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A result of numerical simulation of acceleration of the test electron bunch following a sequence of relativistic
electron bunches in the rectangular dielectric resonator when filling the drift channel with plasma of different densi-
ty is provided. We have found out that at change of plasma density the linear growth of energy gain of test bunch
electrons is observed. It is connected with structure ordering of longitudinal accelerating electric field in the resona-
tor and also with increase in its amplitude. It is due to that at periodic injection of drive bunches on resonator axis
the areas with the increased plasma electrons density are formed.

PACS: 41.75.Ht, 41.75.1Lx, 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-
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tude increasing is using of periodic drive bunches se- g Tl
quence with smaller charge [2 - 7]. This way is imple- \ 21 )
mented in experimental installation IPENMA NSC © ’, _
KIPT "Almaz-2" in which the regular electron bunches \
. . . AT
sequence excites wake.ﬁeld which eigen modes.f.requen— - \/arive electron bunches
cies are equal or multiple to the bunches-repetition fre- .
b \ __—\Wwitness electron bunch
quency of 2.805 GHz. y -
\ dielectric slabs

On this installation a carrying-out of experiments on
electron bunches injection in the rectangular dielectric
resonator with plasma filling is supposed. For explana-
tion of the expected experimental results the numerical
simulation of test electron bunch acceleration by relativ-
istic electron bunches sequence in the rectangular die-
lectric resonator when filling the drift channel with
plasma of different density is carried out. The results of
these simulations are presented below.

STATEMENT OF THE PROBLEM Waveguide R26

Rectangular dielectric waveguide under investigation Dimen.sions (axb) 45x90 mm
represents the metal waveguide having the cross sizes Opera.tl.ng frequenc}f 5.606 GHz
axb with two dielectric slabs (dielectric permittivity is | Repetition rate of drive bunches
equal to ¢), lining opposite wide walls of a waveguide Siq”e“,“’ - 1 | 2.803 GHz
(Fig. 1). For obtaining the resonator we closed wave- Sla b dimensions (are O.Catedaong

. . . wide wall of a wave-guide) 8.182x90 mm
guide end faces by the conductive grids, transparent for .
electron bunches. Working mode LSM,

The drift channel of dielectric structure is filled with gc':slonat.or llengt h,L, - ;10219;11;1
plasma. The on-axis electron drive sequence passes 1© elcltnca permitivity & 4' (Teflon)
through the slowing-down structure and excites wake- B un‘; en;rg}fl di’,’ . 2'2 Mev
field. In certain delay time ¢,, after the last drive bunch One bunch of drive sequence charge 12.6 nC

. ¢ . Test bunch charge 0.026 nC
the test bunch with a charge by 100 times smaller, than |- = 0 - om o~ 10.0 mm
?;agleeﬁ Sf(li‘gflrﬂifelllrét egtf((ilrilxrzle fjgzﬁt:;qigic?oves under Bunch axial RMS dimension 2o drive bunch | test bunch
] : (Gaussian charge distribution) 6.685 13.369
Parameters of drive sequence, except for a charge of : - - _—
. . . Full bunch length used in PIC simu-

bunches, were chosen such, as in the experimental in- | . 13369 mm | 26.739 mm
stallation "Almaz-2". Charge of the bunches was in- Pl densi 10'9 100 em '
creased by 10 times A5 Consity 1, S

Diel t}rl lab d . f . bunch d Delay time of test bunch 7,4, 0.08966 ns

ielectric slab dimensions for given bunches an Relation of 71,/m, of model plasma | 100

waveguide were calculated using theory of excitation of
multizone dielectric waveguides [8, 9].
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Fig. 1. Schematic view of a rectangular dielectric
resonator. Yellow bricks show dielectric slabs,
pink cylinders show drive electron bunches

and blue cylinder shows test bunch

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

Parameters used in calculation

It should be pointed that if to choose Teflon as dielec-
tric, for R26 waveguide at any orientation of plates the
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solution is not exist at choice of the main mode of
LSM,, or LSE; with frequency of 2.803 GHz which is
used in the "Almaz-2" accelerator. Nevertheless, for the
doubled frequency of 5.606 GHz it is possible to choose
LSM,, as operation mode.

STEPS OF CALCULATIONS EXECUTION

The analysis of test electron bunch acceleration by
drive bunch sequence was carried out by means of nu-
merical 3D PIC code in the following way:

1. The dielectric structure drift channel was filled
with the macroparticles modeling plasma with some
density n,,.

2. The given number N, of drive bunches was in-
jected into the investigated structure.

3. Later on the delay time ¢,, after the last drive

bunch injection the test bunch was injected and then it
moved up to the system output end in the electromag-
netic field created by drive bunches.

4. 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 energy gain AE, .

5. Varying number of drive bunches, we received
dependence of test bunch electrons energy gain on
number of drive bunches AE, (N, ) for plasma with

density n,, .

6. Further we filled the drift channel of structure
with plasma with other density n,, and calculated

AE,(N,) again for case of filling the drift channel
with plasma with density 7, .

7. Repeating described above steps several times
we as a result have obtained dependence of test bunch
electrons energy gain AEW(N ib> np) , both from num-

ber of drive bunches N, , and from plasma density 7.

RESULTS OF 3D-PIC CODE SIMULATION

In Fig. 2 the obtained accelerated test bunch energy
gain AE, versus number of drive bunches sequence
varying N, for different values of plasma density 7, in
the range from 0 to 10cm” are shown. At that
AEW(N s N ) is shown in the form of curves in the

n, = const planes.

P

For the obtained dependence analysis at first we will
project the curves shown in Fig. 2, on the plane passing
through the axis AE, parallel to axis N, marked in

Fig. 2 by the yellow color. These projections are shown
in Fig. 3.

Curves in Fig. 3 clearly demonstrate step behavior of
energy gain of the accelerated test bunch at change of
drive bunches number. At the first stage of each step the
linear growth of the accelerated test bunch energy with
increase in number of drive sequence bunches is ob-
served. At the second stage energy of a test bunch prac-
tically does not change at varying of drive bunches
number. The step behavior AE, at N, change was al-
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ready described by us earlier [10] at research of test
bunch acceleration by a sequence of relativistic electron
bunches in the cylindrical dielectric resonator without a
plasma in drift channel.

Fig. 2. The accelerated test bunch energy gain AE,,
versus number of drive bunches sequence varying Ny,
Jor different values of plasma density n, in the range

from 0 to 10" cm™ in the form of curves

in the n, = const planes
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Fig. 3. A projection of the curves shown in Fig. 2, on the
plane passing through the axis AE, parallel to an axis

Ny, marked in Fig. 2 by the yellow colour

As it has been noted above, the studied dielectric
resonator is tuned on mode of LSM,; of oscillations
with operating frequency of 5.606 GHz, and the drive
sequence is injected with the half repetition rate equal to
2.803 GHz. In our case length of the resonator L has
been chosen equal to 64, where A is the electromagnetic
field wavelength with operating frequency in the reso-
nator. At the same time can be no more than
N;, =L/(22) bunches in the studied resonator. We as-

sumed the length of the resonator equal to L=0641,
therefore Nj, =3. In linear approach at N, change
from 1 to N, fields after the last drive bunch are

summed up and increased linearly depending on the
N,,. However, the self-consistent numerical simulation
carried out by us has shown that the increase in fields is
observed only for the first N, —2 bunches, i.e., in our
case, for one bunch. We believe that it is connected with
that in above mentioned estimation the field of transient

radiation and “quenching wave” have not been consid-
ered [11].
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After the drive bunch leaves the resonator from out-
put end face of the resonator the wakefield is reflected
and moves to its input end face. Group speed of the
principal mode is v, =0.53¢, where ¢ is light speed.

Therefore for the resonator of the length L =64 through
time, equal to 7= L/v ,» the backward wave will reach

input end face of the resonator.

Thus, at injection of the ninth drive bunch the wake-
field created by this bunch adds with the wave reflected
from input end face of the resonator. This wave affects
test bunch electrons and additionally accelerate them
that is observed in the form of the growing stage of step
dependence in Fig. 3.

Also in Fig. 3 the growth of test bunch energy gain
AE, at plasma density increase is visible. At that it is

possible to notice that with varying of plasma density the
steps height increases with 7, increase, almost, linearly.

Fig. 4. The same, as in Fig. 2, in the form of curves

in the N, = const planes
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Fig. 5. Projection of the curves shown in Fig. 4,
on the plane passing through axis n, parallel to AE,,

axis (i.e. parallel to the plane marked in Fig. 4
by the green colour)

In order to more clearly demonstrate linear growth
AE, with n, increase, in Fig. 4 the dependence

AE, (N b np) presented on Fig. 2 is shown in the form

of curves in the N, = const planes.

Further we will project the curves shown in Fig. 4,
on the plane passing through axis n, parallel to axis AE,

(i.e. parallel to the plane marked in Fig. 4 by the green
colour). These projections are shown in Fig. 5.
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It is seen in Fig. 5 that when plasma density 7, var-
ying, almost linear growth of energy gain AE, of test

bunch electrons if number of drive bunches N, >10 is

observed.
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Fig. 6. Colour maps and level lines for longitudinal com-
ponents of the Lorentz force F, (z) acting on test electron

at resonator axis depending on number of the injected
drive bunches N, at different plasma density values:
a)n,=0;b) n, =5x10°cm™; ¢) n, =1x10"cm”.
The dotted line has schematically shown the test bunch
position
To explain AE, growth at plasma density increase,
let’s analyze structure of longitudinal field £_(z) de-
pending on number of the injected drive bunches for
several n, values. In Fig. 6 dependences of longitudinal
force components F.(z,N,,)=—l¢|E. (z,N,,) are given
at resonator axis in the form of colour map and level
lines for different plasma density values n, varying
from 0 to the 10"cm™. Times, for which longitudinal
forces F, in Fig. 6 are given, correspond to the mo-

ments when the last drive bunch of sequence approaches
output end face of the resonator. Vertical dotted straight
lines schematically show the test bunch position.

From Fig. 6 follows that at increase in plasma densi-
ty the longitudinal accelerating electric field structure
ordering and also increase in its amplitude in area where
there is a test bunch is observed.
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The reason of this, from our point of view, is the next.
Electrons of each drive bunch push out plasma electrons
to the drift area periphery. Behind the driver the area
with the excess positive charge created by plasma ions
is formed. It leads to appearance of the field forcing the
plasma electrons, which are in abundance on the periph-
ery, to move to resonator axis. As a result at periodic
injection of drive bunches on resonator axis the areas
with high plasma electrons concentration are formed. In
confirmation of this in Fig. 7 the dependence of plasma
electron density on resonator axis 7 versus longi-

pe at axes
tudinal coordinate z for different values of initial plasma
density n, is shown.
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Fig. 7. Plasma electron density on resonator axis
n versus longitudinal coordinate z for different

pe at axes

values of initial plasma density n,

One can see from Fig. 7 that when the initial plasma
density in system is higher, oscillations of the plasma
electrons density on resonator axis are higher also.
These density oscillations lead to the changes of longi-
tudinal electric field E_(z) causing its structure order-

ing and increase in amplitude shown in Fig. 6.
CONCLUSIONS

At study of test electron bunch acceleration in the
dielectric resonator with plasma filling in the field of
drive electrons bunches sequence we have found out
that:

e When changing a number of bunches in regular
sequence the step growth of the accelerated test bunch
energy gain is observed.

e If plasma density changes in range from 10°cm™

to 10'°cm™ and the drive sequence contains more than
10 bunches the linear growth of test bunch electrons
energy gain is observed.

o This is due to the ordering of the structure of the
longitudinal accelerating electric field, as well as to an
increase in its amplitude in the region where the test
bunch is located.

o This, by-turn, is due to fact the areas with in-
creased density of plasma electrons are formed on axis
of the resonator during periodic injection of drive
bunches. At that, the higher the initial plasma density in
system caused the higher the oscillations of plasma elec-
trons density on resonator axis.
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MOBBIINEHUE 2OPEKTUBHOCTHU YCKOPEHUS TECTOBOI'O 9JIEKTPOHHOTI'O CI'YCTKA
MHOCIEAOBATEJBHOCTBIO 3JIEKTPOHHBIX CI'YCTKOB B ITPAMOYT'OJIBHOM
JUIJIEKTPUHYECKOM PE3OHATOPE ITPHU IIJIASMEHHOM 3AITIOJIHEHUHN

IL.U. Mapkos, H.H. Onuwienko, I.B. Comnukoe

[IpencraBneHsl pe3yabTaThl YUCICHHOTO MOJEIHPOBAHUS YCKOPEHHS TECTOBOTO CTYCTKA AJIEKTPOHOB, CIIEIYIO-
IIETO 3a IOCJICIOBATEIBHOCTBIO PEISATUBUCTCKUX AJIEKTPOHHBIX CTYCTKOB B IPSIMOYTOJIBHOM IHAJIEKTPHUECKOM
pe30HaTope IMpH 3alOTHEHUH KaHaa aperda mia3Mol ¢ pa3uyHOM MIOTHOCTRI0. OOHAPYKEHO, YTO NP U3MEHE-
HUM TUIOTHOCTHU TIA3MbI HAOJIFOMACTCS JTMHEHHBIN POCT YBEJIMYCHHUS SHCPTHH AJICKTPOHOB TECTOBOTO CIYCTKa. JTO
CBS3aHO C YHOPSAOYEHUEM CTPYKTYPBI IPOJOJIBLHOTO YCKOPSIOIIETO 3JEKTPHUUECKOTO MOJIf, a TAKXKE C YBEINICHHEM
€ro aMIUIUTYIbl, YTO MPOUCXOIUT MOTOMY, YTO MPHU MEPUOAUYECKON MHKEKUUHU ApaiiBEPHBIX CI'YCTKOB Ha OCH pe-
30HaTOpa 00pa3yloTCs 00JIACTH C NOBBIIICHHOI KOHIIEHTpAIUeH IJIa3MEHHBIX 3JIEKTPOHOB.

NIIBUINMEHHA EGEKTUBHOCTI IPUCKOPEHHS TECTOBOI'O EJIEKTPOHHOI'O 3T'YCTKA
HOCHAOBHICTIO EJIEKTPOHHHUX 3I'YCTKIB Y IIPAMOKYTHOMY JAIEJEKTPUHYHOMY
PE3OHATOPI IIPU IVTABMOBOMY 3AIIOBHEHHI

IL1. Mapxoe, I.M. Oniwenko, I.B. Comnixos

[pencraBineHO pe3yiabTaTH YUCEIBHOIO MOJCIIOBAHHS NPHCKOPEHHS TECTOBOTO 3IYCTKA €JEKTPOHIB, IO IMps-
MYE€ 32 TIOCITIJOBHICTIO PEIATHBICTCHKHX EIEKTPOHHHX 3TYCTKIB y NPSAMOKYTHOMY HiCIEKTPHYHOMY PE30HATOPI IPH
3aMoBHEHHI KaHATY Apei]y M1a3Moro 3 pi3HOIO IMIIbHICTIO. BHUsABICHO, 0 IIPH 3MiHI MITFHOCTI IJIa3MHU CIOCTEPi-
ra€Thesl JIHIMHE 3pOCTaHHs 30UIbIICHHS €Hepril eJIeKTPOHIB TECTOBOTrO 3rycTka. Lle moB's3aHe 3 yrnopsaKyBaHHSIM
CTPYKTYPH IO3JI0BXXHBOTO MPHUCKOPIOBAJIBLHOTO €JIEKTPUYHOTO IT0JIs, 8 TAKOX 31 301IbILICHHAM HOT0 aMIUTITYAH, 110
BiZI0OYBAETHCS TOMY, L0 TIPH MEPIOANYHIN 1HKEKLIT ApaliBEpHUX 3rYCTKIB Ha OCI pPe30HATOpPa YTBOPIOIOTHCS 00J1acTi
3 Mi/IBUIIEHOI0 KOHIIEHTPALIEIO I1a3MOBHX €JIEKTPOHIB.
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