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The results of analytical investigations and numerical simulation (in 2.5-dimensional electromagnetic code) of
nonlinear wake fields excitation by regular sequence of relativistic electron bunches in isotropic (no external magnetic
field) plasma are presented. The dynamics and distribution of electromagnetic field are investigated. The waves pre-
dicted in the system by linear theory of wake fields excitation were observed in the numerical experiment.
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1. INTRODUCTION

The results of numerical simulation of nonlinear wake
fields excitation by regular sequence of relativistic elec-
tron bunches in isotropic (no external magnetic field)
plasma are presented. For this purpose the 2.5-
dimensional electromagnetic code developed by us[1]
and used for simulation of wake field excitation by elec-
tron bunches in a dielectric waveguide was modernized.
The changes in the code have been made for the purpose
of possibility of simulation of electrons and ions of plas-
ma with initial Maxwell distribution by the velocities and
initial homogeneous distribution by space. The plasma
geometry for simulation has been chosen as the ring. The
plasma ring is placed in the cylindrical resonator. Such
geometry allows to reduce essentially quantity of macro-
particles in the modeled system at compliance of neces-
sary requirements to stability of the scheme and, thus to
reduce time of numerical calculations.

Analytical and numerical investigations of a linear stage of
wakefields excitation for the investigated geometry of plasma
are carried out. It is shown, that for parameters which are used
for simulation with help of particle-in-cell (PIC) method,
bunches can excite only a plasma wave and the backward
surface wave which frequency is close to frequency of a
plasma wave. The forward surface wave is not excited.

Carried out numerical simulations by means of PIC
method have confirmed results of the linear theory about exci-
tation Langmuir waves which is concentrated in a plasma ring.
But along with Langmuir wave not resonant waves which are
excited in the vacuum resonator near of cutoff frequency of the
resonator are gained. In process of injection of bunches in the
resonator the Langmuir waves amplitude increases, the energy
stored in the resonator increases also.

2. THE LINEAR THEORY OF WAKE FIELDS
EXCITATION IN THE TUBULAR PLASMA
WAVEGUIDE

Let's consider an excitation of wake fields by a relativ-
istic electron bunch in a tubular plasma waveguide with-
out of an external magnetic field. Inner radius of tubular
plasma is a, outer radius is b, radius of a metal
waveguide is R. We will obtain at first the expression for
the longitudinal electric field excited by infinitely thin
ring relativistic electron bunch of radius r, moving in

plasma, its charge is equal to Q. Having solved the
Maxwell equations with a stationary source which the

"rigid" bunch is we will present the derived expression for
it in the form of the sum of two parts:
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Resonance frequencies of surface waves w, are deter-
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where:  F(X,y)=1,00K, () + K 00lo(y), 10100,

Ko1(X) are modified Bessel function and McDonald

functions of =zero and first order, x;=aws/Vyy,,

Bo=Vo/C, ro=(1-5)", &=1-w, /.
The function D,(w,) describes surface waves existing

at inner boundary of a plasma ring, and function D, (@)

describes surface waves existing at outer boundary of a
plasma ring. If the inner radius of a ring to limit to zero
we will come to the dispersion equation [2]:

D, (@) =0, (7
and if the outer radius of a plasma ring is equal to radius
of a metal waveguide the dispersion equation (4) is re-
duced to the equation [2]:

Dy(@5)=0. (®)

The resonant wave (7) has the normal law of a disper-
sion, the range of frequencies is located in an interval

OSa)Sa)p/x/E . The surface wave excited by a

bunch (8) has the abnormal law of dispersion, and the
range of excited frequencies is located in an inter-

valw, / Vo< @,. Generally the electron bunch ex-

cites two waves. But the surface wave supported by outer
boundary of plasma, is excited by a bunch if only its en-
ergy exceeds some threshold value which value is defined
from the solution of the dispersion equation (4). As has
shown the computation of the dispersion equation (4) for
parameters of a bunch and the plasma waveguide, used at
numerical simulation, the surface wave supported by
outer boundary of plasma, is not excited, and frequency of
the surface wave supported by inner boundary of plasma,
is close to frequency of the Langmuir wave.

Before to proceed to results of numerical simula-
tion of wake fields excitation it is necessary to note, that
the Langmuir wave is localized only in a plasma layer,
while surface waves in whole volume of a waveguide.
This fact can be used at treatment of results of numerical
simulation for identification of the waves excited by a
chain of electron bunches.

3. RESULTS OF THE NUMERICAL
SIMULATION

The 2.5-dimensional electromagnetic code developed
and modernized by us was used for simulation of wake
field excitation by electron bunches in a dielectric
waveguide. For numerical calculations the following pa-
rameters has been chosen:

drift chamber radius R=4.3cm,

inner radius of tubular plasma a=0.4 cm,

outer radius of plasma b=0.5cm,
chamber length L=22.13 cm,
tubular electron beam radiuses coincide with plasma
radiuses

electron beam energy 5 MeV,

beam current ILb=05A
repetition period Ti=0.372 ns,
bunch duration 0.05833 ns,
plasma density 8.974:10'" cm™
plasma temperature 15eV

number of macroparticles ~1.2:10°,

In the Fig. 1 the amplitude of longitudinal E, (a) and
transverse E, (b) electric fields is represented. It is seen
that growth of field amplitude with time is observed. At

the initial time in spectrum E, (t) the frequency of injec-
tion fi=2.69 GHz is dominating, then by time moment

t=10 ns the amplitude of multiple harmonics of a field is
observed prevails.
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Fig. 1. Amplitude of fields E, and E, versus time t:
a— E; at the input end of resonator, at its axis r = 0:
b — E, in the middle part of the resonator at r =R

Fig. 2 shows spectrum of longitudinal E, (light grey
curve) and transverse E, (black curve) components of an
electromagnetic field. The repetition rate of bunches
fi=2.69G Hz is shown by a vertical line. In the fields
spectrum the essential contribution of multiple harmonics
2 f; and 4 f; is observed.
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Fig. 2. Spectrum of longitudinal E, (a dark blue curve)
and transverse E, (a red curve) components of an
electromagnetic field

In the Fig. 3 the energy of an electromagnetic field
stored in resonator, Joule loss of particles energy and
changes of kinetic energy of particles versus time t is
shown.

The transverse distribution of longitudinal electric
field (black curve) and transverse electric field (light grey
curve) at z=6.653 cm and t=2.27 ns are drawn in the
Fig. 4. It is seen, that the amplitude of a field has the
greatest value in the area occupied with plasma. Thus we
can say that the electron bunches excite the Langmuir
wave substantially; the amplitude of surface wave is
smaller than the amplitude of bulk Langmuir wave.

145



Electromagnetic field energy

Particles kinetic energy changes

Energy, uJ
o

Particles Joule loss

'6 =1 5T JT*rrsrrrfrrrr7rT 1151 -°1
o 1 2 3 4 5 6 7 8 9 10 M
time, ns

Fig. 3. Energy of electromagnetic field stored in reso-
nator (W), Joule loss of particles energy (P) and
changes of kinetic energy of particles (K + R) versus
time t
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Fig. 4. The transverse distribution of longitudinal
electric field (black curve) and transverse electric

field (light grey curve) at z = 6.653 cm and
t=2.27ns

4. CONCLUSIONS

Analytical and numerical studies of wake fields
excitation in tubular plasma waveguide by relativistic
sequence of electronic bunches is carried out.

Analytical researches have shown, in general case the
electron bunch excites in an isotropic plasma waveguide a
space charge wave (the Langmuir wave) and two surface
waves, one of them is supported inner boundary, and the
other is supported by outer boundary of tubular plasma.
The obtained analytical expressions for excited wake
fields allow to estimate amplitudes of each of waves and
compare them among themselves.

The 2.5 numerical code is developed for a simulation
of wake fields excitation by relativistic electron bunches
in the isotropic plasma resonator with cold ions and with
the Maxwell distribution in the velocities of plasma elec-
trons. Numerical simulation for parameters of bunches
and density of plasma which are expected in planned in
NSC KIPT experiments is carried out. It is shown the
excited field, basically, is localized in plasma region. It
allows making a conclusion about primary excitation of
the Langmuir wave. At first the amplitude of wake field
grows with increase in quantity of injected into resonator
bunches, and then goes on saturation. The total of
bunches taking the contribution to growth of amplitude of
a field is not large. Restriction is connected as with trans-
verse spread of plasma that leads to decreasing of plasma
density in the interaction region and to infringement of
synchronism conditions and so with transverse spread on
momentums of electronic bunches. In a spectrum of an
excited field in an initial stage of bunch injection the
plasma frequency, which is equal to the period of injec-
tion of bunches, prevails, at next time it is enriched by
multiple harmonics of a plasma wave.
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PIC MOJIEJIMPOBAHUE HEJIMHEMHOT' O BO3BYK/JIEHUA KUJIbBATEPHOI'O MOJISA

HOCJEAOBATEJIBHOCTBIO 3JIEKTPOHHBIX CTYCTKOB B BOJTHOBO/JIE C U30TPOITHOM
IVIAZMOH

IL.LU. Mapkoe , H.H. Onuwienko , I.B. Comuuxos
Hpe}ICTaBﬂeHbl pe3ysibTaTbl YHUCJICHHOI'O MOACINPOBAHUA B036y)K[leHI/Iﬂ HEJIMHEHHBIX KWJIBBATCPHBIX BOJIH
PEryJIsIpHOI MOCIIE0BATEILHOCTHIO PENIITUBUCTCKUX 3JIEKTPOHHBIX CI'YCTKOB B M30TPOITHOHM (B OTCYTCTBHE BHEIIHETO
MarHUTHOTO Mois) Iuiazme. VccnenoBaHa IWMHAMHKa M paclipefelieHHe 3JIeKTpOMarHutHoro mois. [IpoBeneHHoe
YHCICHHOE MOJEIUPOBAHUS C MOMOILBIO METO/Ia KPYITHBIX YaCTUI] C MapaMEeTPaMH CIYCTKOB U IIA3Mbl B IUITAHUPYEMBIX
B HHI[ X®THU sxciepiMeHTax, HOATBEPAWIO PE3YIIbTATHI JIMHEHHOM TEOpHUH O BO30YKIESHUH JICHTMIOPOBCKOW BOJIHBL,
KOTOpasi COCPEAOTOUEHA B IIJIa3MEHHOM KOJIBIIE.

PIC MOJIEJIIOBAHHSI HEJIIHIHHOT'O 3BY/IKEHHS KIJIbBATEPHOTI'O IIOJISI
HOCIAOBHICTIO EJIEKTPOHHUX 3I'YCTKIB Y XBHJIEBOAI 3 I30TPOITHOIO IIJTA3MOIO

ILI. Mapxoe , .M. Onuwenko , I.B. Comnikos
[IpencraBineHo pe3yiabTaTH YUCENBHOTO MOETIOBAHHS 30y/UKEHHS HENIHIMHUX KUIbBATEPHUX XBHJIb PETYJSIPHOIO
MTOCTIIOBHICTIO PEATHBICTCHKIX EIEKTPOHHUX 3TYCTKIB B 130TpOIHiH (TOOTO, Y BiICYTHOCTI 30BHIITHHOTO MarHiTHOTO
monst) TuiasMmi. JIOCHimpKeHO MWHAMIKY W PO3MOALT eNeKTPOMarHiTHOTO mois. IIpoBeneHe dnceNsHE MOJECIIOBAHHS 32
JOTIOMOTOI0 METOAY BEIMKHX YaCTOK 3 IMapaMeTpaMu 3rycTKiB i ma3mu y mianoBaanx B HHI XTI excnepumenTax,
MIATBEPAUIO PE3yJIbTaTH JIHIHHOT Teopii Mpo 30yKEHHS JICHTMIOPOBCHKOI XBHMII, IO 30CEpE/HKEHA B IIa3MOBOMY
KUTBITI.
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