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Dynamics of the initially cylindrical electron bunch injected into plasma along the external magnetic field was
studied via PIC simulation. Time evolution of the spatial distributions of electric field, magnetic field and bunch
electron density is analyzed. The influence of the external magnetic field on the bunch shape and wake field
excitation is treated. The correlation between azimuthal magnetic field distribution and wake field shape is

discussed.
PACS: 52.25.Xz, 52.35.Fp, 52.40.M;j.

INTRODUCTION

Study of electron bunches’ and beams’ dynamics in
plasma is important for plasma electronics, in particular,
for construction of the compact wake field accelerators
of electrons. Magnetic field is used for plasma
confinement and beams’ control, therefore the study of
electron bunch dynamics in plasma with the external
magnetic field appears to be a topical problem. The
objective of this paper is to study the influence of the
longitudinal magnetic field on the dynamics of
cylindrical ~ electron  bunch injected into the
homogeneous plasma along magnetic field using PIC
simulation via 2.5 D electromagnetic code [1].

While the electron bunch enters plasma, its
forefront excites the wake wave, so the bunch moves in
the wake field [2]. Due to this field electrons form the
microbunches’ sequence [3]. Further increase of the
wake field amplitude is caused both by the longitudinal
focusing and Cherenkov resonance (if the bunch is
significantly longer then the wake wave) [4].

For the bunch of finite radius the wake field has a
radial component and its sign varies along the bunch.
Radial focusing and defocusing of the bunch is caused
by this component. Without magnetic field the average
bunch density rapidly decreases far from injector due to
the particles’ radial defocusing, and the wake wave is no
more excited. Strong magnetic field (o¢ =g , Where
0, and oy are electron cyclotron and Langmuir
frequencies of the ambient plasma, respectively)
suppresses the radial defocusing of the bunch.
Consequently the wake wave amplitude grows far from
injector, compared to its value without magnetic field.

Simulation is carried out for the following
parameters: length of the cylindrical camera is 1.5 m;
it’s radius is 0.2 m; bunch is injected along it’s axis.
Plasma density is 5-10°cm™, ion and electron
temperatures are 0.2eV and 2 eV, respectively. The
bunch initial radius is 0.02 m; it’s initial velocity is
3.10"m/s; and its duration is 2-10°s.

1. SIMULATION PACKAGE

The simulation was carried out using the PIC
method applied to the cylindrical geometry [1] -
particles and cells had a shape of rings. Simulation
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program deals with 2.5 dimensions: particles have two
cordinates (radial and axial) and three components of
velocity (including azimuthal component); electric and
magnetic fields and electric current also have three
components. The simulation algorithm includes the
charge weighting (using the large particles' coordinates)
— procedure is similiar to the 2D case. Current
weighting (using the large particles velocities) is the
first order weighting used in program. Large particles’
cross-section has the square shape in the plane (r,z). So
called Courant condition must be sutisfied: maximum
distance that particle can passes during one time step
should not exceed the half cell size. That’s why the
particle can give the contribution to 4, 7 or 10 sides
during its motion per time step. It’s also necessary to
consider that large particle charge density is a function
of its radius, in the contrast to the case of rectangular
geometry where it remains constant. Maxwell equations
are solved in order to obtain the field values. Each point
where electric field is calculated is surrounded by four
points where magnetic field is calculated. For each point
where magnetic field is calculated situation is the same.
The difference schemes for E and H are described in

[4].

2. WAKEFIELD DISTRIBUTION AND THE
BUNCH SHAPE

The output of simulation is the set of distributions
of charge, current and components of electrical and
magnetic fields in the half-plane of system axis.

Fig. 1 shows the spatial distribution of the electron
bunch density for various values of the parameter

a=w,/o, at the time point @ t=50. It is clear

from this figure that the bunch radial defocusing
substantially reduces for a> 0.15. Fig. 2 demonstrates
the spatial distribution of the wake field radial
component for a=0.15. One can see that area of the
wake wave excitation grows in presence of the magnetic
field. Fig. 3 represents the spatial distribution of the
wake field radial component near the systems’ axis at
the same time point for various magnetic fields. The
wave excited by beam weakly depends on magnetic
fields at least at the distance less than 70 cm. At larger
distances the amplitude grows with the magnetic field
increase. The measured length of the wake wave
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(13 cm) corresponds to the Langmuir wave in the
background plasma moving with the bunch velocity.
Increase of the longitudinal size of the wake field area
can be explained by suppression of the bunch radial
defocusing by the longitudinal magnetic field, and, as

o

result, the slowdown of the bunch density decrease.
Consequently the electron bunch moving along the
strong magnetic field can excite the wake field at the
longer distance along its trajectory.

Fig. 1. The bunch charge density distributions in the r-z plane for time point t=40 ns (@,t=56) and a=0 (a);
a=0.03 (b); a=0.06 (c); a=0.12 (d)
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Fig. 3. Spatial distribution of the wake field radial component near the systems’ axis; red — B=0; green —
B=1 mT; blue - B=2 mT

3. DISTRIBUTION OF AZIMUTHAL
MAGNETIC FIELD AND ELECTRONS OF
THE BUNCH

Fig. 4 shows the spatial distributions of the azimuthal
magnetic field, longitudinal electric field and electron
bunch density without external magnetic field for two
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different time points. Comparing two graphs one can
see that spatial distribution of electron bunch density
has several peaks which appear to be a microbunches’
sequence. At the later time point peaks become lower
due to the radial defocusing of the bunch. The azimuthal
magnetic field has local maxima corresponding to the
bunch density peaks — larger bunches’ current produces
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Fig. 4. Spatial distributions of the azimuthal magnetic field, longitudinal electric field and electron bunch density.
B, =0; a—time: 30 ns; b — time: 50 ns; Red — (E, /1000 (V/m)); Green — (H, x15(T1)); Blue — (ppeam X 10° (M)
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Fig. 5. Spatial distributions of the azimuthal magnetic field, longitudinal electric field and electron bunch density.
B,=1mTl; a—time: 30 ns; b — time: 50 ns; Red — (E, /1000 (V/m)); Green — (H, x15(Tl)); Blue — (ppeam X 10° (m®))
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stronger magnetic field at these points. Also one can see
that magnetic field spatial distribution has more peaks in
the area bunch has passed, despite there’s no bunch
current in that area. These peaks are shifted with respect
to maxima of the longitudinal electric field for the
quarter of the wakewaves’ length. This fact allows to
conclude, that wakewave creates the azimuthal
magnetic field due to the Ampere’s circuital law, and
it’s value is of the same order with the field excited by
the electron bunch.

Fig. 5 shows the same distributions as see Fig. 4 but
for the case of the longitudinal external magnetic field
1 mTI for two different time points. From the graphs for
electron bunch density distribution one can see that
peaks which correspond to the microbunches’ sequence
remain higher, and also keep the shape better then
without external magnetic field. It is a result of
suppressing of the radial defocusing of the bunch by the
longitudinal magnetic field — it increases the bunch
density near the system axis. The azimuthal magnetic
field distribution contains the peaks created both by
bunches’ current and wake wave field. In some areas
superposition of magnetic fields excited by the bunch
and by the wake wave can take place.

CONCLUSIONS

1. The longitudinal magnetic field suppresses radial
defocusing of electron bunch, injected along its lines of
force, in plasma, if the electronic cyclotron frequency is
the same or higher degree then electron plasma
frequency. The result is an increasing of the amplitude
of the wakefield wave with the distance from the
injector.

2. Analysis of distributions of the azimuthal magnetic
field in plasma leads to the conclusion that the
background plasma current produced by the wake wave
is of the same order with the microbunch current.

3. The presence of longitudinal magnetic field makes
the division of initial bunch on microbunches more
clear-cut near the system axis at later time points.
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BJIMSTHUE ITPOAOJIBHOTI'O MATHUTHOTI O ITIOJIA HA CI'YCTOK 3JIEKTPOHOB
HUJIUHIPUYECKOMN ®OPMBI, IBUKYIUNCSA B IIJIASME

H.A. Ilepounun, U.A. Anucumos

C mNOMOIIBI0 YHCICHHOTO MOJENUPOBAHHMS METOJOM 4YacTHI[ B S4eHKax MCCIeNyeTcsl ITWHAMHMKa CryCTKa
JIEKTPOHOB, M3HAYAIBHO HMEIOIEro (GopMy HMIMHIPA, BIETAIOUIETO B IIa3My B NPUCYTCTBHU IIPOJOIHHOTO
BHEIIIHETO MAarHUTHOTO TOJS. AHATU3UPYIOTCS W3MEHEHHS MPOCTPAHCTBEHHBIX PACIpPEeNCHUN EKTPUIECKOTO U
MarHMTHOTO TOJIEH, a TaK)Ke TUIOTHOCTH 3JIEKTPOHOB B cryctke. OOCyXIaeTcsl BIMSHHUE MPOIOJIBHOTO MarHUTHOTO
nois Ha QOpMy CrycTka M BO30YXKIEHHE KHIbBaTEpHOW BOJIHBEL Mcciemyercs 3aBUCHMOCTh MeXIy (opmoit
CTYCTKa, II0JIEM KHUJIbBATEPHOM BOJIHBI U paclpeleIeHUEM a3UMYTalbHOM COCTaBIIAIONIEN MATHUTHOTO MOJIS.

BILJIMB MO3/10B)KHHOT'O MATHITHOT'O MOJISI HA 3T'YCTOK EJIEKTPOHIB IIUJITHAPUYHOI
®OPMU, 1O PYXAETHCA B IITAZMI

M.A. Hlepbinin, 1.0. Anicimos

3a ZONOMOTOI0 YHCEIFHOTO MOETIOBAaHHS METOJOM YaCTHHOK y KOMIpKax JOCHIKYEThCS TUHAMIKa 3TyCTKa
@JIEeKTPOHIB, IO IOYAaTKOBO Ma€ IMIIHAPHYHY (opMy, Ta BIiTae B IUIa3My y HPUCYTHOCTI 30BHIIIHBOTO
MO3/I0BKHBOTO MAarHiTHOTO IOJIS. AHANI3YIOTHCS 3MIHH HPOCTOPOBOTO PO3IMOJIUTY €NEeKTPUYHOTO Ta MAarHiTHOTO
TIOJIIB, @ TAKOXK T'YCTHUHH €JIEKTPOHIB Y 3rycTKy. OOroBOpIOETHCS BIUIMB 30BHIITHHOTO MarHiTHOTO MOJII Ha GOpMY
3rycTka Ta 30y/pKyBaHy KutbBaTepHy XBWilO. ITokazaHa 3ayexHICTH MiX (POPMOIO 3TyCTKa, IOJIEeM KiTbBaTEpPHOI
XBHJI1 Ta PO3MOIIJIOM a3UMYTaJIbHOI CKJIa0BOi MarHiTHOTO MOJIS.
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