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At Institute of Plasma Electronics and New Methods of the Acceleration of NSC KIPT the experimental inspec-
tion of the principles of creation of multi-bunch and the multimode wakefield dielectric accelerator is carried out.
For clearing up of the physical processes arising in case of excitation the wakefield and dynamics of electron bunch-
es in such accelerator we executed a series of analytical and humerical calculations, and also full three-dimensional
simulation by means of the developed 3D code is carried out. Wakefields were excited in case of injection of se-
quence of electron bunches in a rectangular vacuum wave guide of R32 type (72.14 x34.04 mm) or R26 type
(86.36 x43.18 mm), filled with dielectric with the relative dielectric permittivity &=3.8, covering two opposite
wide walls of a waveguide. The bunch repetition frequency was 2,805 GHz, energy of electrons was 4.5 MeV, aver-
age current was 0.73 A and a charge of one bunch was 0.26 nC. The electron bunches arriving through an open input
end of a dielectric waveguide were deviated by a cross magnetic field of permanent magnets to a metal wall of
waveguide free of dielectric. Depending on the location of magnets along a structure axis the length of interaction of
electron bunches with a dielectric waveguide varied. Experimentally the linear dependence of the electric field value
excited by bunches, near an output end of a semi-limited dielectric waveguide versus the interaction length is found.
The 3D modeling executed by us researched possibility of the growing dependence of amplitude of a longitudinal
electric field found in experiment at an output end of a waveguide from interaction length. The chronology of longi-
tudinal electric field near output end on axis of system was probed and it spectral characteristic were analyzed too.
The carried out researches allowed to better understanding the physical processes happening in the wakefield dielec-
tric accelerator.

PACS: 41.75.Ht, 41.75.Lx, 41.75.Jv, 96.50.Pw, 533.9.

INTRODUCTION

Wakefields excited when relativistic electron bunch-
es are injecting in dielectric waveguide or plasma filled
waveguide (or their combination) may be used for elec-
trons acceleration in perspective two-beam accelerator
methods, or for obtaining short-wave radiation. That is
why research of wakefield or in other words estimation
of it amplitude and spectral composition has a great
interest.

For a given type of waveguide, dielectric permittivi-
ty and electron beam injected in it a wakefield ampli-
tude will be higher if the interaction length of electrons
with dielectric waveguide will be greater. One way of
varying of interaction length lies in changing the length
of a dielectric waveguide. This method gives nonlinear
dependence of wakefield amplitude on a dielectric
length [1]. Another way that gives a rectangular dielec-
tric waveguide for varying of interaction length consists
in deviation of electrons on a side wall of waveguide
free of dielectric at different distances from input edge
by permanent magnets. Wakefield amplitude on interac-
tion length in this method has rather linear depend-
ence [1].

Wakefield dielectric structure can operate in mono-
chromatic regime and multimode regime [2, 3]. Opera-
tion in multimode regime allows increasing amplitude
of wakefields.

In this work we describe the results of 3D-PIC simu-
lation of wakefields excitation and particles dynamics
when train of relativistic electron bunches are injected
in rectangular dielectric waveguide or resonator boxed
in magnetic deflection field.
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STATEMENT OF THE PROBLEM

Rectangular dielectric waveguide represents the metal
waveguide having the cross sizes axb with two dielec-
tric slabs (dielectric permittivity is equal to &), covering
opposite wide walls of a waveguide. Dielectric slabs are
shifted from the input end of waveguide for a dis-
tance z,, . Waveguide is boxed in magnetic deflection

field formed by permanent magnets placed around wide
walls (Fig. 1). Electron bunches passing through a slow-
wave structure excite the wakefield which we examined.
Parameters of bunches in numerical calculations were
chosen corresponding to the experimental installation
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Fig. 1. Schematic view of a rectangular dielectric wave-
guide. Yellow bricks show dielectric slabs, blue cylinder
shows electron bunch
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For numerical simulation dielectric slab dimensions
for given bunches and waveguide were calculated using
theory of excitation of multizone dielectric waveguides
[4, 5] and consideration expounded in [6]. In table pa-
rameters used in calculation are given.

Parameters used in calculation

Waveguide R32 R26
Dimensions (axb), mm 34.04x72.14 | 45.00x90.00
Operating frequency, GHz 5.594 2.802
Slab dimensions (are located | 5.7x72.14 15.3x90.00
along wide wall of a wave-
guide) , mm
Full waveguide length L 49.18 cm
Slab length Ly 42.54 cm (34g)

Shift of dielectric plates from | 6.64 cm (A2c/2)
an input end zg,

Relative dielectric constant & 3.8 (quartz)
Bunch energy Eq 4.5 MeV

Total bunch charge 0.26nC
Number of bunches 40

Bunch axial RMS dimension | 17.0 mm

26 (Gaussian charge distribu-

tion)

Full bunch length used in PIC | 34.0 mm
simulation

Bunch diameter 10.0 mm
Bunch repetition period T, 0.35654 ns (f,=2.805 GHz)

GENERALITIES

For numerical simulation we use dependence of
magnetic induction on longitudinal coordinate obtained

from experimental measurements (Fig. 2).
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Fig. 2. Dependence of magnetic induction on longitudinal
coordinate
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Fig. 3. Assemblage of trajectories of 4.5 MeV electron
injected along longitudinal coordinate z at the waveguide
axis for different magnet position z,, (given above). Dotted

line show the R26 and R32 waveguide wall position
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For electrons with energy E,=4.5MeV injected
along the longitudinal coordinate at the waveguide axis
for different magnet position z, we obtain assemblage
of trajectories shown in Fig 3.

Intersection of electron trajectories with R26 and R32
waveguide wall (that is equal to sum z, +z, ) on a

magnet position z_ is given in Fig4. For z_>8cm
curves in Fig. 4 has nearly linear dependence. So at that

the interaction length of bunches with rectangular di-
electric waveguide z, will be proportionally to z

also.
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Fig. 4. Dependence of intersection of electron trajectories
with R26 and R32 waveguide wall (z, + 2, ) on a mag-

net position z,,

RESULTS OF 3D-PIC CODE SIMULATION

During numerical simulation using our 3D-PIC code
we obtain nearly linear dependence of wakefield ampli-
tude E, on z, both for dielectric resonator and wave-

guide based on R26 (Fig.5). It is in good compliance
with experiment [1]. The wakefield for the resonator
approximately by 3 times exceeds a field for a wave-
guide for train of 40 bunches.
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Fig. 5. Dependence of wakefield amplitude E, on inter-
action length z, of bunches with rectangular dielectric
waveguide (red) and resonator (blue) based on R26

For modal analysis of multimode structure we offer
advanced procedure of Fourier transformation [7]. In
Fig. 6 are presented the results of applying of improved
procedure for determination of spectrum of the wake-
field energized by the long bunch train in resonator
based on R26 at z, =9cm. It is seen that spectrum of

total wakefield consist of frequency of main mode, fre-
quencies multiple them and also frequency of 2-nd LSE
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mode of oscillations that is close to 3-rd harmonic of

main mode.
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Fig. 6. Spectra E,(t,x=2.25 cm, y=4.5 cm, z=48.64 cm) of
resonator based on R26 at z,,=9 cm for the train of 40
bunches with using of sampling interval:

b) t=2.861...14.261ns; c) t=2.861...4.29ns;

d) t=6.563...7.992ns; e) t=12.8...14.229ns (see Fig. 6,a).
Blue lines show spectra computed by decomposition in
Fourier s integral, and magenta bars show the spectra
with using of standard FFT

In Fig. 7 show the spectrum of wakefield excited in
resonator based on R32 at z, =0, L=L;, and

z,, =24cm. It is seen that in this case spectrum of total

wakefield consist of doubled repetition frequency i.e.
2f, that is equal to frequency of main mode and fre-

quencies multiple f, : 3f, and 4f, .
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Fig. 7. Spectra E,(t,x=1.702 cm, y=36.07 cm, z=42 cm)
of resonator based on R32 at z;,=0 and z,,=24 cm for the
train of 40 bunches with using of sampling interval:

b) t=2.175...14.26 ns; ¢) t=2.175...3.417 ns;

d) t=6.629...7.876 ns; €) t=13.185...14.254 ns (see
Fig. 7,a). Blue lines show spectra computed by decompo-
sition in Fourier s integral, and magenta bars show the
spectra with using of standard FFT

Spectral composition of dielectric resonator based on
R32 is more poorly than of resonator based on R26.
That is why resonator based on R32 may be considering
as a single-mode resonator, while resonator based on
R26 is a multi-mode one.

Fig 8,a shows the phase plane "energy-longitudinal
coordinate™ for resonator based on R26 at z, =24cm

for last three bunches of the train. Fig 8,b demonstrate
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energies distribution function of electrons on a resonator
output for last bunch of the train.
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Fig. 8. a) phase plane "energy-longitudinal coordinate",
b) energies distribution function of electrons on a resona-
tor output. E;=4.5 MeV for resonator based on R26 at
Zw=24 cm for last three bunches of the train (a) and last

bunch (b)
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Fig. 9. Same contents as in Fig. 8, but for the waveguide
based on R26

Fig. 9 present the same contents as see Fig. 8, but for
the waveguide based on R26. Comparing see Figs. 8
and 9 one can see that in a waveguide case electrons
better give up energy to wakefield than for resonator. In
addition in a dielectric waveguide an accelerated elec-
trons are practically absent whereas in resonator a num-
ber of accelerated and decelerated particles are compa-

rable.
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Fig. 10. Same contents as in Fig. 8, but for the resonator
based on R32 at z4,=0 and z,,=24 cm

Even greater accelerated electrons we obtain in case
of resonator based on R32 at z, =0, L=L, and
z, =24cm (Fig. 10). This fact and wakefield behav-
iour shown in Fig. 7,a may follow from frequency de-
tuning between doubled repetition frequency 2f, and
frequency of main mode of dielectric resonator based on
R32.

CONCLUSIONS

The 3D modeling executed by us shows the growing
dependence of amplitude of a longitudinal electric field
found in experiment at an output end of a waveguide
from the interaction length of electrons with dielectric
waveguide.
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Analysis of spectrums of a longitudinal electric field
E, (t) showed existence of multimode structure of os-

cillations in R26 dielectric waveguide or resonator and
single-mode structure in R32 resonator.

While studying of energies distribution function of
electrons on a resonator output we find accelerated elec-
trons along with decelerated electrons.

At the same time in R26 waveguide structures an ac-
celerated electrons practically does not appear.

Existence of accelerated electrons in R32 dielectric
resonator may be caused by frequency detuning be-
tween doubled repetition frequency 2f, and frequency

of main mode.
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UCCJIEJOBAHUE KWJIBBATEPHBIX ITOJIEX B ITIPOJ0JHHO Y IIONEPEYHO HEOTHOPO/IHBIX
MPAMOYT'OJIBHBIX TU3JEKTPHYECKHUX PE3OHATOPAX

II.H. Mapkoe, B.A. Kucenes, P.P. Knusazes, H.H. Onuwenxo, I.B. Comnukos

B X®TH BrInosHEHa 3KCIIEpUMEHTaIbHAs TPOBEPKa MPHHIUIIOB CO3/IaHUS MHOTOCTYCTKOBOTO 1 MHOT'OMO/IOBO-
TO KHJIbBATEPHOTO JUAJICKTPUYECKOro yckoputens. KuinbpBaTepHble MoJisi BO30YKAAINUCH MPU WHXKEKIMHU TIOCIIEN0-
BaTENIbHOCTH DJICKTPOHHBIX CT'YCTKOB B MPSIMOYTOJBHOM BaKyyMHOM BoJHOBoje Tuma R32 (72,14x34,04 mm) wnu
tuna R26 (86,36x43,18 MM), 3alI0JTHEHHOM AMDJIEKTPHUKOM C OTHOCUTEIBHOU TUIJIEKTPUUYECKON MPOHHUIAEMOCThIO
& = 3,8, NMOKPHIBAIONIEM JIBE NTPOTHUBOIOJIOXKHBIE ITMPOKUE CTEHKH BOJHOBOJA. YacToTa MOBTOPEHMUS CI'YCTKOB CO-
craimsuia 2,805 [T, sreprus snexrpoHoB Obl1a 4,5 M»aB, 3apsa oxHoro cryctka coctasisit 0,26 aKin. Dmekrpon-
HBIE CTYCTKH, IOCTYTAIOIINE YePe3 OTKPBITHII BXOJHOH TOPEI JUIEKTPHUECKOTO BOJHOBOA, OTKIIOHSUIUCE TIOTIe-
PEYHBIM MarHUTHBIM TTOJIEM NOCTOSTHHBIX MarHUTOB K METAJNIMYECKOH CTEHE BOJIHOBO/A, CBOOOHOM OT AUAIICKTPH-
Ka. B 3aBHCHMMOCTH OT PacroJIOKEHHs MAaTHUTOB BJIOJIb OCH CTPYKTYPBI U3MEHsUIACh JUIMHA B3aMMOJICHCTBHS JJICK-
TPOHHBIX CTYCTKOB C MPSMOYTOJBbHBIM JHAJIEKTPUYECKHUM BOJHOBOJOM. Brinonnennoe namu 3D-MonenupoBanue
MOKa3aJIo JIMHEHHBIH POCT aMILIUTYIbI IPOIOJILHOTO JIEKTPUUECKOTO TIOJIsl HA BBIXOJHOM TOPILIE BOJIHOBOJA C JIJIH-
HOMW B3aMMOJICHCTBHS, YTO HAXOAUTCS B XOPOLIEM COOTBETCTBUU C IKCIIEPUMEHTAIILHO IT0JIyYEHHON 3aBUCUMOCTBIO.
HccenenoBaiuchk XpOHOJIOTHYECKHE 3aBUCUMOCTH HPOJOJIBHOTO 3JIEKTPUYECKOro MOt BOJM3HM BBIXOJHOIO TOpLA
BOJIHOBO/IA HA OCH CHCTEMBI, MOJYYEHbI M IPOAHAIN3UPOBAHBI CIIEKTPaJIbHbIE XapaKTEPUCTUKU KOJICOAHUH MOJISL.
[TpoBeneHHbIe McCIEAOBaHMS MIPUBOAT K JTyYlIEMy MOHUMAHUIO (PU3MUECKHX IPOLECCOB, MTPOUCXOMAINX B KHIb-
BaTEPHOM JMAJICKTPUUECKOM YCKOPHUTEIIE.

JOCJIJKEHHA KIJIbBATEPHUX IOJIIB Y ITO310BKHBO i MOMEPEYHO HEOJHOPITHUX
HOPAMOKYTHHUX AIEJJEKTPUYHUX PE3OHATOPAX

II.I. Mapxos, B.A. Kucenvos, P.P. Knasee, .M. Oniwmenko, I'.B. Comuixoe

Y XOTI BukoHaHa eKCIIEpUMEHTAIbHA TIepeBipKa MPUHIINIIB CTBOPEHHS 0araTo3rycTKOBOTO i 0araToOMOIOBOTO
KiJIbBATEPHOTO JIIEJIEKTPUYHOTO TpHCcKoproBada. KinbBaTepHi mojst 30y DKyBajKCs NMPU 1HXKEKIIT MMOCIiI0OBHOCTI
€JIEKTPOHHMUX 3TYCTKIB y HPSIMOKYTHOMY BaKyyMHOMY xXBmiaeBoAi Tumy R32 (72,14x34,04mm) aGo tumy R26
(86,36%43,18 MM), 3alIOBHEHOMY JiEJIEKTPHUKOM 3 BiJIHOCHOIO Ii€JEKTPUYHOIO MPOHUKHICTIO & = 3.8, 110 OKpHUBaE
JIBl TIPOTHJIEXkKHI MIMPOKI CTIHKM XBMiIeBOy. YacToTa moBTOpeHHs 3rycTkiB craHoBuia 2,805 I'Tn, enepris enekt-
poHiB Oyna 4,5 MeB, 3apsn oxHoro 3ryctka ctanoBuB 0,26 HKi. EnexTpoHHI 3ryCTKH, 10 HAAXOIMIN Yepe3 BiJIK-
PUTHH BXITHHUN TOpEIh AiCNEKTPUIHOTO XBHJIEBOIY, BiAXHMIISIINCS TOTNIEPEYHIM MarHiTHUM IIOJIEM NOCTIHHUX Mar-
HITiB O METaJI€BOi CTiHU XBHWJIEBOY, BUIBHOI BiJ| Ji€TEKTPUKA. 3aJ€KHO BiJ pO3TallyBaHHS MarHiTiB y370BX OCi
CTPYKTYpPH 3MiHIOBaJIacs TOBXXKHWHA B3a€EMOJI] €EKTPOHHUX 3TYCTKIB i3 MPAMOKYTHUM Ji€IEKTPHYHIM XBHUIICBOJIOM.
Buxonane Hamu 3D-Mo/ienoBaHHS MMOKA3aJo JiHiHHE 3pOCTaHHS aMIUTITYIN MO3JOBXKHBOTO €EKTPUYHOTO TIOJS Ha
BHXiJHOMY TOPIIi XBHJIEBOIY 3 TOBKUHOIO B3a€EMOi1, 10 mepedyBae B TapHil BiAMOBITHOCTI 10 €KCIIEPUMEHTAIbHO
OTPUMAaHO]I 3aneXHOCTi. JloCiKyBanmcss XpOHOJIOTIUHI 3aJI€KHOCTI MMO30BXHBOTO €IEKTPUIHOTO MO I00In3y
BUXIZTHOTO TOPIS XBUJIEBOY Ha OCI CUCTEMHM, OTPUMaHi i MpoaHai30BaHi CIIEKTPaJIbHI XapaKTEPUCTHKH KOJIMBAaHb
moyisi. [IpoBeneHi HOCiKEHHS TPU3BOAATE 0 KPAIIOTO PO3yMiHHS (Di3MYHUX MPOIECiB, MO BiOYBAIOTHCS B KiJIb-
BaTEPHOMY J[i€JIEKTPUYHOMY ITPUCKOPIOBAYI.
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