
PHYSICAL REVIEW E MARCH 1997VOLUME 55, NUMBER 3
Numerical simulations of intense charged-particle beam propagation
in a dielectric wake-field accelerator

W. Gai,1 A. D. Kanareykin,2 A. L. Kustov,2 and J. Simpson1
1Argonne National Laboratory, 9700 South Cass Avenue, Argonne, Illinois 60439

2St. Petersburg Electrical Engineering University, 5 Professor Popov Street, St. Petersburg 197376, Russia
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The propagation of an intense electron beam through a long dielectric tube is a critical issue for the
successful demonstration of the dielectric wake-field acceleration scheme. Due to the head-tail beam breakup
instability, a high-current beam cannot propagate long distances without external focusing. In this paper we
examine the beam handling and control problem in the dielectric wake-field accelerator. We show that, by
using an externally applied focusing and defocusing channel around the dielectric tube, a 150-MeV, 40-nC
beam can be controlled and will propagate up to 5 m without significant particle losses for the proposed
15.6-GHz dielectric structures. We have also studied the case of a 100-nC beam propagating in a 20-GHz
dielectric structure. Particle dynamics of the accelerated beam is also studied. Our results show that for typical
dielectric wake-field accelerator structures, the head-tail instability of the accelerated beam can be conveniently
controlled in the same way as the drive beam.@S1063-651X~97!02101-6#

PACS number~s!: 41.60.Ap, 41.75.Lx, 41.85.Ja
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I. INTRODUCTION

A different method of particle acceleration using wa
fields~wake-field acceleration! excited by an intense electro
beam passing through a slow-wave structure has been
subject of intensive studies as a promising technique to
vide high gradients for electron acceleration. Dielectr
loaded waveguide structures provide particular advantage
a wake-field accelerator and have been the subject of
experimental and theoretical investigations in the past
years@1–3#. The principle of dielectric wake-field accelera
tion is to use the strong longitudinal wake field left behind
a short and intense driving beam to accelerate a less int
witness beam. One advantage of the dielectric wake-fi
accelerator is the simplicity of the structure. A proof of pri
ciple experiment has been successfully performed by
et al. @1#.

The dielectric wake-field accelerator was initially pr
posed as a collinear wake-field scheme. According to
wake-field theorem@4#, like all the other collinear wake-field
schemes, the accelerated beam cannot gain more than
the energy of the drive beam if the longitudinal shape of
drive beam is symmetric. Therefore, one needs a train
drive beams to accelerate the trailing beam to much hig
energy than the drive beam. Each individual drive be
must be steered into different collinear wake-field structur
This procedure involves complicated beam manipulati
and it is very difficult to achieve if the spacing of the driv
bunches is very short. Another scheme to increase the
energy gain of the accelerated beam is to use multiple d
bunches traveling through a dielectric wake-field step
transformer. The step-up transformer scheme is describe
detail in Refs.@5,6# and the schematic diagram of the step-
transformer is shown in Fig. 1 The scheme is to extrac
power~longitudinal wake field! from the intense drive beam
traveling in a relatively large diameter dielectric wake-fie
tube ~stage I!. This power is then transferred to a small
551063-651X/97/55~3!/3481~8!/$10.00
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diameter dielectric loaded guide~stage II! where the axial
electric field is used to accelerate electrons. The key poin
this step-up transformer scheme is that the dielectric cons
in stage II is designed to be much higher than stage I, yie
ing a much lower group velocity. Field enhancement resu
both from the lower group velocity in stage II and fro
geometrical effects made possible by the use of dielec
loaded guides. When a large number of appropriately spa
electron drive pulses pass through stage I of the wake-fi
accelerator, a long rf pulse is produced, which is then
into stage II. In this way, a high gradient and sustained lo
distance acceleration can be obtained in stage II.

A strong longitudinal wake field also means that a stro
transverse wake field can be generated if the drive beam
the structure is misaligned@7–9#. This deflection field can
lead to severe head-tail single bunch beam breakup~BBU!
instabilities of the drive beam. Beam breakup is the resul
the transverse wake field of the leading particles in the be
deflecting the trailing particles.~In this paper BBU exclu-
sively refers to the single-bunch head-tail instability.! If there
are no corrections applied, a runaway effect will result in
the particles being lost by scraping on the inner wall of t
structure. BBU in a conventional linear accelerator can
suppressed by introducing a momentum spread between
front and back of the beam and then propagating the be
through an alternating focusing channel@10#, commonly
known as Balakin-Novokhatsky-Smirnov~BNS! damping.
Unlike a conventional linear accelerator, however, a wa
field accelerator uses a high charge and short drive be
Because the wake fields are the result of coherent radia
from the drive beam, the tail portion of the beam loses
ergy much faster than the head portion. The moment
spread of the beam becomes very large. The quality of th
produced in stage I is very sensitive to the change of
drive beam pulse length and particle loss. Severe part
loss in stage I will result in both rf phase and amplitu
fluctuations.

Transport of a high-charge beam with large and chang
momentum spread in the wake-field structure is critical to
3481 © 1997 The American Physical Society
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success of the wake-field acceleration concept. It determ
the propagation distance of the beam, the efficiency of
device, and the quality of the wake field generated. Th
controlling beam breakup effects in a wake-field accelera
is a very important issue and is the subject of this paper.
show that an alternating gradient focusing and defocus
channel~FODO! positioned around the dielectric wake-fie
tube through which the drive beam propagates can take
vantage of the intrinsically large momentum spreads due
the longitudinal wakefield effect to produce an effect simi
to the BNS damping. Due to the momentum spread in
beam, each particle oscillates at a different betatron
quency inside the alternating focusing channel. By appro
ately adjusting the external focusing strength, the beam
be controlled@10#.

We have developed a computer simulation code to sim
late two-dimensional bunch dynamics (x,z) of the drive
beam. We use the program to simulate the beam brea
effects in the proposed dielectric wake-field accelerator
periment at the Argonne Wakefield Accelerator~AWA !.

Commissioning of the AWA is currently under wa
@11,13#. It is a facility that will generate~40–100!-nC, ~15–
20!-ps-long electron beams. It also produces a witness b
to probe the wake fields. A detailed description of the facil

FIG. 1. Schematic diagram of multidrive beam step up tra
former. The rf pulse generated in stage I is relatively long and
in amplitude. The pulse is fed into stage II, which will be used
accelerate a second charged-particle beam. The acceleration
ent in stage II is much higher than in stage I due to theboth longi-
tudinal ~group velocity! and transverse~geometric! compression.
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can be found in Ref.@13#. In phase I of the AWA project, the
electron energy of the drive beam will be approximately
MeV. The design of phase II would increase the drive be
energy to 150 MeV. By using the step-up transform
scheme and the drive beam available during phase I of
AWA, we can accelerate a witness beam to over 100 MeV
1 m or less. Experiments using both 40 and 100 nC dr
beam energies are considered. The dielectric structure is
sen to have fundamental frequencies of 15.6 and 20 G
The drive beam is assumed to have dimensions of 1
~longitudinal! and 0.5 mm~transverse! rms and energies o
20 and 50 MeV.

II. WAKE FIELDS IN A DIELECTRIC STRUCTURE

Consider the dielectric structure as shown in Fig. 2.
charged particle traveling with velocityn passing through
the center of the structure with offsetx0 from the axis will
leave behind both a longitudinal wake fieldWz and trans-
verse wake fieldWx with frequency componentsvmn given
by

Wz~z,x,t !5 (
m50

`

(
n51

`

Amn~s,a,b,e!I m~kx0!I m~kx!

3cosFvmnS t2 z

n D G ,
Wx~z,x,t !5 (

m50

`

(
n51

`

Bmn~s,a,b,e!I m~kx0!I m8 ~kx!

3sinFvmnS t2 z

n D G , ~1!

whereAmn(s) and Bmn(s) are functions of the geometri
factorsa,b,e and the beam velocityb5n/c. The wake fields
can be solved exactly as shown in Ref.@8# m and n are,
respectively, the azimuthal and radial mode numbers of
wake fields in the dielectric wave guide.s andk are given by

s25
v2

n2
~b2e21!, k25

v2

c2
~12b2!. ~2!

One would like to point out that form50, the transverse
wake field goes to zero as the velocity of the electronn
approaches the speed of lightc. Only higher-order azimutha
modes (m>1) have contributions to the transverse wa
fields. Figure 3 shows the longitudinal wake field and Fig
the transverse wake field excited by a 40-nC beam in a
ticular dielectric tube witha50.5mm, b50.81mm, and
e53.

-

adi-

FIG. 2. Schematic of an electron beam passing through a die
tric wake-field tube. The tube is surrounded by conducting mate
The transverse position of the beam is offset byx0 from the tube
center.
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III. BEAM DYNAMICS SIMULATIONS

A self-consistent computer code was developed to sim
late the particle motion in the wake-field structures, wh
includes both longitudinal and transverse beam dynam
The drive beam is assumed to have a two-dimensio
Gaussian distribution, although other distributions can a
be used. We assume that during a small time step of
calculationDt both longitudinal and transverse wake fiel
remain constant. The time step was chosen small enoug
that the results are not sensitive to the step size. The m
numbers used arem50, n5124 andm51, n5123.
Higher-order modes have no significant contributions.

The drive beam is modeled by a distribution with to

FIG. 3. Longitudinal wake field generated by a 40-nC be
with a rms bunch length of 1 mm in the dielectric wake-field stru
ture with an inner radius ofa55 mm and outer radiusb58.1 mm.
The solid line is the wake field and the dashed line is the dr
beam.

FIG. 4. Transverse wake field generated by the same bea
the same structure as in Fig. 3 with the beam offsetx051 mm.
-
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number of particlesN. The i th particle at coordinates atzi
andxi in the beam experiences the sum of both a longitu
nal wake fieldWz @Eq. ~1!# and a transverse wake fieldWx
@Eq. ~2!# generated by all the particles ahead of it. Causa
is considered in summing over particles such that a gi
particle is affected only by those preceding it.

The equation of motion ofi th particle in the beam can b
expressed as

dPz,i
dt

5Wz ,
dPx,i
dt

1F~z,x!5Wx,i . ~3!

The external forceF(z) was chosen to be a periodic focusin
force such as that produced by a FODO channel, which
be expressed simply asF(z,x)5F(z)x. The focusing force
F(z) is continuously applied around the tube to achieve
purpose of beam control. The strength of the focusing
tapered in thez direction to match the drive beam energ
change. Every quadrupole has the same length. The focu
forceF(z) in the channel is assumed to vary as

F~z!5~21!n11KpS 12h
z

zl
D , ~4!

wheren is the number representing the sequence numbe
the quadrupole.Kp is a constant that measures the strength
a quadrupole. Depending on whether the sequence s
from 0 or 1, it can be a focusing or defocusing eleme
F(z) changes sign every 15 cm in all simulations.zl is the
total length of the wake-field device andh is the tapering
factor. The alternating gradient focusing channel is appl
continuously to the entire wake-field structure. Our progr
solves Eqs.~1c!–~4! simultaneously.

IV. PROPAGATION OF THE 40-NC BEAM
IN THE DIELECTRIC STRUCTURES

In this section, we give the simulation results of the AW
beam propagating through the designed dielectric wake-fi
structures. We concentrate on the 40-nC case. The struc
has an inner radius of 0.5 cm and outer radius of 0.81
with a dielectric constant of 3 giving a fundamental fr
quency of 15.6 GHz. The injected beam has energy of 20
150 MeV and an initial beam offset of 0.3 mm is used
both beam energies.

A. 20-MeV drive beam

First we consider the case of a 20-MeV drive bea
~AWA phase I! and 40 nC charge with rms bunch length
1 mm. The initial rms transverse dimension of the dri
beam is 1 mm. The amplitude of the longitudinal wake fie
calculated here from Eq.~1! is 20 MV/m and the total length
of the structure is 1 m.

1. Case I: No focusing applied

Figure 5 shows a sequence of a 40-nC drive bunch pro
gating through the dielectric tube with no external focusi
applied. The horizontal axis is the distance traveled in
dielectric tube and the vertical is transverse position of
particles in the beam. Note that the limit of the vertical ax
is from 25 to 5 mm, which represents the boundary of t
dielectric tube. Due to the initial offset of the beam, the t
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FIG. 5. 40-nC and 20-MeV beam travelin
through a dielectric channel without any extern
focusing applied. Vertical (x) and horizontal axes
(z) are transverse and longitudinal positions of
particle. Only a 0.3-mm initial beam offset wil
cause a loss of more than half the beam by 60 c
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portion of the beam is deflected while it passes through
tube due to the transverse wake of the head. If a particl
deflected into the dielectric wall, the particle would be lo
The beam starts losing particles around 40 cm and more
half of the beam is lost by 60 cm. Therefore, even a sm
initial misalignment will cause severe beam loss.

2. Case II: Focusing applied

Next we consider the same case as above, except th
external focusing channel is applied around the dielec
tube. Focusing strength is adjusted to get the best results
Kp51 GV/m2, whereKp is defined in Eq.~4!. This corre-
sponds to an initial betatron wavelength oflb588.8cm. Due
to the fact that the tail portion of the beam loses energy m
faster than the front, each portion of the beam will have
different betatron wavelength. Therefore, each portion of
beam will oscillate incoherently around the axis of a stru
ture. This is the fundamental mechanism for controlli
BBU. The FODO lattice can be constructed by using a se
small permanent magnet quadrupoles. The tapering fa
h of 0.5 is used here. The simulation result is shown in F
6. The plots clearly show that the beam oscillates around
axis in a well-controlled manner. The front and tail of th
beam oscillate at different frequencies, as expected. The
no significant particle loss before 80 cm. This is a signific
improvement over the case of no focusing channel appl
After a 1.05 m path length, the driving beam has lost o
20% of its particles, the average energy is 12.09 MeV, a
the energy spread has increased to 69%. The beam
dumped at this point because this method does not spe
reacceleration of the drive beam.
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B. 150-MeV, 40-nC beam in a dielectric structure
with no external focusing

As discussed in the beginning of this section, phase II
the AWA project will provide a 150-MeV,~40–100!-nC
drive pulse. Next we will simulate the beam transport in t
same dielectric structures but over a much longer dista
using this higher-energy beam.

As in Sec. IV A 1, the initial offset is also 0.3 mm. Th
simulation result is very similar to the 20-MeV drive bea
case. The tail portion of the beam is deflected away gradu
from the axis of the structures and into the dielectric wa
resulting in a severe beam loss. At a distance of 0.7 m
driving bunch has already lost 19% of its particles. T
particle-loss process grows at a much faster rate as
bunches move further into the waveguide. After passing
m through the structure, the drive beam has lost most o
particles. At this point, almost all the beam reached the
electric layer. Transverse focusing is therefore required
the long wake-field structure as described below. The sim
lation result is shown in Fig. 7.

C. 150-MeV, 40-nC beam in a dielectric structure
with external focusing

We have studied carefully the case as above, but w
external focusing applied as in the 20-MeV case. F
Kp512 GV/m2 and h50.7, as shown in Fig. 8, the beam
can propagate to 4 m without any particle loss. The initia
betatron wavelength is 70.2 cm. After 5.5 m, the particle lo
only reached 20%.
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FIG. 6. Same case as in Fig. 3, except w
external focusing applied. There is now no si
nificant beam loss until it reaches more than
cm.

FIG. 7. 40-nC, 150-MeV beam propagatin
through the same structure as in Fig. 5, exce
with no external focusing applied. The bea
starts losing particles at 50 cm and has lost 50
after 1 m. At 1.5 m, more than 75% of the pa
ticles were lost.
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FIG. 8. Propagation of 40-nC beam in a 15.
GHz structure with external focusing. The stru
ture has 0.5 cm inner radius and 0.81 cm ou
radius with a dielectric constant of 3. The bea
propagates through more than 5.5 m without s
nificant beam loss.
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V. PROPAGATION OF A 100-NC BEAM
IN DIELECTRIC STRUCTURES

We have also done the simulation of a 100-nC drivi
beam traveling through a 20-GHz dielectric structure with
outer radius of 0.91 cm, an inner radius of 0.75 cm, an
dielectric constant of 2.5. The peak longitudinal wake field
about 40 MV/m. A field step-up factor of 5 in the secon
stage would yield more than 200 MeV/m. As shown in Fig
9 and 10, the beam has a very similar behavior to the pr
ous cases. Without any external focusing, the beam ca
travel more than 2 m. However, a beam could propagate
m without any significant particle losses with external focu
ing applied. The momentum spread of beam is 70% at
point. A similar simulation was also performed by K N
@12#. He included quadrupole mode wake fields in his cal
lation and showed that the quadrupole wake fields play
important role in a thin-layer dielectric wake-field accele
tor case when the beam needs to travel beyond 3 m. A la
initial offset of 0.6 mm is also considered here. For the sa
beam parameters as before, the results show that the b
n
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still can travel 3 m without severe particle losses.
The cause of misalignment is very complicated. It c

occur in both horizontal and vertical planes. For comple
ness, a situation where the first quadrupole is a defocu
element is considered. The result is worse than in the c
where the first quadrupole is a focusing element. Althou
the initial offset is 0.3 mm in this case, the beam still c
travel to 3 m. This is very understandable: a deflection in
first quadrupole is effectively the same as in the case o
larger initial beam offset. Our simulations verified this poin

VI. BEAM BREAKUP OF THE ACCLERATED BEAM

We have also investigated the beam breakup related
fects for the accelerated beam~witness beam!. The acceler-
ated beam breakup problem in the step-up transfor
scheme is the same as in conventional rf acceleration. T
cally, the accelerated beam contains a relatively sm
amount of charge (;1 nC). Therefore, the head and ta
beam breakup instability caused by the misalignment of
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FIG. 9. 100-nC beam propagation through
15.6-GHz structure. Less than 3% of the beam
lost after 3 m.

FIG. 10. Same as in Fig. 9, except no focu
ing is applied. The beam cannot propagate mo
than 1.5 m without losing half of its beam.
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FIG. 11. Propagation of a 2-nC accelerat
beam in stage II. The inner radius is 2 mm an
the outer radius is 3.2 mm with a dielectric con
stant of 20. The fundamental rf of the structure
the same as in stage I: 15.6 GHz. The accele
tion gradient is 100 MV/m and external focusin
is also applied.
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accelerated beam can be controlled in exactly the same
by using BNS damping.

In collinear acceleration, the witness beam is also affec
by the misalignment of the drive beam. Similar to the dri
beam case, our simulations show that an external focu
channel must be applied to control the witness beam.
cause of the oscillations of the drive beam in the dielec
waveguide due to the external FODO channel, the net ef
on the witness beam deflection is small.

Simulations for the accelerated beam dynamics have b
performed for the same fundamental mode 15.4-GHz step
transformer. We chose the parameters for stage II of
step-up transformer as inner radius of 2 mm and an o
radius of 3.2 mm with a dielectric constant of 20. Simu
tions were performed with an initial energy of 4 MeV and
total charge of 2 nC in the accelerated beam. An accelera
gradient of 100 MV/m was applied to simulate the long
pulse extracted from stage I. The wake fields excited by
accelerated beam itself do not exceed 1 MV/m for the st
II parameters mentioned above. The effects of the head
tail beam breakup instabilities of the accelerated beam
much smaller when compared to the driving beam case.
ure 11 shows that particle losses were less than 3% a
passing through a 3-m structure. The accelerated bea
completely controlled.

VII. SUMMARY

Successful propagation of intense charged beams in a
electric wake-field structure is a critical issue for the viabil
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of the dielectric wake-field concept. We have develope
computer program to simulate the beam propagation.
results are very encouraging. Our simulations show that
placing an alternating gradient magnetic focusing~FODO!
channel around the dielectric tube, the beam breakup in
bility of the 40- and 100-nC beams with short bunch leng
can be controlled in a dielectric wake-field tube correspo
ing to the experiments planned at the Argonne Wakefi
Accelerator. In the simulations all the quadrupole streng
need to be properly tapered to match the energy chang
the drive beam. The same computer program is also use
simulate the beam breakup effect of the accelerated bea
shows that in our present design, we can guide the wh
accelerated beam as it passes through the accelerator wi
losses.

In summary, we have simulated the experimental para
eters for dielectric device experiments planned for the
gonne Wakefield Accelerator. Our results show that the dr
beam should be able to be transported through the diele
structures and produce strong wake fields to achieve the
of a 100 MV/m acceleration gradient.
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