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We report on the physical mechanisms of development, coexistence and interaction of Pierce-

Bursian and diocotron instabilities in the non-neutral relativistic electron beam (REB) in the classic

vircator. The analytical and numerical analysis is provided by means of 3D electromagnetic simula-

tion. We conducted an extensive study of characteristic regimes of REB dynamics determined by

the instabilities development. As a result, a regime map has been obtained. It demonstrates sequen-

tial switching of the REB dynamics from the regime with N ¼ 1 to the regime with N¼ 7 electron

bunches in the azimuth direction with the beam current growth for the different external magnetic

fields. The numerical analysis of bunch equilibrium states has identified the physical causes respon-

sible for the REB regime switchings. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4938216]

I. INTRODUCTION

Relativistic electron beams (REBs) have a great signifi-

cance for the modern plasma physics and high-power micro-

wave (HPM) and terahertz (THz) vacuum and plasma

electronics due to their wide spectrum of applications in the

different areas, such as plasma heating, inertial fusion, high-

power microwave generation, etc.1–4 Intense REBs are

known to demonstrate the complex regimes of dynamics

including the development of the different types of instabil-

ities, such as Pierce, Bursian, current-convective, slipping,

diocotron, Weibel instabilities, etc.5–10 On the one hand, de-

velopment of some of these instabilities may play a positive

role. For instance, Pierce and Bursian instabilities lead to the

formation of the nonstationary virtual cathode (VC) in the

electron beam with the overcritical current.1,11–15 This effect

is used in a perspective class of microwave devices called

virtual cathode oscillators (or vircators) that belong to a spe-

cial class of bremsstrahlung microwave generators and

amplifiers.11–14,16–18 On the other hand, instabilities in the

REBs may have a negative impact on the operation of high-

power microwave and THz devices, accelerators, plasma

heating and inertial fusion systems, etc., and impose certain

limitations on the regimes of their operation.5–7,9 For exam-

ple, the development of the aforementioned Pierce or

Bursian instabilities limits the maximal current that may be

transported through an equipotential drift space.19–22

Diocotron and slipping instabilities influence considerably

the intense beam geometry during its propagation through a

system. It leads to the development of the azimuthal and ra-

dial nonuniformities in the REB, particularly, to the forma-

tion of vortex and spiral structures and to the filamentation

of the beam.23–33 These effects are often undesirable for the

operation of systems using beams of charged particles. The

diocotron and slipping instabilities usually occur in HPM

devices, beam collimator systems in high-energy colliders

(such as the Tevatron or the Large Hadron Collider in

CERN), Penning traps, etc. Therefore, mitigation or control

of these instabilities is an important problem for the develop-

ment of HPM, inertial fusion, accelerator, collider, and other

systems. In this case, the intense high-energy beams of

charged particles are used on relatively long distances or for

long times (like in the beam traps).8,33–36 Different methods

for mitigation or control of such instabilities are actively

studied at present.34,37,38 At the same time, the diocotron and

slipping instabilities could be useful for the development of

novel methods for HPM generation (see, for example, the

work23 where the effect of the microwave generation from

the filamentation and vortex formation within magnetically

confined electron beams was discovered and investigated).

It should be noted that the conditions for the simultane-

ous development of several instabilities often arise in the

intense beams of charged particles.39–41 The typical situation

is the coexistence of Bursian/Pierce and diocotron (slipping)

instabilities in REB. Such complex regimes of the beam dy-

namics have been poorly investigated so far though their

study is important both for fundamental and applied pur-

poses. It is all the more important due to the development of

HPM and THz electronics sources, especially for the optimi-

zation of relativistic vircators, where Bursian/Pierce and dio-

cotron (slipping) instabilities often coexist and it influences

considerably the generation characteristics of the de-

vice.39,40,42 Nowadays, a rising interest in the research of vir-

cators is caused by their advantages: a very high output

microwave radiation power, a simple construction (in partic-

ular, vircators can operate without external focusing mag-

netic field), short rise time, the possibility of a simple

frequency tuning and regime switching (tunability), a rather

short operation region, and low requirements to the quality

of the electron beam.1,14,15,43–50 The last property is of great

importance when an oscillator is fed with a short and low-

quality beam formed by an explosion emission electron

injector.51,52a)Electronic mail: KurkinSA@gmail.com
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So, the subject of the present work is determined by the

above-named problems and devoted to the detailed investi-

gation of the physical mechanisms of the coexistence, joint

development, and interaction of Bursian and diocotron insta-

bilities in the nonneutral REB in the classic relativistic virca-

tor model. The structure of the paper is as follows. In

Section II, we briefly describe the proposed numerical

model. In Section III, the physical processes occurring dur-

ing the joint development of the instabilities are considered

and analyzed. In Section IV, the characteristic regimes of

REB dynamics determined by the development of instabil-

ities are investigated in detail. In Section V, we reveal ana-

lytically and numerically the physical background for the

REB regime switchings.

II. SYSTEM UNDER STUDY

In analyzing REBs, it is necessary to take into account

effects which are insignificant for the weakly relativistic sys-

tems, specifically the influence of the self-magnetic field of a

REB.40,42 The simultaneous coexistence of two instabilities

in a REB leads to the complex beam dynamics in the system

that may be efficiently analyzed mainly with the help of the

numerical methods based on the solving the self-consistent

system of Maxwell equations and motion equations of

charged particles. For this reason, the 3D fully electromag-

netic particle-in-cell (PIC) solver of CST Particle Studio

package is used in our work for the accurate numerical

investigations of REB dynamics in the relativistic vircator

model.

The system under study (see Fig. 1(a)) consists of a per-

fect electric conducting finite–length cylindrical equipoten-

tial waveguide region 1 (an electron beam drift chamber) of

the length L, the radius R, with an entrance transparent grid

electrode 2 on the left side and an output coaxial waveguide

port 3 on the right side.40,53 An axially symmetrical

monoenergetic annular relativistic electron beam 4 with the

current I0, the initial electron energy We (850 keV in this

work), the external radius Rb, and the thickness d is injected

through the entrance electrode 2. Electrons can leave the

waveguide region by reaching the side wall or the right (col-

lector) end of the drift chamber 5.

In the present study, the values of geometric parameters

were chosen as: L¼ 45 mm, R¼ 10 mm, Rb¼ 5 mm, and

d¼ 1.5 mm. Also note that the waveguide is superdimen-

sional in the respect of a wavelength corresponding to a vir-

cator fundamental generation frequency. The external

uniform magnetic field with induction Bz ¼ B0 2 ð0; 2Þ T is

applied along the longitudinal (z) axis of the waveguide. We

suppose that the injected REB is formed by a magnetically

insulated diode.54 The beam current pulse has the smooth

step shape (see Fig. 1(b)) with the rise time of 1 ns and the

full duration of 100 ns. The time step used in the calculations

is Dt ¼ 1:93� 10�4 ns, and the consequent error is estimated

as OðDtÞ.

III. PHYSICAL MECHANISMS OF THE INSTABILITIES
DEVELOPMENT

The diocotron instability is the shear instability that is

driven by shear in the drift velocity of charged particles per-

pendicular to the magnetic field, and it leads to the filamenta-

tion of a beam and often to the vortex formation.36,55–58 This

instability is observed in many plasma systems including

planetary atmospheres, pulsar magnetospheres, aurora borea-

lis, beams of charged particles, etc.57,59

The Bursian instability19,60–62 appears in the beam of the

charged particles travelling through a drift space due to an

uncompensated space charge leading to the sagging of poten-

tial in the system. The main condition for the Bursian instabil-

ity development in the electron beam is that the beam current

should be greater than the critical value (the so-called space-

charge-limited (SCL) or Bogdankevich–Rukhadze cur-

rent).21,22 In this case, the dense cloud of decelerated electrons

(electron bunch, corresponding to virtual cathode) is formed

in the area of the potential sagging. A virtual cathode reflects

a part of electrons back to the entrance plane or on the side

wall of the drift tube and is characterized usually by the com-

plex non-stationary dynamics.15,39,40,42,63–68

The conditions for the development of two above-

mentioned instabilities are often satisfied in the considered

system with intense REB. Let us consider the physical proc-

esses occurring in the REB during the instabilities develop-

ment, analyzing the dependencies of the radius-averaged

space charge density qðuÞ and the azimuthal velocity vuðuÞ
of the REB and space charge density distributions in the sys-

tem qðx; yÞ for the character system parameters (I0 ¼ 40 kA

and B0 ¼ 0 T). The chosen parameters correspond to the

case of the joint development of the diocotron and Bursian

instabilities (see Fig. 2). The listed characteristics allow to

analyze effectively the processes of electron structures for-

mation in the system. The longitudinal coordinate zs of the

cutting plane, where the space charge density distributions

were obtained, corresponds approximately to the mean vir-

tual cathode position and equals to 2 mm.

FIG. 1. (a) The scheme of the investigated system in section. Here, 1 is a cy-

lindrical equipotential drift chamber, 2—an entrance transparent grid electrode

(an injection plane), 3—an output coaxial waveguide port, 4—an axially sym-

metrical monoenergetic annular relativistic electron beam, and 5—a cylindri-

cal collector. B is the external uniform focusing magnetic field; VC denotes

schematically the virtual cathode area. (b) The shape of the current pulse (only

a part of the pulse is shown in the figure); the full duration of the pulse is

100 ns; and the time step Dt used in the calculations is 1:93� 10�4 ns.
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So, at the beginning of the REB propagation (Fig. 2(a),

t¼ 0.2 ns), one electron bunch is formed in the azimuthal

direction, the maximum (in absolute value) on the depend-

ency qðuÞ, and the dark area on the space charge density dis-

tribution correspond to this bunch. It is the initial stage of the

diocotron instability development that arises due to the pres-

ence of the velocity gradient (shear) @vu=@u 6¼ 0: the bunch

starts forming in the area where the azimuthal velocity

changes its sign from positive to negative, and two different

parts of the beam move opposite to each other (see Fig.

2(a)). It should be noted that values of the azimuthal velocity

and space charge density are small at this initial stage.

The Bursian instability is developed in parallel to the

diocotron instability because the beam current exceeds the

critical value ISCL � 8 kA considerably. The consequence is

the rise of the space charge density and, as a result, forma-

tion of the virtual cathode, approximately in the area of the

cutting plane position in Fig. 2. So, Fig. 2(b) (t¼ 0.73 ns)

demonstrates the case when the virtual cathode appears

(starts) in the system that leads to the reflections of electrons

from it (the reflected electrons form the halo around the an-

nular REB on the space charge density distribution in Fig.

2(b)). The space charge density increases in the system as a

result of the Bursian instability development and the beam

current growth. (It should be remembered that the rise time

of the current pulse is 1 ns.) Additionally, the second bunch

is formed in the azimuthal direction.

Finally, Fig. 2(c) (t¼ 51 ns) shows the steady-state REB

structure after the long transient process determined by the

instabilities development and interaction. It is characterized

by the presence of three electron bunches rotating in the azi-

muthal direction. In fact, these bunches are the VC with the

complex configuration in the azimuthal direction, and elec-

trons are mainly reflected from them. The rotation of the

bunches is determined by their destruction because of the

electrons reflections and the formation of a new bunch in

FIG. 2. The dependencies of the radius-averaged space charge density qðuÞ (dashed curves) and the azimuthal velocity vuðuÞ (solid curves) of the REB on the

azimuthal coordinate u (left figures) and space charge density distributions in the system qðx; yÞ (right figures) at the cross-section (x, y) at the following char-

acter instants of time t: t¼ 0.2 ns (a), t¼ 0.73 ns (b), and t¼ 51 ns (c) for the beam current I0 ¼ 40 kA without an external magnetic field (B0 ¼ 0); the longitu-

dinal coordinate of the cutting plane zs¼ 2 mm that corresponds approximately to the mean virtual cathode position. The vertical lines in left figures and the

arrows in right figures denote the centers of the electron bunches.
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azimuth near the destructed one. In other words, the space-

charge wave (the disturbance wave) is excited in the

azimuthal direction because of the interaction of the instabil-

ities: the diocotron instability leads to the REB filamentation

and the Bursian—to electron reflections and further bunches

rotation. It is important to note that the Bursian instability

contributes to the development of the diocotron instability,

since it considerably increases the space charge density in

the area near the injection plane and, as a consequence, the

increment of the diocotron instability development due to

the growth of the velocity gradient.23,26,31,33,57

Let us consider physical causes responsible for the dio-

cotron instability development in the investigated system.

The presence of external magnetic field as a consequence of

the excitation of the electrodynamic system eigenfields by

the intense high-energy REB is not a necessary condition for

the instability origin in the system with a REB (see, for

example, the case shown in Fig. 2). In contrast, the most sig-

nificant for the diocotron instability development is the lon-

gitudinal component of the sum of induced magnetic and

REB self-magnetic fields in the system; distributions of that

are shown in Fig. 3. Fig. 3(a) corresponds to the very begin-

ning of the REB front propagation in the drift chamber

(t¼ 0.005 ns) and is characterized by a number of the local

magnetic microfields generated by the radial microcurrents

created by the separate local groups of electrons.

At the same time, the REB front excites a low amplitude

wide spectrum of the electrodynamic system eigenmodes at

the beginning of the current pulse. One of the eigenmodes

that coincides better with the REB self-fields and has a fre-

quency close to the character beam frequency (plasma fre-

quency that depends on the beam current and lies in the

range 15–50 GHz in the present study) increases over time.

Particularly, such an effect is expressed in Fig. 3 in the for-

mation of the definite magnetic field configuration according

to the eigenmode one, and Fig. 3(b) corresponds to the tran-

sitional moment t¼ 0.015 ns when separate microfields are

merging, approaching to the developed eigenmode’s mag-

netic field structure that is shown in Fig. 3(c) for t¼ 0.15 ns.

Let us emphasize that the Bursian instability exactly contrib-

utes to the excitation of the character eigenmode in the sys-

tem due to the establishing of the typical intense electric

self-field distribution with the potential sagging.

The typical form of the induced eigenmode longitudinal

magnetic field, characterized by different signs (see Fig.

3(c)), causes parts of the REB to move opposite to each

other in the azimuthal direction (@vu=@u 6¼ 0). As a result,

the electron bunches arise in the areas where Hz changes a

sign from minus to plus (when moving clockwise in the azi-

muthal direction)—the filamentation of the REB occurs.

Notice that the relatively weak eigenmode longitudinal

magnetic field plays a significant role only at the initial

stage of the instabilities development that ends approxi-

mately at t � 0:1� 0:3 ns when the REB magnetic self-field

Hz takes the similar configuration as that of the induced

eigenmode. Further beam dynamics is mainly determined

by the self-consistent REB fields.

IV. REGIMES OF THE UNSTABLE REB DYNAMICS

As has been stated above, the electron bunches are

formed in the relativistic electron beam of the considered

system due to the joint development of the diocotron and

Bursian instabilities. Various regimes with the different

number of bunches are established in the system after the

transient process depending, particularly, on the beam

FIG. 3. The distributions of the longi-

tudinal component of the sum of

induced magnetic and REB self-

magnetic fields in the system Hzðx; yÞ
at the cross-section (x, y) at the follow-

ing character instants of time t:
t¼ 0.005 ns (a), t¼ 0.015 ns (b), and

t¼ 0.15 ns (c) for the beam current

I0 ¼ 40 kA without the external mag-

netic field (B0 ¼ 0); the longitudinal

coordinate of the cutting plane

zs¼ 2 mm that corresponds approxi-

mately to the mean virtual cathode

position.
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current and the external magnetic field values. For the

detailed analysis of the unstable REB dynamics regimes with

control parameters’ variations, the regime map in the plane

(I0, B0) has been obtained (Fig. 4). The induction of external

magnetic field and the beam current was changed in the cal-

culations with the steps 0.05 T and 1 kA, respectively.

Fig. 4 demonstrates regimes with N ¼ 1� 7 electron

bunches in the azimuthal direction for the overcritical values

of the beam current when both considered instabilities are

developed. The basic tendency here is that with the beam

current growth we observe the sequential switching of the

REB dynamics from the regime with N¼ 1 to the regime

with N¼ 7 bunches for the different external magnetic fields,

and this tendency is more clearly defined for the relatively

strong external magnetic fields B> 1.5 T. The regimes with

the odd numbers of the bunches N are characterized by the

narrower regions in comparison with the regimes with even

N, and these regions are often embedded in the regions with

even N in the form of the so-called “narrow windows.”

The typical configuration portraits of the REB at the

transverse plane are presented in Fig. 5 for six character sets

of parameters of the unstable beam dynamics. One can see

that the value of the external magnetic field influences the

REB configuration considerably. If it is relatively low and

the defocusing forces are greater than the magnetic focusing

ones, then the formed electron bunches give rise to the rotat-

ing vortex structures (see Figs. 5(a)–5(d)) due to the simulta-

neous action of the defocusing forces and rotation of the

REB. Otherwise, in the case of the strong external magnetic

field the electron bunches appear magnetized and do not

exceed the external beam radius essentially (see Figs. 5(e)

and 5(f) obtained for B0 ¼ 20 kG). Note also that the formed

electron bunches have the spiral form along the longitudinal

direction (z-axis, see Fig. 5(g)) up to the area of their

destruction because of the virtual cathode formation or the

action of the defocusing forces. So, the spiral structure is bet-

ter developed for the cases of low beam currents and strong

external magnetic fields. It is also known that greater the

space charge density of the beam is, the closer to the injec-

tion plane is the VC formed. Consequently, the growth of the

external magnetic field, leading to the increase in the space

charge density (for the fixed beam current) due to the focus-

ing, also results in the displacement of the VC to the injec-

tion plane.

FIG. 4. The typical REB dynamics regimes in the considered system in the

“beam current I0–external magnetic field B0” plane. Roman numerals denote

the regions with the different regimes of REB dynamics, and the value of

the numeral N corresponds to the regime with N electron bunches in the azi-

muthal direction; the dotted line refers to the results presented in Fig. 7. The

grid of the parameters’ plane used for the calculation of the regime map has

1 kA step in the beam current and 0.05 T step in the magnetic field

induction.

FIG. 5. Projections of the instantaneous positions of the electron beam

charged particles (configuration portraits) at the cross-section (x, y) for I0 ¼
30 kA, B0 ¼ 4 kG (a, the regime with N¼ 1 electron bunches, the VC position

relative to the injection plane zVC¼ 1.45 mm), I0 ¼ 30 kA, B0 ¼ 6 kG (b,

N¼ 2, zVC¼ 1.2 mm), I0 ¼ 80 kA, B0 ¼ 14 kG (c, N¼ 6, zVC¼ 0.48 mm),

I0 ¼ 75 kA, B0 ¼ 12 kG (d, N¼ 7, zVC¼ 0.7 mm), I0 ¼ 15 kA, B0 ¼ 20 kG

(e, N¼ 1, zVC¼ 2.3 mm), I0 ¼ 40 kA, B0 ¼ 20 kG (f, N¼ 4, zVC¼ 0.9 mm)

and the side view of the beam for I0 ¼ 50 kA, B0 ¼ 4 kG (g, N¼ 5,

zVC¼ 0.75 mm); here, 1 is the cylindrical equipotential drift chamber, 2—the

entrance transparent grid electrode (the injection plane), and 3—the cylindri-

cal collector, ZV C denotes the approximate position of the VC; the longitudi-

nal coordinate of the cutting plane (x, y): zs¼ 2 mm; the animated

configuration portraits in the regimes a–d are shown online. Only particles

behind the projection plane (z < zs) are shown in the configuration portraits;

arrows denote the areas of the electron bunches that are formed in the REB;

and the greyscale (or color scale) denotes electrons energy. (Multimedia view)

[URL: http://dx.doi.org/10.1063/1.4938216.1] [URL: http://dx.doi.org/

10.1063/1.4938216.2] [URL: http://dx.doi.org/10.1063/1.4938216.3][URL:

http://dx.doi.org/10.1063/1.4938216.4]
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V. PHYSICAL BACKGROUND FOR THE REB REGIMES
SWITCHINGS

Let us investigate the physical causes which are re-

sponsible for the discovered increase in the electron

bunches number in the REB with the beam current growth.

To do so, let us consider the qualitative model of the rotat-

ing bunches in the REB consisting of N equal point charges

q0ðNÞ that are located symmetrically on the circle of the

mean radius Rm ¼ Rb � d=2. These charges are rotating

with the frequency x, and the external magnetic field Bz is

applied to the model (see Fig. 6). Each charge represents

the electron bunch formed in the REB in the azimuthal

direction, and q0ðNÞ < 0 corresponds to the total charge of

the bunch in the model with N bunches. Since all charges

are identical and located symmetrically, we can analyze the

motion of one arbitrary chosen charge (shown on the top of

Fig. 6 schematically).

The motion of the charge bunches in the noninertial

frame is determined by the action of the Lorentz,

Coulomb’s, and centrifugal forces, and as follows from the

motion equation in cylindrical coordinates,54 the equilibrium

condition along the radial direction can be written in the fol-

lowing way:

g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Rmxð Þ2

c2

s
Er þ RmxBzð Þ þ Rmx2 ¼ 0; (1)

where g ¼ q0ðNÞ=m0ðNÞ is the specific charge, q0ðNÞ and

m0ðNÞ are the total charge and mass of the bunch, respec-

tively, Er < 0 is the radial component of the electric field in-

tensity in the point of the arbitrary charge that can be easily

determined from Coulomb’s law for the considered system

with N � 2 point charges as

Er Nð Þ ¼ q0 Nð Þke

R2
m

XN�1
2½ �

i¼1

cos
p N � 2ið Þ

2N

1� cos
2pi

N

� �þ d N mod 2ð Þ
4

0
BBB@

1
CCCA;

(2)

where ke is Coulomb’s constant and d is the delta function.

Equation (1) implies that for fixed system parameters

(Bz, Rm, N, and x that are determined in the numerical simu-

lation), there is an equilibrium total charge of an electron

bunch, qeq
0 ðNÞ, for which bunches keep a constant radius Rm

in the system

qeq
0 Nð Þ ¼ Rmx

E0r Nð Þ
x

g

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� rx

c

� �2
s � Bz

0
B@

1
CA; (3)

where c is the speed of light, E0rðNÞ ¼ ErðNÞ=q0ðNÞ > 0.

The comparison of the equilibrium charge values for the

system with N and ðN þ 1Þ bunches, which can be easily

made with the help of Equations (3) and (2), shows that

qeq
0 N þ 1ð Þ
qeq

0 Nð Þ < 1 (4)

i.e., the greater number of the bunches in the system, the less

the charge of each bunch in the equilibrium state. In fact, the

numerical simulations demonstrate a similar tendency. One

can see in Fig. 7 where the dependency of the absolute value

of the electron bunch mean total charge qb on the beam cur-

rent value is shown. The basic tendency, which it demon-

strates, is the abrupt stepwise decrease in the charge qb in the

moments of the regime switchings and the smooth increase

between the switchings because of the beam current growth.

When the charge qb approaches the critical value (when the

regime switching occurs), the configuration with N bunches

FIG. 6. The model of the rotating electron bunches at steady state. Here, Rm

is the radius of the circle, N is the number of bunches, x is the frequency of

rotation, Bz is the external longitudinal magnetic field, and FL, FC, and Fct

are the Lorentz, the Coulomb’s repulsion, and the centrifugal forces,

respectively.

FIG. 7. The dependency of the mean total charge of electron bunch qb on

the beam current I. Roman numerals denote regimes that are realized in the

system for the given beam currents; B0 ¼ 18:5 kG (see the dotted line in

Fig. 4); the current step—1 kA.
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becomes unstable due to space charge forces action, and

finally, it leads to the establishment of the stable configura-

tion with Nþ 1 bunches with the smaller charge in each

bunch.

So, the basic conclusion of the analytical treatment and

numerical simulations is that the division of electron bunches

with the growth of the beam current leads to the more uni-

form distribution of space charge in the azimuthal direction

and to the formation of a new stable equilibrium configura-

tion. While the charge of one bunch decreases after the pro-

cess of the bunches division, the total charge of all bunches

increases, as a consequence of the increased beam current.

The obtained result also explains the switchings during the

rise time of the current pulse (transient process), which, for

instance, can be seen in Fig. 2. The transient time s is sub-

stantially greater than the system’s own time scale that is

determined by the rotation frequency of the bunches

(�20� 40 GHz). So, the transient process can be considered

as “quasi-stationary,” and we can extend the results of the

steady-state model at each instant of time that is character-

ized by the certain beam current.

The physical background for the REB regimes switch-

ings with the change in the magnetic field is similar. As a

matter of fact, the growth of the magnetic field leads to the

increase in the space charge density (for the fixed beam cur-

rent), so when the bunch charge approaches the critical

value, the configuration with N bunches is transformed to the

configuration with Nþ 1 bunches. But such growth of the

space charge density is not so strong to cause a long

sequence of the regimes switchings. At the same time, the

growth of the magnetic field results in the change in the force

balance due to the change of the rotation frequency. As a

result, the regime map (Fig. 4) demonstrates in some cases

switchings from regimes with Nþ 1 bunches to regimes with

N bunches with the growth of the magnetic field.

VI. CONCLUSIONS

The obtained results reveal the basic features of the de-

velopment, coexistence, and interaction of Pierce-Bursian

and diocotron instabilities in the nonneutral REB. It has been

found out that the diocotron instability in the considered sys-

tem with the tubular beam is developed due to the presence

of the azimuthal velocity gradient (shear), and the bunch

starts forming in the area where the azimuthal velocity

changes sign from positive to negative. The physical back-

ground for the REB regimes switchings is revealed both ana-

lytically and numerically. For the first time, the important

feature of the simultaneous development of the Bursian and

diocotron instabilities, which the Bursian instability contrib-

utes essentially to the development of the diocotron instabil-

ity, has been found out in the present work numerically.

Nevertheless, this significant effect requires further more

detailed studies, particularly, the formulation of the semi-

analytical model of the processes of the instabilities simulta-

neous development.

Due to the generality of the considered model, the

obtained results have additional interest because they may be

extended to many systems of plasma physics and electronics

where intense high-energy beams of the charged particles are

used on relatively long distances or for a long time. For

example, the processes occurring in the Penning trap are

similar to those that are observed in the area between the

injection plane and VC in the investigated system.
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