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The paper presents the results of the numerical research of the influence of spectral characteristics of the relativistic electron beam,
restricted by a spatial charge, on the instability development at near-limiting current. The beam system model is described permitting
to calculate with minor errors the process characteristics for both narrow and wide electron energy spread in the beam. Instability
development phases are defined and their duration is calculated. The dependences of instability development time and virtual cathode
steady-state operation on the relativistic electron beam spectrum width are determined.
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BIIJIUB CIIEKTPAJIBHUX XAPAKTEPUCTHUK PEJSATUBICTCBKUX EJEKTPOHHUX ITYYKIB HA ITPOLIEC
PO3BUTKY HECTIMKOCTI ITPA CTPYMI BJIN3bKOMY 10 TPAHUYHOI'O
I'.E. CapyxaHﬂH*’**, AM. Fopﬁaﬂb*’**
* Hayionanohuil Haykosuil yenmp «Xapriecokutl Qizuxo-mexuiynuil incmumymy» HAHY
eyn. Akademiuna 1, 61108, Xapxis, Yrpaina
** Xapriecokuil HayionanvHuil ynigepcumem im. B.H. Kapaszina
nn. Ceoboou 4, 61022, Xapkis, Yxpaina
[IpencrasieHi pe3yapTaTH YUCEIHFHOTO TOCTIHKEHHS BIUIHBY CIICKTPAIBHIX XapaKTEPUCTUK PEJIITHBICTCHKOTO €NIEKTPOHHOTO ITyYKa
Ha PO3BUTOK HECTIIKOCTI IIPH CTPYyMi , OJIM3BKUM JI0 TPAHHIHOTO , 0OMEXKEHOT0 IIPOCTOPOBUM 3apsiioM. Omnucana MoJeb My4KOBO1
CHCTEMH , IO JI03BOJISIE 3 MAJIMMH IIOXHOKaMH PO3PAaXOBYBAaTH XapaKTEPHCTHKH HPOIECIB , K JUIST MaJOro , TaK i JJIs BEIUKOTO
PO3KHIY CHEprii eNeKTPOHIB B My4Ky. BuijeHo ¢a3u po3BUTKY HECTIHKOCTI , BU3HAUCHO X TPUBAIOCTI. BCTAHOBICHO 3aJI€XKHOCTI
4acy pO3BUTKY HECTIHKOCTI i XapakTepy YCTaJICHOTO DPEXHMY BipTyalbHOTO KaTOJa BiJ IUNMPHHHU CHEKTPa PENISTHBICTCHKOTO
€JIEKTPOHHOTO ITy4YKa.
KJIFOYOBI CJIOBA: po3BUTOK HECTIMKOCTi, ENEKTPOHHHH MYyYOK, BIPTYaJbHHH KaTOJ, CHEKTPaJbHI XapaKTEPUCTHKH,
KOMIT'FOTEPHE MOJICITFOBAHHS

BJIUSIHUE CIIEKTPAJIbBHBIX XAPAKTEPUCTHUK PEJISITUBUCTCKOI'O SJIEKTPOHHOI'O ITYUKA HA
MPOLIECC PA3BUTHSI HEYCTOMUYMBOCTH ITPU TOKE BJIN3KOM K IPEJEJbHOMY
r.n. CapyxaHﬂH*'**, AM. Fopﬁamf’**
' Hayuonanvnoiii Hayunvii Llenmp «Xapoko6ckutl (huzuxo-mexHuueckuil uHCmumym»
61108, Axademuueckas, 1, o. Xapvros, Ykpauna
" Xapwrosckuii nayuonansuwlil ynusepcumem umenu B.H. Kapasuna
61022, Xapwvkos, nn. Ceoboovt 4, Yxpauna

[IpencrasieHsl pe3yiabTaThl YHCICHHOTO HCCICIOBAHUS BIHMSAHHUS CHEKTPAIBHBIX XapaKTCPHCTHUK PENSTHBUCTCKOTO IICKTPOHHOTO
IMy4YKa Ha pa3BUTHEC HEYCTOHYMBOCTH HPHU TOKE, OJM3KOM K IPEICIEHOMY, OTPAaHUYEHHOMY MPOCTPAHCTBCHHBIM 3apsiioM. Onurcana
MOJIEITb ITYYKOBOW CHCTEMBI, MO3BOJISIONIAS ¢ MAJBIMH MOTPEITHOCTSIMU PACCUUTHIBATH XapaKTEPUCTUKHU MPOIECCOB, KaK IS MaJIbIX,
Tak ¥ U5 OONBIIMX Pa3OpPOCOB SHEPTUHU DIICKTPOHOB B myuke. BbimeneHbl (a3bl pa3BUTHS HEYCTOWYMBOCTHU, OMPEICICHBI HX
JUTMTEIIBHOCTH. Y CTAHOBJICHBI 3aBUCHMOCTH BpPEMCHH DPAa3BUTHS HEYCTOMYMBOCTH W XapaKTepa YCTAHOBHBIICTOCS PEKHMa
BUPTYaIbHOTO KaTO/a OT LIMPHHBI CIEKTPa PEISATUBUCTCKOTO JIEKTPOHHOI'O Iy4Ka.

KJIFOYEBBIE CJIOBA: pa3Butne HEyCTOHYUBOCTH, 3JICKTPOHHBIN MyYO0K, BUPTYaJIbHBIA KaTOJ, CIIEKTPAIbHBIC XapAKTEPUCTHKH,
KOMITBIOTEPHOE MOJICINPOBAHNE

It is well-known that at injection of the current close to some critical value (limit, space-charge limited or, so-
called, supercritical current) into the diode gap the Bursian instability arises in the drift gap. The virtual cathode is
formed during an instability development [1], which oscillates in the space and reflects electrons backward to the
injection plane. The subject of our study is a scenario of the relativistic electron beam instability onset if the beam
current is near the limit or slightly exceeds it. Also, the influence of relativistic electron beam spectral characteristics on
the instability development, mode and virtual cathode operation parameters are researched. The research on the scenario
of instability development in the wide high-current electron beam requires the use of models possessing minor
numerical errors for simulation of beams without energy spread, on the one hand, and permitting the adequate
simulation of beams with a quite wide energy spread on the other hand. Frequently one uses different models for
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simulation of the beam without energy spread and that with a wide energy spread, however, the question arises: which
of these models is more adequate?

The aim of this paper is to create a one-dimensional model of the beam system permitting to calculate with minor
errors the process characteristics for both the narrow and wide electron energy spread in the beam. This model is the
first step to creating a tool for the research on beams in a wide range of electron energies — a three-dimensional model
of the beam. The paper is also aimed at numerical research on the electron beam spectrum width influence on the
instability development process.

SIMULATION MODEL
As a simulation object we consider the drift area restricted, in the direction of beam propagation, by the grounded
electron-transparent planes. In the transverse direction the drift area is not restricted (Fig.1). The electric field is self-
consistent, potential one. A continuous injection of 1 MeV electrons into the system is provided. Initial particle pulses
obey to the Gauss distribution. The investigated values were relative pulse spread parameter dp/ p, from 0 to 5107,

where p, is the average value of the initial particle pulse, dp is the pulse spread.

o0

Fig.1. The drift area with an injected beam
The system is described by the equations for the self-consistent potential ¢ and electric field intensity £

Ap =—4np, (/)‘B =0

)
E=—grad ¢,
(@)
and by the electron motion equations
dp
E:qE’ p|x=0:f(p0)’ (3)

where f(p,) is the statistic pulse distribution function, p is the particle pulse and ¢ is its charge. The equation for x

particle coordinates, with taking into account the relativistic correction, has the following form
dx pc

dt [, mie? 4)
where m 1is the particle mass, ¢ is the velocity of light. So, we have a problem of wide electron beam propagation of
1d1v dimension.

For simulation of similar systems as a basic model one widely uses a discrete PIC model for one-dimensional
electron plasma, described in the book by R. Hockney “Computer Simulation Using Particles” [2]. Below given are the
equations of the discrete model modified for the given problem.

Charge distribution:

1 &
Py :E;qu(xi _xp)’ (5)
where
1 at |x|<h/2
W(x)={0 (Ri<n, (©)
if not

Field equations:
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Ppt ~20, FPpt _ Py

H? &, (7N
Ppa =Py
E — P 7 .
’ 2H (®)
Force interpolation:
Ng—-1
E! =E(x])=N, Y W(x/ —x,)E . )
p=0
Motion equations:
n+l/2 n-1/2
P 4 _ ny,
di =qE(x}) (10)
x.n+l _x.n p.r1+l/ZC
dt :\/(p7+1/2)2+N 2, 22 (11)

where N is the coefficient for finite-size particles. To avoid significant numerical errors, caused by the charge
discrimination and spatial resolution, an average number of particles for 1 mesh point, not less than 250 have been
provided in the model. A comprehensive description of the computation model is given in [3]. As a result of the above
modifications we succeeded in obtaining the model capable to describe the beam with both near and wide energy
spreads.

RESULTS AND DISCUSSION
During of investigations the amplitude of the potential extremum was observed. Fig.2 presents the amplitude of
the potential extremum for the beam with an energy spread of 0.01% (a) and 1% (b). Also we observed the fluxes of

passing particles (denoted by “+” in Fig.3) and reflected particles (denoted by “-“in Fig.3) with an energy spread of
0.01% (a) and 1% (b).
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Fig.2. The amplitude of the potential extremum
a) energy spread of 0.01%, b) - 1%

The amplitudes of the extremum are shown in the relative units, for a unit time taken was the time of electron
transit through the drift gap with an initial pulse py. From Fig.2a,3a it is seen that the time of instability development
and virtual cathode formation exceeds significantly the time of electron transit through the drift gap. Fig.2b,3a show
that the energy spread increases when the instability development time decreases appreciably. However, if the current
density decreases the instability development time increases, but in this case the energy spread decreases to 0.01% and
there is no instability development.

Below in Fig.4 the plots of the particle density in different instants of time before the appearance of the first
reflected particles (from 15 to 17 transit times) are shown. From Fig.4 one can see that the instability development
begins when the particle density profiles are changing so that their point of extremum displaces towards the beam
injection plane and the amplitude is slowly increasing.
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Fig.3. Fluxes of passing and reflected particles
a) energy spread of 0.01%, b) - 1%
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Fig.4. Particle density profiles in different instants of time from 15 to 17 transit
times for the beam with an energy spread of 0.01%.

This situation leads to the beam instability development with the current values lower than these obtained by the
analytic solution [4]. Particular attention should be given to the presence of a long preliminary stage of instability
development.

The above analysis of figures has revealed four main phases of electron beam instability development. Initial
phase is characterized by the slow smooth rise of the potential extremum and slow increase of the charge density (in
Fig.2a from 2 to 15 time units). Linear stage is characterized by the exponential growth of the potential extremum and
charge density, as well as, by the slight displacement of the coordinate of the potential extremum and charge density
towards the system origin (in Fig.2a from 15 to 17 time units). Transient phase is characterized by the chaotic
oscillations of the potential extremum and discharge density; there arises a reflected particle flux (in Fig.2a from 17 to
22 unit times). Nonlinear stage is the region of existence of the virtual cathode with steady-state oscillations of the
potential extremum; there are a passing particle flux and a reflected particle flux (in Fig.2a from 2 to 22 time units).

CONCLUSIONS
The research has shown that the relativistic electron beam spectral characteristics exert influence on the instability
development and virtual cathode parameters when the current is neat the limiting value. The process of potential
instability development in the electron beam is characterized by the times significantly exceeding the transit time of the
system and strongly depends on the energy spread. The behavior of virtual cathode steady-state oscillations also
depends on the energy spread.
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