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Results of numerical simulation of acceleration of test bunch by sequence of relativistic electron bunches in the
dielectrical cylindric slowing-down structure filled with plasma for the cases opened and closed by the conductive
grid of output end face of structure are provided. The entrance end face has been closed by the conductive grid. The
initial sizes and energy of all bunches were identical. The distance between bunches of sequence is equal to the
wavelength of electromagnetic field in the structure. The test bunch followed the last bunch of the sequence. Accel-
eration of test bunch at changing of number of drive bunches in a sequence was investigated. We have found out
that at certain number of bunches in the resonator it is possible to obtain significantly greater acceleration, than in
waveguide.

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

INTRODUCTION

For obtaining high rates of acceleration of charged
particles by wakefield it is necessary to use single drive
bunch with great charge [1].
Another way of increasing of amplitude of the ac- ) )
X . . X I dielectric
celerating wakefield is using of periodic sequence of tube
drive bunches with smaller charge [2 - 4]. g
Earlier for stabilization of the transverse motion of
the drive and accelerated bunches and, thus, for obtain-
ing the accelerated bunches of particles with small emit-
tance it was proposed to fill the drift channel of dielec-
tric structure with plasma [5]. Such structure was called - .
the plasma-dielectric wakefield accelerator (PDWA). At \ test electron bunch

metal waveguide _

\ sequence of
-\ electron bunches

that for creation of the accelerating wakefield only a  Fjg. 1. General view of the dielectric structure, excited
single drive bunch was used [5 - 7]. by sequence of electron bunches. Into a metal cylindri-

Research of test electron bunch acceleration in 31 waveguide of length L the dielectric plug is inserted
PDWA where the wakefield is created by sequence of (yeljow color). The internal area of dielectric tube is

drive bunches is of interest. We will carry out compara-  fjlled by plasma. Drive electron bunches (pink color)
tive analysis of acceleration in two kinds of accelerating propagate along a cylinder axis from left to right.
structures: opened from the output end face — the wave- Blue cylinder shows test electron bunch

guide and closed — the resonator.

STATEMENT OF THE PROBLEM Parameters used in calculation

Inner radius of dielectric tube a 0.5 mm

The dielectric tube with an inner radius a and dielec- Outer radius of dielectric tube b 0.6 mm
tric constant ¢ is inserted into a cylindrical metal wave Operating frequency f 357.2 GHz
guide of radius b . Length of a metal waveguide L co- Waveguide length L 4.196 mm (51)
incides with length of a dielectric tube. The entrance Relative dielectric constant € 3.75 (quartz)
end face of a waveguide is closed by the metal grid Bunch energy E, 5 GeV
transparent for electron bunches. In case of the resona- Total drive bunch charge 3nC
tor th_e output end f_ace of structure is clqsed by the met- Total witness bunch charge 03nC
al grid also. The internal area of a dielectric tube is Bunch diameter 2r, 0.9 mm
filled by uniform plasma of density n, . Into the slow- Bunch axial RMS dimension 26 0.1 mm
ing-down structure the sequence of electron bunches is (Gaussian charge distribution)
injected. After the certain delay time t,, the test elec- | Full bunch length used in PIC simulation| 0.2 mm
tron bunch is injected in the system. The studied system Number of bunches in drive sequence | 1...50
is schematica"y shown in F|g 1. Test bunch |ength (homogeneous 0.4 mm

We investigated change of energy of test bunch elec- | charge distribution)
trons at the system output end face at the motion in the | Delay injection time of test bunch 1.151 ps
electromagnetic fields created by drive sequence de- | releative to the last drive bunch ty
pending on number of bunches in the sequence. In Table | Plasma density ny 4.41-10%cm™
the parameters used in calculation are given. Ratio m;/m, of model plasma 1836 (hydrogen)

ISSN 1562-6016. BAHT. 2018. Ne3(115) 53



INJECTION OF BUNCHES
AND TREATMENT OF NUMERICAL
SIMULATION RESULTS

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

1. The given number of drive bunches was injected into
the investigated structure.

2. Later the delay time t,, after the beginning of the

last drive bunch injection the test bunch was injected and
moved after drive bunches in the electromagnetic field
created by them up to the system output end.

3. From the calculated values of electrons energies of
the test bunch, which was near output end face of structure,
the maximum energy was calculated. This energy was
taken as test bunch acceleration.

4. Having done the actions described above in items
1...3 for different number of drive bunches, the depend-
ence of test bunch electrons energy on number of drive
bunches obtained. At that two cases of longitudinal bound-

ary conditions were investigated: the resonator (tangential
components of electric field are equal to zero) and wave-
guide (impedance matching of dielectric waveguide and
free space).

RESULTS OF 2.5D-PIC CODE SIMULATION

As examples of numerical simulation results of accel-
eration process in PDWA are shown in Fig. 2: the longi-
tudinal F,(z) and transverse F,(z) forces affecting on

test electron and the phase plane energy — the longitudi-
nal coordinate of the last drive and test bunches when
injecting one, two, three and four drive bunches in the
resonator and the waveguide. Figures correspond to
time when the last drive bunch of a sequence approach-
es output end face of the slowing-down structure. As
appears from Fig. 2, the increase in number of drive

bunches leads to growth of longitudinal force F,(z)

and, as a result, to growth of the maximum energy of
the accelerated electrons of test bunch.
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Fig. 2. Longitudinal F,(z) and transverse F,(z) forces affecting on test electron (r = 0.2 mm),
phase plane energy — the longitudinal coordinate of the last drive (magenta dots) and test (cyan dots) bunches when
injecting one (a, e), two (b, f), three (c, g) and four (d, h) drive bunches for resonator (a, b, ¢, d) and waveguide (g, f, g, h)

In Fig. 3 the dependence of electron energy gain of
test bunch on number of the injected drive bunches for
the resonator and waveguide is shown.
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Fig. 3. Dependence of electron energy gain of test bunch
on number of the injected drive bunches for the resonator

(red curve) and waveguide (blue curve)
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Symbols in Fig. 3 have shown the exact values of
energy gain of test bunch electrons obtained at numeri-
cal experiment, and curves represent average depend-
ence.

To understand behaviour of the dependences given
on Fig.3, we analyzed structure of the longitudinal

forces F,(z) affecting on electrons, depending on
number of the injected drive bunches for the resonator
and waveguide.

Colour maps for longitudinal force F,(z) at

r=0.2mm depending on number of the injected

bunches in case of resonator accelerating structure
(Fig. 4,a) and in case of the waveguide accelerating
structure (Fig. 4,b) are given in Fig. 4. Time for which
configuration of forces are given in Fig. 4, correspond
to the moment of approach of the last drive bunches of
sequence to output end face of structure.
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Fig. 4. Configuration of the longitudinal forces F,(z)

acting on test electron, depending on number of the in-
jected drive bunches for the resonator (a) and waveguide
(b) at r=0.2 mm in the form of colour map

As one can see in Fig. 4,a, when changing a number
of drive bunches from 1 to 20 wakefield wave, reflected
from output end face of the resonator (backward wave),
moves to its input end face, but does not reach it. At
injection of the 21st drive bunch the backward wave
reaches input end face of the resonator. From here when
increasing a number of drive bunches injected in the
system the wave reflected from input end face of the
resonator (direct wave) forms. This wave influences
electrons of test bunch together with wakefield wave
and accelerates them. Let's note that at injection of 23
drive bunches the small decay of strength of the longi-
tudinal accelerating field resulting in local minimum on
dependence of energy increase of test bunch electrons
on number of the injected drive bunches is observed
(see Fig. 3). When injecting 24...26 drive bunches there
is rapid growth of strength of the longitudinal accelerat-
ing field that leads to sharp increase in energy of test
electrons. When further increasing number of drive
bunches the strength of longitudinal electric field in area
where the test bunch is located, falls down a little that
leads to weaker acceleration of bunch, than in maxi-
mum. When injecting 41...42 drive bunches in the reso-
nator are observed the decay of the longitudinal acceler-
ating field strength leading to local minimum on curve
in Fig. 3 again. Injection of the next 44th bunch leads to
sharp increase in energy of the accelerated bunch at the
resonator output end face.

The configuration of longitudinal forces F,(z) for

waveguide shown in Fig. 4,b has more regular character,
than for the resonator, described above (see Fig. 4,a). It
is caused by absence of reflection of electromagnetic
fields from output end face of waveguide. Therefore at
the time when the last drive bunch approaches to output
end face of structure the identical amount of the periods
of electromagnetic wakefield forms in the drift space
independently of number of drive bunches of sequence.
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Only field amplitude changes. In the analyzed structure
at the same time there can be no more than five bunches
which fields summed up: either 5 drive, or 1 test and
4 drive. Therefore in Fig. 4,b the maximum of force F,

is reached for 4 drive bunches. When increasing in a
number of drive bunches little changes of amplitude F,

in comparison with the maximum value are observed.

It is possible to mark out some stages of acceleration
of test bunch connected with number of bunches of
drive sequence in Fig. 3.

At the first stage while the group front of wakefield
wave from the first drive bunch does not go beyond
output end face of system, the linear growth of energy
of the accelerated test bunch with increase in number of
bunches of drive sequence is observed. In our research
this stage is observed at injection from 1 to 4 drive
bunches. Distinctions in behavior of the resonator and
waveguide at the first stage it is not observed (see
Fig. 3).

At the second stage the additional growth of energy
of the accelerated test bunch when increasing in a num-
ber of bunches of drive sequence is not observed. For
waveguide it is connected with that the electromagnetic
field leaves system through output end face and does
not give contribution to acceleration of electrons of test
bunch. It is limit stage of test bunch acceleration for
waveguide case. For resonator case reflection of elec-
tromagnetic wave from output end face is observed.
This reflected wave moves towards to test bunch and
therefore does not provide cophased energy increase of
its electrons. At the end of the second stage the reflected
wave reaches the input end face of the resonator. In our
research the second stage of acceleration is observed at
injection from 5 to 22 drive bunches. Let's note almost
identical the curve of acceleration at the second stage
for the resonator with waveguide curve.

The next stages of acceleration of test bunch are ob-
served only for the resonator.

The third stage is similar to the first one as for an
energy growth of test electrons and it is connected with
additional acceleration of electrons in the field of the
wave reflected both from output and from input resona-
tor end faces. This stage finishes when the wave reaches
output end faces of the resonator for the second time. In
our case the third stage of acceleration is observed at
injection from 23 to 26 drive bunches.

Then the fourth stage similar to the second one as
for relative constancy of test electron energy is ob-
served. This is connected with the motion of the wave
three times reflected from resonator end faces towards
to test bunch that does not increase its energy (from 27
to 41 drive bunches).

The fourth stage is changed to fifth one when an en-
ergy growth of test electrons is observed again (from 42
to 44 drive bunches).

And, finally, at the sixth stage the falling-down area
of energy change of test electrons is observed (from 45
to 50 drive bunches). We believe that it is connected
with breakdown of cophased addition of fields of the
backward and direct waves in the resonator.

Let's note that in work [8] authors already observed
alternation of stages of linear growth and constant value
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of longitudinal electric field strength as functions of
time at injection of sequence of bunches in the rectangu-
lar dielectric resonator.
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Fig. 5. Dependence of density of plasma electrons np,
after injection of single drive bunch for the resonator in
the form of colour map

To find out the reason of impairment of cophased
addition of fields of the backward and direct waves in
the resonator when a number of drive bunches is more
than 39 we analyze behavior of plasma in the drift
channel. In Fig. 5 dependence of density of plasma elec-
trons n after injection of single drive bunch for the

resonator in the form of color map is shown. In the pic-
ture it is possible to see that after injection of one drive
bunch it appears a density n, modulated with the peri-
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Fig. 6. Dependence of plasma density of electrons ny, and ions ny; after injection of different number of drive bunches
for the resonator (a, b) and waveguide (c, d), r=0.2 mm

CONCLUSIONS

At numerical simulation of acceleration of test
bunch by the field of sequence of drive bunches in case
of plasma filling of the drift channel we have found
some stages of acceleration of test bunch connected
with a number of drive sequence bunches.

For waveguide two stages are observed: 1) linear
growth of energy of the accelerated electrons of test
bunch with increase in number of drive bunches of a
sequence which follows, 2) practically, invariable value
of energy of the accelerated test bunch when changing a
number of drive bunches. For parameters of numerical
experiment, the energy gain of test bunch increases at
stage of linear growth by 2.76 time for 4 drive bunches
in comparison with single drive bunch.

For the resonator the stages of linear growth of ener-
gy and constant value of energy of the accelerated test
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od of transverse force F (z) change (i.e. with plasma

wavelength).

When increasing number of the injected drive
bunches a change of plasma density become more es-
sential. In Fig. 6 dependence n_, and n; after injection

of different number of drive bunches for the resonator
(see Fig.6,a,b) and waveguide (see Fig. 6,c,d) is
shown, r=0.2mm. The horizontal dashed line shows

the initial plasma density n, in system. As follows

from Fig. 6,a and c, after injection of 30 drive bunches
in the resonator the electron density n, falls more, than

twice, and after injection of 50 bunches plasma elec-
trons in the resonator are nearly absent. Plasma ion den-
sity as function of drive bunches number decreases sig-
nificantly more weakly than plasma electron density
(see Fig. 6,b,d), however, already at injection of 50
bunches in the resonator n; [ 0.5n .

Carrying out of plasma from system when injecting
a large number of drive bunches leads to change of its
frequency characteristics. In result the resonant excita-
tion of the electromagnetic waves excited by drive
bunches which are periodically injected in the resonator
is violated.
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bunch when increasing in a number of bunches of drive
sequence have repeated in pairs three times when using
for wakefield excitation up to fifty drive bunches. At
that the step growth of electron energy of test bunch is
observed. Thus the maximum of energy gain of test
bunch electrons increases by 5.29 times for 44 drive
bunches in comparison with single drive bunch.

When injecting drive bunches into wakefield accelerat-
ing system plasma electrons and ions are lost from system
so much more strongly, than more bunches are injected in
system that leads to change of its frequency characteristics
and violation of resonance in system. Therefore to in-
crease energy gain of test bunch it is necessary: either to
create in system of condition of additional generation of
plasma during the injection process, or to carry out non-
periodic injection of bunches, changing interval be-
tween bunches with growth of their number.
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CPABHUTEJIBHBIN AHAJIN3 YCKOPEHMSI TECTOBOT'O JIEKTPOHHOI'O CT'YCTKA
HOCJIEAOBATEJIBHOCTBIO CT'YCTKOB B TUDJIEKTPUYECKOM BOJIHOBOJE
1 PESOHATOPE, 3AIIOJTHEHHOM ILJIA3BMOM
IL.LH. Mapkos, H.H. Onuwenxo, I.B. Comnukos

[IpencraBneHbl pe3ysbTaThl YUCIEHHOTO MOJEIMPOBAHUS YCKOPEHUSI TECTOBOI'O CTYCTKA MOCIE0BATEIHLHOCTHIO
PEIATUBUCTCKUX JIEKTPOHHBIX CI'YCTKOB B IJIA3MEHHO-AUAJIEKTPUUECKON IWJIMHAPUYECKONW 3aMeISOIEN CTPYK-
Type JUIsl ClIy4aeB OTKPBITOTO M 3aKPBITOrO MPOBOJSIIEH CETKOW BBIXOJIHOTO TOpLa CTPYKTYphl. BxomHoil Topery
OBLT 3aKPBIT MPOBOAAIICH ceTKOW. HauamsHBIe pa3Mephl B YHEPTUS BCEX CTyCTKOB OBLTH OJAMHAKOBBIMU. PaccTosHue
MEXJ1y CT'YCTKaMH IOCJEA0BATENbHOCTH PAaBHSIOCH JIJIMHE BOJHBI AJIEKTPOMArHUTHOTO MOJSL B CTpYKType. Tecro-
BBIIl CTYCTOK CIJI€ZIOBaJl 3a IOCJIEIHUM CIYCTKOM IIOCJEI0BaTENbHOCTH. VccienoBanoch YCKOpPEHHE TECTOBOIO
CT'yCTKa TIPH W3MCHEHHH KOJIMYECTBA CTYCTKOB IMOCIEIOBATENBHOCTA. MBI OOHApYKWIIM, YTO Ui BOJHOBOIA
HaOJFOMAOTCs IBE CTAAWU: 1) TUHEWHBIA pOCT SHEPTHUH YCKOPEHHOTO TECTOBOTO CTYCTKA C YBEIHYCHHUEM KOJHMYe-
CTBa CTYCTKOB IpaiiBepHON MOCICAOBATEIHFHOCTH, 32 KOTOPBIM CleAyeT 2) MPaKTUYeCKH, HEM3MEHHOE 3HAYCHHE
SHEPIMM CTyCTKa MPHU M3MEHEHUHM KOJIMYECTBa JIpaliBEepHBIX CrycTKoOB. i1 pe3oHaTOpa OTMEUEHHbIE ABE CTAIUU
JIMHEWHOTO POCTAa AHEPTUM W TIOCTOSHHOIO 3HAYEHMs] PHEPIMU TECTOBOI'O CIyCTKa C YBEJIMYEHUEM KOJIMYECTBa
CTYCTKOB JpaiiBepHOIl MOCJIEeN0BATENLHOCTH MOBTOPSIOTCS MOMApHO HECKOJIbKO pa3. IIpu onpenenéHHoOM Konuye-
CTBE CTYCTKOB B P€30HATOPE MOYKHO MOJIYYUTh CYIIECTBEHHO OOJIbIIIEEe YCKOPEHUE, YEM B BOJIHOBOJIE.

MOPIBHAJIbHUI AHAJII3 TPUCKOPEHHS TECTOBOI'O EJJEKTPOHHOT O 3T'YCTKA
MNOCJIIAOBHICTIO 3T'YCTKIB Y JIEJEKTPUYHOMY XBUJIEBOJI TA PE3OHATOPI,
3AIIOBHEHOMY IIJIA3MOIO
I1.1. Mapkos, I.M. Oniwienxo, I.B. Comnikos

[pezncraBiieHi pe3ysibTaTH YHUCEIBHOTO MOJICIIOBAHHS TPUCKOPEHHS TECTOBOTO 3ryCTKa MOCIIIOBHICTIO PEIISITH-
BICTCHKHX €JICKTPOHHMX 3TYCTKIB Y IUIA3MOBO-TICICKTPUYUHIN MMITIHAPUYHIN CIIOBITBHIOITIN CTPYKTYpI ISl BHITA -
KiB BiIKpHTOTO i 3aKPUTOTO MPOBIITHOIO CITKOIO BHXIIHOTO TOPIS CTPYKTYpH. BximHuil Topenps OyB 3aKkpuTHii mpo-
BiZHOIO CiTKOI0. [TouaTKOBi po3MipH ¥ €Hepris BCix 3TyCTKiB Oyin oJHaKOBUMH. BincTanp MiX 3rycTKaMu HMOCIHTiT0-
BHOCTI JIOPiBHIOBaJa JOBXHHI XBHJI €JIEKTPOMAarHiTHOTO HOJS B CTPYKTypi. TecToBHil 3TryCTOK HMIIIOB 32 OCTAHHIM
3IYCTKOM MOCIHiJJOBHOCTI. JlocmipKyBanocss IpUCKOPEHHST TECTOBOTO 3TYCTKY IPH 3MiHi KiJIBKOCTI 3TYCTKIB MOCII-
JIOBHOCTi. MU BUSIBHIIH, IO JUISl XBHJIEBO/Y CIIOCTEpIraloThes JBi cranii: 1) niHiliHe 3pocTaHHs eHeprii mpuckope-
HOT'O TECTOBOT'O 3r'yCTKa 31 30UIBIIEHHSM KiJIbKOCTI 3TYCTKIB JipaiiBEpHOI MOCIIITIOBHOCTI, 3a SIKMM iJie 2) MPaKTHIHO
He3MiHHE 3Ha4YeHHS €Heprii 3rycTKa IpH 3MiHI KUIBKOCTI JpaiiBepHUX 3rycTKiB. Jli1sl pe3oHaTopa Bia3HA4eHi IBi
cTazii JIiHIIHOTO 3pocTaHHs eHeprii i He3MIHHOTO 3HAYEHHS CHEPrii TECTOBOTO 3ryCTKa 3i 301JIbLICHHSIM KUIBKOCTI
3rYCTKIB JpaiBEpHOI ITOCIIIIOBHOCTI IOBTOPIOIOTHCS MOMIAPHO Kijbka pasiB. [Ipu neBHil KiIBKOCTI 3TyCTKIB y pe3o-
HATOpi MOKHA OJIEPIKATH CYTTEBO OLIBIIE MPUCKOPEHHS, HIXK Y XBHIICBOII.
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