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Theoretical results of process of the wake field excitation in the dielectric waveguide by sequence of relativistic
bunches in the presence of detuning between the bunch repetition frequency and the frequency of the fundamental
wave waveguide. In this case the wake waves radiated by individual bunches, there is the phase shift, and, beginning
with some number of the bunch, the phase shift will be. The polarity of the field is changed and the subsequent
bunches gain energy. Energy spectra of accelerated (decelerated) particles are obtained.
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INTRODUCTION

Linear accelerators are an effective device for ob-
taining sequences of relativistic electron bunches of
high quality. Such sequences bunches can be used for
excitation of intense wake fields in dielectric
waveguide. Wake fields in turn can be used to acceler-
ate electrons (positrons). We note that various aspects of
the wake fields excitation by relativistic electron
bunches are considered in [1-8]. Development of accel-
erator based on wakefields excited by a long sequence
of bunches is encountered with the physical and techni-
cal difficulties associated with the injection of electron
bunches in the accelerating phase of the wake field. To
solve the problem of injection of accelerated particles
the scheme is proposed, in which a separate accelerator-
injector is not required. This scheme is based on input
of the detuning between the bunch repetition frequency
and frequency of the excited eigenmode of the dielectric
waveguide. In this case for the wakefield, excited by
individual bunches, a phase shift will originate. Begin-
ning from certain number of bunches, which is deter-
mined by the frequency detuning the phase shift will be
accumulated to 7 and, therefore, the polarity of wake-
field is reversed. Subsequent bunches will gain energy.
Thus, in this acceleration scheme, using the same se-
quence of bunches, one part of bunches moving in the
head of the sequence will lose its energy to excite wake-
field and another part of bunches beginning from a men-
tioned number, will be accelerated.

In this paper the results of theoretical investigations
of wake field excitation by a sequence of electron
bunches and accelerate bunches of the same sequence in
the dielectric waveguide in the presence of frequency
detuning are presented.

1. STATEMENT OF THE PROBLEM

Let’s consider an infinite dielectric waveguide,
which is a cylindrical metal tube of radius b, filled with
homogeneous dielectric of permittivity &, having axial
vacuum channel of radius a. In the vacuum channel
along of the longitudinal axis z a periodic sequence of
N axisymmetric relativistic electron bunches with arbi-
trary spatial period L propagates. The longitudinal and
transverse density profile of bunches are arbitrary.

We will find the wakefields in a dielectric waveguide
excited by a finite sequence of relativistic electron
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bunches. In the ultrarelativistic case, when relativistic
factor of the electron bunches y,>>1, the motion of
electrons in the longitudinal and transverse directions is
strongly "frozen." Therefore, at the first step of the in-
vestigation the approximation of the “given motion” of
bunches.

For the taken geometry of the dielectric waveguide
and electron bunches the wakefields will be excited as
E-type electromagnetic waves. The wakefield excitation
in a dielectric waveguide by a sequence of relativistic
electron bunches describes by inhomogeneous Maxwell
equations. We will solve the problem as follows. Firstly
we determine the wakefield of an infinitely thin ring
electron bunch with a longitudinal current density

S(r—1)

g = —edN, 521V, =2, 11). (1)
0

where 7, — is the radius of the ring, ¢ — is the current
time, z, — is the initial coordinate of the ring bunch,
V, — is the longitudinal velocity, z — is the longitudinal
coordinate, e is the electron charge, 6(x)— is the delta
function, dN, — is the number of particles in the electron
ring associated with the current density of the bunch at
the dielectric waveguide
1
dN, =——j,(z,, % )27r,drdz, 2)
eV,
Jo(z4,1,) 1s given initial current density electron bunch.
The resulting electromagnetic wake field of the bunch
of arbitrary axisymmetric form may be obtained by
summation (integration over initial longitudinal coordi-
nates z, and initial radii r, ) wake fields of the elemen-
tary ring bunches.

2. WAKE FIELD EXCITATION BY
SEQUENCE OF RELATIVISTIC BUNCHES

Wakefield of the periodic sequence of thin relativis-
tic ring electron bunches with period T =L/V, is de-
termined by direct summation of individual bunch
wakefields. The expression for the longitudinal compo-
nent of the electric wakefield of a sequence of thin rela-
tivistic ring bunches (1) has the form
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_4edN, & Fy(ky,a,k ,b) 1 (x,7,)
1 X
Eay vy, z D, 1,(x,a) o) 3)
X Z cos(w,(r —mT))0(r —mT),

=dD(w)/dw at w=wm,, o, is the frequencies of
dielectric waveguide eigenmodes,
D(@) = I,(ka)Fy (i a,k,b) ——I,(ka) F, (i a, ., b)
KL
is dispersion equation, functions F, and F, are

F ( nb) = JO(KJ_na)NO(KJ_nb) - ‘]0 (Klnb)NO(KJ_na) >
F( J_n b) = Jl (Klna)NO (Klnb) - ‘]0 (KJ_nb)Nl(KJ_na) >
v w?
- N, B=t, k1= o i
J_,, (180 ) ﬂO c n VO2702

electric constant, r=t-z/V,.

Let’s consider the case when the bunch repetition
frequency @, =27 /T is close to the fundamental mode
frequency @, of the dielectric waveguide, i.e. |a| <<1,
a=(w —w)/ o . Then, for large amount of bunches
N >>1 (in our case of the nonequidistant radial modes)
the excitation of the only fundamental mode »n =1 will
be prevail. In such singlemode approximation the ex-
pression for the wakefield (3) takes the form

E, =EJ,(xr)ReA, e, @)
where A, _M’ = M,
1—exp(iA) sin(A/2)

A=2ra, E, is the wakefield amplitude of separate
Factor A, describes the

interference of the wakefield excited by separate
bunches and depends on the frequency detuning. In turn,

the function

ring bunch, x=x,, v=0,.

plitude with the number of bunch in the sequence. In the
absence of detuning A=0 we have |A |=m+]1.

Wakefield amplitude increases linearly with the number
of bunch. Linear growth is due to the coherent summa-
tion of wakefields of separate bunches. Dependence

sented in Fig. 1. At the beginning, linear growth of am-
plitude with increasing number of the bunch takes place.
Then the amplitude growth diminishes and for bunch

with number m, +1=7x/ |A| amplitude reaches the
maximum value |Am|:1/sin(|A|/2)z2/|A|. Further
the amplitude begins to decrease and for bunch with
number m, +1=27z/ |A| becames zero, and th picture is

periodically repeated. Bunches with numbers up to
m=r/ |A| increases wakefield due to summation and,

therefore, lose its energy. On the other hand the region
of slowdown of amplitude wakefield for bunches with

number 27/ |A| >m>rx/ |A| contrary take away energy

from the wakefield spend its energy on corresponding
bunches acceleration.
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Now we consider the change of the bunch energy
with the bunch number m . It is described by the equa-
tion

dy, — e s1n[A'(m+l/2)]’ m=012.N. (5

dg 2sin(A/2)
where ¢ =z/L, e=eE,L/mc’,
factor. At the exact synchronism condition of the
bunches with the fundamental wave (i.e. detuning is
absent A=0) we have instead of (5) the equation
dy, /d§ =—&(m+1/2). The first bunch (m=0) ex-

periences the deceleration field, which is equal —¢/2,
the second one —3&/2 , the third one —5¢£/2 , etc. In the
presence of frequency detuning in result of phase shift
the polarity of the wakefield will be changed. The proc-
ess of deceleration will be replaced by process of
bunches acceleration.

The graph of function F, =—sin[A(m+1/2)],
which determines the force sign in the right side of the
equation (5), is shown in Fig. 1. Bunches with numbers
7/|A|>m>1 (|A|<<1) are decelerated, i.e. dy,/dS <0.

Accordingly, the wakefield amplitude is increased. In
turn, bunches with numbers 27r/|A|>m>7z/|A| gain

7, 1s the relativistic

the energy. The amplitude of the wakefield decreases.
Bunch with number m, . =37/2|A| has maximum of

7 max
acceleration rate dy,, /d{ =1 /|A| >>1.
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Fig. 2 shows the dependence of the longitudinal
component of the electric field on the axis upon 7 for
sequence of 10 infinitely thin ring bunches for the ra-
dius of bunches 2= =0,5,

a
waveguide b =4,325cm, the permittivity &£=2,1,
=4,5MeV in the absence of fre-

quency detuning o=0 and in its presence a=0.1. For
given parameters of the waveguide and the energy of
the electron bunches the frequency of the excited fun-
damental radial mode is f; =2,804 GHz. In the reso-

nant case (without detuning) Fig. 2 shows a coherent
(linear) growth of wakefield with bunch number with its
jumps that corresponds to adding excited field of the
each next bunch. If detuning o = 0.1 the growth of
wakefield after 5-th bunch is changed by its decrease up
to zero on 10-th bunch.

a=1,44 cm, radius of the

bunch energy E,

unch
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Fig. 2. Dependence of the longitudinal component E,
of wakefield excited by a sequence of infinitely thin ring
bunches upon t at absence of frequency detuning a=0

(blue line) and its presence 0=0.1 (red line)

Wakefield of the bunch of arbitrary form and, there-
fore, wakefield of the sequence of such bunches can be
found by summation of wakefields of elementary thin
ring bunches (3). For this in formula (2) we must set the
current density of a sequence of bunches at waveguide
entrance. Let’s consider wakefield of bunches sequence
with rectangular longitudinal and transverse profiles.
The expression for the longitudinal component of the
electric field excited by a sequence of bunches has the
view

4 221 (kr) ka F(k ak b
th 1( nb) n 0( L L )[O(Knr)ZNn(T)’

zN

a = kn oD I(xa)
N
Z(0)=Y.Z,,(0)0(z —mT), (6)
m=0

sinw,(r —mT); mT +1t, >7>mTl
1

zZ, ()= sinw,(r —mT)—sinw,(r —mT —t,);

b (m+DT >7>mT +t,,

t, is the duration of the rectangular bunch, Q,is its
charge, r, is the radius of the bunch, 6(z —mT’) is the

unit Heaviside function.

Let’s consider the wakefield between the bunches.
In this case for first mode, performing the summation in
accordance with the formula (6), we find

Z,(7)= itsin(a)ltb /2)Re[exp(io (t—t, /2))A, 1. (7)
1°b
sin(ayt, /2)
wt, /2

Factor describes the interference of

wakefield excited by head and back fronts of each sepa-
rate rectangular bunches, and the factor A, takes into

account the interference of wakefields excited by a se-
quence of bunches.

Fig. 3 presents the dependence of the longitudinal
component of the electric field upon 7 for sequence of
10 bunches with rectangular longitudinal and transverse
profiles with duration 7, = @t, =7 /3 in the absence of

frequency detuning o=0 and in its presence o=0.1. The
other parameters are the same as in Fig. 2, and corre-
spond to the experimental facility of the accelerator "Al-
maz-2". It is seen that the behavior of the field differs
little from the case of infinitely short bunches (see
Fig.2). Jumps of the field becomes smoother and
maximum amplitude of the beating is slightly less. So
bunches of duration 7, =@, =7 /3 can be considered

as infinitely short ones. Region of growth of wakefield
amplitude corresponds to the deceleration of electron
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bunches (bunches give up energy to wakefield). When
wakefield amplitude decreases the acceleration of the
electron bunches takes place
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Fig. 3. Dependence of the longitudinal component E,
of wakefield excited by a sequence of rectangular
bunches of duration 1, = wt, = /3 upon tv at absence

of frequency detuning a=0 (blue line)
and its presence 0=0.1 (red line)

3. ENERGY SPECTRA OF BUNCH
PARTICLES

The energy spectrum of particles in the single-mode
approximation (the fundamental mode) for the case of
thin circular bunches (red line) and the length of the
rectangular bunches (blue line) is shown in the graphics
of Fig. 4. Interaction length has been set at six wave-
lengths of the fundamental mode a wake field. Detuning
is @=0.002. The values of other parameters listed above.
Changing of the frequency of the exciting electromag-
netic field, depending on the energy of the bunch is not
taken into account.
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Fig. 4. Energy spectra particles sequences of bunches
Jfor infinitely thin ring bunches (red line) and rectangu-
lar (blue line) at detuning 0=0.002, N=500

For infinitely thin bunches energy spectrum has two
narrow peaks corresponding to acceleration and decel-
eration of bunches. For the chosen parameters the maxi-
mum increase of the relativistic factor is Ay, =0.9 or

410 keV on the initial value 4.5MeV. For bunches of
finite width is a significant broadening of the energy
spectrum of particles. Instead of narrow peaks have
weakly expressed maxima. The maximum of the parti-
cle acceleration has been the increment 612 keV. The
reason for the broadening of the energy spectrum is the
gradient of accelerating (decelerating) electric field in-
side the bunches, which leads to the gradient energy
and, consequently, to a broadening of the energy spec-
trum.

Fig. 5 illustrates the above, which shows the change
of the relativistic factor of the first particle bunch (lilac
line) and last (blue line). Red curve corresponds to an
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infinitely thin bunch. It is seen that for all bunches, ex-
cept bunches near the front and rear edges of the chain,
where the electric field is zero. There is a significant
difference in the increase in the energy of the first and
the last particles in each bunch.

anergy thin bunches
——— min energy bunches

——— max energy bunches

Ay(my)

T T T T T T T T T 1
50 100 150 200 250 300 380 400 450 500

Fig. 5. Dependences of energy first particle (magenta
line), last particle (blue line) of rectangular bunches
upon bunch number. Red curve corresponds case of

infinitely thin ring bunches. Detuning is 0=0.002,
N=500

Thus, in this paper we have shown that the introduc-
tion of small detuning between the frequency of the
fundamental eigen mode excited in dielectric waveguide
and bunch repetition frequency allows to excite wake-
field efficiently and on the other hand, to solve the prob-
lem of injection of relativistic electron bunches in the
accelerating phase of the wakefield. In this acceleration
scheme the bunches of the head of the sequence, excite
the wakefield and thus they are decelerated. For
bunches with large numbers, in result of the phase shift,
polarity of the wakefield is reversed, and these bunches
are occurred in the acceleration process.

ACKNOWLEDGEMENTS

This work was supported by the US Department of
Energy/NNSA through the Global Initiatives for Prolif-
eration Prevention (GIPP) Program in Partnership with

the Science and Technology Center in Ukraine (Project
ANL-T2-247-UA and STCU Agreement P522).

REFERENCES

1. R. Keinigs, M.E. Jones, W. Gai. The dielectric wake
field accelerator // ANL-HEP-PR-88-27. 1988, p. 12.

2. W. Gai. Calculation of longitudinal and transversal
wakefield effects in dielectric structure // ANL-HEP-
CP-89-24. 1989.

3. W.Gai, P.M. Schoessow, B. Cole, R.Konechny,
J. Noren, J. Rozenzweig, J. Simpson // Phys. Rev.
Lett. 1989, v. 61, No 24, p. 2756.

4. E. Garate, A. Fisher. Transverse dimension effect in
the dielectric wake-field accelerator // Phys. Fluids
B.1990,v.2, Ne 1, p. 171-178.

5. M. Rosing, W. Gai // Phys. Rev. D, 1990, v. 42,
Ne 5, p. 1829-1834.

6. R.N. Kochergov, I.N. Onishchenko, G.V. Sotnikov.
Excitation of a wake field in dielectric waveguide //
Electromagnitnyje yavleniya. 1998, v.1, Ned,
p- 499-502 (in Russian).

7. T.B.Zvang, T.C. Marshall, J.L. Hirshfield // IEEE
Trans. Plasma Sci. 1998, v. 26, p. 787.

8. W. Gai, A.D.Kanareikin, A. Kustov, J. Simpson //
Phys. Rev. E. 1997, v. 55, Ne 3, p. 3481-3488.

9. S.Y. Park, J.L. Hirshfield. Theory of wakefields in
dielectric waveguide // Phys. Rev. E, 2000, v. 62,
Ne 1, p. 1266-1283.

10. A.D. Kanareikin, I.L. Sheinman, A.M. Al'tmapk
Excitation of cylindrical dielectric waveguides by a
relativistic electron bunch // Izvestiya SPbGETU. Se-
riya «Fizika, matematika, khimiya». 2001, Nel,
p- 89-97 (in Russian).

11. V.A. Balakirev, I.N. Onishchenko, D.Yu. Sidorenko,
G.V. Sotnikov. Excitation of a wake field by a rela-
tivistic electron bunch in a semi-infinite dielectric
waveguide // JETPh. 2001, v. 93, Ne 1, p. 33-42.

Article received 26.04.2013.

BO3BYXJIEHUE KNJIIBBATEPHOI'O ITIOJISA U YCKOPEHHME 2JIEKTPOHOB ITPU HAJIMYUU
PACCTPOMKH YACTOTHI CJAEJJOBAHHUSA CT'YCTKOB U YACTOTHI OCHOBHOM
COBCTBEHHOWM KWJIBBATEPHOM BOJIHBI

B.A. banakupes, H.H. Onuwenko, A.Il. Toncmonyscckuii

W3noxxeHbl pe3yIpTaThl TEOPETUUECKUX UCCIEIOBaHUH Tpoliecca Bo30YKIEHUs! KMIBBATEPHOTO OIS B AMUAIICK-
TPUUYECKOM BOJIHOBOJIE TIOCNIE0BATEIBHOCTIO PEIATUBUCTCKUX CTYCTKOB IPU HAIWYMM PACCTPOHKU MEXIy 4acTo-
TOM CJIEZJOBaHMsI CTYCTKOB M 4acTOTO OCHOBHOM BOJIHBEI BOJHOBOJAA. B 3TOM ciywae Ans KUIbBaTEpHBIX BOJH, U3-
Jy4aeMbIX OTAENbHBIMH CI'yCTKaMH, BO3HUKAeT Haler (a3bl 1, HauMHasi C HEKOTOPOTO HOMepa CTycTKa, Haber (a3bl
COCTaBUT 7 . MI3MeHsIeTCsl MOISAPHOCTD MOJIS U MOCHIEAYOIHE CTYCTKH HabupatoT sHepruto. [lomyueHsl sHepreTuye-
CKHE CIEKTPbI YCKOPEHHBIX (3aME/JICHHBIX ) YaCTHII.

3BYKEHHSA KIVIBBATEPHOI'O TOJISA 1 MPUCKOPEHHS EJIEKTPOHIB 3A HASIBHOCTI
PO3CTPOUKHN YACTOTH CJIIIYBAHHS 3T'YCTKIB I YACTOTHA OCHOBHOI BJACHOI
KIJIbBATEPHOI XBUJII
B.A. banakipes, .M. Oniwenxo, O.11. Toncmonysccokuii

BukitaneHo pe3ynbTaTé TEOPETUYHHUX JAOCIIHKEHb Tpoliecy 30yDKEHHS KUTbBATEPHOTO TOJIS B JI€JIEKTPUIHOMY
XBWJICBOJII TIOCTIIOBHICTIO PENATHUBICTCHKUX 3TYCTKIB MPH HASBHOCTI PO3CTPOWKH MK YaCTOTOIO IPOXOKEHHS
3TYCTKIiB 1 9aCTOTOO OCHOBHO{ XBWJII XBHIJIEBONY. Y HBOMY BHUIAIKY IJIS KUTHBATEPHUX XBUJIb, BAIIPOMIHIOBAHUX
OKpEMHMH 3TyCTKaMH, BUHUKA€e HAOIr ¢as3u 1, MOUnHAI04H 3 JeIKOro HoMepa 3ryCTKy, Halir ¢as3u ckiane 7 . 3Mi-
HIOETHCSI TTOJISIPHICTB TOJIS 1 HACTYITHI 3TyCTKH HaOMparoTh eHepriro. OTpuMaHi eHepreTUYHI CIIeKTPH PUCKOPEHUX
(YIOBITEHEHHX ) YACTHHOK.
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