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Results of computer simulation of low-energy high-current electron beam dynamics in a low-impedance system
consisting of a diode with a long plasma anode, just siding with an explosive emission cathode and an auxiliary
thermionic cathode are presented. Plasma anode plays simultaneously a role of the transport channel providing
charge neutralization of high-current beam and is created by means of the residual gas ionisation by low-current,
low-voltage electron beam emitted from the auxiliary cathode in an external longitudinal magnetic field. The main
peculiarities of the beam-plasma system are discussed: 1) the formation of the beam of currents exceeding the
limiting Alven’s ones; 2) the formation of paramagnetic states of the beam under condition of beam charge density
close to the plasma density. These peculiarities complicate beam-plasma interaction significantly due to sharp non-
uniform distribution of the beam current density, significant transverse motion of the beam electrons and
redistribution of ion plasma density under the influence of high-current electron beam fields. Computer simulation
was performed using electromagnetic PIC code KARAT.

PACS: 52.40.Mj

1. INTRODUCTION

The main idea of low-energy high-current beam gen-
eration is based on the origin of a thin double-layer
between a cathode and adjoined anode plasma just after
the beginning of accelerating voltage pulse. Plasma-
filled diodes with explosive cathodes are used for these
purposes to generate electron beams for surface modi-
fication [1-3]. The full voltage is localised across this
layer making possible the beginning of the explosive
emission from a cathode surface. The plasma serves as
the “liquid” anode preventing the system from collapse
of the impedance. From another side it forms the chan-
nel to guide high-current beam from the cathode to a
target making sure charge neutralisation of the beam
and its transportation. We use a residual gas ionisation
by additional pulsed low-energy, low-current electron
beam to create well-defined plasma anode in a longitud-
inal magnetic field [2, 3, 7, 8].

2. CONDITIONS OF COMPUTER SIMULA-
TION

Results of computer simulation of plasma anode
formation in the residual gas by an auxiliary electron
beam and the first experiments on the generation of
high-current beams were described in [2, 3]. Additional
experimental results and the results of computer simula-
tion of the generation of low-energy high current beams
under different condition are described in [8].

Diameter of the explosive emission cathode was
chosen equals to 1 cm. At initial time the plasma
column of the same diameter along the system fills
completely space in longitudinal direction between ex-
plosive emission cathode and anode placed instead of
auxiliary gun. The density of plasma is homogeneously
distributed along longitudinal z and radial » co-ordinates
and was varied from 1x10" cm™ up to 7x10" cm™. Ini-
tial temperature of the plasma was changed from several
to tens electronvolts. Applied voltage has the given
form. It rose up to 20 kV for different time (1...10 ns)

and was constant further. Output of electrons was per-
mitted from the field-emission cathode and surfaces into
plasma if accelerating field exceeds a given value. Cal-
culations were performed for hydrogen, nitrogen and
xenon plasmas for different values of external longitud-
inal magnetic field and for different length of the
plasma diode.

3. GENERAL PECULIARITIES OF THE
BEAM-PLASMA SYSTEM

Generation and transportation of low-energy high-
current beams in such system is conditioned by several
peculiarities. First of all, if the emission of the beam
from the cathode is space charge limited, beam currents
exceed Alven’s limiting current for all considered con-
dition, if the plasma density is high enough. It manifests
the prevalence of transverse dynamics of beam elec-
trons. The second peculiarity of the system is compar-
able density of the generated electron beam and the
plasma. It means low average and large local electric
fields. The last signifies the necessity to take into con-
sideration the motion of plasma ions. Moreover beam
electrons will force out plasma electrons to the chamber
walls for a short time. As the result the exotic media
will be formed consisting of low plasma ions and fast
beam electrons. In the absence of current neutralisation
by plasma electrons the beam has to be pinched to high
local densities to the axis of the system. The density of
plasma ions will follow the electron density with a time
delay and pre-axis ion pivot will be formed. Pinching of
electron beam will create high fast alternating electro-
magnetic fields. Therefore a modification of energy
spectrum of beam electrons and stochastically acceler-
ated plasma ions must be observed. The departure of
plasma ions from the space between electrodes to walls
will limit the duration of electron beam, i.e. as heavier
ions of the residual gas as longer the duration of beam
current pulse. Beam current depends on plasma density
also and increases linearly with growth of residual gas
pressure in noted above region. It is obviously that the
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behaviour and the main characteristics of the beam will
depend on the external magnetic field. If to recollect
about different time scales and multistage of processes,
then the system as a whole can be characterised as
multi-component one with alternating number of
particles and can’t be described by regular theoretical
methods.

3.1.PINCHED AND ANNULAR STATES
OF THE SYSTEM

Calculations were carried out for different levels of
external magnetic field: 0, 500 and 5000 Gs. The beha-
viour of the beam does not differ significantly for the
first two cases and for diodes of different length except-
ing the duration of the beam current. In small magnetic
fields pinched state of the beam-plasma system is
formed very likes to Bennett’s pinch. Beam electrons
force plasma electrons out to electrodes in longitudinal
direction, beam electrons are pinched to the axis of the
system by self magnetic field exceeding significantly
external one, and near axis ion pivot is formed.

r(cm)

r(cm)

Fig.1. Trajectories of several beam electrons for
different external magnetic field

Such metastable state of beam-plasma system exists for
tens nanoseconds depending on the length of the system
and ion mass. Further it goes to annular configuration of
plasma ions and electron beam.

If external magnetic field is high enough to prevent
beam electrons from focusing to the axis of the system
then pinched state is not reached at all. Plasma ions
leave pre-axis area under influence of self space charge
and annular distributions of beam electrons and plasma
ions are formed. Such state slowly expanding in radial
direction with decreasing beam current can exist for tens
nanoseconds.

Corresponding trajectories of several beam electrons
emitted from the cathode for different values of external
magnetic field (500 Gs and 5 kGs from the top to the
bottom) are shown in Fig.1 for 2-ns time interval.

3.2. BEAMS PARAMAGNETIC STATES

Usually, charged beam in an external magnetic field
behaves as a diamagnetic and forces the magnetic field
out of its volume. In [4, 5] it was shown that for some
systems, e.g. for inverted coaxial magnetic isolation di-
odes, it is possible to realise conditions under which the
magnetic field is forced inside the volume occupied by
the beam and is increased considerable as compared as
external field. About similar situation could be realised
in the beam-plasma system under consideration. In this
case the role of the internal electrode plays near axis ion
pivot. The reasons of the creation just of paramagnetic
state of the beam are not clear enough. It can be as-
sumed that just fast forced escape of plasma electrons to
the electrodes and exceeding of Alven’s limit by beam
current play the main role. As the result a “clear” sys-
tem consisting of slow plasma ions and fast beam elec-
trons is formed. This system has many commons with
so-called coupling state in moving quasi-neutral medi-
um [6] and can be considered as polarised one.

The degree of magnetic field amplification depends
on the value of the external magnetic field, plasma dens-
ity, and rise time of the applied voltage and transverse
dimensions of the system. In high external magnetic
field the amplification is smaller. In low magnetic fields
the amplification of the field can exceed 40. No special
attempts were done to find conditions of maximum
amplification. Below several results are given for short
systems to be sure in the accuracy of the calculations.
Fig.2 shows typical behaviour of beam current on the
time. Beam current on the collector decreases rapidly
because of fast escape of plasma ions to electrodes in
the system with small longitudinal dimension (see
Fig.1). The form and the duration of the current not
strongly depend on magnetic field. Beam current dura-
tion increases with increasing of the distance between
electrodes. Symbols 7, e and b sign accordingly plasma
ions, plasma electrons and beam electrons.
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Fig.2. Typical beam current on the collector placed at
1 c¢m from the cathode for magnetic field 500 Gs

Dynamics of alternating part of longitudinal magnet-
ic field near the axis in the centre of the system and lon-
gitudinal and radial distributions of complete longitud-
inal field at the moment are shown in Fig.3. For the case
of B = 5 kGs magnetic field on the axis exceeds 12 kGs.
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YUCJIEHHOE MOJEJIMPOBAHUE TUHAMUKHU HU3KOOHEPTETUYHBIX CUJIBHOTOYHBIX 2JIEK-
TPOHHBIX TYYKOB B JVIMHHOM IIJIABMEHHOM JIMOJIE

A.B. Azagponos, B.I1. Tapakanos

IIpuBeneHs! pe3ynbTaThl YHCICHHOTO MOJCTNPOBAHNS AUHAMHUKN HU3KOHEPT€THIHBIX CHIBHOTOYHBIX 3JIEKTPOHHBIX ITyYKOB
B HU3KOMMIIEJIAHCHOH TJIa3MEHHOHN CHCTEMe, COCTOSIIEH U3 A0/ C JUTMHHBIM IIa3MEHHBIM aHOJOM, BIUIOTHYIO NPUJIETAIONINM
K B3PBIBOOMUCCHOHHOMY KaTOJy, U BCIOMOIaTEIbHOIO TepMoKarona. IInasMeHHbI aHO OJHOBPEMEHHO MIpAacT poJib KaHalla
JUISL TPAHCIIOPTHPOBKH ITyYKa U CO37AETCs MTOCPEICTBOM MOHHU3AIMH OCTaTOYHOTO Ta3a CIab0TOYHBIM HU3KOBOJIBTHBIM ITyYKOM
OT TepMOKaroJia BO BHELIHEM IIPOJOJHHOM MarHHTHOM Iojie. PaccMOTpEHBI OCHOBHBIE OCOOEHHOCTH IIOJJOOHOW ITyYKOBO-
TUTa3MEHHOH cuCTeMBL: 1) GOpMHpOBaHHUE ITyYKOB C TOKAMH, IPEBOCXOIIMMY IpeJIeNbHBIN TOK Asb(BeHa; 2) GpopMHpoBaHHe
MapaMarHUTHBIX COCTOSHMI MYyYKOB B YCJOBMSX, KOTJa IUIOTHOCTh 3apsifa IydKa CpaBHMMA C INIOTHOCTBIO TIa3Mbl. PabGota
BbINOJHEHA npu noanepxke PODU no rpanty 05-02-16442.

YUCEJBHE MOAEJIOBAHHS TUHAMIKHW HU3bKOEHEPTETHYHHUX NOTY KHOCTPYMOBHX EJIEK-
TPOHHUX ITYYKIB Y JOBIOMY IINTA3MOBOMY A10A1

A.B. Azagponos, B.I1. Taparxanoe

HaBeneno pesynabraTu 4YHCENBEHOTO MOJETIOBAHHSA AWHAMIKM HU3BKOCHEPTeTHYHHX ITOTY>KHOCTPYMOBHUX EIEKTPOHHHUX
MY4YKiB Y HU3bKOIMIIEIAaHCHIH IJTa3MOBIH CHCTEMI, 110 CKJIAIAETHCS 3 IOy 3 IOBI'MM IUIa3MOBHM aHOOM, IO BIPUTYJI MPUIISTae
JI0 BUOYXOEMICIIIHOTO KaToqy, 1 JOMOMIKHOTO TepMokaToay. [lma3mMoBuii aHOM OJHOYACHO BiJirpae poib KaHATy IS
TPAHCIIOPTYBAHHA IY4Ky i CTBOPIOETHCS 3a JONOMOIOIO iOHi3alii 3aJMIIKOBOrO rasy cnabKOCTPYMOBMM HHM3bKOBOJIBTHHM
My4YKOM BiJl TEPMOKATO/Y B 30BHIIIHIM ITO3JOBXKXHIM MarHiTHOMY moii. PO3IIsSHYTO OCHOBHI 0COOMMBOCTI MOJIOHOI My4KOBO-
I1a3MOBOI cucTeMu: 1) GopMyBaHHA IyUKiB 31 CTpyMaMH, IO NEPEBEPILYIOTh TPAHUYHUI cTpyM AJb(BeHa; 2) GpopMyBaHHS
MapaMarHiTHUX CTaHIB MyYKiB B YMOBaX, KOJIM IIUIBHICT 3apsly ITydyKa MOpPiBHAHHA i3 HITBHICTIO Ia3Mu. PoGoTa BHKOHaHA 3a
niarpumkoro PO/ o rpanty 05-02-16442.
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