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Results of numerical simulation of the test bunch acceleration by relativistic electron bunch sequence in the cy-
lindrical dielectric resonator of terahertz frequency range are provided. If the bunch spacing equals to the electro-
magnetic field wavelength in structure and the test bunch follows the last bunch of sequence, the step energy growth
of the accelerated test bunch with increase in number of drive bunches is observed. To approach step dependence to
linear and, thus, to avoid cases when the increase in drive bunches number does not lead to energy growth of test
bunch, it is necessary to arrange bunches of sequence at distance not smaller resonator lengths. Bunch repetition
period has to be multiple of the inverse to resonant frequency of structure.

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

INTRODUCTION

For obtaining high rates of charged particles wake-
field acceleration it is necessary to use single drive
bunch with great charge [1].

Another way of the wakefield accelerating ampli-
tude increasing is using of periodic drive bunches se-
quence with smaller charge [2-7].

During studying of test bunch acceleration at chang-
ing of bunch number of drive sequence in the dielectric
resonator we have found out that the step growth of en-
ergy of the accelerated test bunch is observed [8]. Each
step is characterized by two stages: 1) linear energy
growth of the accelerated test bunch when increasing in
bunch number of drive sequence, which follows; 2)
practically, invariable value of test bunch energy at
changing number of drive bunches. At that the distance
between bunches of drive sequence equaled to the
wavelength of electromagnetic field in the structure, and
the test bunch followed the last bunch of sequence.

To reduce a step length by shorten its 2nd stage, we
investigated influence of multiple increase in distance
between bunches of drive sequence at the invariable
bunch duration on acceleration of the test bunch.

It should be noted that for finding of coherent addi-
tion conditions of the electromagnetic fields excited in
the dielectric resonator by profiled charged bunches and
also increase in transformation ratio rare injection was
used in works [9, 10].

STATEMENT OF THE PROBLEM

The dielectric tube with an inner radius a and dielec-
tric constant ¢ is inserted into a cylindrical metal wave-
guide of radius b . Length of a metal waveguide L co-
incides with length of a dielectric tube. The input and
output end faces of a resonator are closed by the metal
grid transparent for electron bunches. The sequence of
electron bunches is injected into the resonator. After the
certain delay time t,, relative to the last drive bunch the

test electron bunch is injected in the system. The studied
system is schematically shown in Fig. 1.

We investigated change of energy of test bunch elec-
trons at the output end face of resonator during it motion
in the electromagnetic fields created by drive sequence
depending on number of bunches in the sequence.
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Fig. 1. Schematic view of the dielectric structure, excit-
ed by sequence of electron bunches. Into a metal cylin-
drical waveguide of length L the dielectric plug is in-
serted (yellow color). Drive electron bunches (pink col-
or) move along a cylinder axis from left to right. Blue
cylinder shows test electron bunch

In Table the parameter of resonator, driver and wit-
ness bunches used in calculation are given.

Parameters used in calculation

Inner radius of dielectric tube a, mm 0.5
Outer radius of dielectric tube b, mm 0.6
Operating frequency f, GHz 2974
Waveguide length L, mm 5.05 (50
Relative dielectric constant ¢, 3.75 (quartz)
Bunch energy Eo, GeV 5

Total drive bunch charge, nC 3

Total test bunch charge, nC 0.3
Bunch diameter 2rp, mm 0.9
Drive bunch axial RMS dimension 2¢ (Gaussi-

an charge distribution), mm 0.1

Full drive bunch length used in PIC simulation,

mm 0.2
Number of bunches in drive sequence, 1...50
Test bunch length (homogeneous charge distri-

bution), mm 0.4
Delay injection time of test bunch relative to | 1.315
the rising edge of last drive bunch teel, ps
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TECHNIQUE OF CALCULATIONS
PERFORMANCE

The analysis of test electron bunch acceleration by drive
bunch sequence was carried out by us by means of 2.5-
dimensional numerical code in the following way:

1. The given number N, of drive bunches was injected

into the investigated structure.

2. Later on the delay time t,, after the rising edge of
beginning of the last drive bunch injection the test bunch
was injected and moved up to the system output end in the
electromagnetic field created by drive bunches.

3. From the calculated values of electrons energies of the
test bunch, which was near output end face of the structure,
maximum energy was determined. Difference between this
energy and initial energy E, was taken as test bunch ac-
celeration AE,,.

4. Having done the actions described above in items 1-3
for different N, , the dependence of test bunch electrons
energy gain on number of drive bunches obtained
AE, (Ng).

5. Further we increased distance between drive bunches
with the invariable duration of bunches so that it remained
multiple to the wavelength A of electromagnetic field in
the resonator and calculated dependence AE, (N, ) again.

RESULTS OF 2.5D-PIC CODE SIMULATION

At first we will consider case, when distance between
drive bunches is equal to wavelength 4 .

In Fig. 2 dependences AE, (N, ) for two resonators

with lengths L=54 (blue curve) and L=104 (red
curve), and also for the waveguides of the length
L =54 (green curve) and L=104 (purple curve) are
shown. Charts clearly demonstrate that the stepwise
behavior of the accelerated test bunch energy at change
of number of drive bunches sequence is observed only
in the resonator case. At the 1st stage the linear growth
of energy of the accelerated test bunch with increase in
number of drive bunches sequence is observed. At the
2nd stage test bunch energy practically does not change
at change of drive bunch number.

For explanation of step behavior AE, (N, ) we will

analyze structure of longitudinal field E,(z) depending
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on number of the injected drive bunches. Dependences
of longitudinal force F,(z,N,,)=—e|E,(z,N,,) in the

form of surface (Fig. 3,a) and color maps (Fig. 3,b) for
the resonator of the length L=54 at r=05mm are

given in Fig. 3. The F,(z) dependences are given for

the time when the test bunch completely enters the res-
onator.
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Fig. 2. Dependence of electron energy gain of test
bunch on number of injected drive bunches for two res-
onators with lengths L =54 (blue curve) and L=104

(red curve), and also for the waveguides of the length

L=52 (green curve) and L=104 (purple curve)

At any given time it can be no more than Ny =L/4
bunches in the studied structure. Respectively, for the
resonator of the length L =54 we obtain Nj =5, and
for the resonator of the length L=104 we had
N3, =10. In linear approach at N, change from one to

Ng, fields after the last drive bunch summarize and
linearly increase depending on N, . However, the self-

consistent numerical simulation performed by us has
shown that the increase in fields is observed only for the

first N3, —2 bunches, i.e. for the 3rd in the resonator of

the length L =54 and for the 8th in the resonator of the
length L=104. We believe that it is connected with
that in linear single-mode approximation the field of
transient radiation is not considered.
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Fig. 3. The longitudinal force F,(z) atr= 0.5 mm, depending on number of the injected drive bunches N, in the

form of surface (a) and color map (b) at distance between drive bunches equal to 4

After the drive bunch leaves the resonator from out-
put end face of the resonator the wakefield is reflected
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and moves to its input end face. Group speed of the

153



principal mode is v, =0.53c, where ¢ — light speed.
Therefore for the resonator of the length L =54
through time, equal to 10T,, where T, is the drive

bunch repetition period, the backward wave will reach
input end face of the resonator. Respectively, in the res-
onator of the length L =104 the backward wave will
reach the resonator input end face after the time 20T, .
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Thus, for the resonator of the length L =54 at injec-
tion of the 16th drive bunch the wakefield created by
bunch adds with the wave reflected from input end face
of the resonator. This wave affects test bunch electrons,
additionally accelerating them that is observed in the
form of the growing stage of step dependence in Fig. 2.
Respectively, for the resonator of the length L =104
the growing phase of step function will begin at
N, =31.
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Fig. 4. The same that in Fig. 3 when the distance between drive bunches equal to 51

For step length reduction we, at the constant bunches
duration, increased distance between drive bunches so
that it is kept multiple to the electromagnetic field
wavelength A in the resonator, and calculated depend-

ence of test bunch acceleration AE,, (N,,) again.

Dependences F,(z,N,) in the case when the dis-

tance between drive bunches equal to 54 are given in
Fig. 4. Comparing Fig. 2 with Fig. 4, we see that at in-
crease in distance between bunches the increment and
height of steps are reduced that has to lead to the same

effecton AE, (N, ) dependence.
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Fig. 5. Energy dependence of the accelerated test bunch
when changing the number of drive bunches for the dif-
ferent T,

In Fig. 5 AE, (N,,) dependences are shown for the
resonator of the length L =54 when the distance be-
tween drive bunches equaled 4, 24, 34, 44, 54 and
81 that corresponds to change T, from T to 8T,

where T is the resonant period of structure. As appears
from Fig. 5, when increasing distance between drive
bunches sequence the duration and the height of steps

on curves AE, (N, ) decreases. At 5th, 8th multiple
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increase in distance between drive bunches the test
bunch acceleration dependence becomes almost linear.

CONCLUSIONS

At study of test bunch acceleration in the field of
drive bunches sequence we have found out that when
bunch number change the step energy growth of the
accelerated test bunch is observed.

To reduce step length on test bunch acceleration de-
pendence we multiple increased the distance between
drive bunches retaining the invariable bunch duration.

In the cases of 2, 3 and 4-fold increases in distance
between drive bunches on the curve of accelerated test
bunch energy dependence as function of bunch number
the steps duration and height decreases, and at 5, 8-fold
increase in distance between drive bunches the depend-
ence becomes almost linear.

Thus, we have shown that to avoid case when the in-
crease in number of drive bunches injected in resonator
does not lead to test bunch energy growth it should in-
ject bunches with the repetition period multiple 5 and
more inverse resonance frequency of the structure.

In other words, the optimum distance between drive
bunches is equal to L+nA, where n is positive inte-

ger.

It should be noted that at injection of large number
of drive bunches energy of the accelerated test electrons
weakly depends on T, (see Fig. 5). Therefore the con-

sidered optimization is reasonable at rather small num-
ber of bunches Ngp < (10...20) L/A.
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INOBBIINEHUE 3®PEKTUBHOCTHU YCKOPEHUSA TECTOBOI'O 3JIEKTPOHHOI'O CI'YCTKA
MHOCJIEAJOBATEJBHOCTBIO 3JIEKTPOHHBIX CI'YCTKOB B IUDJIEKTPHYECKOM
PE3OHATOPE

IL.H. Mapkos, H.H. Onuwienxo, I.B. Comnukoes

IIpencraBieHsl pe3yNbTaThl YUCIEHHOTO MOIEIUPOBAHUSA YCKOPEHHUS TECTOBOIO CTyCTKA IOCIIEI0BATENBHOCTHIO
PEIATUBUCTCKUX 3JIEKTPOHHBIX CIYCTKOB B LIMIMHAPUYECKOM IUIEKTPUYECKOM PE30HATOPE TEpareploBOro 4a-
CTOTHOrO guana3zoHa. Eciu paccTosiHEe MeXTy CryCTKaMH IOCIIEA0BAaTEIbHOCTH PAaBHAETCA [UIMHE BOIHBI AIIEKTPO-
MarHuTHOTO TOJ B CTPYKTYpPEe M TECTOBBIA CTYCTOK CIEXyeT 3a IOCIEJHHM CTyCTKOM IOCHENOBaTENbHOCTH,
HaOJII0IaeTCsl CTYIEHYAThI POCT 3HEPTUN YCKOPEHHOTO TECTOBOTO CIYCTKA C yBEIMYEHHEM KOJIMYECTBA CTYCTKOB
JipaiiBepHOM IocinenoBaTeNbHOCTH. i1 TOro 4To0B! IPUOIN3NTE CTYNEHYATYI0 3aBUCUMOCTD K JINHEHHOH 1, TAKUM
o0pazoM, n30exaTh CIy4aeB, KOT/la YBEJIMUCHNE KOJIMYECTBA IPaiBEPHBIX CTYCTKOB HE MPUBOAUT K POCTY SHEPTUH
TECTOBOT'O CTyCTKa, CIEAYET PACIOJIAraTh CIyCTKH IOCJIEA0BATEILHOCTH Ha PACCTOSTHUM HE MEHBILIEM JUIMHBI PE30-
HaTopa. Ilepros MOBTOPEHUs CTYCTKOB JOJDKEH OBITh KpaTHBIM 00paTHON pe30HAHCHON YacTOTe CTPYKTYPHI.

HNIABUIMEHHA ECEKTUBHOCTI IPUCKOPEHHS TECTOBOT' O EJIEKTPOHHOI'O 3I'YCTKA
MOCJIAOBHICTIO EJIEKTPOHHUX 3I'YCTKIB Y JIEJJEKTPUYHOMY PE3OHATOPI

I1.1. Mapxos, .M. Oniwenxo, I'.B. Comnixog

Article received 13.10.2018

I[MpescTaBieHO pe3ysbTaTH YMCENILHOTO MOJICIIOBAHHS IPUCKOPEHHS TECTOBOTO 3I'YCTKA MOCHIJOBHICTIO PENSTH-
BICTCHKHX EJIEKTPOHHMX 3TYCTKIB y HWJIIHAPUYHOMY JAiCJIEKTPUYHOMY PE30HATOpl TEparepluoBoro 4acTOTHOTO [ia-
ma3oHy. SIKIIo BiZcTaHh MiXK 3TyCTKaMH TOCHIJOBHOCTI JJOPIBHIOE JIOBKHHI XBHJII €IEKTPOMATHITHOTO TIOJISA B CTPY-
KTypi ¥ TECTOBHIA 3TYCTOK i/Ie 32 OCTaHHIM 3TYCTKOM ITOCTiIOBHOCTI, CITOCTEPIraeThCs CXiqUacTe 3pOCTaHHS €Heprii
MIPUCKOPEHOT'0 TECTOBOTO 3IYCTKA 31 30UTBIICHHSAM KIJTBKOCTI 3TYCTKIB ApaiiBepHOi mociigoBHOCTI. s TOro mob
HAOJM3UTH CXiqYacTy 3aJIeXKHICTh O JIHIHHOT i, TAKUM YHHOM, YHUKHYTH BHIIAJKiB, KOJH 301IBIICHAS KiJIBKOCTI
JipaiiBEpHUX 3TyCTKIB HE MPU3BOJNUTH 10 3POCTAHHS €HEPrii TECTOBOTO 3rYCTKa, CJIiJ PO3TAIIOBYBAaTH 3I'YCTKH ITOC-
JOBHOCTI Ha BiACTaHI HE MEHIIIH, HK TOBXHWHA pe3oHaTopa. Ilepios MOBTOPEHHS 3TYCTKIB MOBHHEH OYyTH KpaT-
HUM J10 3BOPOTHOI PE30HAHCHOI YaCTOTH CTPYKTYpPH.
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