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The computations results of the parameters of a two-channel five-zone rectangular dielectric structure for the
experimental test of basic principles of using such structures for wakefield acceleration are presented. The structure
consists of two adjacent vacuum channels (one for the drive bunches, the other for the accelerated bunch) bordered
by dielectric slabs. The entire structure is placed in a rectangular waveguide. In the work is also investigated the
tolerances for parameters of the structure that affect the value of the transformer ratio and the accelerating gradient.
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INTRODUCTION

Transformer ratio (T) is one basic parameters of
wakefield accelerator providing maximal energy of
accelerated particles, collinear units have the value of
T <2 [1]. Multi-zone dielectric structures [2, 3] make it
possible to obtain a high transformer ratio, significantly
greater than 2.

For the purpose of experimental test of the basic
principles of using of multi-zone dielectric structures for
wake acceleration, a two-channel five-zone rectangular
dielectric structure [4] is designed in KIPT. Parameters
of the reference dielectric wakefield accelerator (DWA)
are presented below. The very significant practical
importance for the realization of DWA has a sensibility
of designed DWA to tolerances (Ag, errors in geometric
dimensions, in an energy of drive bunches etc.). In what
follows, the results of a few tolerance studies are
presented.

1. REFERENCE DEVICE

The two-channel five-zone dielectric  structure
represents the metal rectangular waveguide having the
cross sizes wx2d (2d is the height and w is full width of
the waveguide) with three dielectric slabs (dielectric
permittivity is equal to &), two of which cover opposite
walls of a waveguide (Fig. 1). Drive electron bunches pass
through a wide vacuum channel of width wg- and excite the
wakefield representing superposition of eigenmodes of a
waveguide. Witness electron bunch pass through a narrow
vacuum channel of width of wqy and accelerates by the
excited wakefield.
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Fig. 1. Cross-section of the two-channel five-zone
dielectric structure
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1.1. BASIC EQUATIONS

For the finding of eigen frequencies wnm of the
investigated device we use the general theory of multi-
zone rectangular dielectric waveguides excited by
particle bunches [2, 4]. Frequencies of eigen modes are
defined from matrix equations for the LSM waves
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and  (ky)* = (B5eits —Dkinn —Kgn, Ky =70/ (2d)
Kynn = @mn ! Vo, Fo =Vo/C, Vg is the bunch velocity,
n is integer, & and g are dielectric and magnetic

permeability of i-th zone.
Amplitudes of eigen modes are defined from matrix
excitations equations for the LSM waves
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and for LSE waves
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where p and j, charge density and axial current den-
sity of particle bunch. Explicit form of solutions of the
equations (3), (4) is given in the paper [4].
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1.2. DETERMINATION OF DIELECTRIC
CONSTANT

Before to design the reference accelerator structure
we determined exact value of dielectric permeability of
the material that we planned to fabricate slabs from.
Dielectric constant was found by measuring of
frequency shift df=f-f, of wave Eoio — in cylindrical
resonator (diameter is D=81.5 mm, length is 40.4 mm)
when inserting a dielectric rode: rode diameters are
d=5 mm and d=7 mm. Then dielectric constant can be
found from approximate expression:

£=1+0.54(d / D)*df / f,. (5)
More exact value can be found from direct CST [5]
computations of frequency shift.

The results of the CST computation together with
analytic approximations (see eq.(5)) of frequency shift
are shown in Fig. 2.
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Fig. 2. Frequency f (black symbols) of loaded
cylindrical resonator and the shift df=f-f, (red symbols)
of the principal mode frequency fo versus dielectric
constant ¢ for rode diameters d=5 mm and d=7 mm

Having measured the experimental shift df=20 MHz
if d=5 mm we have obtained for our sample of Teflon
£=2.05.

1.3. PARAMETERS OF THE REFERENCE UNIT

For the designing of the reference two-channel five-
zone DWA we choose metal waveguide Riz with
dimensions 108x85 mm. In our planned experiments we
will use electron beam from accelerator Almaz-2M,
providing the electron energy of 4.5 MeV and bunch
repetition rate (BRR) 2803 MHz. Having used the
equations (1), (2) the dimensions of slabs, witness and
drive channels were computed for the operation
frequency 5606.5 GHz (it is second harmonic of BRR).
They are given in the Table.

Transverse profiles (across slabs) of axial electric
field E, for the first six LSMm1 modes of the reference
unit are shown in Fig. 3. Operation mode is LSMa, it
has symmetric profile in witness channel and ratio of
the E; in witness channel to the E, in drive channel is
~10, that is appreciably exceed the similar value in
collinear devices.
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2. TOLERANCES
2.1. FREQUENCY SHIFT
In this subsection we study the operation frequency
change when the dielectric constant & deviates from the
found in subsection 2.2 £=2.05 or thickness of dielectric
slabs varies from the values given in Table.

Parameters of the two-channel five-zone DWA device

Dielectric constant of slabs(Teflon) 2.05
Waveguide  (Ry3)  dimensions
wx2d , mm 180x85
Bunch energy (“Almaz-2M”), MeV | 4.5
Bunch repetition rate, MHz 2803
Operation frequency of the DWA,
MHz 5606.5
Slab 1 width, mm 9.28
Slab 2 width, mm 14.69
Slab 3 width, mm 541
Witness channel width, mm 21.44
Drive channel width, mm 129.18
Bunch charge, nC 0.32
Bunch diameter, mm 10
Bunch length, mm 17
8,
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Fig. 3. Transverse profiles of LSMm1 modes excited by
single drive bunch

In Fig. 4 is shown axial profile of the T in the
reference unit. T~8 is reached at the drive bunch head
distance of 5.3 cm.
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Fig. 4. Axial profile of the transformer ratio. The DWA
structure is excited by single drive bunch

In Fig. 5 is shown frequency shift of operation mode
when changing ¢. Black line and symbols are computed
shift, red line is linear approximation. On the interval
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£=1.95...2.15 the frequency shift Af changes from +200
to -170 MHz. As seen from the inset in Fig. 5 within the
interval 2.045...2.055 computed values of the frequency
shift are less than 10 MHz and coincide with the linear
approximation.
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Fig. 5. Frequency shift of the operation mode LSM3;
versus dielectric permittivity: black symbols is
computed shift, red line is linear approximation

Frequency shift of the LSMs; mode when changing
the width of each dielectric slab is given in Fig.6. When
changing each slab from +0.25 to -0.25mm the
frequency shifts from +130 to -70 MHz. It should be
noted the nonlinear dependence Af(4w). Also in order to
support the frequency shift less than 10 MHz we should
fabricate slabs with accuracy +0.05 mm.
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Fig. 6. Frequency shift of the LSM3; mode when
changing the width of dielectric slabs. Each slab
changes by the same value. Black line is computed shift,
red line is linear approximation

2.2. AMPLITUDES OF EIGEN WAKE MODES AT
SINGLE BUNCH EXCITATION CASE

At first glance, it intuitively seems the amplitudes
of eigen modes at single bunch excitation regime don’t
may to change significantly when changing eigen
frequency of slow down structure, and correspondently
at deviation of dielectric permittivity or slab width from
those of the reference device. The computations confirm
this assumption for the LSE modes. There is negligible
deviation the E, of LSE modes from the optimal one for
reference DWA unit.

In Fig. 7 are shown the amplitudes of LSM modes
when changing the dielectric constant. In given interval
&=1.95...2.15 greatest deviations are for LSM3; and
LSM21 modes, anyway they are small. So at single
bunch regime errors in finding ¢ are nonfatal.

In Fig. 8 are shown the amplitudes of LSM modes
when changing a width of dielectric slabs. In given case
the width of each slab changes equally. Transverse
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locations of slab centers are fixed. Also positions drive
and witness bunches are fixed, but in general case
(excluding the reference unit w=0) are not centered in
channels. There are significant deviations the E,
amplitudes of LSMa and LSM.; eigen modes,
especially if we fabricated slabs more thin. Great
decreasing of wakefield amplitudes is related with
breakdown of transverse profiles of LSM3; and LSM2»
modes (see Fig.3). It can be diminished (but not
eliminated) if drive and witness to centre. So it should
manufacture slabs with tolerances £0.1 mm in order
obtain reference wakefield.
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Fig. 7. Amplitudes of the first six LSM modes versus
dielectric permittivity at the center of witness channel
for single bunch excitation case
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Fig. 8. Amplitudes of the first six LSM modes versus
dielectric slab width at the center of witness channel for
single bunch excitation case. Each slab changes by the
same value

2.3. AMPLITUDES OF WAKEFIELDS AT BUNCH
TRAIN EXCITATION CASE

Coherent summation of wakefields from Ny drive
bunches spaced with period of Ly is if |phase shift
|Ak;LmNp|<m, or in linear section of dispersion
|Afeon|<Vo/2LmNb, Where Afcon is frequency shift from the
resonance frequency of the reference device, vy is bunch
electron velocity. At exact resonance the E;coNp. In our
case Lm=10.6cm, vo=c. If we use Ny,=101, then
|Afcon|<15 MHz for the resonant operation mode LSMa;.
In the interval ends 2|Afeon| the wakefield from N, will
be suppressed. It is confirmed with direct calculations of
wakefields when changing & or the width of dielectric
slabs wh.

One can see in Fig. 9 at 2.04<&<2.06 all bunches of
the train put into the wakefield of LSM3; mode. In exact
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resonance the amplitude of LSMas; is by 100 times CONCLUSIONS

greater than for single-bunch regime. No coherent The 5-zone 2-channel dielectric accelerator unit is
summation of rest LSM and LSE modes. designed for wakefield experiments in KIPT. It is based
4001 ~ on rectangular metal waveguide Riz with transverse
Nb=101 7\ . . . . .
200 7/ A\ dimension 180x55 mm. As dielectric material was
NN /\\ [\ A chosen Teflon with £=2.05. _ N
_ ANV N VA Dimensions of dielectric slabs and their positions
5 2004 are computed supposing double repetition rate of
< oo — bunches (2803 MHz). At this was required high T>>2.
. 500 S Designed unit gives possibility provide T~8.
el *tm: Tolerances on deviation dielectric permittivity and
-800+ LM,, width of dielectric slabs are analyzed. The most rigid
1000{ | [“30<af(MHz)<30| requireme.n.ts are for slap width, especially they gain
o o 200 ™ e when exciting by long train of Ny bunches. For example
‘ ' ' . ' ' if we use Np=101 then errors in fabrication of slab must
Fig. 9. Amplitudes of the first six LSM modes versus be < 0.1 mm.
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MAPAMETPBI JIBYXKAHAJIbHOM MSITU30HHOM JUDJIEKTPUUYECKOMN CTPYKTYPbI JIJI5
3KCHEPUMEHTOB 110 KWJIBBATEPHOMY YCKOPEHUIO B X®THU
JLIO. 3aneckuit, I'.B. Comnukos
IIpencraBneHsl napameTpbl JABYXKAaHAJIbHOM IITU30HHOW IPSIMOYIOJBHON JUAJIEKTPUYECKOH CTPYKTYpPBHI C
LEJbI0 3KCIIEPUMEHTAIBHOW TPOBEPKH OCHOBHBIX HMPUHIIMIIOB UCIIOJIB30BaHUS TAKMX CTPYKTYD JUIsl KMJIbBATEPHOTO
yckopenus. [IsTn3oHHas AByXKaHaJIbHAS IUAJIEKTPUUYECKas CTPYKTypa COCTOMT M3 JABYX COCEIHHX BaKyyMHBIX
KaHaloB (OJMH ISl BEXYLIErO CrYCTKA, APYTOHM Ul YCKOPSEMBIX CI'YCTKOB), OKPY)KEHHBIX AMAIIICKTPUUCCKUMHU
IulacTHHaMHU. Bcest cTpykTypa moMemieHa B TPSIMOYTOJIBHBIM BOJIHOBOZ. TakKe HCCIEOYIOTCS MHOIYCKH Ha
napaMeTphel CTPYKTYpPbI, KOTOpBIC BIHAIOT Ha BEJIMYMHY Kod(duIMeHTa TpaHCHOPMAMM W YCKOPSIOIIEro
rpajeHTa.
HAPAMETPHU IBOKAHAJIbHOI I’ATU30OHHOI JJIEJTEKTPUYHOI CTPYKTYPH
JJIs1 EKCIEPUMEHTIB 3 KIIBBATEPHOI'O IIPUCKOPEHHS B X®TI
JILIO. 3anecvkuii, I.B. Comnikoe
[IpenctaBneHo mapameTpu [IBOKAHAIBHOI II'SITH30HHOI NPSMOKYTHOI JIETIEKTPUYHOI CTPYKTYpH 3 METOI0
eKCIIePUMEHTAJILHOT MePEeBIPKH OCHOBHHX MPUHIMIIB BUKOPUCTAHHS TAKUX CTPYKTYp JUISl KUJIbBATEPHOTO MPUCKOPEHHSL.
II’aTM30HHAa ABOKAaHAJbHA MiENEKTPUYHA CTPYKTYpa CKIAJA€ThCS i3 JIBOX CYCIAHIX BaKyyMHHX KaHATiB (OIWH JUISA
BEJY4Oro 3ryCTKa, IHIIMH JUIS 3TYCTKIB, [0 MPUCKOPIOIOTHCST), OTOYEHHX AieJIEKTPHYHUMH IUIACTUHAMU. Y Csl CTPYKTYpa
TIOMIIIIeHa B MPSIMOKYTHUH XBHJIEBI, TakoX JOCII/PKEHO OITyCTHUMI BIAXWIICHHS ITapaMeTPiB CTPYKTYPH, SIKi BIUIMBAIOTh
Ha BEJIMUMHY KoedilieHTa Tpancdopmarii Ta MpUCKOPIOIOYOro TPaji€HTa.
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