against a background of ion VC oscillations the
regime of periodical appearance of an electronic VC is
possible also. This process much more slowly mentioned
above, as is a reason of large ion passing time through the
drift chamber. The blinking frequency of an electron VC
is approximately in 5 times lower than a ripple frequency
of an ion VC.
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Fig. 4. Parameters of the vircator at the time point
t=50,05ns from the starting of an injection

4. CONCLUSION

The built numerical code adequately to physical repre-
sentations describes process of formation of a virtual cath-
ode, its dynamics at transportation of a high-current rela-
tivistic beam at the presence of plasma through the cylin-
drical drift chamber in an approaching of a strong mag-
netic field. It allows proceeding to creation of similar
codes with account of radial motions of charged particles.
Such account is especially indispensable at the description
of dynamics of ions in a collective ion accelerator.

This work is supported by the STCU grant Ne 1569.
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YUCEJBHE MOJEJIOBAHHSA ITPOLECIB Y HAJKPUTUYHOMY EJIEKTPOHHOMY IIy4Ylll ITPU
HNPUCYTHOCTI IIVTA3MH

IL.I. Mapkoe., M. Onuwenko , I.B. Comnikoe

[IpencraBmeHo mepimi OCHOBHI pPe3yJibTaTH CTBOPEHHS YHCEIBHOTO eJleKTpoMarHitHoro koxy "COM" mis
JOCIIIKEHHS BIPTYJIHOTO KaTojia B IPUCYTHOCTI I1a3Mu. OTpUMaHi pe3ysIbTaTH € YaCTHHOIO BUKOHAHHS NMPOeKTy No
1569 "Po3poOka KOJIEKTHBHOTO TIPHCKOPIOBada 10HIB, 3aCHOBAHOTO Ha IIIa3MOBOMY BIpKaTopi 1 IepiogudHOMY
MarHiTHOMy 1oJii", BUKOHYBaHOTo 3a noroBopoM 3 HaykoBo-Texnomnoriunum Ilentpom Ykpainu. IlpuBeneno omwc
QITOPUTMY YHCEIIFHOTO MOJISITIOBaHHS BIpTYaJbHOTO KaToa B IMJIIHAPUYHIA Kamepi npeiidy. Peanizanis anroputmy
BHKOHAaHA 3a JOIOMOTOI0 KOMIUIEKCY mporpaM MoBoro C++. UmcenbHI po3paxyHKH 3po0JieH] IS MOJEpHI30BaHOI
eKCIepUMeHTaNIbHOT ycTaHOBKH "Arat". [Toka3aHo, 10 NpH CINBHIN 1HXEKI[IT CHIBHOCTPYMOBOTO PENISATHBICTCHKOTO
enexrponnoro myuka (U, = 280xeB | I, = 4,6xA)) i HU3PKOEHEPTETHIHOTO CIA0KOCTPYMOBOTO iOHHOTO IIydKa B
KaMepy JApeiidyy BUHUKAe i0HHHIT BipTyanbHU# KaTo, 10 TepioanyHo myibeye. YacToTa mynbcanii cknagae 300 M1y
ans soguto i 100MIYy  nng iowis asory. Lle mpUBOAMTHL 0 HU3LKOYACTOTHOI MOAYJALIl B Yaci BUXiAHOIO CTpyMy
€JIEKTPOHHOTO ITy4Ka.

YUCJIEHHOE MOAEJINPOBAHHUE ITPOLECCOB B CBEPXKPUTHYECKOM JJIEKTPOHHOI'O ITYY-
KE B IPUCYTCTBUE IIVTA3MBbI

IL.H. Mapxoe, H.H. Onuwenxo , I.B. Comnuxog

IIpencraBneHs! IepBbIe OCHOBHBIE PE3YNbTAThl CO3JaHUS YUCIEHHOTO JIeKTpoMarHuTHoro koaa "COM" mng uccine-
JIOBaHHS BUPTYAJIBHOTO KaToJa B INPUCYTCTBHE IUIa3Mbl. lloiydeHHBIE pe3yibTaThl SBISIFOTCS YacThIO BBIIOIHEHMS
npoekTa Ne 1569 "Pa3zpaboTka KOIIEKTUBHOTO YCKOPUTEISI HOHOB, OCHOBAHHOTO Ha IJIa3MEHHOM BHUPKATOpE W MEPHO-
JUYECKOM MarHMTHOM I0Jie", BBIIOJHAEMOro 1o oropopy ¢ Hayuno-Texnonoruueckum Llentpom Ykpaunsl. IIpuse-
JICHO ONHCAaHME aJTOPUTMa YMCICHHOTO MOJEIMPOBAHMS BHUPTYAJIFHOTO KaToja B IMIMHAPHUIECKON Kamepe apeida.
Peanm3zanus anroputMa BBIIOJIHEHA IIOCPEICTBOM KOMILIEKca IporpamMM Ha si3bike C++. UncneHHbIe pacyeThl CAeIaHbl
JUI. MOJEPHU3UPOBAHHOMN JKCIEpUMEHTaNbHOM ycTaHoBKH "Arat". IIokazaHo, 4TO MPU COBMECTHON MHKEKIUU CHIIb-
HOTOYHOTO PENSTHBUCTCKOro snektponnoro myuka (U, = 280xeB | I, = 4,6kA) u HH3KOIHEPTEeTHYECKOTO, CNabo-
TOYHOTO MOHHOTO IyYKa B KaMepy Apeiida BOZHUKaeT HOHHBIH BUPTYaIbHBIH KaTOMA, KOTOPBII IEPHOINYECKH ITyIbCH-
pyet. Yactora nynbcanuu coctaBnser 300MIy nng sonopona u 100 My nns nonos asora. DTo NPUBOIMT K HU3KO-
YaCTOTHOHM MOJIYJISIIMH BO BPEMEHH BBIXOHOTO TOKA JIEKTPOHHOTO ITyUKa.
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