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The nonlinear mechanism of saturation of wake field amplitude, exited in the cylindrical resonator partially filled
with dielectric by relativistic train of electron bunches numerically simulated by means of a specially elaborated 2.5-

dimensional electromagnetic PIC-code.
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1. INTRODUCTION

The wakefield amplitude excited by a long train of
electron bunches in dielectric waveguide is restricted,
firstly, by attenuation due to low Q-factor of the resona-
tor and, secondly, by nonlinear wave-particle interaction
resulting in driver-beam trapping in the potential well of
the wake. In this presentation the second mechanism of
wakefield amplitude restriction is analyzed.

2. A STATEMENT OF PROBLEM

The investigation of a nonlinear stage of the slow
wave excitation in the resonator by charged particles
bunches (by a train of point electron bunches) was
firstly considered in the paper [1]. Maximum attainable
amplitude of an electric field was found to be not de-
pended on a beam current and the number of injected
bunches for obtaining amplitude saturation is inversely
depended on beam current.

At present along with analytical methods of research
there is a possibility of carrying out the detailed numeri-
cal simulation. In this presentation by means of a spe-
cially elaborated 2.5-dimensional electromagnetic PIC-
code the excitation of electromagnetic field by a train of
electron bunches in the cylindrical resonator partially
filled with dielectric was simulated.

The geometry of a calculated model is depicted in
the Fig.1. A statement of the problem is the following.
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Fig. 1. Geometry of a design model
The train of relativistic electron bunches is injected
in the drift chamber through the left-hand boundary of a
drift chamber. The bunch radii is 7 . The average elec-
tron current is I, . At the resonator input (at z=0) in-

jected bunch is monoenergetic. The transversal compo-
nents of electron velocities are equal to zero.

The system is axially symmetrical. It allows being
restricted to the solution of set of Maxwell equations
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where E,,E_,E, and H,,H_,H, are the components

of electric and magnetic intensity in cylindrical coordi-
nate system and j,, j,, j, are the components of cur-

rent density in the drift region, at numerical simulation
of dynamics of electromagnetic fields. They are calcu-
lated by means of the mechanism of «distribution» of
currents in nodes of a two-dimensional spatial grid
(Fig.2).
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Fig.2. Spatial grid
Thus it is necessary to know a position and velocity
of each macroparticle. They are determined from the
solution of motion equations
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where
B=q1- vz/c /m V=
5=(FE +rpE,+:E, )/c
B =B ,+H,; B, =B,,+H,.
The numerical solution of Maxwell equations and

«distribution» of charges were carried out on shifted one
from other spatial (Fig.2) and time (Fig.3) grids.
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Fig.3. Time grid
For a time discretization of motion equations the
predictor-corrector method was used. Values of the
macroparticles velocities are calculated in half-integer
points of time " =(n+1/2)r, and coordinates

(2,7,)

integer, 7 is a time step). Thus the values of the fields
components, contained in the motion equations, are cal-
culated by the linear interpolation from nodes of a grid.
Owing to the selected plan, the solution of Maxwell
equations is necessary to carry out twice more often,
than solution of motion equations. Magnetic field H, is

— in the integer points of time ¢" =n7z (n is

calculated in points of time ¢™"*, and E. and E, in

points of time ¢" and ¢"** respectively.

Boundary conditions for fields consists in referenc-
ing to zero of tangential components of an electromag-
netic field on walls of the drift chamber. At an initial
point of time the value of electromagnetic fields com-
ponents are equal to zero; particles in the resonator are
absent.

3. THE NUMERICAL ALGORITHM
In the issue the operations flowchart on one time
step 7 =t"" —¢" looks like this:
1. Finding the value of a magnetic field H"/*,

H™I H(Z”/" at time step #"**

Hn+1/4 (Hn 1/4 En)_
Hn+1/4 (Hn 1/4 En),
Hn+1/4 (Hn 1/4 En En)

2. Calculation the values of components of electric bias-
ing vector D"*? p™!? and D;”/ ? at time step

tn+1/2
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Dn+l/2 (Dn Hn+l/4 ]n 1/2)’
Dn+l/2 FD (Dn Hn+l/4 n— 1/2)’

(Dn Hn+1/4 Hn+l/4 n— 1/2)

3. Calculation the values of components of electric field

Dn+l/2

E™2 g2 and EZ”/Z at time step """

n+l/2 _ pyn+l/2
EM? =D’ /g, -
Jst Jst Jst
n+1/2 _ pyntl/2
Z jsif,i+f2 Z e | F iy’

En+l/2 _ Dn+l/2 - ]
? jsyj2,i @ i | P i

4. Finding the value of a magnetic field Hrn+3/4,

H™I* H;+3/4 at time step #"*¥*

Hn+3/4 (Hn+1/4 En+1/2)
Hn+3/4 (Hn+1/4 En+1/2>
Hn+3/4 (Hn+l/4 En+l/2 En+1/2)

Finding the value of a magnetic field H™"?,

H™2, H, "+1/2 at time step ¢"*/* by averaging

Hn+l/2 (Hn+1/4 +Hn+3/4)/2

Hn+l/2 _ Hn+1/4 Hn+3/4 2,
Z j+1/2,i+1/2 Z j41/2,i+1/2 Z j41/2,i+1/2
Hn+l/2 _ Hn+1/4 +Hn+3/4 7.
P jf2,i P j+f2,i @ j+i/2,i

5. Solving of motion equations by the predictor-
corrector method:
a. calculation a preliminary value of an angular ve-
locity of macroparticle @"*"?;

n+l n+l n+l n+l

b. the values of #"*, z"", v/, v/
finding the Values of the same quantities at time
step 1" by averaging;
d. calculation a final value of an angular velocity of
macroparticle o""? .
6. Calculating values of a current density j , j and

J, in grid nodes for time step ey

7. Injecting new macroparticles in the drift chamber.
8. Computing the values of a charge density of p for

time step /"' .

9. Calculation the values a components of electric bias-
ing vector D"*', D" and D”” at time step "'

Dn+1 FD (Dn+1/2 Hn+3/4 n+l/2)’

prtl =F, (Dn+l/2 Hn+3/4 n+1/2)
D;“ =F, (D(:1)+1/2’Hn+3/4 )2 j;+1/2)
> r s z 5 .

10. Calculation the values of components of electric
field E/*/, EX*' and E"" at time step 1"



n+l _ pyn+l
EM =D s,

i
n+l _ nyn+l)2 /

Z /2,12 Z jwyaenjai | Z jryaisy2
n+l _ nyn+l

Jop
P jri2i | TP 2,
11. Carrying-out the correction of an electric field E,

@ jef2,i -

n+l

and E, for time step ¢ according to the Boris

scheme
E=E -V, 50,

where E and E are initial and corrected electric field
values, @ is correction to electric field potential, V

is a difference analog of the Hamilton operator.

For preventing occurrence of electromagnetic field
noise with grid period, on each ten-thousand step of
evaluations the nine point fields averaging was fulfilled.

3. RESULTS OF NUMERICAL SIMULATION

The algorithm described above has been imple-
mented as a complex of C ++ programs. The main pa-
rameters were chosen close to existing ones in the in-
stallation "Almaz-2", namely, the radius of the drift
chamber is 4.3 cm, permittivity is equal 2.1, radius of
the channel for beam in dielectric is 1.05 cm, length of
the chamber is 55.3 c¢m, electron bunch radius is 0.5 cm,
electron energy is 5 MeV, bunch duration is 0.078 ns,
pulse repetition period is 0.37 ns. For reduction of cal-
culating time and numerical errors the average injected
current was chosen 10 A, i.e. 20 times greater than ex-
perimental value.

Results of simulation showed that during the first
85.5 ns, i.e. when 230 bunches were injected practically
linear growth of electric field amplitude up to saturation
value of 95 kV/cm is observed (see Fig.4). We assume
that the expected number of clots at current of 0.5 A is
about 4600.

100 4

80

60

40

E., kV/cm

z

T 1
100 110

0 10 20 30 40 5 60 70 8 9N

t ns
Fig.4. Time dependence of intensity of an electric field
on an axis at a right end face of the resonator

The electric field spectrum corresponding to Fig.4 is
depicted on Fig.5. It’s visible, that the basic maximum
on an electric field oscillation spectrum has frequency
2.7 GHz. More high-frequency maximums with ampli-
tude approximately 10 times smaller are spread up to
frequency 16.2 GHz.
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Fig.5. The electric field spectrum

Linear growth of field amplitude results in square-
law change of field energy that it is possible to see on
the energy diagram (Fig.6). We shall notice a good per-
formance of the energy conservation law in our simula-

tion.
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Fig.6. The energy diagram: W is the electromagnetic
field energy, P is the particles energy losses

After achieving of maximum the electric field ampli-
tude oscillates slowly with frequency of about 11 MHz.
Self-consistent influence of excited field on bunches
motion dynamics leads to essential spreading of longi-
tudinal and transversal velocities of electrons on the
phase plane (see Fid. 7, where spreading of longitudinal

velocities is depicted).
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Fig.7. Phase plane for macroelectrons

Despite of essential spread of particles on velocities,
their relativistic factor remains high. Therefore in con-
figuration space the spread of particles is observed only
on cross coordinate, while shift of particles in a longitu-
dinal direction is absent, that it is possible to view in
Fig.8.
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81 of field of big amplitude on charged bunches, result in

restriction of amplitude of an electric field in system.

0,5 . . .
Time of field amplitude growth, and its value are re-
044 ceived. The number of electron bunches which should
be injected in the resonator for achievement of a maxi-
5 10 15 20 25 30 3 4 45 0 %

£ 03 mum of a field is estimated.
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The executed numerical simulation has shown, that
nonlinear trapping processes caused by back influence

MOJEJTUPOBAHUE HEJTUHEWHOI'O PEXKMMA BO3BY KJIEHNSI KHJILBATEPHOI'O I10JISI B
LUAJIUHAPUUYECKOM PE3OHATOPE C IIOMOILbIO PIC-KOJA

IL.U. Mapkos, H.H. Onuwienko, A.®. Kopyc, I.B. Comnukos

C moMoIpIo CienraabHO pa3paboTaHHOTO HAMHU 2.5-MepHOTO AekTpoMaruuTHoro PIC—koma yucieHHo mpoMo-
JIeTMPOBaH HEJIMHEHHBIA MEXaHU3M OTPaHMYCHHUS AMILIUTY/Ibl KWIBBATEPHOTO TI0JIsl, BO30YKIAeMOTO B LIMIIMHAPH-
YECKOM PE30HATOPE, YACTUYHO 3AIIOJIHEHHOM JHMAJIEKTPUKOM, PEISTUBHCTCKON MOCIEAOBATENbHOCTBIO 3JIEKTPOH-
HBIX CT'YCTKOB. MO[leﬂl/IpOBaHI/Ie moxkasajo, 4To HEJIMHEHHbIE 3aXBaTHbBIEC IMPOLECChI, BBI3BBAHHLIC 06paTH]:IM BJIIMAHU-
€M II0JIA 60J'H)1H0[71 AMIUIMTY/Ibl Ha 3apsi’KCHHBIC CTYCTKU, MPUBOJAAT K OrpaHUYCHUIO aMIUIUTY/Ibl 3JICKTPHUYCCKOTO
moJist B cucteMe. [lonydeHo Bpems HapacTaHus aMIUTUTY/IBI [TOJIS, €r0 aMILIUTyqa. OLEHEHO KOJUYECTBO JICKTPOH-
HBIX CTYCTKOB, KOTOPEIC CIIEIYET HHXCKTHPOBAThH B PE30HATOP YIS JOCTIKCHHS MAKCUMyMa TTOJIS.

MOJIEJTIOBAHHS HEJITHIMHOI'O PEXKUMY 3BY/KEHHS KIJIbBATEPHOI'O I1OJISI B
OUWITHAPUYIHOMY PE3OHATOPI 3A JOITIOMOTI OO PIC-KOY

I1.I. Mapkos, I M. Onuwenxo, O.®. Kopoc, I.B. Comnikoe

3a IOMIOMOTOI0 CTIEIiaIbHO PO3pOOIIEHOT0 HAaMH 2.5-MipHOTO enekrpomarHiTHOro PIC-komy 4mcenbsHO mpomo-
JIeTbOBAHO HEJTIHIHHUN MeXaHi3M OOMEKEeHHS aMIUTITYJM KUIbBATEPHOTrO OIS, 30y/XKYBAaHOTO B LMIIHAPHYHOMY
PEe30HATOP1, YACTKOBO 3aIIOBHEHOMY JiEIEKTPHKOM, PENIATHUBICTCHKOIO IOCIIIOBHICTIO €IeKTPOHHHX 3TyCTKiB. Mo-
JIeNTIOBaHHS TTOKA3alo, IO HeNiHIHHI 3aXBaTHI MPOIECH, BUKJIMKAHI 3BOPOTHUM BIUTMBOM ITOJISI BETUKOI aMILTITY 1
Ha 3apsIDKEH] 3TyCTKH, IPUBOJSTH 10 OOMEXEHHS aMIUTITY/Id €IeKTPHYHOr0 1oJjIst B cucteMi. OTpUMaHo 4ac Hapoc-
TaHHS aMIUTITYIH TOJIs, Horo aMIutiTyay. OLiHEHO KUIBbKICTh IEKTPOHHHUX 3TYCTKIB, SKi CIIAYE 1HXEKTYBAaTH y pe-
30HATOp IJ1d JOCATHCHHA MAaKCUMYMY I10OJIA.
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