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Results of analytical and numerical researches of excitation of wakefield and dynamics of the charged particles
in the plasma-dielectric rectangular slowing-down structure are provided. Based on that the analytics in linear ap-
proach for overdense plasma shows that at the certain density of plasma the superposition of plasma and dielectric
waves allows to accelerate test bunch with its simultaneous focusing, we have made simulation by the "particle in
cell" method of excitation of wakefield for several cases with different plasma density. The carried-out numerical
modeling has confirmed predictions of the analytical theory, having shown an acceleration of test bunch with its

simultaneous focusing.
PACS: 41.75.Ht, 41.75.Lx, 41.75.Jv, 96.50.Pw

INTRODUCTION

Acceleration of charged particles by wakefields ex-
cited by relativistic electron bunches in dielectric struc-
tures is an actively developing direction for new me-
thods of acceleration [1, 2]. The experimental research
carried out, at ANL and SLAC, confirmed [3, 4] the
suitability of this method of acceleration of charged
particles. The dielectric wakefield accelerator is now
considered to be a promising candidate for future elec-
tron-positron colliders in the TeV energy range [5].

Despite, as shown theoretically and experimentally,
possibilities of obtaining a high acceleration rates, one
problem that is not solved completely remains — diffi-
culties with stabilization of the transverse motion of the
drive and accelerated bunches and thereby obtaining
accelerated bunches of particles with a small emittance.
In this article the possibility of using plasma filling the
drift channel of a dielectric structure is considered for
this purpose. Such plasma can be created as a result of a
capillary discharge in a dielectric tube [6]. The use of
plasma for focusing an accelerated bunch is not a new
proposition. The focusing properties of plasma were
investigated in PWFA both in the linear condition [7, 8]
and in a non-linear regime [9, 10]. But in the linear con-
dition the peak of an accelerating field corresponds to
zero focusing field, and in the non-linear regime the
region of acceleration is localized only near a drive
bunch because of plasma destruction caused by a nonli-
near plasma wave.

In order to avoid these restrictions using a plasma-
dielectric structure was proposed [11, 12]. As we will
demonstrate below, this idea has shown acceleration of
test bunch with its simultaneous focusing.

Historically the majority of researches on wakefields
in dielectric structures are carried out for cylindrical
configurations. Recently considerable interest is shown
to planar and rectangular configurations of dielectric
structures. It is caused by the following advantages of
such structures [13]:

o simplicity of production;

e easy tuning of operating frequency by means of
adjustment of metal walls of wave guide, free from di-
electric;
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o for given frequency and acceleration voltage they
can accumulate more energy, than cylindrical configura-
tions that leads to decreasing of beam loading;

e additional internal focusing — structure of the
transverse forces operating on electron beam is similar
available at quadrupole focusing;

o the possibility of implementation of multimode
operation of excitation leading to significant increase in
wakefield amplitude.

STATEMENT OF THE PROBLEM

Rectangular dielectric waveguide under investigation
represents the metal waveguide having the cross sizes
axb with two dielectric slabs (dielectric permittivity is
equal to &), covering opposite wide walls of a wave-
guide (Fig. 1).

driver electron bunch S
metal waveguide = <

witness electron bunch

yt 18N |

dielectric slabs

Fig. 1. Schematic view of a rectangular dielectric wave-
guide. Yellow bricks show dielectric slabs, pink cylinder
shows driver electron bunch and blue cylinder shows
witness bunch

The drift channel of dielectric structure is filled with
plasma.

The driver electron bunch, passes through the axis of
slowing-down structure and excites wakefield.

In certain delay time t,, after the driver bunch the
witness bunch is injected in system and gets under in-
fluence of wakefield of the driver.
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Parameters of driver bunch at numerical simulation
have been chosen such, as in the experimental installa-
tion “Almaz-2”.

Dielectric slab dimensions for given bunches and
waveguide were calculated using theory of excitation of
multizone dielectric waveguides [14, 15], this consid-
eration was expounded in ref. [16]. In Table parameters
used in calculation are given.

Parameters used in calculation

Waveguide R32
Dimensions (axb), mm 34.04x72.14
Operating frequency, GHz | 5.594
Slab dimensions (are located | 5.7x72.14
along wide wall of a wave-

guide), mm

Waveguide length L, cm 99.26
Relative dielectric 3.8
constant ¢ (quartz)

Bunch energy Eq, MeV 4.5
Driver bunch charge, nC 0.26
Witness bunch charge, nC 0.026
Driver and witness bunch

diameter, mm 10.0
Driver and witness bunch

axial RMS dimension 2¢

(Gaussian charge distribu-

tion), mm 17.0
Drive and witness full

bunch length used in PIC
simulation, mm 34.0

Plasma density n,, x10°cm™ [ 2.5 10 [15]20
Delay time t,, of witness

bunch, ns

0.623
0.462 |0
0.266
0.266
0.266

GENERALITIES

The Lorentz force F=(F,, F,, F,) affecting on the
electron moving with initial relativistic speed
V=V, =V,-k in external electric E=(E, E,E,)

and magnetic fields for case of non-magnetic dielectric
has form:

Fy :_|e|'(Ex_'B0'Hy);
By =—el-(E, + o H,): @
F,=—l¢-E,,

where 3, =v,,/c, e is electron charge, ¢ is light speed

in vacuum, H,, H are components of magnetic field

strength.
For the electrons injected with energy E, = 4.5 MeV
S, =0.9948 and force (1) is completely defined by de-

pendence of fields on coordinates and time as change of
electrons speed is negligible.

Focusing of bunch is provided by cross force compo-
nents F, and F , while, acceleration carries out longi-

tudinal force component F,.

It is expected that when filling the drift channel of
rectangular dielectric waveguide with plasma, similar to
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the cylindrical configuration [11, 12], transverse com-
ponents of fields obtain certain axial profiles that allows
choosing such arrangement of the witness bunch in rela-
tion to the driver when transverse forces will squeeze
the witness, while longitudinal force will accelerate it.

RESULTS OF 3D-PIC CODE SIMULATION

During numerical simulation using our 3D-PIC code
we analyzed wakefield configuration and dynamics of
electron bunches at their motion in the drift chamber.
Several numerical experiments for the different plasma
density n, have been made.

a Fu, eVim X 104 b

Fx, eWim X 104

Fz, eVim X 10*4

. .
€ Fz, eVim X 104 1{

Fig. 2. Snapshots of Lorentz force components for time
point 3.2 ns: a, b —cross F, in the midplane

of waveguide y =a/2=1.702 cm;c,d - cross F,
in the midplane of waveguide x =b/2 =3.607cm;
e, f—longitudinal F, in the midplane of waveguide
x =b/2=3.607cm . Plasma density in pictures: a, c, e —
n,=510cm™; b, d,f-n =0
In Fig. 2 comparative snapshots of Lorentz force

components for time point 3.2 ns for dielectric wave-
guide with plasma filling of the drift channel,

n,=5-10°cm™ (see Fig.2,,c,e) and without plasma
(Fig. 2,b,d,f) are shown.

Comparing transverse components of force F, in
Fig. 2,a and Fig.2,b, and also F, in Fig.2,c and
Fig. 2,d, we see that in the system filled with plasma in
the area of location of electron bunches there are strong

forces affecting on the witness bunch and focusing it. In
waveguide without plasma filling transverse forces are
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concentrated mainly on the structure periphery where
bunches are not present. Therefore in dielectric wave-
guide without plasma focusing of bunches is practically
absent.

For the explanation of the mechanism of focusing in
Fig. 3 are shown the configuration space combined with
dependences of longitudinal F, and transverse forces F,,
F., and also cross profile of bunches for

n,=5-10°cm™ (n,/n, =021). Plasma (Langmuir)
frequency is f, =0.635GHz.
a ' il :; (2 € 3;";.'

ylemi)
{

—
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¥ {em)

Fig. 3. The cag'ﬁfiguration space combined with depen-
dences of longitudinal F,(z) and transverse forces F(z),
F«(2), and also cross profile of bunches for n, =5.10°cm™®

The field F,(z) was measured on bunch axis
(x=3.607cm, y=1.702cm), field F,(z) — along the
upper edge of bunch (x =3.607cm, y =2.202cm ), and
field F (z) - along the right edge of bunch

(x=4.107cm, y=1.702cm).
The witness is injected in system through delay time
t, =0.4623 ns after injection of the driver. One can see

in Fig. 3, that this provides synchronization of witness
with the accelerating and focusing wakefield phases: the
witness bunch is in positive phase of longitudinal force
F, and in negative phase of transverse forces F, and

F. . The cross profile of bunches shows that at the exit

end of waveguide focusing of the witness occurs on
azimuth. Its diameter decreases to 8.75 mm, i.e. by
1.143 times from initial diameter 10 mm.

In Fig. 4,a the phase plane energy vs. longitudinal
coordinate combined with dependence of longitudinal

force F,(z) is depicted. In Fig. 4,b distribution function

of electrons of the driver and witness bunches on energy
is shown at that initial bunch energy is E, = 4.5 MeV.

As appears from the schedules provided in Fig. 4,
electrons of the driver bunch, exciting wakefield, are
slowed down while electrons of the witness bunch are
accelerated in this field.

Thus, as it is possible to see in Figs. 3 and 4, we
succeed to focus the witness bunch and to accelerate it
at the same time.

At changing of plasma density the behavior of sys-
tem will not change essentially. However, as the plasma
frequency defining the period of the transverse focusing
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forces changes it is necessary to correct delay time t,,

so that not to leave acceleration phase, remaining at the
same time in focusing phase of the witness bunch.

a b

L 20 0,040 - -
witness| —=— driver
00154 driver —a— witness
0,035+ Sl A
0,010
10 0030+ %
[ =
0,005 /.\ \ { £ So025
-2 [ s £
7= 0,000 B 0T So020
-— =
1 / \ [ l / & §
0,005 / | J %0.015 .;
\ E ]
410 <€ 0,010
0,010

00054 %

T T T -20 0,000
80 B85 90 95 100

Z(cm)

E-E,(keV)
Fig. 4. The phase plane energy vs. longitudinal
coordinate combined with dependence of longitudinal
force F,(z) (a); distribution function of electrons
of the driver and witness bunches on energy,

E, =4.5MeV (b)

At further increase in plasma density up to
n, =2-10"cm~in behavior of system it is not observed
any basic changes. Only increases the transverse focus-
ing forces and, respectively, focusing of the witness

bunch improves. In Fig. 5 influence of change of plasma

density on focusing of the witness bunch is shown.
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Fig. 5. Diameter of the witness bunch depending on
plasma density. Measurements of diameter were taken
in time 3.2 ns when the driver bunch appears

at the waveguide exit

Nonmonotonic variation of diameter of the witness
bunch at changing of plasma density which is visible in
Fig. 5 explains Fig. 6. Here configuration spaces com-
bined with dependences of longitudinal F, and trans-

verse F, forces for different plasma density are shown.
At the high plasma density n =2-10"cm™ the phase

of maximum of the accelerating longitudinal force F,
does not match minimum of the focusing transverse
force F,. Therefore, placing the witness bunch in phase
of the best acceleration, we receive different extent of
focusing for the “head” and “tail” of bunch. Approx-

imately trapezoid profile of longitudinal section of the
witness bunch as it is possible to see it in Fig. 6,e is
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consequence of it. At the plasma density
n,=15-10"cm™ phasing between maximum of the
accelerating force F, and minimum of the focusing
force F, improves that leads to reduction of distortion
of axial profile of the witness bunch (see Fig. 6,d). At
n,=10"cm™ variation of diameter at the beginning
and the end of the witness bunch there is even less (see

Fig. 6,c). The best phasing between maximum of the
accelerating force F, and minimum of the focusing

force F, in the studied system is achieved at the plasma

density n,=5-10°cm™. Thus the distortion of axial

profile of the witness bunch is minimal (see Fig. 6,b). In
Fig. 6,a the case of the smallest plasma density investi-

gated by us is shown n, =2.5-10°cm™ . At such density

of plasma the witness bunch starts bringing distortions
in configuration of transverse components of electro-
magnetic fields and, therefore, in distribution of the
transverse focusing forces F,_and F,. It leads to that,

despite good phasing between the accelerating and fo-
cusing, a distortion of axial profile of witness bunch

increases.
o
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Fig. 6The configuration space combined
with dependences of longitudinal F,(z) and transverse
F,(z) forces for different plasma densities:
a-n,=25-10cm>; b— n =5-10°cm™
c-n,=10"cm>; d-n =15.10"cm™
e-n,=2-10cm™

For increasing of amplitude of the accelerating field
it is possible to increase charge of driver bunch, or to
use periodic sequence of driver bunches with repetition
rate multiple to the operating frequency of dielectric
waveguide. In the experimental installation “Almaz-2”
the second way is used. In this connection it’s interest-
ing to trace configuration of bunches at their passing
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through the drift chamber in presence and absence of
plasma filling the drift channel.
In Fig. 7 the configuration space, combined with de-

pendences of longitudinal F,(z) and transverse forces

F,(z) and F,(z) at injection of bunch sequence with

repetition rate of 2.8047 GHz is shown. This frequency
is equal the half of eigen frequency of vacuum dielectric
waveguide. Plots at the left in Fig. 7 correspond to case
of plasma density n =1.10""cm™. Right plots are ob-

tained for the vacuum case n,=0. The observation

time in Fig. 7 is 5.4 ns. At this moment the 16th bunch
starts entering the resonator.

Fy, Fz {keVim)

Fx, Fz (keVim)

0
0 10 20 30 40_5 6 T
ferm)

Fig. 7. Configuration space, combined with depen-
dences of longitudinal F,(z) and transverse forces

F,(z) and F,(z) at injection of sequence of bunches.
n,=1-10"cm™ (at the left) and n =0 (at the right)

One can see from the Fig. 7 that in the second half of
the resonator, at z>60cm bunches on plots at the left

have the smaller cross size, than on plots at the right that
testifies to focusing of sequence of driver bunches in
plasma filled system.

CONCLUSIONS

The carried-out numerical simulation has confirmed
predictions of the analytical theory, having shown acce-
leration of test bunch with its simultaneous focusing in
rectangular dielectric waveguide with plasma filling of
the drift channel. This behavior of witness bunch is sim-
ilar the same focusing in cylindrical plasma dielectric
wakefield structure.

Focusing of the witness bunch happens uniformly on
azimuthal angles.

With increasing of plasma density the focusing in-
creases.

Filling of the drift channel with plasma promotes fo-
cusing of periodic sequence of driver bunches.

ACKNOWLEDGEMENTS

Work supported by NAS of Ukraine program "Pers-
pective investigations on plasma physics, controlled
thermonuclear fusion and plasma technologies", Project
P-1/63-2015 "Development of physical principles of
plasma-dielectric wakefield accelerator".

ISSN 1562-6016. BAHT. 2016. N23(103)



REFERENCES

1. Wei Gai. Advanced Accelerating Structures and
Their Interaction with Electron Beams // AIP Conf.
Proc. 2009, v. 1086, p. 3-11.

2. Eric R. Colby. Present Limits and Future Prospects
for Dielectric Acceleration // Proc. of the 35" Inter-
national Conf. on high energy physics ICHEP. 2010,
Book of Abstract, p. 130.

3. Wei Gai, M.E. Conde, R. Konecny, et al. Experi-
mental demonstration of dielectric structure based
two beam acceleration // AIP Conf. Proc. 2001,
Ne 569 (AIP, New York, 2001), p. 287-293.

4. M.C. Thompson, H. Badakov, A.M. Cook, et al.
Breakdown limits on gigavolt-per-meter electron-
beam-driven wakefields in dielectric structures //
Phys. Rev. Lett. 2008, v. 100, p. 214801.

5. W. Gai, J.G. Power, C. Jing. Short-pulse dielectric
two-beam acceleration // J. Plasma Physics. 2012,
V. 78, Ne 4, p. 339-345.

6. L.C. Steinhauer, W.D. Kimura. Quasistatic capillary
discharge plasma model // Phys. Rev. ST Accelerator
and Beams. 2006, v. 9, p. 081301.

7. R.D. Ruth, A\W. Chao, P.L. Morton, P.B. Wilson. A
plasma wakefield accelerator // Particle Accelera-
tors. 1985, v. 17, p. 171-189.

8. V.A. Balakirev, N.l. Karbushev, A.O. Ostrovsky,
Yu.V. Tkach. Theory of Cherenkov amplifiers and
generators based on relativistic beams. Kiev: «Nau-
kova Dumka», 1993, p. 161-165.

9. J.B. Rosenzweig, B. Breizman, T. Katsouleas, and
J.J. Su. Acceleration and focusing of electrons in
two-dimensional nonlinear plasma wake fields //
Phys. Rev. A. 1991, v. 44, Ne 10, p. R6189-R6192.

10.N. Barov, J.B. Rosenzweig. Propagation of short
electron pulses in underdense plasmas // Phys. Rev.
E. 1994, v. 49, Ne 5, p. 4407-4416.

11. G.V. Sotnikov, R.R. Kniaziev, O.V. Manuilenko, et
al. Analytical and numerical studies of underdense
and overdense regimes in plasma-dielectric wakefield
accelerators // NIM. 2014, v. A 740, p. 124-129.

12.R.R. Kniaziev, O.V. Manuilenko, P.l. Markov, et al.
Focusing of electron and positron bunches in plas-
ma-dielectric wakefield accelerators // Problems of
Atomic Science and Technology. Series “Plasma
Electronics and New Methods of Acceleration™.
2013, Ne 4, p. 84-89.

13.G.V. Sotnikov, I.N. Onishchenko, J.L Hirschfield,
T.C. Marshall. A five-zone two-channel dielectric
wakefield structure for two beam acceleration expe-
riments at Argonne national laboratory // Problems
of Atomic Science and Technology. Series “Nuclear
Physics Investigations™. 2008, Ne 3, p. 148-152.

14.C. Wang, J.L. Hirshfield. Theory for wakefields in a
multizone dielectric lined waveguide // Phys. Rev.
ST Accel. and Beams. 2006, v. 9, p. 031301.

15.1.N. Onishchenko, G.V. Sotnikov. Synchronization
of wakefield modes in the dielectric resonator //
Technical Physics. 2008, v. 53, p. 1344-1350.

16.K.V. Galaydych, V.A. Kiselev, P.l. Markov, et al.
Rectangular dielectric structures for the wakefield
acceleration experiments in KIPT // Problems of
Atomic Science and Technology. Series “Nuclear
Physics Investigations™. 2013, Ne 6, p. 35-38.

Article received 20.01.2016

®OKYCHUPOBKA JIEKTPOHHBIX CI'YCTKOB B IIJTASMEHHO-IUSJIEKTPUYECKOM
MPAMOYT'OJIbHOM 3AME/JIJISIFOIIENA CTPYKTYPE

II.LU. Mapkoeg, P.P. Kuasee, H.H. Onuwenxo, I.B. Comnukoe

[IpencraBneHsl pe3yabTaThl YUCICHHBIX MCCIIEIOBaHUH BO30YKJICHUS KWIbBATEPHBIX MOJEH U JIUHAMUKH 3apsi-
JKEHHBIX YaCTHIl B TUIa3MEHHO-TUAJIEKTPUIECKOI MPSMOYTOJIbHON 3aMeasiomel CTpykType. OCHOBBIBAACh Ha TOM,
YTO aHAJUTUKA B JINHEHHOM NPUOIIDKEHUH JUIsl CBEPXIUIOTHOM IUIa3MBbl IIOKA3bIBAET, YTO IPU ONPEAEICHHON MI0T-
HOCTH IUTa3MBbl CYNEPIO3UIINS TUIA3MEHHON M TU3JIEKTPUIECKON BOJIH ITO3BOJIIET YCKOPATH TECTOBBIH CI'YCTOK C €TI0
OTHOBPEMEHHOW (POKYCHPOBKOH, MBI BEITIOJHWIA MOJCIHPOBAHHE METONOM ‘‘UacTHIA B siUeiike” BO30YKICHHS
KHMJIbBATEPHBIX MOJIEH AT HECKOJBKHX CIY9aeB ¢ Pa3sHON IUIOTHOCTBIO MuTa3Mbl. [IpoBeneHHOE YMCIEHHOE MOJETIH-
pOBaHKE NOATBEPAMIO MPEACKA3aHNS aHATMTHUECKON TEOPUH, TPOAEMOHCTPUPOBAB YCKOPEHHE TECTOBOTO CI'yCTKa
C O/IHOBPEMEHHOH €ero ()OKYCHPOBKOH.

®OKYCYBAHHSA EJJEKTPOHHHUX 3T'YCTKIB V IIJTA3MOBO-TIEJJEKTPUYHIN
HPSMOKYTHIN CHOBLIBHIOBAJIBHIA CTPYKTYPI

IL.1. Mapxoes, P.P. Kuazee, I. M. Oniwenko, I.B. Comnikos

[pencraBieHo pe3yabTaTH YMCEIBHUX JOCHTIIPKEHb 30YJKEHHs KiNbBATEPHUX IIOJIIB 1 JAWHAMIKK 3apsDKEHHX
YaCcTOK y [Ia3MOBO-/i€JIEKTPUYHIM PAMOKYTHIM CHOBLIbHIOBaHIM CTPYKTYpi. [pyHTYIOUHCH HA TOMY, LIIO aHAJITH-
Ka B JIIHIHHOMY HaONWKEHHI IS HaIIIIJIBHOI IUIa3MU MOKa3ye, IO MPU MEeBHIM HIUTBHOCTI IUIA3MHU CYHEPIIO3HILis
TUIa3MOBOT H JIIeNeKTPUYHOT XBHIIb JO3BOJISIE IPUCKOPIOBATH TECTOBHUI 3TYCTOK 3 HOr0 0JTHOYACHUM (POKYCyBaHHSIM,
MH BHKOHAJIM MOJICITIOBAHHS METOIOM ““YaCTHHKA y THi3/i” 30y/PKCHHS KiJIbBaTEpPHUX HOJIB VIS JEKIIBKOX BHIA-
KiB 3 PI3HOIO IIUIBHICTIO Iua3Mu. [IpoBeseHe uyucenbHE MOJIEIIOBAHHS ITIATBEPIMIIO NMPOPOKYBAHHS aHAIITHYHOL
Teopii, MPOAEMOHCTPYBABIIM NPUCKOPEHHS TECTOBOTO 3TyCTKa 3 OJTHOYACHUM HOTO (POKYCYBaHHSIM.
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