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Here we show a possibility of applying the ramped drive bunch train (RBT) technique to a two-channel

coaxial dielectric wakefield accelerator (CDWA). For numerical research we study a 28 GHz structure

with two nested alumina cylindrical shells having these diameters: outer shell, OD ¼ 28:1 mm,

ID ¼ 27 mm; inner shell, OD ¼ 6:35 mm, ID ¼ 4:0 mm. The structure is to be excited by a train of

four annular bunches having energy 14 MeV and axial rms length 1 mm; the total charge of bunches is

200 nC. In the case of equally charged drive bunches, spaced apart by the principal wakefield wavelength

10.67 mm, we obtained transformer ratio T ¼ 3:4. If the bunch charge is increasing as the ratio 1:3:5:7

and the bunches are spaced by one and one-half wavelengths, we obtained T ¼ 3:8. We found that if the

charge ratios are 1:0:2:4:3:5:5:0 and the spaces between the bunches are 2.5, 2.5, and 4.5 wakefield

periods, then T increases strongly, T � 20. The RBT also can be used successfully in a high gradient THz

CDWA structure. A particle-in-cell simulation shows that the four drive bunches can move without

appreciable distortion.
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I. INTRODUCTION

Dielectric wakefield accelerator devices have become an
attractive alternative to conventional metallic-structure el-
ements used for electron/positron linear colliders [1]. In
dielectric wakefield accelerator (DWA) devices, a high
energy drive bunch or train of drive bunches sets up a
wakefield via Cherenkov radiation; some of this energy
is then transferred to a trailing bunch positioned to receive
axial accelerating force. Recent interest in this concept has
been rekindled by a finding that dielectrics can withstand
very high fields (>1 GeV=m) for the short times involved
in the passage of charged bunches along the dielectric-
lined channel [2]. However, other than the possibility to
develop high accelerating gradients, an accelerator should
have other advantages, such as an attractive transformer
ratio.

Transformer ratio ðTÞ, which is a measure of the efficacy
by which energy provided by a drive bunch is transferred to
a bunch that is to be accelerated in a DWA structure, is
generally <2 in a collinear device, namely, one in which
the drive bunch and the bunch to be accelerated (‘‘witness’’
bunch here) travel along the same path [3–6]. The T is
customarily defined to be the ratio of the peak accelerating

field set up by a drive bunch to the average energy loss per
unit charge of particles in the drive bunch [3,4]. On the
other hand, some authors [7–10] use the ratio of the maxi-
mum energy gain of the witness bunch to the maximum
energy loss of the drive bunch. There are two ways to
increase the T. The first has been to use a train of drive
bunches that have a certain programmed charge and spac-
ing determined by a simple algorithm [7,8,10,11] to drive
wakefields in a collinear device: this is termed a ‘‘ramped
bunch train’’ (RBT). This method has been tried experi-
mentally with modest success [7,8], and it is most suitable
when the drive bunch can excite a single mode in the
device. Another technique is to separate the drive and
witness bunch channels: this has been done successfully
at CLIC [12] and at the Argonne Wakefield Accelerator
facility [13,14]. Our recent effort to develop a two-channel
wakefield accelerator structure that encloses both channels
in one assembly [1] has found that a T� 5–6 can be
obtained in a coaxial DWA configuration (CDWA) in
which the drive bunch is annular and is centered on the
axis of a second accelerating channel that carries a witness
bunch (see Fig. 1). This configuration has been found to
transport a short train of drive bunches, as well as the
witness bunch, satisfactorily [1]. Comparison of T for the
ramped bunch train to that of the single drive bunch is a
satisfactory indication of any improvement of T. In this
paper our attention is directed to improving the transformer
ratio for the CDWA device.
An example will show how the performance of an

accelerator is affected by the transformer ratio. In a certain
dielectric wakefield structure, let us suppose a 14 MeV
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drive bunch sets up a gradient of G ¼ 50 MeV=m for the
witness bunch and T ¼ 4. A drive bunch electron, which
should then lose energy at the rate of 12:5 MeV=m, can
travel no more than 1.12 m, and the witness bunch electron
will gain 56 MeV. Now suppose that the gradient accel-
erating the witness bunch that is set up by a ramped drive
bunch that has the same energy in the same structure is
only G ¼ 28 MeV=m, but T ¼ 20. In that case, the drive
bunch can travel 10 m (stability issues permitting) and the
witness bunch will gain 280 MeV. (The numbers for this
illustration are based on examples in the next section.) This
example, which omits the influence of beam loading, illus-
trates the trade-off betweenT andG: the higher-G/lower-T
case leads to a shorter active length, but 5 times the number
of drive beam segments, while the higher-T/lower-G case
implies a longer active length but fewer drive beam
segments. Thus, other than high accelerating gradients, a
two-beam accelerator should have a suitably high trans-
former ratio, so as to minimize the number of drive beam
segments needed to achieve a given final test beam energy.

In the following, we find that it is possible to combine
the RBT technique with the two-channel CDWA structure
to improve T. In evaluating our results in a useful form, we
take the definition of T to be the ratio of the peak accel-
erating field acting on the witness bunch to the maximum
energy loss of any of the drive bunches. We can compare
our results for the four-bunch train with the T for a single
bunch having the aggregate charge of all the drive bunches
in the RBT. The ratios of bunch charges within the drive
bunch train and the spacing between the bunches that
optimize the result is specific to the structure being studied,
but we find a considerable improvement in T can be
obtained. This is potentially a useful method to optimize
the design of a collider that uses CDWA modules. In what
follows, we shall take bunch parameters modeled on those
obtained at the AWA facility (Table I); this facility can
provide a single 50 nC bunch, but for computational pur-
poses we assume that four 50 nC bunches can be provided
with arbitrary delays.

II. WAKEFIELD ANALYSIS OF RAMPED
DRIVE BUNCH TRAINS

The computations were done using a particle-in-cell
code, PIC SOLVER of the CST PARTICLE STUDIO being a
part of the CST STUDIO SUITE 2010 bundle. Boundary
conditions for PIC simulations were tangential electric
fields are zero at metal surface of the waveguide and the
input boundary of the unit, and output boundary is open to
free space. The code computes fields, and changes in
particle energy and position as the bunches move.
A factor that affects the practicality of the scheme we

study is the group velocity of the Cherenkov radiation
generated by the drive bunches as they enter the structure
aperture [15]. Because of this factor the Cherenkov wake-
field is nonzero in the region defined by the approximate
inequality ðt� t0Þvg � z � ðt� t0Þv0, where t0 is entry

time of the first bunch in the structure, t is current time,
v0 is bunch velocity, and vg is the group velocity of

TABLE I. Parameters used for the study of a two-channel CDWA (alumina dielectric).

Design mode 28.092 GHz

External radius of outer coaxial cylinder 14.05 mm

Inner radius of outer coaxial waveguide 13.512 mm

External radius of inner coaxial cylinder 3.175 mm

Accelerator channel radius (inner radius of inner coaxial cylinder) 2.0 mm

Relative dielectric constant " 9.8

Bunch axial rms dimension 2�z (Gaussian charge distribution) 2.0 mm

Full bunch length used in PIC simulation 5 mm

Outer drive bunch radius (box charge distribution) 10.34 mm

Inner drive bunch radius 6.34 mm

Bunch energy 14 MeV

Total bunch charge 200 nC

Number of bunches 4

FIG. 1. Schematic of the CDWA structure, showing a single
annular drive bunch followed by an accelerated witness bunch
that moves along the axis.
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the resonance wave. Within this region, the envelope
of a Cherenkov signal is about constant. The plane
zgr ¼ ðt� t0Þvg is the trailing edge of the wakefield.

This edge moves behind the electron bunch at the group
velocity vg. In this plane, the fields from the number

Nmax
b ¼ ðt� t0Þðv0 � vgÞ=�z0 þ 1 of bunches will be

added [16], where �z0 is the distance between the adjacent
bunches. Everything said here is true in the case of exci-
tation of a single resonant mode in the approximation of
rigid bunches. For investigation of multimode excitation
with different values of group velocities of excited modes
and for a self-consistent account of energy losses of bunch
particles, a full numerical simulation is required.

We now turn to the computation of some examples,
where we change the drive bunch train to improve T.
The first example (Fig. 2) shows the axial wakefield trail-
ing a single 50 nC drive bunch, measured on the axis of the
unit (along which the witness bunch moves) and along a
line parallel to the axis halfway between the outer and
inner radii of the drive bunch annulus. Here and in the next
figures, axial distance z is counted starting from the injec-
tion plane of the first bunch. From this we conclude the T
for this structure is 3.6, calculated as the ratio of maximum
accelerating wakefield on the central axis of the structure
(see blue curve) to the maximum decelerating wakefield at
the drive bunch, z ¼ 168 mm, along the center line behind
the drive bunch (see red curve). It is correct to infer T
from the wakefield behind the annular drive bunch (as
shown in Fig. 2) because the transverse profile of the
wakefield mode amplitudes is very nearly flat [1] across
the radius of the drive bunch channel; this is caused by the
large relativistic factor, even for 14 MeV. One should
observe also that the wakefields are much diminished for
z < 100 mm: this shows that the superposition of wake-
fields is limited to a zone behind the drive bunch depending

on the length of the structure and the group velocity of the
waves set up by the passage of the drive bunch into the
structure [1,15,16].
We now set up a train of drive bunches. Figure 3 displays

the wakefields set up by four equally charged 50 nC drive
bunches, spaced apart by the wakefield wavelength of the
principal mode (10.66 mm). The T calculated from the last
drive bunch is 3.4, essentially unchanged from the single
bunch case. This choice achieves the maximum accelerat-
ing gradient 50 MeV=m for the witness bunch, which in
this example can be located at z ¼ 125 mm. This choice of
bunch train does not improve T.
In Fig. 4, we change the distribution of charge among the

bunches so that the ratios of bunch charge increases [7]
from the first to the last bunch as 1:3:5:7. The T is 3.3. The
conclusion thus far is that a train of multiple bunches
having this variable charge, but with constant spacing of
one wakefield period, does not improve T. In this and the

FIG. 3. Axial wakefields set up by four equally charged 50 nC,
14 MeV drive bunches.

FIG. 4. Same as for Fig. 3, but now the bunch charge is
increased as the ratio of odd numbers.

FIG. 2. Axial force from wakefields set up by a single 50 nC,
14 MeV drive bunch in the CDWA structure described in Table I.
The head of the drive bunch is located at z ¼ 171 mm and the
bunch travels from left to right.
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following examples, the total bunch charge for the four
drive bunches is fixed at 200 nC.

In Fig. 5, the spacing of the bunches is changed to be one
and one-half wakefield periods [7,17], but the bunch
charge ratio is the same as for Fig. 4. The axial wakefield
force is reduced, but that is to be expected, as this arrange-
ment no longer provides maximum decelerating force for
each bunch. The T is now 3.8: thus, the suggested algo-
rithm of bunch charge ramping and spacing [7,17] is not
generally helpful [18], most likely because of the multi-
mode behavior of the wakefields excited by this choice of
drive bunches.

We next determine if there is some other choice of drive
bunch charges and spacings that will improve T, but yet
result in a potentially sizable wakefield amplitude. To
obtain an improved transformer ratio we proceed from
the following, which is strictly proved for the collinear
single-mode device: wakefields with maximum trans-
former ratio are generated by drive bunches whose parti-
cles lose the same energy [11,17]. From this statement it
follows that for a train of point bunches with repetition
period equal to a half wavelength (or one and a half wave-
lengths), to obtain the maximum transformer ratio the
bunch charge should rise from head to tail in the train as
the ratios of odd integer numbers. For the Gaussian longi-
tudinal density of a bunch, the charge of the nth bunch
should change according to the relation [17]Qn ¼ Q1½1þ
Tðn� 1Þ�, where Q1 is the charge of the first bunch, and T
is the transformer ratio of a single bunch. In the case of a
multimode device, such a simple formula does not exist;
therefore to obtain desirable locations of bunches and
values of their charges it is necessary to run simulations,
the number of which is equal to the number of bunches in
the train. First, a calculation with one bunch is carried out,
a location of the maximum of an accelerating field in the
drive bunch channel is determined, and at this location the
second bunch is placed and a new calculation of structure
excitation is performed. At the location of the second

bunch, the superposition is such that the field there be-
comes decelerating. Then, each subsequent drive bunch is
to be located at the maximum of the accelerating field from
the prior bunches, and the charge of the nth bunch is set
according to the formula Qn ¼ Q1½1þ Tn�1�, where Tn�1

is the transformer ratio after the (n� 1)st bunch. An
answer to the goal of improved transformer ratio is
provided by the result shown in Fig. 6. In this example
the computation is run out to a greater distance, 201 mm
to the front edge of the first drive bunch. The spaces
between the bunches are, respectively, approximately 2.5,
2.5, and 4.5 wakefield periods, and the charge ratios are 1.0,
2.4, 3.5, and 5.0; again, maintaining the constant total drive
bunch charge at 200 nC. The T from the last bunch is 17, a
factor of 5 times as large as the T for the simple four-bunch
train of equal charges spaced by one wakefield period.
Notice the peak wakefield amplitude following the fourth
drive bunch is only 28 MeV=m, down from 50 MeV=m in

FIG. 6. In this example the bunch charges and spacings vary so
as to enhance T.

FIG. 7. Spacing and charge, emitted per one computation time
step (�t ¼ 4:4� 10�4 ns), of the four drive bunches used for
the computation of wakefields shown in Fig. 6.

FIG. 5. Axial wakefields excited by a ramped bunch charge of
drive bunches spaced by 1.5 wakefield wavelengths.
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Figs. 3 and 4. This prescription for the drive bunch charge
and spacing was obtained by striving for uniform drive
bunch deceleration, which means that this arrangement
should extract more energy from the entire drive bunch
train than that, e.g., shown in Fig. 3. A graph of the four
drive bunches, showing their relative charges, Gaussian
shape, and spacing, is provided in Fig. 7. This example
establishes that a considerable enhancement of T is pos-
sible in the multimode CDWA system using a flexible RBT
method. The more complex algorithm (in comparison with
[7,17]) for the bunch charge distribution and bunch loca-
tions is related to the multimode excitation of the CDWA.
Of course, for single-mode structures, the conventional
algorithm applies.

The nonuniform spacing of these drive bunches may
present a problem for the accelerator system used to pre-
pare them. However, the first three bunches are uniformly
spaced, and the transformer ratio of the second bunch is
7.9, and after the third bunch it is 10.6. Thus, an experi-
mental test of this method is feasible. The four drive
bunches in the example of Fig. 6 each experience nearly
the same decelerating force (� 1:5 MeV=m).

A natural question arises about the robustness of this
method of optimization of the transformer ratio, namely, its
sensitivity to fluctuations in charge distribution between
the bunches or changes in the distances between the
bunches. To answer this question, we performed a series
of computations in which the ratio of the last bunch charge
Q4 to the first bunch charge Q1 was varied, while the other
parameters of the bunch train, including total charge, were
fixed. The results of computations are shown in Fig. 8. A
maximum transformer ratio of 18.6 is achieved for the
charge ratio Q4=Q1 ¼ 4:8. Decreasing the optimal charge
ratio by 10%, the transformer ratio falls to a value of 17.
Increasing the optimal charge ratio by 10%, transformer
ratio falls to a value 13.8. Thus, we can conclude that 20%

uncertainty in the RBT charge distribution does not cause a
catastrophic change of the transformer ratio. From these
computations we find also the accelerating gradient is even
less sensitive to the charge fluctuations. For the same 20%
range of the charge variation the value of the accelerating
gradient changes from 26.7 to 29:5 MeV=m.
Finally, we have studied the applicability of the ramped

drive bunch train for four bunches to a high gradient THz
CDWA structure [19]. Here the question is whether the
removal of wakefields due to the group velocities phe-
nomena will permit the superposition of wakefields from
the train of delayed drive bunches, because the THz struc-
ture is very lightly loaded with dielectric and so the wave
group velocity is very close to the particle velocity. It turns
out that indeed all four drive bunches do not completely
outrun the back front of the Cherenkov radiation in the
short distance that we can study here. However, the back
front of the wavefields does drop back significantly from
each bunch of the train, enough so that one may locate the
following bunch so as to engage the desirable effect of
wakefield superposition and also find an enhanced T. Thus,
the RBT technique could find application in small THz
collider-type structures. An example of this is shown in
Fig. 9 for a diamond dielectric CDWA structure that has a
radius �0:8 mm and a design frequency of 0.44 THz,
where it can be seen that the wakefield amplitude builds
up progressively behind the four drive bunches. For com-
parison, the four 5 GeV drive bunches with charges totaling
6 nC here set up a peak longitudinal wakefield amplitude
�300 MeV=m with T ¼ 17, which is to be compared with
a wakefield �500 MeV=m with T ¼ 5:5 from a single
6 nC bunch [1].

FIG. 8. Transformer ratio (blue symbols) and accelerating
gradient (black symbols) versus the ratio of the last bunch charge
to the first bunch charge. The other parameters of the bunch train
and the CDWA are the same as in Fig. 6.

FIG. 9. Wakefield amplitude buildup from a four-drive bunch
RBT in a THz CDWA. The bunch energy is 5 GeV, and the total
charge Q, bunch rms size �z, T, and charge ratios are displayed
on the graph. The head of the first drive bunch is located at
z ¼ 12 771 �m. The bunch spacing is approximately 1890 �m
and the bunch length parameter is �z ¼ 139 �m. The bunches
move from left to right.
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III. MOTION OF DRIVE BUNCH TRAINS

We begin by studying the motion of four drive bunches
along the CDWA; the PIC code was run 1.1 nsec (33 cm) as
the four drive bunches move along the structure, as speci-
fied in Table I. The drive bunches have equal charge and

they are equally spaced by the period of principal wake-
field mode. For this case, axial profiles of the wakefield
were presented in Fig. 3. Figure 10 shows that at the end of
travel, the drive bunches have moved with only slight
distortion, which on further study is found to be a slight
expansion/contraction of bunch diameter, symmetrically
patterned around the azimuthal direction. Furthermore, it
has been found displacement of the bunch by 1 mm from
the axis of symmetry does not set up deflecting motions of
the drive bunch train in this distance either [1].
Computational limitations preclude following the drive
bunch train further, but this result establishes that, at least
for this geometry, the motion of the drive bunches is
approximately stable. Study of multi-GeV RBT stability
for an accelerator having lengthy sections remains to be
done.
From the energy scale given at the right side of Fig. 10 it

follows that the maximum energy loss of bunch particles is
�5 MeV; this coincides with estimates obtained from the
maximum decelerating force (� 15 MeV=m) acting on the
fourth drive bunch (see Fig. 3). A more precise value of
4.7 MeV and more detailed information about the energy
distribution of all particles in the homogeneous bunch train
(HBT) case of Fig. 3 is presented in Fig. 11 (black symbols
and line). The four peaks on the distribution function
correspond to the four drive bunches located in the linearly
increasing retarding field. The average energy loss of all
particles is 2.36 MeV. For comparison, in this figure is
shown in red the energy distribution function of the ramped
bunch train (Fig. 6) case. The average energy loss for the
RBT is 0.76MeV. Therefore, the travel distance of the RBT
train should be greater by 3.1 times. The accelerating
gradient for the RBT case is smaller, by a factor �1:8,
than the acceleration gradient for the HBT case. From
these numbers we find that the energy gain of a test bunch
in the RBT case will be greater by a factor 1.7 than the
corresponding energy gain for the HBT. It should be noted
that this number can be improved if we can reduce the
unexpected energy loss of fourth bunch.
We now compare the results of Figs. 10 and 11 with a

similar study for a cylindrical collinear DWA structure,
specified in Table II. Essentially the structure has the same
radius and outer alumina cylindrical shell as our CDWA

FIG. 11. Distribution functions of drive bunch particles after
traveling 319 mm for the HBT (black symbols) and for the RBT
(red symbols). The leftmost peak of the distribution function of
the RBT is determined by the fourth bunch.

FIG. 10. Right side view of four drive bunches, initially cen-
tered on the structure axis, moving from right to left, along a
CDWA structure specified in Table I. The color scale on the right
shows the energy of the particles. These drive bunches are
spaced apart by one period of the design mode, 10.67 mm and
have moved 1.1 nsec.

TABLE II. Parameters used for study of a cylindrical dielectric-lined collinear DWA.

Design mode �23:7 GHz
External radius of dielectric tube 14.05 mm

Inner radius of dielectric tube 13.512 mm

Relative dielectric constant " 9.8

Bunch axial rms dimension 2�z (Gaussian charge distribution) 2.0 mm

Full bunch length used in PIC simulation 5 mm

Drive bunch radius (box charge distribution) 5 mm

Bunch energy 14 MeV

Total bunch charge 200 nC

Number of bunches 4
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structure, but the central coaxial dielectric cylinder has
been removed and the drive bunches are now cylindrical
‘‘pills’’ having radius 5 mm that have the same charge and
energy as the annular drive bunches in Table I. Drive
bunches are spaced apart by the wakefield wavelength of
the principal mode (12.64 mm). Figure 12 shows the drive
bunches at 1.16 nsec. It is apparent that the distortion of the
drive bunches in the cylindrical collinear structure is more
severe than in the CDWA structure. The field solutions in
the cylinder are not the same as in the CDWA, so this result
should not be surprising. These computations show that
one must be cautious in assuming that the drive bunches
move without significant changes in form. However, for
purposes of this study of the CDWA, we believe it is fair to
state that the drive bunches evidence minor modification of
shape in the 20 cm (0.67 nsec) of travel that we used in the
examples used in Sec. II.

The distribution function for the homogeneous bunch
train for the cylindrical collinear DWA structure is shown
in Fig. 13. Comparing this plot with the similar plot in

Fig. 11, one concludes that the energy spread of the drive
bunch particles in the CDWA device is significantly less
than in the collinear cylindrical DWA device. The average
particle energy loss at the bunch location z ¼ 319 for the
cylindrical collinear device is 3.36 MeV, i.e., greater by
�1:5 times than in the coaxial device, although the accel-
erating gradient after the bunch train is almost the same.
Thus, the CDWA appears to be the preferred device for
using the RBT technique.

IV. DISCUSSION

By choosing a flexible algorithm for the charges and
spacings of a short train of drive bunches that excite wake-
fields in a multimode dielectric wakefield accelerator, we
have found that a considerable increase of the transformer
ratio can be obtained. Furthermore, the use of such a
programmed train of drive bunches permits the designer
to control the transformer ratio independently of the di-
electric structure parameters. The procedure for obtaining
the best transformer ratio relies on the principle of having
all drive bunches decelerate uniformly, but the use of
numerical methods to obtain the result permits the designer
to adapt the principle to the details of wakefield generation
by the drive bunch train, such as the excitation of more than
one wakefield mode. The method appears to be suitable for
handling smaller structures that can generate very high
acceleration gradients. The concept described here is lim-
ited to instantaneous excitation of a nonresonant (smooth)
dielectric-lined waveguide by a train of only a few
bunches.
While the motion of the bunch train could be studied

numerically for 14 MeV bunches traveling only 33 cm, in
this distance no breakup or deflection of the bunch train
was found for the CDWA. An instability would be ex-
pected to affect the last drive bunch more than the first,
which was not found to happen.
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